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Abstract: The synthesis of 5—7 membered oxygenated heterocycles by intramolecular aminooxygenation of
unsaturated alkenes using commercially available N-fluorobenzenesulfonimide as amination reagent and
Tp™?Cu(NCCH;) as precatalyst is reported. With unsaturated aliphatic carboxylic acids, the corresponding
lactones are obtained from moderate to almost quantitative yields employing a catalyst loading of 2.5 mol%
under mild conditions, whereas 2-vinylbenzoic acids originate lower yields.
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1. Introduction
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aerobic copper-catalyzed oxyamination of alkenes
using electron-rich amines and equimolar amounts of
potassium iodide (KI) as additive (Scheme 1b)."
Interestingly, Zhang reported the copper-catalyzed syn-
thesis of aminolactones using commercially available
N-fluorobenzenesulfonimide (NFSI) as an amination
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Scheme 1. Copper-catalysed electrophilic amino-lactonization

reactions.

© 2025 The Author(s). Advanced Synthesis &
Catalysis published by Wiley-VCH GmbH



https://doi.org/10.1002/adsc.202500062
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadsc.202500062&domain=pdf&date_stamp=2025-04-14

RESEARCH ARTICLE

asc.wiley-vch.de

ADVANCED
SYNTHESIS &
CATALYSIS

reagent (Scheme 1¢).®! A high yield of 90%, was
described for the substrate 2-(2-methylallyl)benzoic
acid with a 10 mol% of copper catalyst loading.

Our group has described the synthesis of pyrroli-
dines and piperidines via intramolecular C — H amina-
tion of N-alkyl-N-fluorosulfonamide using complex
[Tp™?Cu(NCMe)] as the well-defined precatalyst
[Tp™" = hydrotris(3,5-diisopropyl-1-pyrazolyl)
borate],”” operating at low catalyst loadings (1 mol%).
With this precedent in mind, we wondered if the
complexes Tp*CuL"” (L =solvent) could catalyze the
reaction of unsaturated carboxylic acids and NFSI. To
our delight, we have found that an array of amino-
lactones can be prepared with this strategy improving
the yields and the reaction conditions reported to date
upon using such Tp*CuL catalysts (Scheme 1d).

2. Results and Discussion

Benchmark reaction of 4-phenylpent-4-enoic acid
with NFSI. To test the catalytic capabilities of Tp*CuL
complexes in the synthesis of amino lactones we chose
the 4-phenylpent-4-enoic acid, 1la, as the model
substrate to be reacted with 1.5 equiv. of NFSI in the
presence of catalytic amounts of the complexes shown
in Table 1. We decided to start our studies with this
unsaturated aliphatic carboxylic acid since Zhang and
co-workers™ reported a 67% yield in the case of 1a

Table 1. Copper-catalysed aminolactonization reactions: cata-
lyst screening and optimization.

o}

OH Catatalyst o

+ NF§| ——————>
o DCE, 70 °C, 16h
P \—N(so,Ph),
1a 1b
R1
R! I—\|B-‘ R N
N7 = 4
Ligands:  R2 //rl\‘ 'Z‘$VR2 \ N N\ N _\
R® R3 X |
Tp* TPMA

Entry Catalyst Yield (%)™
1 - n. d.
2 [Tp*Cul, 80
3 Tp™?Cu(NCMe) 9714
4 Tp™Cu(THF) 77
5 Tp 2B Cu(NCMe) 74
6 Tp®*Cu(NCMe) 80
7 Cul/TPMA 54

[ Reaction conditions: 1a (0.2 mmol), catalyst (2.5 mol%),
and NFSI (0.3 mmol) in DCE (1 mL) at 70°C under N, for
16 h.

 Yields obtained by 'H NMR spectroscopy of the reaction
mixture (acetophenone as internal calibration standard).

) Not detected by '"H NMR. /8 h reaction time.
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and a 48% in the case of 5-phenylhex-5-enoic acid,
2a, using a catalytic loading of 10 mol% (CuCl/
neocuproine). In the absence of any copper species, the
mixture of 1a and NFSI heated at 70°C for 16 h did
not provide the cyclization product 1b (entry 1). Then
a series of five experiments were run, only differing in
the copper complex added as potential catalyst (entries
2-6). Several trispyrazolylborate ligands bearing elec-
tron donating, electron withdrawing, alkyl or aryl
substituents at the pyrazolyl rings were employed. The
best results were obtained with [Tp™Cu(NCMe)],
similarly to the results described for the synthesis of
pyrrolidines and piperidines by intramolecular aliphatic
C-H functionalization reaction of N-
fluorosulfonamides.”™ Importantly, the use of these
Tp*CuL catalysts allowed for notably reducing the
catalyst loading by a four-fold factor to as low as
2.5mol% in contrast to the previously described
systems (Scheme 1). For the sake of comparison, we
also tested an in situ generated copper catalyst bearing
the neutral ligand TPMA (TPMA =tris(2-pyridylmeth-
yl)amine),!""! however the yield was significantly lower
(entry 7) than those obtained with Tp*CuL complexes.
Other conditions of temperature, solvent or stoichiom-
etry may affect the reaction outcome (see SI).

Substrate scope and limitations. (a) Aliphatic
carboxylic acids. Once the previous catalyst screening
led to the identification of Tp™*Cu(NCMe) as the best
choice, we faced the use of several unsaturated
aliphatic carboxylic acids for their conversion into the
corresponding cyclization products. Scheme 2 displays
the different substrates studied. Both 2.5 and 10 mol%
catalyst loadings were used, the results with the latter
not being significantly higher, probably as a conse-
quence of catalyst deactivation with time that makes
useless the use of larger amounts of catalyst. The six
membered ring 2b was obtained in almost quantitative
yield, whereas yield decreased in the case of the 3b.
The para-substituted 4-aryl-4-enoic acids underwent
the cyclization reaction affording the corresponding
lactones in moderate yields (4b-6b), indicating a
certain electronic influence of the substituent in para
position of the aryl ring. We also applied the use of
this methodology to the synthesis of oxazoline deriva-
tive 7b (Eq. (1)), that was obtained in a 55% yield
with 2.5 mol% of catalyst.

Ph

H iPr2, N¢<
Ph)J\/ N\n/ Ph + NFSI 25 mol% [Tp” “Cu(NCMe)] \7<O\
PH N(SO,Ph), ( 1 )

DCE, 70 °C, 16h
o) 15eq

Ta 7b

55%

(b) 2-Vinyl benzoic acid and alcohols. After the
results with aliphatic carboxylic acids, we moved onto
substrates such as 2-vinyl benzoic acid (8a-12a) and

© 2025 The Author(s). Advanced Synthesis &
Catalysis published by Wiley-VCH GmbH
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N(SO,Ph), N(SO,Ph), N(SO,Ph),
MeO

4b, 42% (52%) 5b, 34% (55%) 6b, 58% (78%)

Scheme 2. Scope of the amino lactonization reaction of unsatu-
rated aliphatic carboxylic acids as substrates. Reaction con-
ditions: substrate (0.2 mmol), NFSI (0.3 mmol), -catalyst
(0.005 mmol), in DCE (1 mL) at 70°C for 16 h. Yields obtained
by "H NMR spectroscopy of the reaction mixture (acetophenone
as internal calibration standard). Yields in brackets correspond
to a 10 mol% catalyst loading.

alcohols (13a-15a) (Scheme 3). With a 2.5 mol% of
catalyst loading, corresponding lactones were obtained
with low to moderate yields, albeit comparable to
previously reported examples.” Yields generally im-
proved upon increasing catalyst loading to 10 mol%.
However, the fact that this improvement is not linear
points toward catalyst deactivation with time.

Some literature precedents pointed to a potential
catalyst deactivation due to protonation of the trispyr-
azolylborate ligand."” Trofimenko and coworkers
described the synthesis of the [(Tp“YH)CuCl,] complex
by the reaction of [Tp®TI] with CuCl,e2H,0.!"
Fujisawa and coworkers reported that the reaction of
[{Tp™Cu"}(u-OH)], with tetrachlorocatechol leads to
the formation of (Tp™"H)Cu'(catCl,) (catCl,=tetra-
chlorocatecholate) which contains the Tp™ ligand with
one of the pyrazolyl rings protonated."*! Moreover, the
group of Singh described the protonation of the Tp™
in the case of the dinuclear manganese complex
[Tp™*Mn"(u-OH)], by reaction with an excess of
benzoic  acid  gives  [Tp**Mn-(u-OBz);-Mn-
(Tp™2H)]."™! To test if a similar process occurs in the
case of Tp™Cu(NCCH;), we have carried out the
reaction of this complex with three equiv. of 2-
vinylbenzoic acid, 8a, but protonation of the pyrazole
was not observed. However, the reaction of Tp™*Cu-
(NCCH;) complex with 3 equiv. of NFSI and,
subsequently, 3 equiv. of 8a, afforded a green solid
which IR spectrum shows relevant absorptions at 3135
and 2534 cm™'. The former corresponds to a proto-
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N(SO,Ph), N(SO,Ph), N(SO,Ph),
8b, 33% (47%) 9b, 61% (61%) 10b, 41% (45%)
O sN i ;
O
O N(SO,Ph), N(SO,Ph), N(SO2Ph),
11b, 43% (47%) 12b, 45% (62%) 13b, 20% (20%)

Qi Q
Ph \—N(s0,Ph), Ph N(SO,Ph),

14b, 25% (37%) 15b, 31% (40%)

Scheme 3. Amino lactonization reaction of 2-vinylbenzoic acid
derivatives (8a—12a) and alcohols (13a—15a). Reaction con-
ditions: substrate (0.2 mmol), NFSI (0.3 mmol), catalyst
(0.005 mmol), in DCE (1 mL) at 70°C for 16 h. Yields obtained
by "H NMR spectroscopy of the reaction mixture (acetophenone
as internal calibration standard). Yields in brackets correspond
to a 10 mol% catalyst loading.

nated pyrazolyl ring and is similar to that described by
Fujisawa''¥ for a related Tp*-protonated copper com-
plex (3142 cm™"). The band at 2534 cm™' is associated
to the B—H moiety and appears shifted toward higher
energy region compared to the band of the non-
protonated precursor as previously described by
Trofimenko.!"®! Thus, protonation of a Cu(Il) species
during catalysis decreases the amount of active
catalysts, explaining the decrease in the yields com-
pared to those with the less acidic aliphatic carboxylic
acids.

Being determined that the origin of the loss of
activity is related with the protonation of the Tp™™
ligand, we reasoned that decreasing the -electron
density at the ancillary ligand would make it less prone
to protonation. Such decrease in basicity may be
reached upon using a Tp* ligand with electron-with-
drawing groups at the pyrazolyl rings. Toward that
end, we employed the ligand Tp"",'” with the
electron-withdrawing bromine substituents. Under our
standard conditions (Scheme 4), employing the acids
8a-10a and 2.5 mol% of catalyst loading, yields
improved significantly in the case of 8b in comparison
with Tp™Cu(NCCH;) (from 33% to 76%) and it was
also higher in the case of 9b (70%). The catalytic
performance of Tp®?Cu(NCCHj;) is maintained even at
higher temperature. Thus at 100°C, 8b was obtained

© 2025 The Author(s). Advanced Synthesis &
Catalysis published by Wiley-VCH GmbH
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WX XOH 2.5 mol% [TpB3Cu(NCMe)] X
N + NFSI i o}
pe. DCE, 70 °C, 16h e
15e
R q R ~n(so.ph),
8a-10a X =CO, CH, 8b-10b

o

0O [¢)

o) o}
Ph —N(s0,Ph),

N(SO,Ph), N(SO2Ph),
8b, 76% 9b, 70% 10b, 25%
P o
Cr o3
Ph\—N(s0,Ph), Ph™ \—N(s0,Ph),
1b, 80% 2b, 73%

Scheme 4. Amino lactonization reaction of 2-vinylbenzoic acid
derivatives (8a—10a) and carboxylic acids (la—2a) with
Tp®*Cu(NCCH,) as catalyst. Reaction conditions: substrate
(0.2 mmol), NFSI (0.3 mmol), catalyst (0.005 mmol), in DCE
(ImL) at 70°C for 16h. Yields obtained by 'H NMR
spectroscopy of the reaction mixture (acetophenone as internal
calibration standard).

with an 83% yield (see SI). In the case of the
unsaturated carboxylic acids 1a and 2a the corre-
sponding lactones, 1b and 2b, were obtained in high
yields (80 and 73%, respectively), although lower than
those obtained with Tp™"Cu(NCCHy) as catalyst.

Mechanistic proposal. Control experiments in the
presence of the radical scavengers TEMPO [(2,2,6,6-
tetramethylpiperidin-1-yl)oxyl] or BHT (2,6-di-t-butyl-
hydroxytoluene) were carried out under the standard
conditions (Scheme 5). In both cases, the formation of
the amino lactone 1b is prevented, assessing the
intermediacy of radical species. This is in agreement
with our previous contributions on the synthesis of
pyrrolidines and piperidines by intramolecular C—H
amination of N-fluoride amides."!

Based on previous work involving N—F bond
activation (which included experimental and DFT
calculations)!” and data available, Scheme 6 contains a

2.5 mol% Cat. (o]
OH radical scavenger
+ NFSI —mMmM8M8M8m O
o DCE, 70 °C, 16h

15eq PhH

N(SO,Ph),
1a 1b
Entry Radical scavenger 1b (%)
1 TEMPO 5
2 BHT n.r.

Scheme 5. Control experiments in the presence of radical traps.
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PhO,S
\N o]
) SO,Ph
PhO,S d PhOZS\’I"\FZ
A jg F [TpCul]
(TpCul] ‘
SET
Radical
Cyclization
PhO.S, PhO,S. 02"
N Radical Addition ,ll
% to the substrate
PhO,S’ j\)?\ [TpCu'F] D
A o-H
E [TpCu''F]

J X
Ar OH

Scheme 6. Mechanistic proposal.

mechanistic proposal for this transformation. The first
step consists in the decoordination of acetonitrile from
the catalyst precursor (A) followed by N-coordination
of the NFSI (C). Subsequently, N-F bond cleavage
takes place via a single electron transfer (SET) from
Cu to the N—F bond (D). Substrate incorporation takes
place through addition of the radical to the C=C bond,
leading to alkyl-radical (E). At this stage, cyclization
takes place, and intermediate F, where the Tp*Cu
moiety, the HF and the lactone are associated, is
proposed based on previous calculations.”” From here,
the three molecules dissociate to re-start the catalytic
cycle, releasing the lactone and one equiv. of HF. Since
the catalyst is not protonated by the acidic reactant,
requiring also NFSI, we also propose that HF is the
responsible for catalyst deactivation.

3. Conclusions

We have shown that Tp®?Cu(NCCH;) acts as an
efficient catalyst in the synthesis of amino lactones,
cyclic ethers and oxazoline by intramolecular amino-
oxygenation of several alkenyl-containing acids or
alcohols. Depending on the nature of the acid, yields
varied from moderate to very high employing the less
frequent catalyst loading of 2.5 mol% for previous
reports in the literature for these transformations. This
protocol must be intended as complementary to that
previously reported by Zhang, since depending of the
nature of the substrate the catalytic outcome is
maximized with one or the other.

Experimental Section

All air — and moisture — sensitive manipulations were carried
out with standard Schlenk techniques under nitrogen atmos-

© 2025 The Author(s). Advanced Synthesis &
Catalysis published by Wiley-VCH GmbH
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phere or in a glovebox (MBRAUN UNILAB). Solvents were
purchased from commercial sources, dried by distillation under
nitrogen atmosphere using the suitable drying agent and
deoxygenated immediately before their use. Reagents were
acquired from Merck and used without any further purification.
The copper catalysts were synthesized by literature
procedures.!'&1718192021 NMR  spectra were recorded on the
NMR spectra were recorded on Bruker Avance 111 HD 400 and
500 MHz spectrometers. FT-IR spectra were collected on a
Nicolet IR200 FTIR spectrometer. High resolution mass
spectroscopy experiments were carried out at the Centre for
Research in Sustainable Chemistry (CIQSO) of the University
of Huelva.

General Catalytic Procedure: Into a glovebox, a 25 mL
Schlenk tube was charged with 0.2 mmol of substrate,
0.005 mmol of Tp™Cu(NCMe) (2.5 mol%), and dissolved with
0.5mL of 1,2-DCE. After 5 minutes, 0.3 mmol of NFSI
(1.5 eqiv.) was added followed by addition of 0.5 mL of 1,2-
DCE. The tube was sealed and heated to 70°C. After 16 h, the
reaction mixture was cooled down to room temperature, the
solvent was removed under reduced pressure and the residue
redissolved in ethyl acetate. The obtained solution was filtered
over neutral aluminium oxide and dried over vacuum. Then,
23 uL of acetophenone (0.2 mmol) was added as an internal
standard.

Spectroscopic and analytical data of compounds 1b-15b are
provided in the Supporting Information.
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