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New mode of sulfur ylides reactivity: stereoelectronic
control provides C-C bond insertion before
cyclopropanation/epoxidation directly affording
homologated three-membered rings

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d5q001266j

b Albina A. Nikolaeva,?

C
*b

Vitaly V. Shorokhov,
Sergey S. Zhokhoyv,
Igor V. Trushkov,

@ Beauty K. Chabuka,
@ lvan A. Andreev, (2 © Nina K. Ratmanova,
*< Olga A. Ivanova (2 *® and Igor V. Alabugin

Ylides are versatile reagents known for their dual electrophilic and nucleophilic reactivity, mimicking car-
benes in many reactions. In this study, we uncover a previously unreported reactivity pathway for ylides: a
methylene insertion into C-C bonds. We show that sulfur ylides can achieve homologation of alkenes
and aldehydes before proceeding through the classical Corey—Chaykovsky reaction. This process allows
for the dual transfer of CH, groups to both substrates, yielding benzylcyclopropanes and benzyloxiranes,
valuable intermediates in organic synthesis. Remarkably, the same sulfur ylide reagent participates in two
distinct carbene-like transformations within this cascade. Mechanistic studies reveal the role of a tightly
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Introduction

Ylides, L,X'-C"R'R?, are chameleonic chemical species that
combine nucleophilic and electrophilic properties, arising
from their unique electronic structures. The ability of ylides to
stabilize charge separation while remaining reactive makes
them indispensable for constructing complex organic mole-
cules through a wide range of transformations."

Ylides share several intriguing connections with carbenes
and can, in fact, be described as products of a reaction
between a Lewis base and a carbene. This connection is
further reflected in their reactivity patterns: like singlet car-
benes, ylides exhibit both electrophilic and nucleophilic pro-
perties at the same carbon atom. Carbenes possess a lone pair
and an empty p-orbital, whereas ylides display a lone pair
geminal to an electron-deficient leaving group, L,X
(Scheme 1A).

As a result, ylides act as synthetic equivalents of carbenes
in a number of processes, both with and without transition
metals.>” Their carbene-like reactivity is exemplified by the
formation of three-membered rings in the classic Corey-
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coordinated stereoelectronic network playing a crucial role in facilitating anionic 1,2-aryl shifts.

Chaykovsky reaction (CCR) of sulfur ylides with aldehydes,
ketones, imines, and electron-depleted alkenes.®® Other
examples of carbene-like reactivity, such as ylide insertions
into C-H, N-H, S-H, and similar bonds, are less common but
also documented.”™ However, to the best of our knowledge,
the insertion of ylides into C-C bonds has not been reported
to date,'"® despite this process being well-known for
carbenes.**

The reactivity of ylides depends on the nature of the hetero-
atom X and the substituents on the carbon atom
(Scheme 1B).®> For example, pyridinium ylides form simple
1,2-adducts in reactions with aldehydes'®'” and indolizines
with acceptor alkenes.'®2° Phosphonium ylides>"?*> generally
do not react with electron-deficient alkenes but readily convert
carbonyl compounds into alkenes (the Wittig reaction). In con-
trast, sulfur ylides>*° react efficiently with both aldehydes
and electrophilic alkenes to form three-membered rings.
These differences arise from divergent pathways stemming
from a common betaine intermediate, which can either be
trapped via proton transfer to form N-ylides or undergo a cycli-
zation (3-exo for S-ylides and 4-endo for P-ylides). In the search
for new interrupted and extended versions of CCR***° and
CCR-based routes to donor-acceptor cyclopropanes,®*™° we
have discovered a few reactivity modes associated with
additional functionalities."'™**

In this study, we introduce a previously unobserved reactiv-
ity pathway for the parent betaine species: a 1,2-shift leading
to the formal insertion of a CH, group into a C-C bond
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A. Analogy of Corey ylide and carbenes B.
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Scheme 1 A. Ylides can be considered as carbene equivalents. B. Diverging synthetic routes from a common betaine intermediate in ylide reactions
with n-electrophiles. C. This work reports CH, group insertion into a C(Ar)—-C(=Y) bond, followed by the Corey—Chaykovsky reaction to form ben-
zylcyclopropanes. Alternatively, a similar procedure applied to aryl aldehydes affords benzyloxiranes.

(Scheme 1C). As this new path preserves the alkene moiety, the
homologated product is primed for the classic Corey-
Chaykovsky cyclopropanation in the subsequent step. This un-
precedented cascade thus enables a dual CH, transfer from
sulfur ylides to push-pull alkenes 1 via both bond insertion
and cyclopropanation. A similar procedure can also be applied
to (het)aryl aldehydes and ketones 2, further increasing the
utility of this sequence and providing an approach to valuable
small rings 3, 4.

In this work, we explore the scope and limitations of these
reactions in combination with mechanistic and computational
analysis. Our findings reveal why the para-hydroxyaryl group or
similar NH-acidic activating moiety is essential for transferring
two CH, groups to both alkenes and carbonyl compounds.
Furthermore, we uncover a general stereoelectronic pattern,
where synergistic contributions of multiple functionalities col-
lectively enable the unprecedented homologation step before
the reaction proceeds along the CCR pathway.

Results and discussion

This study started with a serendipitous discovery that p-hydro-
xybenzylidenemalonate 1a reacts with dimethylsulfoxonium
methylide (DMSOM) to form homologated analogue 3a rather
than the expected 4-hydroxyaryl cyclopropane 5. Intrigued by
this finding, we decided to explore the scope and limitations
of this process.

Org. Chem. Front.

Dual methylene transfer to alkenes: homologation and
cyclopropanation

To optimize the conditions for the dual methylene group
transfer, we selected the transformation of alkene 1a to cyclo-
propane 3a as the model reaction. We systematically varied
parameters, such as solvent, base, reaction time, temperature,
substrate concentration, reagent loading, and the order of
reagent and substrate addition (see Table S1). The optimal pro-
cedure was found to involve the addition of freshly prepared
ylide to the deprotonated phenol-substituted alkene at 55 °C,
as described in the SI. Under optimized conditions, we studied
the scope of this process using diverse substituted 4-hydroxy-
benzylidenemalonates (Scheme 2A). Alkyl and alkoxy groups at
the C(3) and C(5) atoms of the aromatic ring were well-toler-
ated under the reaction conditions; compounds 3b,d,e were
obtained in 75-87% yields. The 3,4-dihydroxyphenyl-substi-
tuted alkene, however, furnished the product 3c in slightly
lower yield (64%). Halogen atom at the C(3) position also
reduced the yield of 3 (53-58% for 3f-h). The presence of two
halogen atoms at both meta-positions caused a substantial
yield drop, with 3i obtained in only 11%. In contrast, varying
the ester groups in compound 1 had minimal impact on the
reaction yield, resulting in 76-78% yields for 3j and 3k.
However, substituting one ester group with a cyano or dialkoxy-
phosphoryl group decreased the yields of the target products
to 53% for 31 and 35% for 3m. Comments on these and some
other results are given below, since an understanding of the
reaction mechanism is highly desirable for a good explanation

This journal is © the Partner Organisations 2025
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Scheme 2 Scope and limitations of dual methylene group transfer, providing benzyl- and hetarylmethyl-substituted cyclopropanes. Reaction con-
ditions: NaH was added to the solution of MezSOlI, the mixture was stirred for 40 min; the obtained ylide was added to 0.15 M solution of 1 in the
same solvent; reagents loading, reaction temperature and time are given in reaction schemes, if other not specified. ? 3.1 equiv. of Me3SOI and 4.05
equiv. of NaH were used. © 3.5 equiv. of MesSOI and NaH were used. € 4.0 equiv. of MesSOI and 4.3 equiv. of NaH were used; yield after treatment of
partially hydrolyzed product with CHzl (1.0 equiv.), K2COs (0.5 equiv.), DMF, rt, 3 h is given.

of the influence of the nature of the substrates on the reaction
outcome.

We hypothesized that the unusual dual methylene group
transfer to substrates 1 arises from modifications of the Corey-
Chaykovsky intermediate due to the deprotonation of the
4-hydroxy group. Following this rationale, we supposed that
N-unsubstituted 3-indolyl- and 3-pyrrolyl-substituted acceptor
alkenes could also be effective in the reaction as nitrogen
deprotonation in these substrates should lead to the related

This journal is © the Partner Organisations 2025

quinonoid intermediate. Indeed, pyrrole 1n and a series of
indoles 1o-v successfully produced the desired products 3
(Scheme 2B). Substrates with electron-withdrawing groups at
the C(5) position of the indole ring gave low yields, while those
with a 5-methoxy group or without a substituent delivered pro-
ducts in approximately 70% yields. Indoles with halogens at
the C(5) or C(6) atoms, as well as 2-substituted indoles (1p-s),
showed similar efficiency. Finally, using compounds 1b and 10
we demonstrated that the synthesis of benzylcyclopropanes

Org. Chem. Front.
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and (1H-indol-3-yl)methyl-substituted cyclopropanes 3 can be
scaled without significant changes in the yield of the target
products (82% and 74% from 1.75 g and 1.62 g of the starting
materials, respectively).

At the same time, several limitations of this reaction were
identified (Scheme 2C). Specifically, 3-nitro-4-hydroxyphenyl-
substituted alkenes 1wx afforded only polymeric products
under the standard conditions and 2-arylcyclopropanes 5a,b
when the reaction was carried out at —20 °C. Similarly, 2-aryl-
cyclopropane 5¢ was obtained from the p-(tosylamino)phenyl-
substituted substrate, even though the tosylamino group often
behaves similarly to a phenoxy group.*™** We also investigated
alkenes containing 5-indolyl and 4-XCH,-phenyl groups
wherein X = NO,, PO(OMe),, but neither products 3 nor com-
pounds 5 were obtained from these substrates. Lastly, 2-(4-
hydroxybenzylidene)indane-1,3-dione produced 2-arylcyclopro-
pane 5g, albeit with a modest 30% yield (Scheme 2).

The target cyclopropanes 3 represent a new subclass of DA
cyclopropanes with underexplored reactivity. We found that 3a

View Article Online

Organic Chemistry Frontiers
readily undergoes ring opening/recyclization with aniline.*>*
Thus, a telescoped three-step sequence yields tyramine 7 with
an embedded pyrrolidone residue in 44% total yield.

Mechanistic and computational studies

To clarify the reaction mechanism, we carried out control
experiments (Scheme 3A). The reaction of 1a with perdeuter-
ated DMSOM gave rise to 3a-d, with deuterium atoms at both
methylene groups. Treating substrate 1a with 1 equivalent of
DMSOM afforded benzylcyclopropane 3a in 43% yield, with
48% of unreacted 1a recovered. This means that the conver-
sion of intermediates formed in this reaction to products pro-
ceeds faster than the formation of intermediates from 1a. The
reaction of DMSOM with (3-hydroxybenzylidene)malonate 1ad
produced non-homologated arylcyclopropane 3h, underscor-
ing the critical role of the para-hydroxy group. In contrast, the
reaction of DMSOM with 2-acetoxyphenyl-substituted alkene
lae, which is also likely to involve a phenolate intermediate,
produced a complex mixture of unidentified products. The for-

A. Insights to the dual methylene group transfer reaction
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Scheme 3 A. Experimental probes in the mechanism of dual methylene group transfer. B. Three scenarios and calculated AG values for the phen-
oxide/ylide reaction (Paths I-111). Paths | and Il would lead to the experimentally observed product, whereas Path Il would lead to its isotopolog

(Z = COzMe).
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mation of S-O-adduct 8 under non-optimized conditions pro-
vides evidence for the generation of an intermediate G. Paths I
and III lead to the experimentally observed product and the
classic Corey-Chaykovsky Path II leads to its isotopolog
(Scheme 3B). The first step involves a nucleophilic ylide attack-
ing the electrophilic C=C bond and forming an intermediate
B with multiple reactivity options. The syn- and anti-confor-
mers of B are close in energy but stereoelectronically primed
for different reactions. Syn-B can form the intermediate D
either directly via a 1,2-aryl shift (Path I) or indirectly through
a 3-exo-tet cyclization with participation of the aryl group that
forms spirocyclopropane C (Path III). Formation of D com-
pletes the formal CH, insertion between the aryl group and
the alkene moiety of the reactant. On the other hand, anti-B
undergoes a 3-exo-tet cyclization with the enolate to form an
isomeric cyclopropane E (Path ), ie., the usual Corey-
Chaykovsky product.

To gain deeper insights, we studied the energy profile for
the transformation of 1a into 3a at the B3LYP/D4/6-311++G(d,
p)/CPCM(DMSO) level of theory (Scheme 3B).*”~>2

Indeed, computational analysis identified three possible
paths to the final products. Due to the loss of aromaticity in
the benzene ring, Path III has a much higher activation barrier
(24.8 keal mol ™) than Paths I (8.7 kcal mol™") and II (8.2 keal
mol™"). However, the small difference between the latter
(AAG* = 0.5 keal mol™) is inconsistent with the experimental
preferences, motivating us to explore the competition between
Paths I and II deeper. Analyzing the nature of the two tran-
sition states turns out to be instrumental in understanding
this interesting reactivity puzzle. Importantly, crossing from
Path II to Path I is energetically unlikely, as both D and E are
~20 kecal mol™ lower than the dearomatized intermediate C
connecting them. Hence, the competition between Paths I and
II must be kinetic and is not explained by the reaction models
presented in Scheme 3.

How to make 1,2-shift fast? Stereoelectronic lessons

The 3-exo-tet cyclizations (Paths II and III) are straightforward
Sn2-like reactions, involving the same leaving group and one
of the two anionic nucleophilic centers. In Path II, the enolate
acts as the nucleophile, while in Path III, the phenolate takes
this role. Due to the unfavorable loss of aromaticity, the
phenolate loses to the enolate, making Path II preferred.
However, the 1,2-shift transition state (Path I) is intriguing.
Here, several stereoelectronic factors work together to make
this previously unobserved pathway possible. As the 1,2 Ar-
shift must break a relatively strong C(sp®)-C(sp’) bond, it
requires assistance from more than one source. Because both
the enolate donor and the 6*¢_g orbitals interact via the break-
ing C-C bond, this process requires the coplanarity of these
three orbitals. To show the generality of such stereoelectronic
factors, we compare the orbital network responsible for the
1,2-shift in the new reaction and the classic Bayer-Villiger
rearrangement (BVR) (Fig. 1A), where a similar 1,2-shift
occurs. BVR is facilitated by two stereoelectronic effects®>>°
which include the p-type lone pair of O, the breaking C-R,,

This journal is © the Partner Organisations 2025
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bond and the 0®-O" acceptor. The “primary stereoelectronic
effect” is activated when the breaking O-O bond is aligned anti-
periplanar to the migrating C-R,, bond while the “secondary
effect” requires the lone pair on the O' group to be in proper
alignment with the breaking C-R,, bond. These two effects
work together to ensure smooth electron flow from the donor to
the acceptor. Specifically, donation from the lone pair on O
aids in breaking the C-R,, bond as the R,, group shifts to O
and the 0’-0O" bond cleaves. Consequently, the O'=C and R~
O® bonds are formed in a concerted manner. Furthermore, the
same donor assistance is achieved with deprotonated nitrogen
in 3-indolyl and 3-pyrrolyl substituents (Scheme 4).

The unmistakable similarity between the two 1,2-shifts
points out the generality of such stereoelectronic networks.
Both 1,2-shifts transfer electron density from a non-bonding
orbital (O lone pair in BVR vs. carbanion in the reaction under
discussion) to a departing leaving group (OR for BVR vs.
DMSO here). In the absence of a direct connection between
the donor and acceptor, the migrating bond serves as a relay to
transfer the electron density between two functional groups.
The fact that the lessons from the stereoelectronic analysis of
the Criegee intermediate transcend the BVR highlights once
again the broad utility of stereoelectronic effects in organic
reaction design.””>°

Role of oxygen anion in 1,2-shift transition state

However, the stereoelectronic network described above is
necessary but not sufficient to enable the 1,2-shift. The pres-
ence of the para-OH group on the benzene ring plays a crucial
additional role (Fig. 1B). This role is illustrated by the differ-
ences between the neutral and anionic (deprotonated)
phenols. Deprotonation decreases the activation barrier for the
1,2-shift from 15 to 9 kcal mol™.

Natural bonding orbital (NBO) analysis® provides direct
evidence for a very strong through-space interaction between
the phenolate moiety and the back lobe of the ¢* orbital of the
breaking C-S bond in the 1,2-shift TS. Furthermore, the evol-
ution of electron density in the participating functional groups
clearly shows that the remote oxygen loses electron density in
the 1,2-shift TS (Scheme S3). Remarkably, this oxygen loses ca.
6 times more density than the enolate carbon adjacent to the
migrating group (Ag = 0.091e vs. 0.014e). These findings
suggest that the nucleophilicity of the enolate plays only a sec-
ondary role in promoting the 1,2-shift (Path I), while the assist-
ance from the phenoxide oxygen is of greater importance.
These observations are also consistent with the transition state
geometry: the C-Ar bond is just starting to break and the reac-
tion at this stage can be better described as the beginning of
cyclopropane formation via the phenoxide moiety (Path III).

However, as the intrinsic reaction coordinate (IRC) clearly
shows that this process is aborted after the TS when the struc-
ture evolves further along the 1,2-shift path (Path I). Hence,
the Paths I and III are intertwined - they cross in the multi-
variable reaction space by following a trajectory which benefits
from the phenoxide electron density while preserving
aromaticity.
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B. The effects of O-functionalities on selectivity of dual CH, transfer
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Fig.1 A. Comparison of the two stereoelectronic effects in the Criegee intermediate of BVR and in the intermediate of 1,2-shift under
discussion. B. Importance of the phenoxide moiety: dual methylenation is only possible with a strong donor group. Without such a donor, the first
methylene insertion via the 1,2-shift is impossible. C. Sodium chelation by the enolate B is favored, which changes the electron density and decele-
rates the 3-exo-tet path (Il). D. Free energy profile of the dual methylene transfer, including sodium cation, is in full agreement with experimental
results.
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Scheme 4 Proposed mechanism for 3-indolyl and 3-pyrrolyl-substituted alkenes.
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This analysis has important practical implications. Since
the enolate primarily drives the 3-exo-tet cyclization (Path II), it
is reasonable to hypothesize that a partial deactivation of the
enolate center could shift the competition between Path I and
Path II. Enolate reactivity can vary significantly depending on
structural factors.®® Hence, as the next step, we analyzed how
the sodium counterion can influence the enolate reactivity.

The role of the Na* counterion

Although each anionic center can coordinate with a Na™ coun-
terion, coordination at the diester enolate results in a chelated
structure, which is energetically favored by 8.7 kcal mol™*
(Fig. 1C). Although one should treat this value as approximate
since solvent molecules are not included in this model, this
value suggests an equilibrium constant of approximately 10°
for sodium cation transfer from the phenoxide to the enolate,
indicating that sodium is fully chelated with the enolate.

In the presence of chelated Na' counterion, both electron
density and nucleophilicity at the enolate are decreased. This
effect is illustrated by the electrostatic potential maps. This
change affects the 3-exo-tet cyclization (Path II) more than the
1,2-shift (Path I). Our calculations found that, while the barrier
for Path II increases by 2.4 kcal mol™", the barrier for Path I
remains largely unchanged. As a result of chelation, Path I is
favored by 2.3 kcal mol™", and the final energy profile of the
CH, insertion process is in full agreement with the experi-
mental results (Fig. 1D).

The reduced yield of the target product in the presence of a
potassium-containing base, along with its inefficiency when
using a cesium-derived base (see SI), highlights the important
role of the sodium ion. The larger potassium cation forms a
weaker complex with the dialkyl malonate moiety, which
increases the proportion of undesired pathways when potass-
ium tert-butoxide is used. The even larger cesium cation is
also unable to effectively interact with the malonate group,
leading to a significant drop in the efficiency of the desired
transformation. Consequently, the use of K- and Cs-derived
bases results in lower product yields.

The proposed mechanism including the role of sodium
cation explains well the results obtained during the variation
of the substrate nature. Thus, moderate yields for halogen-con-
taining substrates 1f-h and low yield of 3,5-dibromo-4-hydroxy-
benzylcyclopropane 3i can be explained by a negative inductive
effect of halogen atoms that decreases an electron density on
the phenoxy oxygen making 1,2-aryl shift less competitive with
the malonate ion. Similarly, an acceptor group at the C(5)
atom of the indole ring in 1u,v decreases an electron density
on the indole nitrogen and, as a result, the reactivity of the
C(3) atom of the indole ring leading to the lower contribution
of the 1,2-aryl shift. This effect is the most pronounced for
4-hydroxy-3-nitrophenyl-substituted substrates 1w,x, the depro-
tonated form of which exists in quinonoid form with the nega-
tive charge localized at the nitro group. This explains the for-
mation of arylcyclopropanes 5a,b in the reactions of these sub-
strates. On the other hand, the reason for the diminished
yields of cyclopropanes 3l,m is the weaker binding of sodium

This journal is © the Partner Organisations 2025
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cation to phosphonoacetate and, especially, cyanoacetate in
comparison to that with the malonate moiety. Therefore, the
deceleration of the intermediate B-Na" transformation to the
corresponding arylcyclopropane E-Na® is smaller than that for
malonate, and 1,2-aryl shift is less competitive again.

Dual methylene transfer to aldehydes: homologation followed
by epoxide formation

To expand the scope of the new dual methylene group transfer
reaction, we explored another class of substrates commonly
used in the CCR - aldehydes. We were glad to find that
4-hydroxybenzaldehydes 2 were successfully transformed into
benzyloxiranes 4 (Scheme 5), which can serve as valuable pre-
cursors for various drugs, cosmetic agents, and bioactive mole-
cules (Fig. 2).

For optimization of reaction conditions, we selected
4-hydroxybenzaldehyde 2a. The results of this optimization are
given in the Table S2. The best yield of 4a was obtained with
dimethylsulfonium methylide (DMSM) using a stepwise pro-
cedure including: (a) the preliminary deprotonation of the 2a
using NaH in DMSO at room temperature; (b) addition of tri-
methylsulfonium iodide (2.3 equiv.) to the reaction mixture at
40 °C; (c) subsequent in situ generation of the ylide by the
dropwise addition of 1.5 M solution of +-BuOK (2.5 equiv.) in
DMSO; and (d) stirring of the mixture at the same temperature
for 30 min.

Under these conditions, we explored the scope of the new
reaction and synthesized a series of (4-hydroxybenzyl)oxiranes
4. Like the results for benzylcyclopropanes 3, substrates with a
halogen, alkyl or alkoxy groups at the C(3) and C(5) positions
of 4-hydroxybenzaldehyde yielded the corresponding dual
methylene transfer products in good to excellent yields

NaH (1 equiv.)
Me;SI (2.3 equiv.)

o)
HO then t-BuOK (2.5 equiv.)

2 DMSO, 40 °C, 30 min

R mo MeO o t-Bu o
HO HO HO

4a, R'=H, 86%* OMe #Bu
for 1.34 g of 2a, 79%° 4c, 68%° 4d, 68%"
4b, R'=OMe, 93%
Hal o Br. o Oszo
HO HO HO
OMe X
4e, Hal=Br, 64% 4g, X=H, 75% 4i, 44%
4f, Hal=Cl, 70% 4h, X=Br, 38%
CH,

v Qj/\x;
N | 0O
H MeN

4j, 25% 4K, 7%

jon
HO

41, 80%°, dr 76:24

Scheme 5 Substrate scope for the dual methylene group transfer to
aldehydes and ketones. @ Reaction time — 1 h. ®3.5 equiv. of MesSI, 4.5
equiv. of t-BuOK, rt, 1 h. “Yield is based on the consumption of the
starting material.
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Fig. 2 Examples of bioactive 4-hydroxybenzyloxiranes.

(64-93% for 4b-g); a gram-scale synthesis exemplified by 2a
transformation also provided the product in a good yield
(Scheme 5). Interestingly, 3-nitro group did not suppress this
reaction completely; product 4i was obtained in 44% yield.
Similarly, 5-formylindole produced the corresponding 2-(aryl-
methyl)oxirane 4j, albeit in low yield (25% vs. no product from
the corresponding benzylidenemalonate 1z). Indole-3-carbal-
dehyde also participated in this reaction to give product 4k
resulting from both dual methylene transfer and
N-methylation, albeit in only 7% yield. At last, not only alde-
hydes but also alkyl aryl ketones can be involved in the process
of dual methylene group transfer. The reaction of DMSM with

B. Free energy profile for dual methylene transfer to aldehydes
AG (kcal/mol)
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4'-hydroxyacetophenone afforded the corresponding oxirane 41
in good yield (80%) but as a mixture of two diastereomers in
ca. 3:1 ratio.

While the dual methylene transfer to aldehydes also
incorporates two CH, units, the reaction of perdeuterated
DMSM with 2a yielded the products with a different isotopic
distribution. In contrast to the preparation of 3a-d,, the
resulting oxirane ring in 4a-d; contains three deuterium
atoms in the oxirane ring, with only one deuterium present
at the benzylic carbon atom (Scheme 6A). The results of
these experiments suggest that the reaction mechanisms for
the formation of cyclopropanes 3 and oxiranes 4 are
different. Indeed, after the slow, rate-determining (AG* =
+19.3 kecal mol™"), and reversible nucleophilic attack of the
ylide on the carbonyl moiety with the formation of a betaine
intermediate J, the two competing irreversible pathways
diverge (Scheme 6B).

Hence, despite the similar outcome, the new homologation
reaction for alkenes and aldehydes takes a different direction
at the fork between Paths I and II. Alkenes follow the 1,2-shift
path while aldehydes prefer the 3-exo-tet direction. This is for-
tuitous for the dual methylene transfer to alkene because it
avoids a deep kinetic trap that would wait on Path II (F - D’
conversion, Fig. 1D) but inconsequential for the aldehyde reac-
tion where an analogous step (L — M conversion, Scheme 6B)
is fast and exergonic. However, in both cases, the presence of
anionic oxygen substituent in the reactant is instrumental in
unlocking this new reactivity. In a full agreement with the deu-
terium-labeling experiments, the barrier for the 1,2-shift (Path
I) is higher than the barrier for the 3-exo-tet cyclization (Path
IT) by 4.1 keal mol™, a key difference from the alkene reaction
(Scheme 6B).

A. Control experiment with deuterium-labeled ylide

. D H
Path | Path Il (CD3)3SI (2.8 equ_lv.) D
20 T 4200 ﬁ’ @O t-BuOK (3.8 equiv.) =
1,2-shift X +1 -exo-tel - o
slower ! \ i‘ T HO DMF, rt, 30 min HO
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) J v
l' + : -
: : _S : 23
! / ' -8.5 S +7.0 %
10 [ ' 9.3 | +_
4 :, & L 141 +56 T | W?
: K H g o)
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: 0 o ' -27.7
30 ,: o ; 4119 332
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Scheme 6 A. Reaction of perdeuterated DMSM with 4-hydroxybenzaldehyde. B. Free energy profiles for the cascades leading to the extended

CCR-isomerization—CCR sequence for 4-hydroxybenzaldehydes.
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General implications for reaction design

The key feature of this reaction design is based on electron
flow from a donor to an acceptor, mediated by a breaking C-C
bond. This is, of course, a common motif in organic chem-
istry, but the present case has its own interesting features. To
illustrate the reasons for the efficiency of this 1,2-shift, let’s
compare it with Grob fragmentations, another class of reac-
tions driven by the same principle but featuring a different
orbital topology.

In a typical Grob fragmentation, electron flow from the
donor (D) to the acceptor (A) (Scheme 7, top-left) results in the
formation of a C=D double bond at the expense of central
C-C bond cleavage. The three participating orbitals—those of
the donor, the breaking bond, and the acceptor—are arranged
in a coplanar zigzag geometry to ensure effective overlap for
the electron flow.**%*
this exact arrangement becomes impossible
when one carbon is removed from the bridge, so the donor
and acceptor are attached to the same carbon atom. In such
cases, the electronic orbitals that constitute the C-R bond

However,

Separation of donor and acceptor orbitals:

by two carbons: by one carbon:

Grob fragmentations 1,2-shifts
coupled Np— 6*cc Np— 6*cr R
interactions
i o
N /\/D A D
B OGR = O"AX (| l "
occ >0 AX i X
X: R\ PN
N
A% 4D A ) D
X:

classic ylide reactivity new reactivity

N Dj T |direct D/A interaction:
AR P H 2 weakened by cation
D . D R S A+ O
A B, Scheme 3 a q-
E Na*
A l R
/_// S
Wlttlgl Coreyl K z
3
A—D D D=C(CO,Me), §
= [)
5_k FAN R ASOMe, £ (x
R A = "
additional push by
needs to be prevented  cyclopropanation remote donor

Scheme 7 Top: electron density finds a way to flow from a donor to an
acceptor, even if it results in C—C bond scissions. Depending on the
topology (vicinal vs. geminal), this leads either to Grob fragmentations
or C-R scissions with migrations. Bottom: the new directions of betaine
reactivity allow to reform the n-bond after homologation, paving the
way for the classic Corey—Chaykovsky cyclopropanation and epoxi-
dation to occur as the following step. The insert also shows the coop-
erative effect of two charge moderating interactions: chelation of the Na
cation (red) at the enolate makes direct through-space donor—acceptor
interaction leading to “unproductive” 3-exo-tet cyclization (and classic
CC reaction) unfavorable while increased donation from the para-substi-
tuent X (blue) facilitates the 1,2-Ar shift.
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associated with the migrating group R act as a relay connect-
ing the donor and the acceptor. During the migration, R
“leaves behind” an empty partner orbital to form the C=D
bond while simultaneously carrying along the electron
density required to displace the leaving acceptor group X
(Scheme 7, top-right).

In the 1,2-shift, the ultimate driving force remains the
transfer of electron density from the donor to the acceptor,
and the coplanarity of the orbitals remains essential for stereo-
electronic reasons. However, the orbital arrangement differs
here: instead of the antiperiplanar zigzag topology observed in
Grob fragmentations, the donor/acceptor orbitals in the 1,2-
shifts adopt a U-shaped geometry, accommodating the shorter
bridge.

One could also mention that our 1,2-shift is stereoelectroni-
cally similar to the House-Meinwald rearrangement, except
that the latter highly carbocationic
species.®*””! In contrast, the 1,2-shift in our system is assisted
by the enhanced electronic push from anionic species, which
eliminates the need for a carbocation. The combination of a
strong donor and a good leaving group, such as sulfide or sulf-
oxide, can efficiently drive the rearrangement when supported
by two additional factors. First, reducing the electron density
at the anionic center D (Scheme 7, bottom right) through
cation chelation diminishes the likelihood of a “short-circuit”
via direct donor-acceptor interaction that would lead to the 3-
exo-tet cyclization and premature cyclopropanation. Second,
the presence of a remote anionic group on the migrating sub-
stituent R enhances its migratory aptitude, as illustrated by the
16 kcal mol™ drop in the activation barrier upon deprotona-
tion (Fig. 1B).

involves reactive

Conclusions

The unexpected extension of the classic Corey—Chaykovsky
reaction shows the possibility of homologative “n + 1 editing”
via selective CH,-insertion into a C-C bond before the reaction
embarks on the classic cyclopropanation/epoxidation paths. In
the newly discovered process, the ylide reagents play two dis-
tinctly different roles but, in both of these roles, they serve as a
synthetic equivalent of a carbene.

Although the scope of this C-C insertion is relatively
narrow now, the flip side of this scope is high selectivity. Such
selectivity is particularly crucial for C-C insertions, given that
typical organic molecules contain numerous C-C bonds. If
many bonds were affected, the insertion would lack practical
utility for precise molecular editing. However, the presence of
a donor substituent in the Ar group allows methylene insertion
to proceed with surgical precision. Both OH and NH function-
alities can be deprotonated to switch on the nucleophilic
anchimeric assistance to the 1,2-shift, thus avoiding the
“normal” Corey—Chaykovsky cyclopropanation and enabling a
new reactivity direction for the key betaine intermediate.
Furthermore, this new ability of such ylides is made possible
by the tightly coordinated network of stereoelectronic inter-
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actions, which points out to the general design principles for
carbenoid insertions and other synthetic applications of the
anionic 1,2-shifts.

We hope that the previously unknown pattern of ylide reac-
tivity will stimulate the search for other substrates for the
implementation of dual methylene transfers and lead to the
discovery of related processes containing similar insertion of
diverse carbenoids and their heteroatom analogues into the
C-C bonds. Further extensions of this new “two-in-one” meth-
odology for construction of small rings coupled with chain
elongation are under investigation.
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