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A microwave-assisted N-fluorobenzenesulfonimide (NFSI)/Lewis acid-catalyzed Beckmann rearrange-
ment was developed. The remarkable promotion to the electrophilicity of NFSI by Lewis acids was illus-
trated utilizing a series of readily available oxime substrates. The action model between NFSI and Lewis
acids was probed by control experiments and theoretical calculations.

© 2016 Elsevier Ltd. All rights reserved.

N-Fluorobenzenesulfonimide (NFSI) is a commercially available,
cheap, stable, and easy-to-handle solid compound, which was first
synthesized by Differding and Ofner in 1991.! As a source of
fluorine cation (F*), NFSI was originally used as an electrophilic flu-
orinating reagent.” NFSI also served as an oxidant to generate high-
oxidation-state metal complexes in transition-metal catalyzed
reactions.> Recently, NFSI has been employed as a nucleophilic
nitrogen or nitrogen radical in many C-N bond formation reac-
tions.* NFSI showed strong electrophilicity owing to the existence
of a fluorine cation, which made it a potential non-metallic Lewis
acid. However, there were no reports on the Lewis acidity of NFSI
in catalyzing organic transformations until our group reported
the Meyer-Schuster rearrangement catalyzed by NSFI with the
aid of samarium(lll) triflate early this year.’

Beckmann rearrangement is an acid-catalyzed transformation
of oxime to amide in organic synthesis.® Traditionally, Beckmann
rearrangement was performed under the catalysis of strongly
acidic and dehydrating media such as sulphuric acid,” phosphorus
pentachloride® and the mixture of acetic acid, acetic anhydride and
hydrogen chloride.” Mild conditions were also developed, which
mainly included silica gel'®" and zeolite-based catalysts,'°
metallic Lewis acids'?f and solid acid catalysts.!°¢" Beckmann
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rearrangement in supercritical water!! or ionic liquids media'?
was studied as well. Organocatalysts were also utilized as efficient
catalysts in Beckmann rearrangement.'> Because of the importance
of the products derived from Beckmann rearrangement, continu-
ous efforts on developing facile and robust conditions for this
transformation have been made.

Our group recently has introduced a new catalytic system
resulted from the combination of NFSI and rare earth metal tri-
flates such as samarium(Ill) triflate [Sm(OTf);] in catalyzing
Meyer-Schuster rearrangement, which was featured as mild reac-
tion conditions, short reaction time and simple experimental pro-
cedures.” The discovery of the new function of NFSI inspired us
to investigate the unique catalytic system in certain Lewis acids
catalyzed transformations especially those with harsh conditions
and to identify the true catalytic species. In the present study,
we aimed at the development of NFSI/Lewis acids system in cat-
alyzing Beckmann rearrangement and the detection of the detailed
mechanistic interactions between NFSI and Lewis acids.

An oxime substrate 1 was synthesized firstly to screen the con-
ditions for Beckmann rearrangement under the microwave irradi-
ation. It was found that Sm(OTf); or NFSI alone was not an
effective catalyst in catalyzing the transformation (Table 1, entries
1-2). In contrast, a combination of NFSI and Sm(OTf); (1 mol%)
could catalyze the reaction to provide the product with excellent
isolated yield at 100 °C for 10 min using acetonitrile as the solvent
(Table 1, entries 3-4). Decreasing of the catalytic loading of NFSI to
10 mol% or 5 mol% resulted in lower yields (Table 1, entries 5-6).

Please cite this article in press as: Xie F., et al. Tetrahedron Lett. (2016), http://dx.doi.org/10.1016/j.tetlet.2016.11.054



http://dx.doi.org/10.1016/j.tetlet.2016.11.054
http://dx.doi.org/10.1016/j.tetlet.2016.11.054
http://www.sciencedirect.com/science/journal/00404039
http://www.elsevier.com/locate/tetlet
http://dx.doi.org/10.1016/j.tetlet.2016.11.054

2 F. Xie et al./ Tetrahedron Letters xxx (2016) XxX—Xxx

Table 1
Screening of the reaction conditions.

NFSI/Sm(OTf)3
solvent, MWI

Entry Solvent NFSI loading (mol%) Lewis acid loading (mol%) Temp (°C) Time (min) Yield® (%)
1 CH3CN 0 1 100 10 11
2 CH5CN 15 0 100 10 30
3 CH5;CN 25 1 100 10 95
4 CH5CN 15 1 100 10 93
5 CH5CN 10 1 100 10 77
6 CH5CN 5 1 100 10 13
7 CH5CN 15 5 100 10 96
8 CH5CN 10 5 100 10 80
9 CH5CN 5 5 100 10 47
10 CH5;CN 15 1 100 150 93P
11 THF 15 1 100 30 10
12 DCE 15 1 100 30 80
13 toluene 15 1 100 30 7
Note:

2 Run on a 0.2 mmol scale and isolated yield.
 Run with heating.

Increasing of the Sm(OTf); loading afforded no dramatic improve-
ment in yield (Table 1, entries 7-9). The reaction could be per-
formed with heating by prolonging reaction times (Table 1, entry
10). In screening solventssuch as tetrahydrofuran (THF), dichlor-
oethane (DCE) and toluene, it was observed that DCE could also
act as an effective solvent, while THF and toluene were not the
optimal choices (Table 1, entries 11-13).

With the optimized conditions in hand, a library of oxime com-
pounds was synthesized with structural and electronic modifica-
tions to examine the scope of the NFSI/Sm(OTf); system in
catalyzing Beckmann rearrangement. 1-(Aryl)ethanone oximes
1a-1e were prepared firstly and subjected to the optimal condi-
tions. All the tested substrates gave the N-(aryl)acetamide prod-
ucts 2a-2e in moderate to excellent yields regardless of the aryl
rings bearing electron-rich or electron-deficient substitutions
(Table 2, entries 1-5). The symmetrical bis(aryl)methanone oxime
substrates 1f-1i were then examined under the standard condi-
tions and corresponding N-(aryl)benzamides products 2f-2i were
obtained in excellent yields (Table 2, entries 6-9). The substrates
of unsymmetrical bis(aryl)methanone oximes 1j-1k gave the elec-
tron-rich phenyl ring migration N-(aryl)benzamide products 2j-2k
as the major products, accompanied with about 30% electron-defi-
cient phenyl ring migration N-(aryl)benzamide products (Table 2,
entries 10-11).

It is worth mentioning that the reaction could also proceed
smoothly under neat conditions without losing any efficiency
(Scheme 1). And the reaction temperature could be decreased to
80 °C or 60 °C by prolonging reaction time accompanied by slightly
lower yield. The reaction could be performed on a gram scale by
heating for relatively longer reaction time.

In order to gain insights into the new catalytic system, we
turned towards the evaluation of some available Lewis acid with
the combination of NFSI in catalyzing Beckmann rearrangement.
Firstly, several rare earth metal triflates were investigated. It was
shown that they could catalyze the transformation in about 10%
yield in the absence of NFSI, consistent with the result of samar-
ium(III) triflate without addition of NFSI. However, when a mixture
of 15 mol% NFSI and 1 mol% rare earth metal triflates was used, the
yield was improved significantly (Table 3, entries 1-4). Some non-
active Lewis acids with chloride as couterions were also examined.

When the combinations of those Lewis acids with NFSI were
employed, acceptable yields were achieved. The blank experiments
by using metal chloride afforded only trace amount of products or
no products at all (Table 3, entries 5-11). These results demon-
strated that in the assistance of Lewis acids, even those with lower
catalytic activities the NFSI has much better activity than NFSI
alone in catalyzing Beckmann rearrangement.

To identify the real catalytic species, several control experi-
ments were performed. The possibility of the formation of more
active Sm[N(SO,Ph),]5'* by counterion exchange was excluded
by synthesizing the Sm[N(SO,Ph),]s using literature reported
method.'” The freshly prepared catalyst showed uncomparable
activity with the combination of NFSI and Sm(OTf); (Table 4, entry
1). In contrast, the combination of NFSI and Sm[N(SO,Ph),]3 pro-
vided reasonable yield (Table 4, entry 2). Additionally, to study
the influence of electrophilic fluorine on the catalysis, N-methyl-
benzenesulfonimide (NMSI) was prepared. The combination of
NMSI and Sm(OTf); showed much weaker catalytic activity than
NESI/Sm(OTf); and the combination of NMSI and CaCl, showed
no activity at all, which indicated that the fluorine played an essen-
tial role in catalyzing the reactions (Table 4, entries 3-4). To shed
lights on the catalytic effects of the electrophilic fluorine, two com-
mercially available electrophilic fluorine reagents were examined.
As expected, they were able to catalyze the Beckmann rearrange-
ment in 73% and 83% yields respectively (Table 4, entries 5-6).
However, the combination of Sm(OTf); and Selectflour afforded
similar yields to Selectfluro itself, which indicated that the elec-
trophilicity of the fluorine of Selectfluor was not further increased
by Sm(OTf);. It also indicated that the Lewis acids significantly
increased the electrophilicity of the fluorine of NFSI to the degree
thatlis comparable to that of the Selectflour fluorine (Table 4, entry
7).2(,16

From those above findings, a mechanistic proposal on the inter-
action between NFSI and Lewis acids was presented in Scheme 2.
The bidental coordination of Lewis acids with the sulfonyl groups
on NFSI in a six-membered ring pattern'’ would decrease the
electron density on nitrogen of the counteranion, which would
enhance the electrophilicity of fluorine by redistributing the elec-
tron density. In order to determine the electronic nature of the
fluorine, DFT calculations were performed and the atomic charges
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Table 2
Substrate scopes of NFSI/Sm(OTf);-catalyzed Beckmann rearrangement.
N-oH NFSI (15 mol%), H
Py Sm(OTh; (1 mol%) R /NTR1
R "Ry CH3CN, MWI, o
1a-1k 100 °C, 10 min 2a-2k
Entry Substrate Product Yield®
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Note:

@ Isolated yield.

> 110°C, 20 min.

€120°C, 10 min.

4100 °C, 20 min.

€ The phenyl migration product was obtained in 34% yield.
 The p-F-phenyl migration product was obtained in 33% yield.

were presented in Table 5. Compared to the electron density of the
fluorine atom in NFSI, the electron densities on the fluorines in all
complexes were decreased to various extent due to the electron-
withdrawing effects from the metal ions. It increases the

3
N-On NFSI (15 mol%),
_Sm(OT; (1 mol%) _
Me " oat MWI 100 °C,
Me 10 min, 90%
p
Nk NFSI (15 mol%),
_Sm(OTi)s (1 mol%) _
Me “neat, MWI,80°C,
Me 30 min, 83%
1
_OH
N NFSI (15 mol%),

_Sm(OTf); (1 mol%)

neat, MWI, 60 °C,
1.5 h, 81%

NFSI (15 mol%),

M _Sm(OTf)3 (1 mol%) _
© neat, oil bath, 60 °C,
Me 6 h, 85%
1
~OH
N NFSI (15 mol%),

Sm(OTf)3 (1 mol%)

neat, oil bath, 60 °C,
6h, 78%
(1 g scale)

Q
Q
Q
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Q

Scheme 1. Evaluation of neat reaction conditions.

Table 3
NFSI/Lewis acid-catalyzed Beckmann rearrangement.
n-OH NFSI (15 mol%), H
Lewis acid (1 mol%) N__Me
/Q)LMe 100 °C, 10 min, /©/ ToT
CH4CN, MWI Me
Me 1 : 2

Entry Lewis acid Yield 1 (%)? Yield 2 (%)°
1 Yb(OTf)s 13 86
2 La(OTf); 10 85
3 Nd(OTf), 9 92
4 Er(OTf); 9 96
5 InCl3 6 93
6 SnCl, 15 83
7 AlCl3 3 80
8 FeCl;-6H,0 3 84
9 ZnCl, 3 95
10 CeCl3-7H,0 0 99
11 CaCl, 0 87

Note:

2 Lewis acid as the catalyst.
> NFSI/Lewis acid as the catalyst.

propensity for the electrophilic fluorine to chelate with electron-
rich substrates.

On the basis of the results mentioned above, a plausible mech-
anism was proposed in Scheme 3. The coordination between the
hydroxyl group of oxime 1a and the electrophilic fluorine in
NFSI/Lewis acid complex promoted the departure of the hydroxyl
group, accompanied by a 1,2-migration of the phenyl group to
form the resonance structures 1a-1 and 1a-2. A nucleophilic addi-
tion of the hydroxyl group or water in the solvent to the resulted
carbocation provided the amide product 2a after the tautomeriza-
tion of 2a’ and the NFSI/Lewis acid complex was released again.

In conclusion, we have developed a unique NFSI/Lewis acids
catalytic system in catalyzing classic Beckmann rearrangement
with excellent yields. The investigation on real catalytic species
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4
Table 4
The control experiments.
N”OH catalyst (15 mol%), H
Lewis acid (1 mol%) N Me
Me B " W
100 °C, 10 min, o
Me 1 CH,CN, MW Me )
Entry Catalyst Lewis acid Yield (%)
1 None Sm[(PhSO,),N]3 2
2 NFSI Sm[(PhSO,),N]5 77
3 Sm(OTf)3 7
//O C)\\
//S‘N/S\\
o 7 O
Me
4 CaCl, 0
L0
S-S
o |+ O
Me
5 | B None 83
)
(,3/ BF,
&
6 CH,ClI None 73
@
NS o
[g] 2BF,
N®
F
7 ggﬂ Sm(OTf); 73
NS o
[g] 2BF,
N®
F
i l\);?‘* Lewis acids-
| o : assisted
©ophll Il ph ! counterion
: /0N 0N '
L0l N o i y
[T S ARRREREE 1 electrophilic
F fluorine

Scheme 2. The proposed action model between Lewis acid and NFSI.

Table 5

The natural atomic charges'® on the fluorine atom in NFSI and NFSI-M™ complexes at
B3LYP'%?°/6-31G(d) level (SDD?! for metal ions).

Species The atomic charge on the fluorine atom
NFSI -0.220
NFSI-Sm(11I) —0.092
NFSI-Yb(III) —0.091
NFSI-La(1II) —-0.149
NFSI-Nd(IIT) -0.074
NFSI-Er(III) -0.092
NFSI-In(11I) -0.105
NFSI-Sn(II) —-0.192
NFSI-AI(IIT) -0.155
NFSI-Fe(1II) -0.087
NFSI-Zn(1T) —-0.180
NFSI-Ce(III) -0.074
NFSI-Ca(1I) -0.189

of Lewis acid-assisted NFSI system revealed that Lewis acids act as
promoters by coordinating with NFSI to improve the electrophilic-
ity of fluorine. The new NFSI/Lewis acid-based catalytic system
stands for a new direction of NFSI as non-metallic Lewis acid in cat-
alyzing various organic transformations.

Xn~
Mo*
Ph\Q i _Ph
,,S\N/S
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F
|
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N/OH ()NL
Ph)LMe Ph™ Me
1a 1a
Xn~
M ,OH
Ph\q \(\),Ph Ph—N="Me
% \"“/S‘b 1a-1
F
H OH
_N_Me_ _ -
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Scheme 3. A plausible mechanism.
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