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Abstract: Isoselenazolone derivatives have attracted significant
research interest because of their potent therapeutic activities and
indispensable applications in organic synthesis. Efficient construction
of functionalized isoselenazolone scaffolds is still challenging, and
thus new synthetic approaches with improved operational simplicity
have been of particular interest. In this manuscript, we introduce a
rhodium-catalyzed direct selenium annulation using stable and
tractable elemental selenium. A series of benzamides as well as
acrylamides were successfully coupled with selenium under mild
reaction conditions, and the obtained isoselenazolones could be
pivotal synthetic precursors for several organoselenium compounds.
Based on the designed control experiments and X-ray absorption
spectroscopy measurements, we propose an unprecedented
selenation mechanism involving a highly electrophilic Se(lV) species
as the reactive selenium donor. The reaction mechanism was further
verified by a computational study.

Introduction

Organoselenium compounds have attracted significant research
interests because of their unique biological activities and
indispensable applications in organic synthesis (Scheme 1a)."2 In
particular, 1,2-benzoisoselenazol-3-(2H)-ones, especially
Ebselen derivatives,®* have been extensively studied for their
interesting therapeutic properties on bipolar disorder,® stroke
disease,® inflammatory,” cancer,® neurodegeneration,® etc. More
recently, a fascinating effect on inhibition of COVID-19 protease
in cell-based assays was reported.”® Upon screening the
bioactivity of isoselenazolone analogues, superior performance is
often found with modifications of the substituent on the nitrogen
atom as well as the benzene rings.39:82911

The most common synthetic method is annulation of primary
amines with o-chloroselanylbenzoyl chloride, which is prepared
from anthranilic acid by sequential diazotization, selenation, and
chlorination. (Scheme 1b).'> Another conventional strategy is
ortho-lithiation of benzamides and subsequent double substitution
reaction with electrophilic selenium reagents.'® Recently, Kumar'
and Sucheck'® developed Cu-catalyzed annulative selenation

protocols of o-halobenzamides with selenium powder and KSeCN,
respectively. The o-halobenzamides can be converted to the
corresponding benzoisoselenazolones under the transition-
metal-free conditions utilizing ‘BuOK/Se'#¢ or lithium diselenide'®
as the selenium source. In addition, radical cyclization of
diselenides or their analogues has been a well-established
synthetic approach.'” The existing methodologies mentioned
above have suffered from the use of highly reactive lithium
reagents and/or the cumbersome multistep preparation of the
starting ortho-disubstituted benzene derivatives, thereby limiting
the structural diversity in the cyclized products. The construction
of derivatized isoselenazolone scaffolds is still challenging, and
thus more effective approaches which operate under mild
conditions would be highly appreciated.
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Scheme 1. Synthetic approaches to isoselenazolone derivatives.



Over the past few decades, transition-metal-catalyzed C-H
functionalization has emerged as a powerful toolbox in synthetic
chemistry because of its step-economical fashion.'® To the best
of our knowledge, only one example for the direct catalytic
selenium annulation was reported by Nishihara in 2017.'° This
elegant work achieved the annulation of various benzamides as
well as acrylamides with elemental selenium adopting a Ni
catalyst (Scheme 1c). The inevitability of using an 8-
aminoquinoline  bidentate directing group’™ considerably
narrowed the generality of this transformation, and the reaction
condition was relatively harsh. It is obvious that new synthetic
methodologies with broad scope and mild conditions are highly in
demand for the efficient construction of isoselenazolone
derivatives.? As part of our continuous interests in construction of
heterocycles with element chalcogen,?' we herein introduce a Rh-
catalyzed direct oxidative annulation of readily available
secondary benzamides with elemental selenium (Scheme 1d).
Furthermore, an unprecedented selenation mechanism involving
an electrophilic Se(IV) species which acts as the reactive
selenium donor is presented.

Results and Discussion

As an initial attempt, we examined the reaction of N-
benzylbenzamide (1a) with metallic (gray) selenium powder
(Table 1, see the Supporting Information for additional data).
Under the standard conditions using a cationic
[Cp*Rh(MeCN)s][SbFg]. as a catalyst (4.0 mol%) and AgOAc (2.0
equiv) in PhCF; solvent at 100 °C, the target selenazolone 2a was
obtained in 72% vyield (entry 1). AgOBz was less effective (entry
2), and the product was not detected when Cu(OAc), was used in
place of AgOAc (entry 3). The reaction was significantly retarded
by the addition of base (entry 5), whereas the presence of AcOH
exerted a positive influence on this transformation (entry 6). With
a slightly increased amount of AgOAc (2.2 equiv), the yield of 2a
was improved to 91% (83% isolated, entry 7). A control
experiment confirmed that the Rh catalyst was essential in this
reaction (entry 8). A chloride complex [Cp*RhCl;], exhibited
comparable activity only when combined with AgSbFe as a non-
coordinating anion source (entries 9 and 10). Analogous
Cp*Co(lll) and Cp*Ir(lll) complexes were not effective catalysts
(entries 11 and 12). The temperature could be decreased to 80 °C
without affecting the reaction efficiency (entry 13). Furthermore,
the catalyst loading could be reduced to 2.0 mol%, affording 2a in
95% yield (86% isolated, entry 14). This reaction was successfully
performed in gram scale to produce 1.2 g of 2a (83% yield) with a
mere 1.0 mol% Rh catalyst (Scheme 2).

With the optimized conditions employed in Table 1, entry 14, we
evaluated the scope with respect to the substituent on the
nitrogen atom of benzamide derivatives (Scheme 3a). A series of
N-benzylbenzamides bearing functional groups on the benzyl
moiety 1b-1f reacted smoothly to give the corresponding
annulated products 2b-2f in high yields. The structure of 2d was
determined by an X-ray crystallographic analysis (CCDC
2103646). Substrates with a tertiary (1g) or a quaternary (1h)
carbon atom adjacent to the amide nitrogen were also applicable
to the present protocol. An N-(1-naphthyl)methyl amide (1i) was
converted to the product 2i in 80% yield. Rather simple N-alkyl
amides 1j-1m were also well tolerated. To our delight, glycine-
and phenylalanine-derived benzamides 1n and 10 were
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successfully coupled with selenium to afford 2n and 20 in 75%
and 73% yields, respectively. Unfortunately, attempted selenium
annulation of N-phenylbenzamide produced small amount of the
target product Ebselen (8% yield, see the Supporting
Information).??

Table 1. Optimization of the reaction conditions.

catalyst (4.0 mol%)

0 oxidant (2.0 equiv) o)
@%N/B" additive (2.0 equiv) Cﬁ*
H * Se —Bn
PhCF3, 100 °C, 24 h Sé
1a 3.0 equiv 2a
Entry Catalyst Oxidant Additive  Yield®
1 [Cp*Rh(MeCN)s|[SbFsl.  AgOAc - 72%
2 [Cp*Rh(MeCN)s|[SbFsl.  AgOBz - 51%
3 [Cp*Rh(MeCN)s][SbFe]2 Cu(OAc), - n.d.
4 [Cp*Rh(MeCN)s][SbFe]2 AgOAc NaOAc trace
5 [Cp*Rh(MeCN)s|[SbFel.  AgOAc ACOH  83%
6l [Cp*Rh(MeCN)s|[SbFsl.  AgOAc ACOH  91%(83%)
7t - AgOAc AcOH trace
8l [Cp*RNhCl2]2 AgOAc AcOH 5%
gled [Cp*RNCl2]2 AgOAc AcOH 83%
10led Cp*Co(CO)l2 AgOAc AcOH trace
11led [Cp*IrCl2]2 AgOAc AcOH trace
128l [Cp*Rh(MeCN)s|[SbFsl.  AgOAc AcOH 89%(85%)
13l [Cp*Rh(MeCN)s|[SbFel.  AgOAc ACOH  95%(86%)

[a] Reaction conditions: catalyst (4 mol%, calc. by metal), 1a (0.2 mmol), Se
(0.6 mmol), oxidant (0.4 mmol), and additive (0.4 mmol) in PhCF3 (0.3 mL) at
100 °C for 24 h under Na. [b] Determined by 'H NMR analysis. The values in
parentheses are isolated yield. [c] Conducted with AgOAc (2.2 equiv) and
PhCF3 (0.4 mL). [d] Conducted with AgSbFs (20 mol%). [e] Conducted at 80 °C.
[f] Conducted with [Cp*Rh(MeCN);][SbFs]2 (2.0 mol%).

[Cp*Rh(MeCN)s][SbFs]2

o (1.0 mol%) . o
Bn AgOAc (2.2 eqyw)
N~ AcOH (2.0 equiv)
H *  Se N-Bn
PhCF3, 80 °C, 24 h Sé

2a
1.20 g, 83% yield

a (5.0 mmol)

1 3.0 equiv

Scheme 2. Gram-scale reaction.

We also tested the selenium cyclization with a series of N-benzyl
carboxamides (Scheme 3b). For the para- and ortho-substituted
benzamides (1p-1u), the desired products were obtained in
moderate to good yields (50-83%). It was notable that the halogen
functionalities were compatible under the developed catalytic
system. Both of two possible regioisomers formed when meta-
substituted benzamides 1v and 1w were employed, and sterically
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o (2.0 mol%)
R [Cp*Rh(MeCN)3][SbFe]2 0 o
R AN H . se AgOAc (2.2 equiv), AcOH (2.0 equiv) RI =S R
= PhCF3, 80 °C, 24 h Z~8é
1 3.0 equiv 2

(a) Substitution on the N atom

cl
o) o N\
\ i
< 2b -
Se 69% yield S¢ 9% yleld sé 6% yleld © se ) 5% yleld
@ﬁ'\‘ CFy _2f0I @f« @f«w N-Me
Sé 85% vyield 97% yleld 56% yleld Sé 80% yleld Se 77% yield

(b) Substitution on the aromatic ring

2p 2q 2s[b]
79% yield 50% yield 83% yield 59% yield
MeO
S
2w-1 49% yield + 2w-2 41% yield Me Me 61% yleld
(c) Synthesis and modification of bioactive compounds
O O AcO
o
cl Sé O{Me
Me Ac

28 from Bezafibrate, 54% yield from Glucosamine, 79% yield

2C

8% yleld i : 5% yleld @4
o o o Me o c o Ph o o
Cl +
N-Bn N-Bn N-Bn N—Bn N—Bn N—Bn N—Bn
e} Se Br Se F Se Sé sé Sé Sé
t u

COzEt

0o
CO,Me
Ni % 20
Sé N 73% yield
o]
—Bn
Sé
]

5% yleld

83% yield 71% yield 2v-153% yield + 2v-2 19% yield
o o o
Me Ph
N—Bn | —Bn | N-Bn
Sé 2y sé 2z Sé 2A
26% yield 63% yield 66% yield

o]
e se\N/\/\/\/N‘Se

E Ethaselen analogue

D from Mexiletine, 75% yield 50% yield [c]

Scheme 3. Substrate scope. [a] Reaction condition: [Cp*Rh(MeCN)s][SbFe]2 (2.0 mol%), 1 (0.2 mmol), Se (0.6 mmol), AGOAc (0.44 mmol), and AcOH (0.4 mmol)
in PhCF3 (0.4 mL) at 80 °C for 24 h under N2. Isolated yields are shown. [b] Conducted with PhCF3 (0.8 mL). [c] Isolated after two cycles of the standard procedure.

more accessible position tended to react faster. A disubstituted
benzamide 1x as well as a 2-thiophenecarboxamide 1y could be
coupled with selenium to give the corresponding selenazolones
in 61% and 26% yields, respectively. Intriguingly, this reaction
was applicable to the more challenging vinylic C—H activation. 2-
Methyl and 2-phenyl acrylamides 1z and 1aa were successfully
converted to the desired coupling products 2z and 2aa in good
yields.

In order to highlight the generality of the developed reaction
system, we examined the synthesis and modification of some
bioactive compounds (Scheme 3c). A methyl ester of Bezafibrate
(cholesterol-lowering drug) 1B was successfully annulated under
the standard conditions to afford 2B in 54% yield. Glucosamine-
modified isoselenazolones were previously prepared through the
multistep process,?® whereas our method could achieve the
efficient synthesis of 2C in three steps involving protection and
selenation. Mexiletine, which is used for the treatment of
arrhythmias, was readily converted to the corresponding
isoselenazolone . 2D in high vyield. Diamine-based
benzoisoselenazolone derivatives have attracted considerable
attention because of their potent pharmaceutical applications.?* A
particular example is Ethaselen derived from ethylenediamine.
The present catalytic system was also applicable to the double

cyclization to give 2E in 50% yield after two cycles of the standard
procedure.

0
S Lawesson's H20, N Bn
N_Bn reagent CHCly, 1t
Sé toluene, 100 °C 4, 68% yield
3, 65% yield
"Oct-SH
@E«Nan NHBn
Se CHCly, 1t Se—8"0ct
2a
5, 98% vyield
(0] NHBn
.56 Nafleh0 100 °C NHBn
MeOH POCly {
BnHN"=0 65°C then NH, S/N
6, 96% yield ©
7, 99% yield

Scheme 4. Derivatization of the product 2a.



The isoselenazolone derivatives have also been of pivotal
synthetic precursors for a variety of organoselenium compounds.
Thus, we conducted some derivatization of a representative
coupling product 2a (Scheme 4). The carbonyl group could be
converted to thiocarbonyl upon treatment with Lawesson’s
reagent (3, 65% yield). The selenium atom within the
selenazolone fragment was selectively oxidized by H,O; (4, 68%
yield). Ring-opening of 2a was prompted by the nucleophilic
addition of a thiol to give 5 in 98% yields. The corresponding
diselenide 6 was obtained in 96% yield via the reductive Se-N
bond cleavage adopting hydrazine monohydrate. Notably, 2a was
quantitatively  transformed to the corresponding  3-
aminobenzisoselenazol 7 after reacting with POCI; and NHs.

To gain an insight into the reaction mechanism, we plotted the
time-course profile in an early stage of the reaction of 2a with
selenium (Fig. 1). During the initial 2 h, the reaction hardly
proceeded, indicating the existence of the induction period to
generate reactive species. Thereafter, the amide 1a began to be
consumed rapidly, and the yield of 2a reached more than 80% at
4 h. It is notable that up to 33% yield of an oxidized selenazolone
4 was observed, indicating its intermediacy within the catalytic
transformation (see below).

o standard o} o)
Bn conditions
N F Se . N-Bn *+ N-Bn
H sé sé
o]
1a 3 equiv 2a 4
100
- .
80 - A4 -
vy »
R g0 -8 2a Q /
o \
T o4 | 5 1a 4
=
i
20 . -
e )
0 — 32 b+ : |
0 50 100 150 200 250 [min]

Figure 1. Reaction time course under the standard reaction conditions.

We then examined the deuterium incorporation into the aromatic
ring of 1a using AcOH-d; as the deuterium source under the
conditions (Scheme 5a). The recovered starting material was
considerably deuterated at the ortho positions (72% D) after 2 h.
This result suggests that the cleavage of C—H bond is a reversible
process and not involved in the induction period. We assumed
that the induction period was required for the formation of an
active selenium species. Indeed, when selenium powder was
treated with AgOAc in heating PhCF3 solvent for 14 h prior to the
catalysis, the product 2a was obtained in 85% yield only within 1
h (Scheme 5b).

These observations prompted us to examine the reactivity of
several selenium compounds which were expected to be
produced in situ. It has been known that selenium undergoes
disproportionation in the presence of Ag(l) salt to afford silver
selenide (Ag2Se) and silver selenite (Ag>SeOs) in aqueous
media.?®> These selenium compounds were employed to the
reaction instead of elemental selenium; however, the desired
product 2a was not obtained even in the presence of additional
AgOAc (Schemes 6a and 6b). The use of SeO- also did not work
under the catalytic conditions, resulting in the recovery of the
starting material 1a (Scheme 6c¢).

WILEY-VCH

(a) [Cp*Rh(MeCN)3][SbFe]2
o (2.0 mol%) WD ©
AgOAC (23 @)
Bn AcOH.d, 0 ¢dév) Bn
N N
H H
PhCF5, 80 °C, 2 h H/D 72%D
1a 98% recovered
(1.0 equiv)
(b) 1a
[Cp*Rh(MeCN)3][SbFs]2
AgOAc (2.0 mol%) o)
(2.2 equiv) AcOH (2.0 equiv)
Se N—Bn
. PhCF, 1h, 80 °C sé
3.0 equiv 80°C. 14h

2a’ 85% yield

Scheme 5. Deuterium incorporation and pre-heating experiment

@) o [Cp*Rh(MeCN)3][SbFs]2 o)
(2.0 mol%)
NBT+ AgySe —Bn
H PhCF3, 80 °C, 24 h Sé
1a 1 equiv 2a
not detected, >95% recovered

with 2.0 equiv Se, 2a

a
not detected, >95% recovered
with 2.0 equiv AgOAc, 2a 1a” 00 recov

(b) o [Cp*Rh(MeCN)3][SbFs]2 o)
(2.0 mol%)
NBM + Ag,SeO, _Bn
H PhCF3, 80 °C, 24 h sé
1a 2 equiv 2a
not detected, >95% recovered

t detected, , _ >95% d
with 1.0 equiv AgOAc, 2a not detecte 1a o recovere

(c)

o [Cp*Rh(MeCN)3][SbFs]2 0
2.0 mol%
B+ seo, ( b) en
H PhCF3, 80 °C, 24 h sSé
1a 3 equiv 2a

a not detected, a >95% recovered

2 1

Scheme 6. Control experiments using other selenium sources.

To identify the reactive selenium species generated in situ, X-ray
absorption spectroscopy (XAS) measurements were carried out.
On the basis of the result shown in Scheme 5b, the sample
containing reactive selenium species was prepared by mixing an
equimolar amount of selenium and AgOAc at 80 °C in PhCF3. Se-
K edge X-ray absorption near edge structure (XANES) spectrum
of this sample showed two peaks at 12662 eV and 12665 eV,
which correspond to the electric dipole transition from 1s to 4p
orbital (Fig. 2a). In the case of selenium, it is known that the
energy at the absorption edge tends to shift to higher energy
regions as the valency of the selenium species increases.?® The
peak observed at 12665 eV is characteristic of Se(lV) species.
Meanwhile, the other peak at 12662 eV could be assigned as
Se(0) and/or Se(-Il) species; these two oxidation states are
hardly distinguishable by XANES. Considering this result, the
reactive selenium species generated in situ was composed of the
mixture of Se(IV) and Se(0/-Il) species, that was consistent with
the reported result.* The extended X-ray absorption fine structure
(EXAFS) oscillations were Fourier transformed in the k-range of
3-16 A", and thus-obtained FT-EXAFS of this sample showed a
new peak at 2.5 A which can be assigned as Se—Ag scattering,
suggesting the presence of Ag,Se (Fig. 2b). The peaks which are
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Figure 2. XAS analyses of the residue after mixing AGOAc and Se. (a) Se-K edge XANES spectra, (b) Se-K edge FT-EXAFS, and (c) Ag-K edge FT-EXAFS.

derived from the scattering of Se—O (1.3 A) and Se-Se (2.0 A)
were also detected, indicating the existence of selenite and
unreacted selenium. Ag-K edge XAS measurements were also
carried out. Although it is difficult to fully analyze the EXAFS of
mixture, the peak corresponding to Ag—O scattering seems to be
disappeared, suggesting the absence of species having Ag—O
bond, such as Ag,SeO3 and Ag,0, under the reaction conditions
(Fig. 2c). Considering the results of XAS analyses, we currently
assume that SeO(OAc), is most plausible active Se(lV) species.
This is consistent with the fact that the Se(IV) intermediate 4 was
detected as a transient intermediate under the catalytic conditions
(Fig. 1). The peak originated from the scattering of silver atoms
located at the second and third proximities (3.6 A and 4.9 A) did
not appear, implying the absence of metallic silver (Fig. 2c).
Hence, the shoulder peak (2.6 A) would correspond to the Ag—Se
scattering of Ag.Se.

Additional experimental support was obtained from a catalytic
reaction of 1a with SeO(OAc),, which was prepared from SeOCl,
and AgOAc in situ (Table 2). As expected, the annulated product
2a was obtained in 23% yield along with its oxidized analog 4
(48% yield) even in the absence of stoichiometric AQOAc (entry
1). A similar result was obtained when the reaction was conducted
with 1.0 equiv of Ac,O (entry 2). To facilitate the conversion of 4
to 2a, the reaction mixture was treated with 1.0 equiv of Se and
2.1 equiv of AGOAc (see also Table 3), and the target product 2a
was obtained in 92% yield (entry 3). We then carried out a
deuterium experiment under these conditions. An excess amount
of AcOH-d; (10 equiv) was used in the step 2, and the resulting
mixture was heated at 80 °C for 2 h in the presence of Se and
AgOAc (entry 4). No significant deuterium incorporation was
observed at the carbonyl ortho position within 2a (up to 3%D),
indicating that the selenium annulation with SeO(OAc), is much
faster than the C—H activation step. This result is consistent with
the computational analysis (see below).

Next, we investigated the reduction process of the possible
intermediate 4 observed in Figure 1. This compound was
quantitatively converted to its reduced form 2a upon treatment
with selenium, AgOAc, and AcOH in PhCF; solvent (Table 3,
entry 1). Almost no reaction proceeded in the absence of
selenium (entry 2) or AGOACc (entry 3). The role of silver salt in this

process is not yet clear since the use of LIOAc gave a
considerably high 79% yield (entry 4), whereas Zn(OAc); did not
promote the reduction (entry 5). AcOH was not essential for this
transformation (entry 6). The amount of selenium could be
reduced to 1.0 equiv without drop of the product yield (entry 7).
The reaction rate was considerably retarded with 0.5 equiv of
selenium (entry 8); however, it reached completion after
prolonged reaction time of 96 h (entry 9). A similar trend was
observed regarding the amount of AQOAc (entries 10-12). We
concluded that selenium powder is also acting as the oxygen
scavenger because 4 was completely reduced using only a
catalytic amount of AgOAc even though rather sluggishly (entry
13).

Table 2. Selenium annulation with SeO(OAc)..

Step 1
O AgOAc (2.0 equiv) éc‘)
e
CI°°Cl PhCFs, rt, 40 min. AcO™ *~0Ac
filtration (remove AgCl)
Step 2
[GPORAMECN)3IISbFe]2 o o
1 (1.0 equiv)
a N-Bn + N-Bn
80°C,2h Sé s\é
2a 4 o)
Entry  Deviation from the standard conditions  1al ~ 2a ! 4[]
1 - 13%  23% 48%
2 Step 2: with Ac20 (1.0 equiv) trace  31% 53%
3 After Step 2: Se (1.0 equiv), AgOAc 5% 92% n.d.
(2.1 equiv), 80°C,2h
4 Step 2: with AcOH-d: (10 equiv) 6% 89% trace
After Step 2: Se (1.0 equiv), AgOAc (<3%D)

(2.1 equiv), 80 °C, 2 h

[a] Step 1: SeCl2 (0.2 mmol) and AgOAc (0.42 mmol) in PhCF3 (0.5 mL) at rt for
40 min. under N2. Step 2: 1a (0.2 mmol) and [Cp*Rh(MeCN)3][SbFs]2 (2.0 mol%)
at 80 °C for 2 h under N2. [b] Determined by 'H NMR analysis.
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Figure 3. Partial Gibbs free energy profile of the reaction conducted at the wB97X-D/6-311+G(d,p)&SDD//wB97X-D/6-31G+(d,p)&LanL2DZ level with IEF-
PCM(CH:CI2) solvation (left). Optimized molecular geometries of tsDE and intF (right): carbon (gray), hydrogen (white), oxygen (red), selenium (yellow), and

rhodium (green). Cp* ligands were omitted for clarity.

Table 3. Deoxygenation of a possible intermediate 4.1

o AgOAc (2.2 equiv) o
AcOH (2.0 equiv)
N-Bn * € N—Bn
sé PhCF3, 80 °C, 24 h sé
o)
4 3 equiv 2a

Entry Se (eq.) AgOAc (eq.) AcOH (eq.) Yield®!
1 3.0 2.2 2.0 99%
2 - 22 2.0 trace
3 3.0 - 2.0 7%

4 3.0 LiOAc (2.2) 2.0 79%
5 3.0 Zn(OAc)2 (1.1) 2.0 5%

6 3.0 2.2 -- 99%
7 1.0 2.2 -- 93%
8 0.5 2.2 -- 67%
g 0.5 2.2 -- 97%
10 1.0 1.0 -- 97%
11 1.0 0.5 -- 64%
120 1.0 0.5 -- 92%
13 1.0 0.2 -- 93%

[a] Reaction condition: 4 (0.1 mmol), Se (0.3 mmol), AgOAc (0.22 mmol), and
AcOH (0.2 mmol) in PhCF3 (0.4 mL) for 24 h under Na. [b] Determined by 'H
NMR analysis. [c] Conducted for 96 h. [d] Conducted for 120 h.
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Scheme 7. A proposed reaction mechanism.

Based on the experimental results, we propose a reaction
mechanism as illustrated in Scheme 7. A catalytically active Rh
complex, which is assumed to be Cp*Rh(OAc)(SbFs), undergoes
the coordination-assisted C—H activation to give a five-membered
metallacycle A. This step would be reversible and not be involved
in the turnover-limiting step according to the control experiment
(Scheme 5). Meanwhile, SeO(OAc). is generated along with
Ag,Se as proposed from XAS experiments. In addition, we
observed the formation of an N-acetylated selenazolone 9 when
a primary benzamide 8 was subjected to the standard reaction
conditions (Scheme 8), suggesting the formation of Ac,O as well.
These results are consistent with the mass balance depicted in
the proposed reaction pathway. The Se(IV) species then
coordinates to the Rh complex (A— B), and formal double
nucleophilic substitution at the selenium atom produces the
intermediate D. The coupling product would be dissociated and
further reduced by an extra selenium to afford the target
selenazolone.
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Scheme 8. Attempted selenium annulation with a primary benzamide.

The proposed mechanism was further verified by computational
study. Here the structure of reactive Se(IV) species was simplified
as formate SeO(OCOH), and N-methylbenzamide (1j) was
employed as the model compound. Dichloromethane was
involved as the solvent because its electric permittivity is similar
to that of PhCF3 used for the catalysis. An energy profile relative
to a cationic [Cp*Rh(OAc)(MeCN)]* complex (intA) is
summarized in Fig. 3. After the coordination of 1j, the proximal C—
H bond is activated via the concerted metalation-deprotonation
(CMD) process with an activation barrier of 13.3 kcal/mol (intB—
intC). The AcOH ligand is then replaced by a SeO(OCOH),
molecule to form intD.?® Nucleophilic attack of the arylrhodium
species to the selenium atom is triggered to give intE with an
activation barrier of 4.5 kcal/mol (tsDE). Deprotonation of the
amide moiety (intE—intF) and the subsequent intramolecular
substitution (intF—intG) deliver the annulated intermediate. The
second nucleophilic addition is assumed to be an essentially
barrierless process. Indeed, the N-Se bond is partially formed
(2.082 A) and the Se—0 bond is considerably elongated (2.100 A)
within intF. The largest energy barrier for this reaction profile is
20.6 kcal/mol, which is consistent with the fact that the reaction
proceeded even at 40 °C (see the Supporting Information).

Conclusion

In conclusion, we have developed an effective Rh(lll)-catalyzed
C—-H oxidative selenation of benzamides with stable and tractable
elemental selenium, and various 1,2-benzoisoselenazol-3(2H)-
ones of potent interest in medicinal chemistry have been obtained
through this protocol in good yields. By demonstrating a gram-
scale reaction and the diverse elaborations of a representative
product, potential synthetic utility of the methodology has been
proved. We also have proposed a novel catalytic cycle involving
an electrophilic Se(VI) species as the active selenium donor to the
key rhodacycle intermediate formed via C—H activation based on
a series of designed control experiments, X-ray absorption
spectroscopy, and computational study. This work appears to
show a new, significant aspect of organic chalcogen chemistry,
and we thereby are developing related catalytic synthetic
reactions in our laboratories.
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A Rh(lll)-catalyzed direct selenium annulation using stable and tractable elemental selenium is developed. A series of benzamides as
well as acrylamides were successfully coupled with selenium under mild reaction conditions to give isoselenazolone derivatives. An
unprecedented selenation mechanism involving an electrophilic Se(lV) species as the reactive selenium donor is proposed based on
the designed control experiments, X-ray absorption spectroscopy, and computational study.
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