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Abstract

Sulfonylhydrazones are valuable carbene precursors in asymmetric synthesis; however, their use typically generates sulfinic acid, which is
inevitably discarded as stoichiometric waste. In this work, the carbene chemistry and sulfur chemistry are integrated in Rh-catalyzed
asymmetric sulfonyl retentive S,N-difunctionalization of alkynyl N-sulfonylhydrazones with sulfenamides. The sulfonyl group or the
corresponding sulfinic acid is retained in a formal migration. This mild and efficient protocol allows for straightforward construction of
enantioenriched sulfonyl-based allylic sulfenamides with excellent chemo-, E/Z-, and enantioselectivity, thereby offering a creative strategy
for achieving more atom-economic transformations of carbene precursors. Mechanistic studies reveal a three-step process involving
S-allenylation, hydrosulfonylation, and an aza-Mislow-Evans rearrangement, with the hydrosulfonylation step governing enantioselectivity.
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1. Introduction

Sigmatropic rearrangements, involving the site-selective reorganization of molecular frameworks, represent a highly valuable class
of transformations in synthetic chemistry due to their ability to create challenging chiral centers with high stereospecificity in
complex structural motifs!' ). Given the rich reactivity of sulfinyl groups in chemical synthesis and pharmaceutical research!® 1, the
sigmatropic rearrangement of allylic sulfur compounds has garnered significant interest over the years!'?l. Among these, the
Mislow-Evans rearrangement is a reversible [2,3]-sigmatropic shift converting allylic sulfoxides into allylic sulfenate esters, with
equilibrium generally favoring sulfoxides. In the presence of thiophiles, however, S-O bond cleavage of the sulfenate esters enables
the stereoselective formation of allylic alcohols!'3"'7]. This classical transformation has proven synthetically powerful in the
stereoselective preparation of various bioactive molecules, drugs, and natural products!'®21l. Nevertheless, the related
[2,3]-sigmatropic rearrangement of allylic sulfilimines, the nitrogen analogues of allylic sulfoxides, has received comparatively limited
attention, despite its potential to produce synthetically and medicinally valuable allylic sulfenamides (Figure 1A)[?22!l, Challenger
reported the first aza-Mislow-Evans rearrangement of allylic sulfilimines to allylic sulfenates in 1952[?%, although its application
remains limited due to the lack of effective methods for preparing enantioenriched allylic sulfilimine intermediates. To date, three
strategies have been developed for their preparation. The first strategy involves the a-sulfenylation of aldehydes, followed by
oxidative S-imidation using N-Boc-oxaziridinel?>?°l, The second relies on asymmetric sulfimidation of achiral allylic sulfides using a
bisoxazoline complex, a ruthenium-salen complex, or an enzyme as catalyst to generate metal nitrene species from
[N-(p-toluenesulfonyllimino]phenyliodinane (TsN=IPh) and tosyl azides[*°3!l. However, these two strategies are of limited synthetic
utility due to the involvement of dangerous imidation agents, multistep procedures, and narrow substrate scope. Recently, Feng and
Liu described an elegant nickel-catalyzed asymmetric synthesis of allylic sulfenamides via a formal aza-Mislow-Evans rearrangement
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of allylic sulfilimines through loose ion pair intermediates, arising from in situ S-alkylation of sulfenamides*>->l and hazardous vinyl
a-diazo pyrazoleamides (Figure 1B)I>°, Despite these advancements, there remains a pressing need for mild and more efficient
strategies to generate allylic sulfilimine intermediates without using hazardous reagents, so as to fully leverage the potential of
enantioselective aza-Mislow-Evans rearrangement.

a) Asymmetric aza-Mislow—Evans rearrangement
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b) Enantioselective S-alkylation/formal aza-Mislow—Evans with vinylcarbenes (Feng and Liu, 2024)

o o o—NiL* o
NI 1 1
1 R -N R T -N
— R%0OC.-.S. , ' RZ_.N. =
N> H N~ R2 s* “COR3

¢) This work: Asymmetric S-allenylation/aza-Mislow—Evans rearrangement with alkynyl carbenes

o i o
NNHSO,Ar ) i
2 . . j\ Chiral Rh(ll) R3'U\N’S‘R2 | Rsu\NfS~R2 N
Z CO5R R2°°°N RS * ! N
177 H base, 0 °C RTNZCOR | NN
SO,Ar : COR
C R o o e _
AFOZSNH N N X-H X X
Nig R ArSO,H Ns R2 T o v N __sonr
via )\ — ( S) R~ R Metalcat. R R R R
VS
RY' COzR R™ Ny "+ COsR w/ sulfinate waste  sulfonyl retention
u SO,Ar (all prior reports) no prior report

Figure 1. Background and reaction design.

Alkynyl N-sulfonylhydrazones, known since the 1970s°°l, have newly emerged as efficient alkynyl carbenes in various organic
transformations®>’-°l. Inspired by recent advances in the insertion of alkynyl carbenes into X-H bonds for the synthesis of allene
compoundsl®*®!l we envisioned that S-allenylation of sulfenamides with alkynyl carbenes generated in situ from alkynyl
N-sulfonylhydrazones, followed by hydrosulfonylation!®>¢l, would afford key allylic sulfilimine intermediates. These intermediates
could then enable enantioselective aza-Mislow-Evans rearrangement to yield allylic sulfenamides. However, achieving this
transformation requires addressing several key challenges: (1) regulating chemoselectivity between the nucleophilic N and S sites in
sulfenamides, (2) ensuring highly regioselective attack by the sulfonyl group, and (3) controlling the chirality of allyl group formed
during hydrosulfonylation!®”, which arises prior to the sigmatropic rearrangement. Herein, we report a novel method for the highly
enantioselective aza-Mislow-Evans rearrangement of allylic sulfilimines via chiral dirhodium-catalyzed cascade reaction between
sulfenamides and alkynyl carbenes generated in situ from alkynyl triftosylhydrazones under mild conditions (Figure 1C)°8l. This
cascade transformation provides a straightforward and practical approach to access chiral allylic sulfenamides, which are valuable
synthetic targets in chemical synthesis.
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2. Materials and Methods

General Procedure for the Asymmetric Catalysis: Under a nitrogen atmosphere, sulfenamide (0.15 mmol), Rh,(R-p-CF;TPCP),
(1 mol%), DCE (0.5 mL), and DIPEA (1.0 equiv) were sequentially added to a screw-capped vial (8 mL) with a stir bar. Then the vial was
cooled to 0 °C in an ice bath. A solution of alkynyl sulfonylhydrazone (1.25 equiv) in DCE (1 mL) was added dropwise via a syringe, and
the mixture was stirred for 15 minutes. Upon completion of the reaction, the residue was purified by silica gel chromatography using
petroleum ether/ethyl acetate to afford the desired product. The enantiomeric excess was determined by chiral HPLC analysis.
Corresponding racemic samples were prepared under identical conditions using Rh,(OAc), as the catalyst.

3. Results

3.1 Initial optimization studies

To evaluate the feasibility of our hypothesis, we examined the reaction between readily accessible a-phenylethynyl
triftosylhydrazone (1a) and 2-methyl-2-phenyl-N-(p-tolylthio)propanamide (2a), employing various commercially available chiral
dimeric Rh(II) tetracarboxylate complexes as catalysts in the presence of 4-cyclohexylmorpholine in dichloroethane (DCE) at 0 °C
(Table 1). Initial experiments indicated that the chiral naphthaloyl-based dirhodium catalyst, Rh,(S-NTTL),, provided the desired
N-allylic sulfenamide 3 in low yield and enantioselectivity (Table 1, entry 1). Screening of multiple chiral dirhodium catalysts revealed
that sterically hindered dirhodium catalysts substituted with triarylcyclopropanecarboxylate afforded higher enantioselectivities
(entries 4-9), among which Rh,(R-p-CF;TPCP), provided the highest yield (80%) and enantioselectivity (87% ee, entry 9). However, chiral
dirhodium catalysts with N-sulfonylprolinate ligand, Rh,(S-DOSP), or phthalimide ligand, Rh,(S-PTAD),, resulted in lower yields and
enantioselectivities. Substituting the base 4-cyclohexylmorpholine with DIPEA further enhanced both the efficiency and
enantioselectivity (entry 10). Using N,N-diethylcyclohexylamine as the base (entry 13) afforded only modest yield and
enantioselectivity of desired product 3, whereas an inorganic base (e.g., NaH) inhibited the reaction (entry 14). Reducing the amount
of DIPEA from 1.0 equiv to 0.1 equiv yielded the desired product 3 in less than 10% yield with 77% enantiomeric excess (entry 11). The
replacement of dichloroethane with dichloromethane as the solvent slightly decreased both the yield and enantioselectivity (entry
12). The proposed structure and (R,Z)-configuration (CCDC 2406862) were confirmed by single-crystal X-ray crystallography analysis of
product 3.

3.2 The reaction scope

With the optimized reaction conditions in hand, we proceeded to explore the scope of this transformation, initially focusing on
various alkynyl triftosylhydrazone inputs 1 while using 2-methyl-2-phenyl-N-(p-tolylthio)propanamide (2a) as the constant coupling
partner. As shown in Figure 2A, d-arylalkynyl triftosylhydrazones with electron-donating groups (such as methoxy, tert-butyl, and
methyl) or halogen substituents at para-positions of the benzene ring afforded the desired allylic sulfenamides (4-10) in 60-89% yields
and 83-95% ee. By contrast, an electron-withdrawing ester functionality slightly lowered the efficiency (11, 60% yield). Under standard
conditions, meta- and ortho-substituted and disubstituted a-phenylalkynyl triftosylhydrazones also underwent coupling with high
enantioselectivities, albeit with slightly decreased yields (12-17). Notably, halogen functionality retained in the obtained products
could provide a versatile synthetic handle for further transformations.

2-Naphthyl- and 2-thienyl ring substituted alkynyl triftosylhydrazones were also compatible with the transformation, producing the
desired products 18 and 19 in high yields and enantioselectivities. Moreover, alkenyl and cycloalkyl groups at the terminus of alkynyl
triftosylhydrazones were also well tolerated (20-23). The influence of substitution on the arenesulfonyl motif of alkynyl
N-sulfonylhydrazones were further investigated (24-27). Notably, replacing the ortho-trifluoromethyl group with an ortho-nitro
group maintained comparable efficiency (24, 90% ee), while 2-trifluoromethyl-4-fluoro-substituted N-sulfonylhydrazone gave a lower
yield (25). The a-ester group in the alkynyl N-sulfonylhydrazone was essential for preserving the reactivity of carbene reagent, with
the methyl ester providing higher enantioselectivity than the ethyl ester (3 vs. 27 and 25 vs. 26).

We next explored the scope of various sulfenamide inputs using phenylalkynyl triftosylhydrazone as the carbene precursor
(Figure 2B). Various electronically and sterically differentiated S-aryl sulfenamides were well tolerated, furnishing desired
(R,Z)-configured allylic sulfenamides (28-40) with good to excellent yields and enantioselectivities. Notably, meta- and
ortho-substituted S-phenyl sulfenamides delivered products 35-39 in slightly lower yields than para-substituted substrates. Under the
standard reaction conditions, 2-naphthyl sulfenamide coupled effectively with high enantioselectivities (41), while 2-thienyl
sulfenamide reacted to afford product 42 in 52% yield and 90% ee. Variations of the N-acyl substituent in sulfenamides suggested that
the tertiary alkyl group, composed of an aryl and two alkyl groups, is essential for achieving high enantioselectivity (43-46). In
contrast, the N-pivaloyl- or N-phenylcyclopropyl group substituted sulfenamide provided 47 and 48 with slightly lower
enantioselectivities. These observations may indicate that favorable TT-TT interactions between the aryl group in the N-acyl unit and
another arene ring in the catalyst/substrate (vide infra). The reactions proceed rapidly, typically reaching near-complete conversion
within 15 minutes.
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Table 1. Optimization of the reaction conditions?.
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Entry Catalyst Base Yield [%]? Ee [%]
1 A 4-cyclohexylmorpholine 45 29
2 B 4-cyclohexylmorpholine 36 17
3 C 4-cyclohexylmorpholine 41 "
4 D 4-cyclohexylmorpholine 56 52
5 E 4-cyclohexylmorpholine 49 59
6 F 4-cyclohexylmorpholine 82 86
7 G 4-cyclohexylmorpholine 66 77
8 H 4-cyclohexylmorpholine 81 85
9 I 4-cyclohexylmorpholine 80 87
10 I DIPEA 85 93
1€ I DIPEA 9 77
124 I DIPEA 80 90
13 I CyNEt, 61 85
14 I NaH <3 n.d.

:Reaction Conditions: 2a (0.15 mmol), 1a (1.25 equiv), DIPEA (1 equiv), and chiral dimeric rhodium catalyst (1 mol%) in DCE (1.5 mL) at 0 °C for 0.5 h, N, atmosphere;

b Isolated yield; ¢ DIPEA (0.1 equiv); ¢ DCM; DIPEA: N, N-diisopropylethylamine; DCE: 1,2-dichloroethane; DCM: dichloromethane.
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Rh,(R-p-CF5TPCP), (1 mol%)
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Figure 2. Substrate scope of alkynyl N-sulfonylhydrazones and sulfenamides. Reaction Conditions: alkynyl N-sulfonylhydrazones (0.15 mmol), sulfenamides (1.25 equiv.),

DIPEA (1.0 equiv.), and Rh,(R-p-CF;TPCP), (1 mol%) in DCE (1.5 mL) at 0 °C for 15 min under N, atmosphere. Isolated yield. [a]: Rh,(R-p-PhTPCP), was used as the catalyst;

DIPEA: N, N-diisopropylethylamine; DCE: 1,2-dichloroethane.

3.3 Synthetic applications

To demonstrate the synthetic utility of the developed methodology, a gram-scale synthesis of product 3 was performed (Figure 3). The
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comparable outcome (0.85 g, 65% yield, 89% ee) was achieved, highlighting the potential for practical large-scale application.
Subsequent transformations were conducted to illustrate the versatility of the newly synthesized allylic sulfenamides (Figure 3, top).
Oxidation of 3 with m-CPBA produced the allylic sulfinamide 49 with high diastereoselectivity (20:1 dr), whereas the NalO,/RuCl;
catalytic system enabled the full oxidation to deliver the desired sulfonamide 50 in good yield without compromising
stereoselectivity. Treatment of 3 with magnesium in methanol triggered a desulfonylative cyclization, leading to the formation of
oxazoline 51 in 52% yield. Desulfurization of 3 by PPh; gave allylic amide (2)-52 in 89% yield with 89% ee, which then readily isomerized
into more stable (E)-52 in the presence of In(OTf); without losing chirality. The structure of the latter isomer was confirmed by
single-crystal X-ray crystallographic analysis (CCDC 2406864). Furthermore, the direct treatment of (2)-52 with ‘BuOK in methanol
produced methoxy-substituted allylic amide (53) with preserved enantioselectivity via an addition-elimination pathway. Hydrolysis of
the ester group of 53 delivered the corresponding chiral carboxylic acid (54) with high enantioselectivity. Additionally, compound 21
was efficiently converted into the primary alcohol 56 through a sequence involving desulfurization, nucleophilic addition and olefin
hydration, achieving high enantio- and diastereoselectivity control (Figure 3, bottom). In all cases, the enantiopurity of the chiral
products was essentially observed.
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Figure 3. Gram-scale synthesis and product derivatizations. DCM: dichloromethane; MeOH: methanol; THF: tetrahydrofuran; EtOH: ethanol; TMSOK: potassium

trimethylsilanolate; m-CPBA: meta-chloroperoxybenzoic acid.

3.4 Experimental mechanistic studies

To shed light on the mechanism of this transformation, a series of experiments were conducted (Figure 4). To probe the crucial role of
the sulfenamide moiety, various other NH nucleophiles, such as N-phenyl trifluoroacetamide, pivalamide, N-methoxyamide, or
N-tosylamide, were tested as coupling reagents under standard reaction conditions. However, no desired product was observed in
any of these cases (see Supplementary Materials). These results suggest that direct N-H insertion of amides is not facile, thereby
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highlighting the involvement of the sulfur atom in sulfenamide, potentially through the formation of a sulfur ylide or sulfilimine
intermediate. A crossover experiment was also conducted using sulfenamide and two alkynyl sulfonylhydrozones differing in both the
sulfonyl and ester groups. This reaction afforded all four possible products in comparable yields, as determined by 'H NMR, F NMR,
and mass spectroscopy, possibly due to substrate crossover interactions (Figure 4A). This result reveals that the sulfonyl group fully
dissociates during the reaction and subsequently undergoes intermolecular attack on an electrophilic species. To further support this
conclusion, we carried out a control reaction of 1a and 2a in the presence of TMSN; as an exogenous nucleophile (Figure 4B). Indeed,
the alkenyl azide (57) was isolated in decent yield, demonstrating that the azide effectively outcompeted sulfinate as a nucleophile.
Afterwards, deuterium labeling experiments were performed with D,0 as an additive. Both the allylic and vinylic positions of the
product were partially deuterated (Figure 4C). Notably, the degree of deuteration increased with higher amounts of D,0, suggesting
that protonation occurs at these two positions in the catalytic cycle (vide infra). Finally, the electronic effect of the sulfonylhydrozone
substrate was examined through Hammett studies. By varying the para-substituent on the phenyl ring, a linear correlation was
observed with a small positive slope (p = 0.17, Figure 4D). This finding suggests that a negative charge may be stabilized in the
transition state, potentially during the initial deprotonation-elimination stage or at a later stage of the reaction.

A. Crossover experiments

H F ph Me
Me
OIN,STol R R?
(o]
he CF3 he CFs s b RNaR-p-CFSTPCP), (1 mol%) ph)\|/ACOZR 3 Me H
0=$=0 + 0=$=0 * Tol”7™N _ 0=5=0 20 Me F
HN‘N HN‘N H MeMG DIPEA (1 equiv) cF 23 Et H
| i DCE, 0°C, 1 h, N, : M B E
/\coza /\COZMe
Ph Ph R'
0.1 mmol 0.1 mmol 0.15 mmol (all four possible products)
B. External attack by an azide reagent
ph e
TszN\N I6) Me
Rh,(OAc), (1 mol% I
I + PN Ph + TMSN, 2(OAC) ( ) l¢] N’STOI
— CO-Me Tol N 3
Z 2 Ho e DIPEA (1 equiv) o )\%\
Ph DCE (1 mL), rt,, 5 h, Ny h COMe
N
1a 2a 57, 58% vyield
C. Deuterium labeling experiments
P Ml\?le Tol
NNHTfs o) JTo )
. _s. Jl\ﬁph Rha(R-p-CF5TPCP)4 (1 mol%) OIN,S 02 D,0 (1.0 equiv): 34% D', 34% D’
Ph 7 e R mee DIPEA (1 equiv) >z D,0 (5.0 equiv): 79% D', 76% D
DCE (1 mL), r.t, Ny Ph™5i] CO2Me
D,0 Tfs
1a 2a 3-d,
D. Hammett studies
Me
Ph
NNHTfs o IMe
Rhy(R-p-CF3TPCP)4 (1 1% So
= ~COMe N To|’S‘NJ>(Ph 2(R-p-CF3TPCP), (1 mol%) O NS ol
Hud Ve DIPEA (1 equiv) 7 ~CO,Me
R DCE (1.5 mL), -5 °C, N, . Tis
R = OMe, ‘Bu, Me, H, Ph, F, Br p=017, R2=00978

Figure 4. Mechanistic experiments. DIPEA: N, N-diisopropylethylamine; DCE: 1,2-dichloroethane.

3.5 Computational mechanistic studies

To gain a comprehensive understanding of the detailed reaction mechanism and the origins of the enantioselectivity, density
functional theory (DFT) calculations were performed at the level of B3LYP-D3(BJ)SMD)/SDD&6-311+G(d,p)//B3LYP-D3(BJ)/
SDD&6-31G(d). We selected sulfenamide 2a and the in situ generated diazo species 1a' as model substrates (Figure 5 and the
Supplementary Materials). Rh,(OAc), was initially employed as the catalyst to establish the reaction mechanism, aiming to reduce
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computational costs. The calculated energy profile for the most favorable pathway leading to the formation of N-allylic sulfenamide 3
is shown in Figure 5A, with results for alternative pathways presented in the Supplementary Materials. The reaction begins with the
elimination of N, from diazo species 1a' via TS1, with an energy barrier of 11.2 kcal/mol,generating the alkynyl Rh-carbene IM1.
Subsequent nucleophilic attack of sulfenamide 2a on the Rh-carbene via TS2 forms the zwitterionic Rh species IM2, which is
kinetically accessible, with an energy barrier of only 1.6 kcal/mol relative to IM1. This zwitterionic Rh species IM2 then undergoes
deprotonation by DIPEA to yield intermediate IM3. Protonation of IM3 at the alkynyl carbon by TfsH via TS3 delivers a Rh-allene
intermediate IM4 along with a Tfs anion. The nucleophilic attack of Tfs anion on the central carbon of the allene occurs via TS4 to
generate a stabilized enolate intermediate IM5, which is subsequently protonated via TS5 to afford S-allylic sulfilimine intermediate
IM6. Consequently, IM6 undergoes a facile 2,3-sigmatropic aza-Mislow-Evans rearrangement via TS6, yielding the final product 3 and
regenerating the Rh,(OAc), catalyst. Our calculations reveal that protonation of the enolate in IM5 constitutes the rate-determining
step of the overall reaction, with an energy barrier of 14.3 kcal/mol relative to IM2.

(a) + (o]
N
Na > S\N&Ph A SR
——3 r
AGeor =~ CoMe /Cone /@/ N \
Ph Ph
1a’ 2a

kcal/mol " R t R &3
|
' : ¢ Nag A NegA' 1t
1a Ph._.H-Tfs Ph S Ph Y 4 R :
' S A__OMe N OMe \ A
0.0 N | H Y H i o N=S
. ph MeO,C— N Trs O Tfs O LS OMe
’ S/’ ‘R S S R ”
RO 7y o L ® 18 M T

IM5

M2 i R
= H-DIPEA Il R Nig-Ar N Ar
MeO,C || @ N A ph 9 ph S
S r
H MeO,C N S5 X OMe N OMe
MeO,CAON. o ir R ome H oY H | Rhy(OAC)
T Ph Tfs O
d Ar O| ~ a Tfs O\a
H N
-0 elimination of N nucleophilic attack protonation nucleophilic attack protonation 2A.3-sigmatropic nearrangeme%_>
(b)
— — — —/

E Ar 3

Ra- Ns _Ar
P2 )T PR TS
H S OMe " U _OMe
Tfs O Tfs O
Ph 1 Ph l
Ph <O R|h Ph <O Rh
O——Rh O I|Rh
L B e ]
(R)-TS (S)-TS
AAG” = 0.0 1+ ) AAG” =43

Figure 5. DFT calculations. (A) Calculated energy profile of the most favorable pathway with Rh,(OAc),; (B) Transition states for the protonation of the enolate intermediate
with the Rh,(R-p-CF,TPCP), catalyst. The spectator aryl groups in the Rh,(R-p-CF;TPCP), were omitted for the sake of clarity. Bond distances and energies are given in A and
kcal/mol, respectively. DIPEA: N, N-diisopropylethylamine.

To further elucidate the origins of the enantioselectivity, the protonation of the enolate intermediate by the Rh,(R-p-CF;TPCP),
catalyst was examined (Figure 5B). Computational analysis suggests that the transition state (R)-TS is lower in energy than that of the
(S)-TS by 4.3 kcal/mol, supporting the R enantiomer as the favored product. Given the large size of the system, identifying the precise
factors that govern the enantioselectivity remains complex and challenging. However, the optimized geometries reveal the presence
of non-covalent interactions (e.g., T---Tt, F---T1, F---H, and C-H---T0) in both transition states. Specifically, in (R)-TS, a T---T interaction
is observed between the phenyl group of the acyl moiety and the S-Tol group, while (S)-TS exhibits only a C-H---Tt interaction. This
difference likely accounts for the higher energy of (S)-TS compared to (R)-TS, thus facilitating the experimentally observed
enantioselectivity.

4. Conclusion

In conclusion, we have developed a novel chiral dirhodium-catalyzed cascade reaction between sulfenamides and alkynyl
triftosylhydrazones, enabling the enantioselective aza-Mislow-Evans rearrangement of transiently generated allylic sulfilimines to
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furnish enantioenriched allylic sulfenamides with excellent chemoselectivity, E/Z-selectivity, and enantioselectivity. This
transformation operates under mild conditions and accommodates broad substrate scope along with high functional group
tolerance. The successful gram-scale reaction and subsequent downstream transformations of enantioenriched allylic sulfinamide
products further highlight the synthetic utility of this robust protocol. DFT calculations indicate that the proton transfer step in the
stepwise hydrosulfonylation determines the enantioselectivity.

Supplementary materials

The supplementary material for this article is available at: Supplementary materials.
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