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Abstract: Direct arylation is an atom-economical alternative to more established procedures such as
Stille, Suzuki or Negishi arylation reactions. In comparison with other palladium sources and ligands,
the use of palladium pincer complexes as catalysts or pre-catalysts for direct arylation has resulted in
improved efficiency, higher reaction yields, and advantageous reaction conditions. In addition to a
revision of the literature concerning intra- and intermolecular direct arylation reactions performed in
the presence of palladium pincer complexes, the role of these remarkably active catalysts will also
be discussed.

Keywords: direct arylation; palladium; pincer complexes

1. Introduction

Many biologically active compounds contain (hetero)biaryl frameworks. In fact, this
pharmacophore core is found in a number of currently prescribed or clinically tested
drugs, including several employed in the therapy against cancer or infertility, or antifun-
gal, anti-inflammatory, anti-hypertensive and antibiotic drugs, inter alia (Figure 1) [1–6].
In addition to some agrochemical compounds, relevant materials such as liquid crystal
displays and molecular switches comprise the (hetero)biaryl motif [7–10]. Among the
methods developed for the preparation of (hetero)biaryl compounds, Ullmann, Scholl, and
Gomberg–Bachmann reactions are considered to be classical strategies [11–13], whereas
palladium or nickel-catalyzed cross-coupling reactions (Suzuki–Miyaura [14], Kumada [15],
Stille [16] and Negishi couplings [17]) were discovered at the end of the 20th century and
have been extensively utilized due to the large substrate scope and milder conditions
involved. Nevertheless, pre-activated or functionalized coupling partners are required for
the latter cross-coupling reactions, as (hetero)aryl halides or pseudohalides are coupled
with organometallic reagents (organoboron, organomagnesium, organotin, organozinc
compounds, respectively). Additional synthetic steps are therefore needed, and the cou-
pling reaction itself often involves the generation of stoichiometric amounts of metal waste.
In order to avoid these inconveniences, new methods for (hetero)aryl-aryl bond forma-
tion have been devised [18–24]. In this regard, direct arylation reactions have arisen as a
promising alternative to the above cross-coupling strategies. Different names have been
applied to define the coupling of a simple (hetero)arene with an aryl halide or pseudo-
halide. Among them, C–H (bond) activation, cross-dehalogenative coupling, C–H (bond)
functionalization, and catalytic direct arylation are generally employed. Although pio-
neering reports on the use of alternative metals for direct arylation have been published
(Cu [25], Fe [26], Ni [27], Ir [28] or Co [29]), second-row transition metals in low oxidation
states (Rh [30–33], Ru [34–38], and especially Pd [39–43]) are preferred as catalysts for these
cross-dehalogenative couplings.

1



Molecules 2021, 26, 4385

Figure 1. Examples of important bi(hetero)aryl-containing compounds.

The ligands required usually depend on the nature of the haloarene coupling partner.
Thus, monodentate triaryl phosphines (e.g., PPh3 and P(o-Tol)3) are typically used for more
reactive iodoarenes. Arylation with bromo(hetero)arenes can be also carried out with the
same phosphines, although with some substrates better results have been obtained using
sterically crowded, electron-rich trialkylphosphanes and biphenylphosphanes [44–51]. The
use of chloroarenes in most cross-coupling reactions is often hampered by the more diffi-
cult oxidative addition step [52,53]. Therefore, the palladium-catalyzed direct arylation of
chloroarenes is usually carried out in the presence of the above trialkyl- and biphenylphos-
phanes or N-heterocyclic carbenes (NHC) as ligands. Jeffery’s ligand-free conditions have
also been successfully used in this field [54–61]. Catalyst loading generally ranges from 1
to 20 mol%.

Alkali carbonates (K2CO3, Cs2CO3), carboxylates (KOAc, CsOPiv) and tBuOK are the
bases which are usually employed, although in some cases, bases such as DBU and Et3N
have been described. In addition to regenerate the active catalyst, it has been proposed
that those bases take part in the formation of diarylpalladium(II) species [62–64]. In part
due to the higher solubility in organic solvents, Cs2CO3 and CsOPiv have provided better
results in some cases. As for solvents, although non-polar toluene and xylene have been
employed, N,N-dimethylformamide (DMF), N,N-dimethylacetamide (DMA), acetonitrile,
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N-methylpyrrolidone (NMP) and dimethylsulfoxide (DMSO) are the commonly used
polar aprotic solvents. Heating at temperatures ranging from 100 ◦C to 140 ◦C for several
hours or days is generally required [65]. Interestingly, a recent report by Albéniz and
co-workers demonstrated the beneficial and non-innocent role of alternative solvents such
as pinacolone [66].

Several mechanisms have been proposed to explain the direct arylation process. After
an initial oxidative addition step, the postulated mechanisms diverge in different pathways.
Thus, an electrophilic aromatic substitution-type process might take place [67–69], or
a concerted termolecular electrophilic substitution [70], or base-assisted intramolecular
electrophilic-type substitution [71], or a σ-bond metathesis [72,73], a single electron transfer
(SET) [74], or a carbometallation process followed by a β-hydride elimination [75,76], a
concerted metalation deprotonation (CMD) [77], or a C–H bond oxidative addition [78–80].
Alternatively, in concordance with ruthenium-catalyzed arylations [81,82], a mechanistic
pathway based on an initial palladium-catalyzed C–H bond activation has been proposed.
As shown in Scheme 1, interaction between the Pd(II) complex and the arene would result
in the generation of arylpalladium complex Ar1Pd(II)L, which, upon transmetallation
with Ar2X, forms intermediate Ar1Pd(II)Ar2. After reductive elimination of the latter
complex with the release of Pd(0) species and Ar1-Ar2, the catalyst would be regenerated
by oxidation to Pd(II) [83].

Scheme 1. Alternative pathway to explain palladium-catalyzed direct arylation.

Regioselectivity is often controlled by the electronics of the arene in which C–H
functionalization takes place, by the relative C–H acidity, and by the presence of directing
groups (nitrogen- or oxygen-coordinating groups, tethering groups, or intramolecular
arylations) [84]. As examples of regioselective direct arylation based on the presence of
directing groups, Kim and co-workers described the palladium-catalyzed C-8 arylation of
dihydroisoquinolones [85]. A regioselective C-3 phenylation of 1-methylquinolin-4(1H)-
one was reported by Choi et al. (Scheme 2) [86], and Hartwig’s group presented the
regioselective arylation of a number of mono- and disubstituted arenes using synergistic
silver and palladium catalysis [87].

Scheme 2. Regioselective C-3 phenylation of 1-methylquinolin-4(1H)-one.

Direct arylation has been a tool for the construction of several natural products, poly-
cyclic aromatic hydrocarbons (PAHs) and other chemically relevant compounds [88–90].
Indeed, the structure of several biologically relevant lactones prepared by direct aryla-
tion, including Defucogilocarcins M and E [91,92], and intermediates for the syntheses of
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Dioncophylline A and Mastigophorene B [93–95], are shown in Figure 2. Structurally re-
lated Arnottin I was prepared by Harayama and co-workers by direct arylation using
Pd(OAc)2 (10 mol%) [96]. The preparation of several korupensamines, i.e., a family of
naphthyltetrahydroisoquinoline alkaloids with antimalarial activity, was reported by Bring-
mann. An intramolecular direct arylation provided the lactone-bridged biaryl displayed
in Figure 2, which was atroposelectively cleaved. Arylation employing Herrmann’s cata-
lyst [97] provided a good yield of the required biaryl intermediate, whereas poor results
were obtained by using Pd(OAc)2/PPh3. Accordingly, palladacycles can be useful, more
efficient palladium sources for direct arylation [98].

Figure 2. Natural products and synthetic precursors obtained via direct arylation.

Bowl-shaped PAHs are typical synthetic precursors for the access to fullerenes. These
fullerene fragments have been prepared in moderate to poor yields by flash vacuum
pyrolysis. Moreover, as a result of the harsh reaction conditions needed, only a limited
substrate scope is achieved, and this method is difficult to scale up. Following a pioneering
report by Rice and co-workers [99], a number of PAHs including bowl-shaped fullerene
fragments have been successfully synthesized by the intramolecular direct arylation of
o-functionalized biaryl and benzophenanthrene derivatives. High yields and a good
tolerance of functional groups were achieved (Scheme 3) [100,101].

Scheme 3. Intramolecular direct arylation for the synthesis of PAHs.

Moulton and Shaw [102] reported the first examples of pincer complexes in 1976.
High thermal, air and moisture stability were exhibited by palladium pincer complexes
due to the tight coordination of the tridentate ligand to palladium. Although initially most
of these complexes were symmetrical, non-palindromic ligands with hard and soft donor
atoms have also been incorporated, thus providing a whole variety of structural designs.
Depending on the latter structural features, interaction with substrates and/or the stabi-
lization of reaction intermediates can be facilitated [103,104]. In fact, an increasing number
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of reports on the application of these terdentate complexes as catalysts or pre-catalysts for
a number of synthetic transformations have been published, including recent papers on
cross-coupling reactions catalyzed by pincer compounds [105–120]. In this regard, inter-
and intramolecular direct (hetero)arylations have been carried out in the presence of several
pincer complexes. This review will cover the literature on the use of palladium pincer
complexes for the C–H functionalization of (hetero)arenes with (hetero)aryl halides. A
brief summary of the reaction scope, and in some cases, proposals on the role of the pincer
complex, will be discussed.

2. Palladium(II) Complexes with Phosphine-Containing Pincer Ligands

Two palladium PCP and PCN complexes were tested as catalysts for the direct access to
pyrazolo(benzo)thienoquinolines. This approach involved the intramolecular heteroaryla-
tion of 1-aryl-5-(benzo)thienylpyrazoles. The authors confirmed the excellent performance
of the above complexes in comparison with commercially available Pd(OAc)2. Indeed,
good to excellent yields for the target tetra- and pentacyclic compounds were obtained
by using a relatively low amount (1 mol%) of phosphinite- and phosphinoamide-based
PCP and PCN complexes. As for Pd(OAc)2, a significantly higher 10 mol% was required
to catalyze the same reaction under Jeffrey’s ligand-free conditions, and even then, the
yields obtained were lower in all cases. However, no clear differences were found between
the catalytic ability of symmetric PCP and non-symmetric PCN complexes (Scheme 4).
In addition to this palladium-catalyzed intramolecular heteroarylation, the authors also
reported the intermolecular regioselective C-5 arylation of simple 1-substituted thiophenes
with an equimolecular amount of bromobenzene under similar conditions [121].

Punji and coworkers reported the intermolecular direct C-2 arylation of benzoth-
iazoles with aryl iodides in the presence of a palladium PCN pincer complex (POCN).
5-Aryloxazoles were also regioselectively arylated at the C-2 position under the same reac-
tion conditions, which involved the use of cesium carbonate as a base and a slight excess of
the iodoarene (1.5 equiv.) in DMF at 120 ◦C. Catalyst loading was optimized at 0.5 mol%,
although it was necessary to add CuI (5 mol%) as a co-catalyst. An extensive study on the
mechanism of the reaction was carried out using benzothiazole as a model substrate. After
observing that the addition of nBu4NBr, a known stabilizer of palladium nanoparticles,
did not have a beneficial effect on the reaction outcome, and noticing the results of some
poisoning assays and of 31P-NMR monitorization, the authors proposed that, in contrast
to previous reports on direct arylation reactions, a Pd(II)–Pd(IV)–Pd(II) pathway could be
responsible for the presented arylation. As a result, the authors suggested that the catalytic
cycle begins with coordination of benzothiazole with CuX to generate copper complex A,
which turns, after H-2 deprotonation, into species B. Alternatively, B could be formed by an
initial deprotonation followed by interaction with CuI. Copper-benzothiazolyl complex B

would then promote transmetalation with palladium pincer complex PCN (POCN) leading
to complex C, which was isolated. Oxidation addition of C with the aryl iodide would
generate octahedral Pd(IV) complex D which, upon reductive elimination, would provide
the product as well as the initial PCN complex POCN (Scheme 5). Some of the suggested
intermediates were isolated and submitted to reaction conditions, providing the expected
arylated products. Moreover, these results were corroborated by the kinetic studies and
DFT calculations performed by the authors [122,123].
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Scheme 4. Synthesis of pyrazolo(benzo)thienoquinolines by direct heteroarylation.

Scheme 5. Mechanistic proposal for the direct heteroarylation of azoles.

As a follow-up research on the results from their previous work on direct heteroaryla-
tion [121], in 2015, SanMartin’s group reported the intramolecular direct arylation of amides
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and sulfonamides in the presence of a PCN palladium pincer complex. The addition of a
small amount of water was the key for regioselective access to a wide number of structurally
diverse phenanthridinone derivatives using an even smaller amount of catalyst (0.05 mol%)
of the phosphinoamide-based PCN palladium pincer depicted in Scheme 6. In addition,
benzoisothiazoloindole 5,5-dioxides, benzothiazinoindole 7,7-dioxides, benzopyrroloisoth-
iazole 5,5-dioxides and other biologically relevant sulfur heterocycles were prepared from
2-bromobencenesulfonamides under the same reaction conditions (Scheme 3) [124]. A ma-
jor advantage of the presented method was the low amount of trace palladium impurities
in the final products (0.29 ppm, measured by ICP-MS), certainly due to the small catalyst
amount employed. The presence of metal traces in final products is a serious concern for
the pharmaceutical industry, with increasingly stricter regulations that limit metal contents
to 1 ppm or even less depending on the drug administration route (oral, parenteral, nasal,
etc.). In many cases, costly and tedious purification steps are required to remove these
toxic contaminants [125]. Wang et al. synthesized a phosphinite-based PCN palladium
pincer complex comprising a benzimidazole unit and used it for the direct arylation of
(benzo)thiazole and benzoxazole with aryl iodides. As in the paper by Punji [122], CuI
was added as a co-catalyst. Using cesium carbonate as a base, they were able to reduce
the amount of the palladium catalyst to 0.25 mol%. However, in some cases, 0.5 mol% of
the pincer complex and 2.5–5 mol% of CuI were required to attain reasonable yields. A
Pd(II)–Pd(IV)–Pd(II) pathway was also proposed to explain the role of the above pincer
complex in the arylation reaction [126].

Scheme 6. Intramolecular arylation of o-bromobenzenesulfonamides.

3. NHC Containing Pincer Complexes

N-heterocyclic carbenes (NHC) were introduced in organometallic chemistry by Öfele,
who reported the first example back in 1968 [127]. Carbene moieties are usually incor-
porated in bi- and tridentate ligands due to the high stability they can provide to metal
complexes [128,129]. Singh’s group reported the first use of palladium pincer complexes
containing NHC moieties as catalysts for direct arylation reactions. After preparing a
series of non-palindromic CNS and CNSe complexes (C1–C4) derived from chalcogenated
acetamide-functionalized benzimidazolium salts, their catalytic performance in the regios-
elective C-5 arylation of 1-methyl- and 1,2-dimethylimidazoles with aryl halides under
aerobic conditions was examined. A substoichiometric amount of pivalic acid (30 mol%)
turned out to be crucial for the reaction outcome. In this regard, the authors proposed that
pivalic acid generates coordinatively unsaturated Pd as its proton neutralizes the anionic
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nitrogen of the amidate fragment, thus helping in the cleavage of the Pd–N bond. That
behavior would be consistent with a concerted metalation–deprotonation (CMD) pathway.
Benzoic acid was also assayed, providing negligible results. The authors rationalize this
outcome considering the higher acidity of benzoic acid, which would stabilize the reaction
intermediates so that no further catalysis can occur. As for pincer complexes, 0.5 mol% of
catalysts C1–C4 was chosen as optimal for the reaction scope, illustrated by the arylation
with sterically hindered 1-bromonaphthalene, as depicted in Scheme 7a. The regioisomeric
identity of some of the arylated products was additionally determined by single-crystal X-
ray diffraction analysis. Heteroarylation with 3-bromopyridine and 3-bromoquinoline was
also carried out under the same conditions. Minor side-products from the C-4 arylation of
imidazole and homocoupling of aryl bromides were also detected. 4-Chlorobenzaldehyde
and 4-chlorobenzonitrile were also successfully used as arylating agents, although a higher
amount of the catalyst (1 mol%) and longer reaction times (20–24 h) were required, proba-
bly due to a more difficult oxidative addition step. In addition, the catalytic life of C1–C4

was also tested by recycling or reusing these complexes for six runs. Good yields were ob-
tained in all cases, although a steady decrease was observed in every consecutive run [130].
Very similar reaction conditions (K2CO3, PivOH, DMA, 110 ◦C) were used by Joshi and
co-workers to effect the direct C-5 arylation of imidazole derivatives with aryl bromides in
the presence of an SCSe complex (C5), where the NHC moiety occupied the central position
of the tridentate ligand (Scheme 7b). Arylation with 4-nitrochlorobenzene was also carried
out, although a significant decrease in the reaction yield was observed. In addition, catalyst
C5 demonstrated remarkable recyclability up to five consecutive cycles [131]. Following
Finke’s report on procedures to distinguish between homogeneous and heterogeneous
palladium catalysts [132], both research groups performed poisoning experiments with Hg
and PPh3 (Pd/Hg (1/400), 5 mol % of PPh3). Palladium nanoparticles and other palladium
(0) species amalgamate with mercury so that a noticeable drop in the conversion yield is
observed (mercury drop test). However, no inhibition was observed for the above direct
arylation reactions after adding overstoichiometric amounts of these poisoning agents.
Considering the results from these poisoning assays and the recyclability exhibited by
their pincer complexes, the authors suggested that the catalysis was homogeneous in
nature [130,131].

Scheme 7. Regioselective C-5 arylation of 1-methyl- and 1,2-dimethylimidazole derivatives as
described by Singh (a) and by Joshi (b).
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The selective arylation of 1,2-dimethylimidazole and imidazo[1, 2-a]pyridine deriva-
tives with bromoarenes in the presence of 2 mol% of CNO palladium(II) complexes con-
taining NHC moieties (CNO1–CNO3) was studied by Lee and co-workers (Scheme 8).
They also compared their catalytic activity with that of several palladium sources and
ligands (PdCl2, Pd(OAc)2, Pd(OAc)2/PCy3, etc.) and found that their CNO complex was
less active than their previously reported Pd(0) complex featuring bidentate NHC and
PPh2 moieties [133], which could catalyze arylation with chloroarenes. PEPPSI precata-
lyst Pd(IPr)(3-ClPy)Cl2 [134] also provided the product from the benchmark reaction, the
C-5 arylation of 1,2-dimethylimidazole and 4-bromoacetophenone, with equal efficiency.
As in many other reports on direct arylation processes, DMA was the solvent of choice,
and a significant decrease in the yields was observed when switching to DMF, THF or
toluene. Except for 2-bromobenzonitrile and 2-bromotoluene, all the sterically hindered
bromoarenes failed to furnish the desired product from 1,2-dimethylimidazole at 140 ◦C.

Scheme 8. C-5 arylation of 1,2-dimethylimidazole in the presence of CNO pincer complexes.

In the same paper, imidazo[1,2-a]pyridine was reacted with several bromoarenes
bearing electron-donating and electron-withdrawing substituents to provide the cor-
responding 3-arylated compounds with good to excellent yields. In contrast to 1,2-
dimethylimidazole, similar yields were achieved for imidazo[1,2-a]pyridine when the reac-
tion was carried out under argon and under air. 2-Arylbenzothiophenes were also obtained
by reactions between thiophene and arylbromides, and in this case, at lower temperature
(110 ◦C, Scheme 9). Gram-scale reactions (10 mmol) between 1,2-dimethylimidazole and
4-bromobenzonitrile, and between imidazo[1.2-a]pyridine and 4-methoxybromobenzene,
provided the corresponding arylated compounds in 70% and 66% yields, respectively.

The authors also carried out competitive reactions using an equimolecular mixture of
1,2-dimethylimidazole and imidazopyridine and the same bromoarene. After observing
that electron-poor imidazopyridine prevailed over electron-rich 1,2-dimethylimidazole
(3-arylimidazopyridine was mainly obtained when using 4-bromoanisole, and exclusively
isolated when 4-bromoacetophenone was the arylating agent), they suggested that the
arylation proceeds via a Pd(II)–Pd(0)–Pd(II) mechanism based on a concerted metalation–
deprotonation (CMD) step (Scheme 10). On account of the electron-donating nature of
the 1,2-dimethylimidazole unit and the electron-withdrawing character of the imidazo[1.2-
a]pyridine core, they synthesized several push–pull chromophores that exhibited a deep
blue photoluminescence with moderate quantum efficiency on a large scale, and twisted
the intramolecular charge transfer excited state [135].

9
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Scheme 9. Direct arylation of imidazo[1,2-a]pyridine and benzothiophene.

Scheme 10. Mechanism proposed by Lee and co-workers for the C-5 arylation of 1,2-
dimethylimidazole.

10



Molecules 2021, 26, 4385

4. Other Pincer Complexes

Direct arylation has been also reported in the presence of palladium pincer complexes
lacking phosphine of NHC moieties. Cai and co-workers prepared a symmetric Schiff-
based NCN complex and used it for the selective direct arylation of N-methylindoles at
C-2. After some preliminary assays with N-methyl-1H-indole and iodobenzene as model
substrates, significantly lower yields (22–46%) were obtained using Pd(OAc)2 or Pd2dba3
(5 mol%) than with their NCN complex (1 mol%). Regarding regioselectivity, reactions
carried out in dimethylacetamide at 80 ◦C provided 2-phenylated product as the only
regioisomer, whereas significant amounts of the 3-phenylated product were observed when
other solvents (NMP, DMF, AcOH) were used. A further decrease in the catalyst amount to
0.5 mol% diminished the yield to 77%; therefore, the optimized conditions displayed in
Scheme 11 (NCN 1 mol%, KOAc, DMA, 80 ◦C) were applied to a number of aryl iodides,
obtaining the corresponding N-methyl-2-arylindoles in moderate to good yields. However,
only bromoarenes bearing electron-withdrawing substituents provided acceptable results.
Interestingly, 1H-indole and benzothiophene were also regioselectively phenylated with
moderate yields under the same conditions. Observation of palladium-black and complete
inhibition upon the addition of mercury (mercury drop test) led the authors to propose
that their NCN pincer complex is a precatalyst or reservoir of Pd(0) species [136].

Scheme 11. NCN palladium pincer complex as an active catalyst for the regioselective arylation
of indoles.

In addition to their previous work on a PCN complex [122,123], Punji’s group prepared
several phosphine-free NNN palladium pincer complexes containing a (quinolinyl)amido
moiety. One of them turned out to be an efficient catalyst for the direct arylation of
benzothiazoles with aryl and heteroaryl iodides in the presence of CuI (1 mol%, Scheme 12).
After removal of the arylation product by vacuum distillation and addition of the reagents
and solvent, this catalyst was recycled up to five times with a minor decrease in the reaction
yield. A hot filtration experiment was performed after the initial heating (30 min, GC yield
34%) to remove all the heterogeneous particles that might account for the slight decrease
in the yield observed when adding overstoichiometric amounts of mercury. The reaction
was continued upon adding fresh base (K2CO3), and the arylation product was obtained
with good yield (88%). On the basis of the results from these two experiments and other
mechanistic investigations (kinetic plot, observation of the reactivity order for several aryl
iodides, MALDI-TOF-MS analysis of the reaction mixture, etc.), the authors proposed a
catalytic cycle akin to that displayed in Scheme 5 [137].
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Scheme 12. Direct arylation with aryl iodides in the presence of a NNN palladium pincer complex
and CuI.

Maji et al. prepared two ferrocene-based palladium CNN pincer complexes by pal-
ladation of the ligands obtained by a condensation of ferrocenecarboxaldehyde with
2-(1-phenylhydrazinyl)pyridine or 2-((1-phenylhydrazinyl)methyl)pyridine. After per-
forming Suzuki–Miyaura biaryl couplings with aryl chlorides, the efficient C-5 arylation of
4-methylthiazole and the C-4 arylation of 3,5-isoxazole with aryl bromides were explored.
As for the Suzuki–Miyaura couplings, 0.1 mol% of their CNN complex was enough to cat-
alyze the direct arylation reactions. Good yields were obtained regardless of the electronic
nature of the bromoarene. Palladium nanoparticles, generated in situ by decomposition of
these pincer complexes, were thought by the authors to be the real catalyst species through
a Pd(0)-Pd(II) cycle [138]. A year later, they reported the preparation of four structurally
related CNN complexes by the condensation of benzaldehyde derivatives and 2-(1–2-((1-
phenylhydrazinyl)methyl)pyridine followed by palladation with Na2PdCl4. Optimization
of the model reaction, the arylation of 1-methyl-1H-imidazole with 4-bromobenzaldehyde,
was carried out with one of the four tricoordinated complexes. Then, the scope of the reac-
tion was expanded and 1-methyl- and 1,2-dimethylimidazole were regioselectively arylated
(C-5) with bromoarenes by using 5 × 10−2 mol% of this palladium source (Scheme 13).

Scheme 13. C-5 arylation with bromoarenes in the presence of CNN1–CNN4 palladium
pincer complexes.
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The procedure was also useful for the arylation of the same azoles with aryl chlorides
in the presence of another of the four CNN complexes, although a slight increase in
the amount of the later palladacycle was required (0.1 mol%). In order to explain the
reaction mechanism, the authors proposed the catalytic cycle displayed in Scheme 14. After
the in situ generation of palladium(0) species A, oxidative addition with the aryl halide
provided intermediate B, which underwent a ligand exchange with potassium pivalate
to form intermediate C. Interaction with methylimidazole generated intermediate E via a
CMD transition state (D), and after a reductive elimination step, the arylated product was
released along with the Pd(0) species [139].

Scheme 14. Possible mechanism for the direct regioselective arylation of 1-methylimidazole derivatives.

Following their research on Heck and Hiyama reactions, Uozumi’s group described the
use of infinitesimal amounts (5 × 10−3 mol%) of a phenanthroline-based CNN pincer for the
direct arylation of (benzo)thiophene derivatives with aryl bromides. Benzothiophenes were
arylated with electronically dissimilar and sterically hindered bromoarenes. Regioselective
C-5 arylation was observed for 2-substituted and 2,3-disubstituted thiophenes (Scheme 15).
Regarding the role of the above CNN complex, palladium nanoparticles (average diameter
3.2 nm) were detected by TEM (transmission electron microscopy) after completion of the
reaction. Accordingly, the authors proposed that monomeric palladium(0) species released
from the pincer complex were responsible for the catalytic activity observed [140].
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Scheme 15. Direct arylation of thiophene derivatives in the presence of a CNN palladium
pincer complex.

5. Conclusions

Direct arylation has been consolidated as an advantageous alternative to cross-coupling
reactions involving transmetallating agents. In this regard, the use of palladium pincer
complexes as (pre)catalysts for this reaction has attracted much attention because of the
lower catalyst amounts required. However, depending on the coupling partners and the
complex employed, it is not clear if such efficiency is due to a steady release of palladium(0)
species (e.g., palladium nanoparticles) from the complex, to a Pd(II)–Pd(IV) catalytic cycle
or to a cocktail of different mechanisms simultaneously taking place. Further research in
this field will probably reveal the nature of the true catalysts and will expand the reaction
scope by introducing new, more active pincer complexes. Finally, given the almost exclu-
sive use of DMA and DMF as solvents in these reactions, safer reaction media would be
also desirable.
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Abstract: Organosulfur compounds are widely used for the manufacture of drugs and materials,
and their synthesis in general conventionally employs nucleophilic substitution reactions of thiolate
anions formed from thiols and bases. To synthesize advanced functional organosulfur compounds,
development of novel synthetic methods is an important task. We have been studying the synthesis
of organosulfur compounds by transition-metal catalysis using disulfides and sulfur, which are easier
to handle and less odiferous than thiols. In this article, we describe our development that rhodium
complexes efficiently catalyze the cleavage of S-S bonds and transfer organothio groups to organic
compounds, which provide diverse organosulfur compounds. The synthesis does not require use
of bases or organometallic reagents; furthermore, it is reversible, involving chemical equilibria and
interconversion reactions.

Keywords: rhodium; catalysis; synthesis; organosulfur compounds; S-S bond cleavage; chemical
equilibrium; reversible reaction

1. Introduction

1.1. Structure and Reactivity of Organic Disulfides

Organosulfur compounds containing C-S bonds are widely used for the manufacture of drugs
and materials. Compared with organic compounds containing oxygen, which is another group
16(6A) element, different properties appear owing to the large size and polarizability of sulfur atoms.
A characteristic feature of inorganic and organic sulfur compounds is the involvement of different
oxidation states (between −2 and +6) of sulfur atoms, which give rise to diverse sulfur functional
groups [1]. Thiols (RSH) and sulfonic acids (RSO3H) are organosulfur compounds with low and high
oxidation states, respectively. Sulfenic acids (RSOH) and sulfinic acids (RSO2H) exhibit intermediate
oxidation states. These sulfur acids can form ester and amide derivatives. Elemental sulfur in the
oxidation state of 0 is a convenient source of organosulfur compounds.

Among organic functional groups containing sulfur, disulfides (RS-SR) with S-S bonds are of
interest. In contrast to peroxides (RO-OR) with O-O bonds, disulfides are stable and exhibit significantly
different reactivities. The bond energy of S-S bonds is 226 kJ mol−1 (for S8) [2–5], which is the highest
among the X-X bonds of the group 16 elements: O-O, 142 kJ mol−1; Se-Se, 172 kJ mol−1; and Te-Te,
150 kJ mol−1. Disulfides have a molecular structure with a dihedral angle of C-S-S-C of approximately
90◦ in the most stable conformation.

Proteins and peptides contain disulfides that form their three-dimensional structures [6–9]
Disulfides in proteins are found predominantly in secreted extracellular proteins, and thiols are
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preserved in the cytosol in a reductive environment. It is known that the functions of proteins can be
switched via the cleavage or formation of disulfides is known [10,11]. Disulfides are found in some
small molecules that are biologically active natural products [12].

Sulfides, disulfides, and polysulfides are important functional groups in synthetic rubber [13].
Natural rubber is treated with sulfur to convert it into materials with a large range of hardness, elasticity,
and mechanical durability, in which sulfur atoms form cross-linking bridges between polymer chains
in a process called vulcanization.

An important reversible reaction of disulfides is their reduction to thiols, which may be oxidized
to disulfides (Figure 1). Such reactivity has been utilized in biological systems and also in synthetic
systems for molecular switching [14]. Various reactions have been reported for the interconversion.
The exchange reaction of S-S bonds between disulfides is another important reversible reaction
(Scheme 1) [15,16]. The reaction of two different disulfides produces a statistical 1:1:2 mixture of
two symmetric disulfides and an unsymmetric disulfide under chemical equilibrium when their
thermodynamic stabilities are comparable.

Figure 1. Interconversion reactions of disulfides/thiols by reduction/oxidation and chemical equilibrium
under disulfide exchange.

Both reduction/oxidation and exchange reactions of disulfides can be used for a molecular switching
function. A characteristic aspect of disulfide exchange reactions compared with reduction/oxidation
reactions is that direct one-step interconversion proceeds without forming thiols. This makes procedures
simple, and various transformations that are incompatible in the presence of thiols can be conducted.
Basic conditions are often employed for disulfide exchange reactions, which involve the nucleophilic
attack of thiolate anions on S-S bonds via an SN2 mechanism. Photoirradiation is effective for the
exchange reaction of aromatic disulfides, which involves the homolytic cleavage of S-S bonds generating
thiyl radicals. Acidic conditions can also be employed. The reactivity of disulfides depends on their
substituents. Aromatic disulfides are easier to dissociate than aliphatic disulfides, which reflects the
relative dissociation energies of PhS-SPh (230 kJ mol−1) and MeS-SMe (309 kJ mol−1) [3].

1.2. Synthesis of Organosulfur Compounds Using Disulfides

Synthesis of organosulfur compounds has generally been conducted using thiols, and a typical
method is a substitution reaction with organohalogen compounds in the presence of a base [17–20].
The roles of bases are to form highly reactive thiolate anions and to neutralize hydrogen halides formed
as byproducts. The neutralization reaction is significantly exothermic and promotes the reaction
according to the Bell–Evans–Polanyi principle [17].

The use of disulfides in the substitution reaction of organohalogen compounds has been rare.
This is because disulfides are neutral compounds and are less reactive than thiolate anions. Consider a
hypothetical substitution reaction of an organohalogen compound and a disulfide to provide a sulfide
containing a C-S bond. Formally, the reaction is accompanied by the formation of a sulfenyl halide,
which is thermodynamically unstable and makes the reaction thermodynamically unfavorable. The use
of disulfides in organic synthesis, however, can have several advantages over the use of thiolate anions:
(1) disulfides are stable and easy to handle; (2) they are less odiferous; (3) they can be activated by
various methods, including the use of acids, bases, radicals, metals, and photoirradiation; and (4) they
do not form metal halide byproducts. In addition, characteristic reactivities of disulfides can appear,
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which thiols do not have. As such, special methods are needed to utilize disulfides in the synthesis
of organosulfur compounds. An example was reported in the oxidation–reduction condensation
of bi(2-pyridyl) disulfide and a carboxylic acid in the presence of triphenylphosphine to provide
a 2-pyridylthio ester [21]. The reaction is thermodynamically favorable because of the exothermic
oxidation reaction of triphenylphosphine to the corresponding oxide. Thus, it is reasonable to consider
that disulfides can be used as substrates in organic synthesis and that the reactions can proceed in the
absence of bases.

1.3. Rhodium-Catalyzed Synthesis of Organosulfur Compounds Using Disulfides

Transition-metal catalysis for the synthesis of organosulfur compounds has attracted interest;
however, this interest has been limited. In particular, the use of disulfides has been rare, with the
only exceptions of addition reactions to alkenes and alkynes originally reported by Ogawa [22],
Beletskaya [23], and Mitsudo [24]. The lack of such synthetic methods for organosulfur compounds is
due to the strong bonding between transition metals and sulfur atoms, which does not readily allow
the liberation of the metals and products; as a result, the catalyst cannot be regenerated. Methods are
required to overcome the relatively unreactive nature of neutral disulfides and to prevent catalyst
deactivation by (1) the development of highly active catalysts and (2) the judicious choice of substrates
and products that produce exothermic reactions.

We have found that rhodium complexes catalyze various substitution and insertion reactions using
disulfides, which indicates that sulfur ligands on rhodium atoms liberate organosulfur compounds
with regeneration of the rhodium catalyst. In this article, a substitution reaction is defined as the
transformation of a S-S bond and an X-Y single bond to form a S-X bond; an insertion reaction is
defined as the transformation of a S-S bond and an X=Y multiple bond to form a S-X-S subunit with
one atom of X inserted or a S-X-Y-S subunit with two atoms of X-Y inserted (Figure 2). We describe in
this article that rhodium-catalyzed activation of S-S bonds can be applied to a broad range of chemical
transformations with different organic compounds containing S-S, Se-Se, Te-Te, P-P, and P-S heteroatom
bonds, along with C-S, C-P, C-F, C-N, C-O, C-H, C-C, and H-H bonds. Unsaturated C=O, C≡C, and
C=N bonds can also participate in the rhodium-catalyzed reactions of S-S bonds.

Figure 2. Diverse reactivity of substitution and insertion reactions of the S-S bond in disulfides with
various other chemical bonds.

A characteristic feature of rhodium catalysis is its capability to activate C-H bonds [25], which is
utilized here for C-S bond formation of 1-alkynes, nitroalkanes, malonates, α-phenylketones, ketones,
aldehydes, and heteroaromatic compounds. Activation of C-C bonds in ketones and H-H bonds in
hydrogen is also shown.

Another notable property of rhodium-catalyzed synthesis using disulfides is its applicability to
reactions in water. Peptides and proteins containing the cysteine moiety can be modified in water
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without protecting groups (Schemes 2, 3, and 16). These results indicate a high tolerance of functional
groups in rhodium catalysis, which selectively activates disulfides in the presence of a large number of
oxygen- and nitrogen-containing functional groups.

The most stable form of elemental sulfur is the eight-membered S8 ring containing S-S bonds,
which is produced by desulfurization of petroleum. Sulfur exhibits chemical reactivities similar to
those of disulfides, but different chemical reactivities also appear. This is because disulfides contain
sulfur atoms bonded to one sulfur atom and one organic group; sulfur contains sulfur atoms bonded to
two sulfur atoms. Although organic synthesis using sulfur has attracted attention [26], it has generally
been conducted by thermal reactions involving sulfur radicals and by nucleophilic reactions using
highly reactive main group metal reagents. In this study, synthesis of organosulfur compounds using
disulfides under rhodium catalysis is extended to syntheses using sulfur.

Along with the development of rhodium-catalyzed synthesis of organosulfur compounds involving
S-S bond cleavage, we have studied the synthesis of organophosphorus compounds involving P-P
bond cleavage. This comparative study of organoheteroatom compounds with elements adjacent on
the periodic table is a novel approach.

1.4. Reversible Nature of Rhodium-Catalyzed Reactions of Disulfides

Transition-metal-catalyzed reactions using disulfides to provide organosulfur compounds often
reach chemical equilibria and are reversible. This behavior implies that the relative thermodynamic
stabilities of substrates and products are similar and the energy barrier is low (Figure 3a). Consequently,
shifting the chemical equilibrium toward the desired product is critical to obtaining high yields.
In this study, we developed several methods for that purpose: (1) structures of substrates and
products are selected to provide exothermic reactions; (2) chemical equilibrium is shifted using a
larger amount of one substrate; (3) chemical equilibrium is shifted, removing a volatile product;
(4) appropriate combinations of cosubstrates and coproducts are developed to provide exothermic
reactions; (5) a product is converted to thermodynamically stable form; and (6) the desired product is
removed from an equilibrium mixture by silica nanoparticle precipitation. In this way, the nature of the
synthetic reactions for organosulfur compounds, presented herein, is significantly different from that
of conventional irreversible reactions using thiolate anions, which involve strong exothermic reactions
using bases (Figure 3b).

Figure 3. (a) Chemical equilibrium of rhodium-catalyzed reactions using disulfides and a cosubstrate;
(b) highly exothermic irreversible reaction using metal thiolates.

It is thought that chemical equilibrium is not favorable in organic synthesis because chemical
yields are governed by the relative thermodynamic stability of substrates and products. We show in this
article that the use of chemical equilibrium has intrinsic synthetic advantages: (1) chemical equilibrium
is energy-saving because it does not require a strong exothermic reaction and it involves a small energy
barrier; (2) chemical equilibrium can provide different products by shifting the equilibrium through
the control of reaction conditions; (3) regeneration of substrates from products is easy; (4) catalysis
is effective for both forward and backward reactions, which can be used to promote the reaction;
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(5) chemical equilibria generally do not form inorganic byproducts, which is inevitable in exothermic
reactions using bases. It should also be noted that the recovery of bases from inorganic byproducts is
tedious and energy-consuming.

A novel concept is derived from the reversible nature of the rhodium-catalyzed synthesis of
organosulfur compounds under chemical equilibrium. Catalysts can cleave C-S bonds of products,
which implies that, in the presence of suitable acceptors, products can be converted to other organosulfur
compounds: rhodium complexes can activate S-X bonds in the products and convert then into
compounds with S-Z bonds (Figure 2). Such examples are described for the reactions of 1-thioalkynes
and thioesters in Section 7. Our working hypothesis on the mechanisms of rhodium-catalyzed reactions
of disulfides is the involvement of oxidative addition of low-valent rhodium to form S-Rh-S species,
which is followed by substitution or insertion by other organic groups. Chemical equilibrium indicates
that all processes are reversible.

Organosulfur compounds can be used as alkylating reagents analogous to organohalogen
compounds. This concept is inferred from the bond energy of C-S (272 kJ mol−1), which is comparable
to that of C-Br (285 kJ mol−1) [1]. Organothio groups can be used as leaving groups in substitution
reactions, and they can exhibit different properties from halogen groups. Sulfur leaving groups have
divalent sulfur atoms, whereas halogen leaving groups have monovalent atoms, and the properties of
the sulfur leaving groups can be tuned by the organic groups. In addition, substitution reactions using
sulfur leaving groups are reversible under rhodium catalysis; such examples are described in Section 7.
It should be noted that the bond energy of C-S is comparable to that of C-P (264 kJ mol−1) and that
organosulfur and organophosphorus compounds are interconvertible (Schemes 14, 18, and 33).

The above describes the reversibility of reactions under chemical equilibrium between X and Y

in a closed system, in which no matter is exchanged with the surroundings but energy is exchanged
(Figure 4a). Such reactions are indicated in this article by two straight arrows pointing in opposite
directions. A reversible reaction in an open system can also be considered, in which both matter and
energy are exchanged. Substrate X and product Y are interconverted by the addition of reagents A

and C, which provide the X + A → Y + B and Y + C → X + D reactions, respectively (Figure 4b).
Addition of A and C makes these reactions exothermic, and catalysis reduces the energy barrier, which
accelerates these reactions. Such reactions are called interconversion reactions in this article and are
expressed by curved arrows pointing in opposite directions. Many of the reactions described in this
article are reversible and involve catalysis either under chemical equilibria or interconversion reactions.
Reversibility in synthetic reactions provides a novel concept in chemistry that has some similarity with
biological systems.

The model of interconversion reactions in an open system between X and Y provides another
interesting aspect in the development of synthetic reactions (Figure 4b). When the model is analyzed
in terms of input and output, the A + C→ B + D reaction can be considered. Such reactions can be
developed, as shown in this article (Schemes 5, 7, and 14). X and Y can be used as catalysts for the A +

X→ B + Y and Y + C→ X + D reactions proceeding under the same conditions.
One of our purposes in the study of transition-metal-catalyzed synthesis of organosulfur

compounds is the development of biologically active compounds. Heteroatoms are essential for
biological functions, as shown by the huge amounts of nitrogen and oxygen atoms used by living
things. In contrast, the use of sulfur is limited mostly to amino acids, and the development of
biologically active organosulfur compounds, which exhibit exotic properties for living things, is an
interesting subject. The transition-metal-catalyzed synthetic method discussed herein has indeed
provided biologically active organosulfur compounds [26,27].

Our previous review articles on the transition-metal-catalyzed synthesis of organosulfur
compounds focused on the development of exothermic reactions [28,29], the synthesis and properties
of bis(heteroaryl) compounds [26,27], the use of elemental sulfur [30], and the P-P bond cleavage
reactions [31]. The present article describes an overview of our studies that began in the early 2000s
and involve classification of the chemical reactions with S-S bond cleavage and organothio transfer.
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In addition, emphasized herein are the chemical equilibria and interconversion reactions provided by
the reversible nature of the rhodium-catalyzed synthesis.

Figure 4. (a) Chemical equilibrium in a closed system between X and Y. (b) Interconversion reaction
in an open system between X and Y, in which the relative thermodynamic stability of substrates and
products is inverted and induces X + A→ Y + B and Y + C→ X + D reactions.

2. Rhodium-Catalyzed Exchange Reactions of Disulfides

Disulfides can exchange organothio groups under acidic or basic conditions and when exposed
to heat or photoirradiation. We found that disulfide exchange reactions proceed efficiently in the
presence of a rhodium complex [32]. A mixture of RhH(PPh3)4, sulfonic acid, and phosphine promotes
catalysis of the disulfide exchange reaction, which proceeds rapidly under acetone reflux (Scheme 1).
Dibutyl disulfide and bis(2-benzoyloxyethyl) disulfide were reacted in refluxing acetone in the
presence of RhH(PPh3)4 (3 mol%), trifluoromethanesulfonic acid (6 mol%), and (p-tol)3P (12 mol%),
and 2-benzoyloxyethyl butyl disulfide was obtained in 49% yield. The reaction is applicable to both
aliphatic and aromatic disulfides, and it proceeds at a much lower temperature than in the conventional
heating method. A chemical equilibrium was rapidly reached within 15 min, which included two
symmetric disulfides and one asymmetric disulfide at a statistical 1:1:2 ratio. Chemical equilibrium
was confirmed by the reverse reaction of an unsymmetric disulfide. The method is applicable to the
exchange of disulfides, diselenides/ditellurides, and other heteroatom compounds of group 16 elements.
The proposed mechanism involves the initial oxidative addition of a low-valent rhodium complex
and a disulfide. The subsequent oxidative addition of another disulfide or ligand exchange of the
organothio group occurs, and the disulfide is liberated by reductive elimination with the regeneration
of the catalyst.

Scheme 1. Disulfide exchange reaction.

When one product is removed from the solution of the disulfide exchange reaction, the chemical
equilibrium can be shifted (Figure 5a) [33]. We developed a silica nanoparticle precipitation method,
in which nanoparticles precipitated from solution with concomitant molecular recognition and
adsorption of molecules. Silica (P)-nanoparticles of 70 nm mean diameter grafted with (P)-helicene
were employed. When butyl (R)-(hydroxyphenylmethyl) disulfide (R)-45 was treated with RhH(PPh3)4

(20 mol%), trifluoromethanesulfonic acid (40 mol%), and (p-tol)3P (80 mol%) in chlorobenzene for 24 h
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in the presence of silica (P)-nanoparticles, precipitates containing (R,R)-bis(hydroxyphenylmethyl)
disulfide (R, R)-43 (27%) and (R)-45 (3%) were formed (Figure 5b). The high preference for (R, R)-43 is
notable, and no dibutyl disulfide 44 was contained in the precipitates. The solution phase contained
(R, R)-43 (6%), (R)-45 (30%), and 44 (33%). The composition of disulfides in the precipitates deviates
considerably from that of the initial chemical equilibrium with (R, R)-43:(R)-45:44 = 1:2:1. It should
also be noted that most of the butylthio group remained in solution.

Figure 5. (a) Equilibrium shift in disulfide exchange reaction induced by the precipitation of silica
(P)-nanoparticles. (b) Equilibrium shift in the reaction of (R, R)-43, 44, and (R)-45.

The disulfide exchange reaction of hydrophilic disulfides occurs in water when using the RhCl3
catalyst (Scheme 2) [34]. When glutathione disulfide and glycolic acid disulfide (4 equivalents) were
treated with RhCl3 (10 mol%) in water at 40 ◦C for 1 h, methylthiolated glutathione was obtained
in 81% yield. The reverse reaction confirmed the involvement of chemical equilibrium. In addition,
the composition under chemical equilibrium could be changed by the addition of a disulfide, which
indicated that catalysis occurred after reaching chemical equilibrium. This method can be applied
to the reaction of dimethyl disulfide, which is not water-soluble. A two-phase system of glutathione
disulfide in water and excess dimethyl disulfide was treated with RhCl3 (10 mol%) at 40 ◦C for 1 h,
and methylthiolated glutathione was obtained in 40% yield.

Scheme 2. Disulfide exchange reaction of glutathione in water.
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The RhCl3-catalyzed method was applied to insulin containing three S-S bonds, and the reaction
with excess thioglycolic acid preferentially exchanged the disulfide at the 7 positions in both A and
B chains (Scheme 3) [35]. The product was obtained in 30% yield at room temperature for 1 h using
RhCl3 (300 mol%) with recovery of insulin in 70% yield. The rhodium-catalyzed method in water
tolerates various functional groups, including amides, amines, carboxylic acids, alcohols, and phenols,
because of the higher affinity of rhodium for sulfur atoms in the presence of nitrogen and oxygen
functional groups.

Scheme 3. Disulfide exchange reaction of insulin.

3. Rhodium-Catalyzed Substitution Reactions Using Disulfides

The S-S bonds of disulfides are reversibly cleaved under rhodium catalysis, as indicated by the
disulfide exchange reaction. Rhodium complexes also cleave C-S and C-H bonds in organic compounds,
and combinations of these bond cleavage reactions provide various chemical transformations for the
synthesis of organosulfur compounds, including thioesters, α-thioketones, 1-thioalkynes, aryl sulfides,
and dithiophosphinates.

3.1. Substitution Reactions of Thioesters

Thioesters are excellent substrates for rhodium-catalyzed reactions and provide various acyl
derivatives by their reactions with different substrates. Organothio exchange reaction of thioesters
occurs with disulfides (Scheme 4) [36]. S-Octyl benzothioate and bis(2-ethoxyethyl) disulfide
(4 equivalents) were reacted in the presence of RhCl(PPh3)3 (2.5 mol%) at 3-pentanone reflux for 1.5 h,
and S-(2-ethoxyethyl) benzothioate was obtained in 87% yield. Chemical equilibrium was determined
by the reverse reaction and formation of a statistical 1:2:1 mixture employing 1 equivalent of disulfides.
It was also observed that the reaction of S-methyl thioesters and disulfides (4 equivalents) gave higher
yields of the exchange products under 1,2-dichlorobenzene reflux because of the removal of volatile
dimethyl disulfide from the reaction mixture. These results indicate facile cleavage of C-S bonds in
thioesters by rhodium catalysis.

Scheme 4. Organothio exchange reaction of thioesters.

Acid fluorides show high reactivity under rhodium-catalyzed conditions (Scheme 5) [37]. When
benzoyl fluoride, bis(p-tolyl) disulfide, and triphenylphosphine were reacted in the presence of
RhH(PPh3)4 (1 mol%) and 1,2-diphenylphosphinoethane (dppe) (2 mol%) in refluxing THF for 2 h,
S-(p-tolyl) benzothioate was obtained in 100% yield. Formally, the reaction provides unstable sulfenyl
fluoride with disulfide regeneration. The role of triphenylphosphine is to trap fluorides to form
phosphine difluoride with disulfide regeneration, which results in an exothermic reaction suitable
for catalysis.
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Scheme 5. Interconversion between acid fluorides and thioesters.

The rhodium-catalyzed method was also employed in the synthesis of acid fluorides from
thioesters (Scheme 5) [37]. When S-(p-tolyl) benzothioate and hexafluorobenzene were reacted in
the presence of RhH(PPh3)4 (2.5 mol%) and dppe (5 mol%) in refluxing chlorobenzene, benzoyl
fluoride was obtained in 94% yield in addition to 1,4-di(p-tolylthio)-2,3,5,6-tetrafluorobenzene. This is
a noteworthy fluorinating reaction using stable neutral aromatic fluorides. Chemical equilibrium also
occurs between an acid fluoride and a thioester in a closed system under rhodium catalysis.

The above results indicate involvement of interconversion reactions in an open system between
thioester and acid fluoride catalyzed by rhodium: Acid fluorides are converted to thioesters by adding
disulfides, and thioesters are converted to acid fluorides by adding hexafluorobenzene. The addition
of external reagents inverts the relative thermodynamic stability and promotes the interconversion
reactions (Figure 4). It was considered that a R’SSR’ + ArF→ Ar-SR’ + R’S-F reaction may also occur;
this reaction is described later (Scheme 12).

Rhodium-catalyzed reactions of disulfides can be applied to diselenides (Scheme 6) [38].
Bis(2-pyridyl) diselenide and 1-adamantanecarbonyl fluoride were reacted in the presence of
RhH(PPh3)4 (2.5 mol%) and dppe (5 mol%) in refluxing chlorobenzene, and 1-adamantanecarbonyl
2-pyridylselenoester was obtained in 88% yield. This method was used for the synthesis of heteroaryl
selenoesters, which are generally less stable than aryl thioesters. The heteroaryl compounds can be
used for the synthesis of novel organoselenium compounds.

Scheme 6. Synthesis of selenoesters.
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3.2. Substitution Reactions of 1-Alkynes

Rhodium complexes can activate C-H bonds of organic molecules, and this reaction is employed
here for thiolation reactions using disulfides [30]. The reaction of a S-S bond in a disulfide and a C-H
bond in an organic compound formally provides an organosulfur compound with a C-S bond and a
thiol with a S-H bond. The thiol can be oxidized to a disulfide in the presence of oxygen, a reaction
that is also catalyzed by rhodium complexes.

When 1-(triethylsilyl)-acetylene was treated with dibutyl disulfide in the presence of RhH(PPh3)4

(2 mol%) and diphenylphosphinoferrocene (dppf) (3 mol%) for 1 h in refluxing acetone, 1-butylthio-2-
triethylsilylacetylene was obtained in 80% yield, which was accompanied by a thiol (Scheme 7) [39].
The reaction of a thiol and a 1-thioacetylene formed the original 1-alkyne under argon atmosphere.
1-Alkynes/disulfides and 1-thioalkyne/thiols are under chemical equilibrium in the presence of rhodium
catalysis. The rhodium complex also rapidly oxidizes thiols to disulfides and water in the presence
of a trace amount of oxygen (Scheme 7 and Scheme 23). In combination with the oxidation reaction
under air, the thiolation reaction of 1-alkynes proceeds in an energetically downhill manner to
provide 1-thioalkynes in higher yields. The interconversion reactions proceed between 1-alkynes
and 1-thioalkynes.

Scheme 7. Organothiolation reaction of 1-alkynes.

A rhodium complex catalyzes the organothio exchange reaction of 1-thioalkynes with disulfides,
the observation of which confirmed the C-S bond cleavage by rhodium catalysis (Scheme 8) [39].
In principle, diverse 1-thialkynes can be obtained by this method using different disulfides.

Scheme 8. Organothio exchange reaction of 1-thioalkyne.

3.3. Substitution Reactions of Active Methylene Compounds

Active methylene compounds, which include nitroalkanes, malonate, and benzyl ketones,
with acidic hydrogen atoms are thiolated with disulfides under rhodium catalysis (Scheme 9) [40].
When 1-nitropentane was treated with bis(p-chlorophenyl) disulfide in N, N-dimethylacetamide
(DMA) in air at room temperature for 3 h in the presence of RhH(PPh3)4 (5 mol%) and dppe
(10 mol%), 2-(p-chlorophenyl) nitropentane was produced in 50% yield. The reaction without air
is under chemical equilibrium, and α-thiolated nitroalkanes are thermodynamically unfavorable.
Accordingly, treatment of an α-thiolated nitroalkane with a thiol quantitively provided the original
nitroalkane. Air/oxygen converts thiols to disulfides and water in an exothermic reaction. Diethyl
malonate and 1,2-diphenyl-1-ethanone were also reacted with aromatic disulfides in air to provide
organothiolated compounds.
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Scheme 9. Organothiolation reactions of active methylene compounds.

3.4. Substitution Reactions of Ketones and Heteroarenes

α-Thioketones efficiently undergo C-S substitution reactions in the presence of rhodium catalysts.
In combination with the C-H cleavage reaction catalyzed by rhodium complexes, organothiolation of
various organic compounds, including ketones and heteroarenes, occurs.

It was determined that organothio exchange reactions of α-thioketones with disulfides proceeded
with the involvement of C-S bond cleavage by rhodium catalysis (Scheme 10) [41]. When an
α-phenylthioacetophenone was treated with bis(3-methoxypropyl) disulfide (3 equivalents) in the
presence of RhH(PPh3)4 (1 mol%) and dppe (2 mol%) in refluxing THF for 1–2 h, α-(3-methoxypropyl)
acetophenone was obtained in 82% yield. The reverse reaction under the same conditions indicated
the involvement of chemical equilibrium. The exchange reactions of organothio groups using different
disulfides under rhodium catalysis provide diverse derivatives starting from a single α-thioketone.

Scheme 10. Organothio exchange reaction of α-thioketones.

α-Thioketones can be used as organothiolating reagents of organic compounds via organorhodium
intermediates with C-Rh-S subunits (Scheme 11). A methylthio transfer reaction occurs between
different ketones at the α-position, in which a catalytic amount of dimethyl disulfide significantly
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promotes the reaction [42]. When α-methylthio-p-cyanoacetophenone and 1,2-diphenylethanone were
reacted in refluxing THF for 3 h in the presence of RhH(PPh3)4 (4 mol%), dppe (8 mol%), and dimethyl
disulfide (12 mol%), 2-methylthio-1,2-diphenylethanone was obtained in 68% yield. The methylthio
group moved from α-methylthio-p-cyanoacetophenone to 1,2-diphenylethanone under chemical
equilibrium. This method is applied to cyclic α-phenyl ketones with acidic α-protons. The reaction
of 2-phenylthio-4-(t-butyl) cyclohexanone and α-methylthio-p-chloroacetophenone gave a product
with an axial methylthio group, and the cleavage of the phenylthio group was slow under these
conditions [43].

Scheme 11. Organothiolation reactions of ketones and benzothiazole.

2-Methylthio-1,2-diphenylethanone is effective in the α-methylthiolation reactions of ketones
with less acidic α-protons compared with α-methylthio-p-cyanoacetophenone [44]. Reaction of
2-benzylcyclohexanone and 2-methylthio-1,2-diphenylethanone in the presence of RhH(PPh3)4

(4 mol%), dppe (8 mol%), and dimethyl disulfide (12 mol%) in refluxing THF for 3 h gave
2-benzyl-2-methylthiocyclohexanone in 47% yield. The regioselectivity indicated the important
role of the enol form of 2-methylcyclohexanone. The method is also applied to α-methylthiolation
of aldehydes. In these α-thiolation reactions, disulfides alone did not give satisfactory results, and
α-thioketones were employed as the donors. A favorable chemical equilibrium may be involved
in forming ketones from α-thioketones rather than forming thiols from disulfides. Possible roles
of dimethyl disulfide are the generation of reactive rhodium species with sulfur ligands and/or the
transient formation of α-methylthio ketones.

Phenylthiolation reactions of aromatic hydrogen atoms in benzo-fused heteroaromatic compounds
were conducted using α-phenylthioisobutyrophenone, which provided higher yields of the products
when compared with 2-methylthio-1,2-diphenylethanone [45]. This result may be due to the
thermodynamically favorable nature of chemical equilibrium to form a ketone with a less acidicα-proton.
1,3-Benzothiazole andα-methylthioisobutyrophenone were reacted in chlorobenzene reflux for 3 h in the
presence of RhH(PPh3)4 (4 mol%) and dppe (8 mol%), which provided 2-phenylthio-1,3-benzothiazole
in 92% yield. The methylthiolation reaction of benzothiazole provided α-methythioisobutyrophenone
in the presence of dimethyl disulfide, albeit in lower yields.
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These results indicate that methylthio groups can hop between α-protons of ketones under
rhodium catalysis (Figure 6). This is analogous to the α-proton exchange reactions between ketones
under acidic or basic conditions.

Figure 6. Rhodium-catalyzed hopping of methylthio groups among ketones at α-positions.

3.5. Substitution Reactions of Aromatic Fluorides

Organofluorine compounds are highly reactive under rhodium catalysis, as noted in the reaction
of acyl fluorides to form thioesters (Scheme 5). This behavior may be due to the high reactivity of
rhodium fluoride intermediates, which is consistent with the notably high reactivity of RhF(PPh3)3 [46].
Accordingly, C-F bonds in fluorobenzenes were converted to C-S bonds via reaction with disulfides
(Scheme 12). When 1-bromo-4-chloro-3-fluorobenzene was reacted with bis(p-tolyl) disulfide and
triphenylphosphine in the presence of RhH(PPh3)4 (0.25 mol%) and 1,2-(diphenylphosphino) benzene
(dppBz) (0.5 mol%) under chlorobenzene reflux for 3 h, 5-bromo-2-chlorophenyl p-tolyl sulfide
was obtained in 72% yield [47]. The reaction proceeded selectively at the fluoride atom without
affecting chloride and bromide atoms. Triphenylphosphine was employed to trap fluorides by forming
phosphine difluoride, which resulted in an exothermic reaction. The reaction of perfluorobenzenes
showed notable selectivity in the substitution reaction, and thiolation occurred at the p-positions,
which was named the p-difluoride rule. The reaction of hexafluorobenzene and bis(p-tolyl) disulfide
gave 1,4-bis(p-tolyl)-2,3,5,6-tetrafluorobenzene, in which no monothiolated product was detected.

Scheme 12. Substitution reaction of aromatic fluorides.

3.6. Substitution Reactions of Organophosphorus Compounds

Organophosphorus compounds efficiently react with disulfides in rhodium-catalyzed substitution
reactions, owing to the strong bonding of sulfur and phosphorus atoms. Cleavage of the P-S bond was
determined by organothio exchange reactions of dithiophosphinates and disulfides (Scheme 13) [48].
When phenyl dimethyldithiophosphinate and bis(4-methoxybutyl) disulfide were reacted in the
presence of RhH(PPh3)4 (2 mol%) and dppe (4 mol%) under acetone reflux for 0.5 h, the corresponding
dithiophosphinate was obtained in 74% yield.
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Scheme 13. Organothio exchange reaction of dithiophosphinates.

Reactions of acylphosphine sulfides and disulfides provided dithiophosphinates and thioesters,
which involved the formation of C-S and P-S bonds from C-P and S-S bonds (Scheme 14) [49].
When diethyl(p-dimethylaminobenzoyl) phosphine sulfide was reacted with di(undecyl) disulfide in
the presence of RhH(PPh3)4 (2 mol%) and dppe (4 mol%) in refluxing THF for 3 h, the corresponding
thioester was obtained in 90% yield, along with dithiophosphonate.

Scheme 14. Interconversion reactions between acylphosphine sulfides and thioesters.

Thioesters were converted to acylphosphine sulfides by reacting with diphosphine sulfides
(Scheme 14) [49]. When S-(p-tolyl) p-methoxybenzothioate and tetraethyldiphosphine disulfides
were reacted in refluxing chlorobenzene for 6 h in the presence of RhH(PPh3)4 (5 mol%) and
1,2-(diethylphosphino) ethane (depe) (10 mol%), acylphosphine sulfide was obtained in 55% yield.
Thus, interconversion reactions in an open system occur between thioesters and acylphosphines in
the presence of appropriate reagents, which are catalyzed by rhodium complexes; i.e., organosulfur
compounds and organophosphorus compounds may be interconverted.

On the basis of analysis of interconversion reactions in open systems, it was suggested that the
treatment of diphosphine disulfides and disulfides provides dithiophosphinates via the exchange
of P-P bonds and S-S bonds (Figure 4) [48]. When dioctyl disulfide and tetramethyldiphosphine
disulfide were reacted under acetone reflux for 0.5 h in the presence of RhH(PPh3)4 (1.5 mol%) and
dppe (3 mol%), thiophosphinate was obtained in 97% yield (Scheme 15). The reaction is irreversible,
owing to the formation of strong P-S bonds from weak P-P bonds. The reaction is also applicable
to diselenides.
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Scheme 15. Exchange reaction of diphosphine disulfides and disulfides.

The reaction of hydrophilic disulfides and diphosphonates, which are also water-soluble, proceeds
in water in the presence of RhCl3 (Scheme 16) [50]. Glutathione disulfide was reacted with tetramethyl
diphosphonate in water at 40 ◦C for 36 h in the presence of RhCl3 (10 mol%), and glutathione
phosphonate was obtained in 77% yield.

Scheme 16. Exchange reaction of diphosphine disulfides and disulfides in water.

Polyphosphines are compounds containing phosphorus atoms with two P-P bonds and one
organic group, and they exhibit reactivities different from those of diphosphines, which contain
phosphorus atoms with one P-P bond and two organic groups. Polyphosphines undergo substitution
reactions with disulfides, which involve the exchange of P-P and S-S bonds (Scheme 17) [51].
Pentaphenylcyclopentaphosphine was reacted with dihexyl disulfide in the presence of RhH(dppe)2

(5 mol%) in THF reflux for 15 min, which produced dihexyl phenylphosphonodithionite in 94%
yield. When cyclic disulfides are employed, novel heterocyclic phosphonodithinites are obtained.
The intermediate formation of a diphosphene–rhodium complex was shown by spectroscopic and
MS analyses.

Scheme 17. Exchange reaction of cyclopentaphosphine and disulfides.

A rhodium catalyst promoted the cleavage of C-P bonds in heteroarylphosphine sulfides
and exchange with disulfides (Scheme 18) [52]. When (2-benzothiazolyl) dimethylphosphine
sulfide was reacted with dioctyl disulfide in the presence of RhH(PPh3)4 (10 mol%) and 1,2-bis
(dimethylphosphino)benzene (dmppBz) (20 mol%) in refluxing chlorobenzene for 3 h, 2-(octylthio)
benzothiazole was obtained in 46% yield.

The reverse reaction converts heteroaryl sulfides to heteroarylphosphine sulfides in the
presence of diphosphine disulfides (Scheme 18) [52,53]. When 2-(p-tolylthio)-1,3-benzothiazole
and tetraethyldiphosphine disulfides were reacted in refluxing chlorobenzene for 6 h in the presence
of RhH(PPh3)4 (5 mol%) and 1,2-(diethylphosphino) ethane (depe) (10 mol%), 2-(diethylphosphino)-
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1,3-benzothiazole sulfide was obtained in 49% yield. This is another example of interconversion reactions
in an open system, in which organophosphorus and organosulfur compounds are interconverted.

Scheme 18. Interconversion reactions of heterocyclic phosphine sulfides and heterocyclic sulfides.

4. Rhodium-Catalyzed Insertion Reactions Using Disulfides

Insertion reactions of disulfides and alkynes/alkenes are generally exothermic, involving the
conversion of high-energy unsaturated compounds to low-energy less unsaturated compounds.
Previously reported palladium-catalyzed insertion reactions of disulfides with alkynes in general
employed diaryl disulfides [21,23]. Rhodium-catalyzed insertion of 1-akynes may be applied to
aliphatic disulfides, which are less reactive than aromatic disulfides (Scheme 19) [54].

Scheme 19. Insertion reaction of disulfides and 1-alkynes.

When 1-octyne and diethyl disulfide were reacted in refluxing acetone for 10 h in the presence of
RhH(PPh3)4 (4 mol%), trifluoromethanesulfonic acid (4 mol%), and (p-MeOC6H4)3P (14 mol%),
1,2-bis(alkylthio)-1-alkene with the Z-configuration was obtained in 93% yield. The proposed
mechanism involves the oxidative addition of low-valent rhodium and a disulfide, followed by
the transfer of two organothio groups to 1-alkyne.

A mixture of a disulfide and a diselenide predominantly provides 1-seleno-2-thioalkene, which is
accompanied by minor amounts of other insertion products (Scheme 20) [55]. When 1-octyne, diphenyl
disulfide, and diphenyl diselenide were reacted in refluxing acetone for 4 h in the presence of RhH(PPh3)4

(5 mol%) and 1,4-(diphenylphosphino) butane (dppb) (10 mol%), 2-butylthio-1-butylseleno-1-octene
was obtained in 72% yield. The reaction is also applicable to dialkyl disulfides/diselenides. The reaction
is under chemical equilibrium of disulfide/diselenide exchange, in which selenosulfides are selectively
transferred to 1-alkynes.
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Scheme 20. Insertion reaction of disulfides/diselenides and 1-alkynes.

The reaction of allene in place of 1-alkyne provides a different variety of products
(Scheme 21) [56]. When 1,2-octadiene and dibutyl disulfide were reacted in refluxing acetone
for 2 h in the presence of RhH(PPh3)4 (3 mol%), trifluoromethanesulfonic acid (3 mol%), and (p-tol)3P
(12 mol%), 2-(butylthio)-1,3-octadiene and (E)-2-(butylthio)-2-octene were both obtained in 47% yields.
Two organothio groups are transferred to two allene molecules with concomitant hydride transfer.
This reaction is also applicable to diselenides.

Scheme 21. Insertion reaction of allenes and disulfides.

The α-insertion reaction of carbon monoxide with disulfide occurred to provide dithiocarbonate
(Scheme 22) [36]. When dibutyl disulfide was treated with carbon monoxide at 30 atm in toluene at 180 ◦C
for 24 h in the presence of RhH(PPh3)4 (10 mol%) and dppe (20 mol%), dibutyl S, S’-dithiocarbonate was
obtained in 15% yield. This reaction is under equilibrium and favors disulfide and carbon monoxide at
ambient pressure as well as at 30 atm. Rhodium-catalyzed α-insertion reactions of carbenoids and
disulfides have been reported [57,58].

Scheme 22. Insertion reaction of carbon monoxide and disulfide.

5. Rhodium-Catalyzed Reduction/Oxidation Reactions of Disulfides

Interconversion of a disulfide and two thiols is an important chemical reaction in organosulfur
chemistry. Various methods have been reported for the reduction of disulfides to thiols using different
reducing reagents. Hydrogenation may be the most convenient in terms of availability of reducing
reagent and simple operations, which is also achieved by rhodium catalysis (Scheme 23). When di(octyl)
disulfide was treated with hydrogen at 1 atm in the presence of RhH(PPh3)4 (0.5 mol%) in refluxing
toluene for 0.5 h, 1-octanethiol was obtained in 90% yield [59]. Care to deactivate a rhodium complex
is critical during quenching of the reaction because thiols are rapidly converted to disulfide under air
in the presence of the rhodium complex. Metal-catalyzed hydrogenolysis of disulfides to thiols has
been rare, which may be because of catalyst poisoning by thiols.

The reverse reaction, oxidation of thiols to disulfides, is also catalyzed by the rhodium complex
using oxygen as the oxidation reagent (Scheme 23) [59]. Treatment with 1-octanethiol under
oxygen at 1 atm in methanol at 0 ◦C for 1 h in the presence of RhH(PPh3)4 (0.1 mol%) and
1,4-bis(diphenylphosphino)butane (dppb) (0.2 mol%) provided dioctyl disulfide in 93% yield.
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These interconversion reactions in open systems can be a convenient method for the development
of molecular switching functions, which employ hydrogen as the reducing reagent and oxygen as the
oxidizing reagent.

Scheme 23. Interconversion reactions of disulfides and thiols.

6. Rhodium-Catalyzed Reactions of Sulfur

Sulfur is a readily available source of organosulfur compounds in organic synthesis. Conventional
methods using sulfur generally employ the formation of thiyl radicals, which are generated by
heating above the melting point of sulfur (115 ◦C) [30]. Several previously reported metal-catalyzed
methods employ high temperatures, which likely involve radical- and metal-catalyzed mechanisms and
accordingly are not easy to analyze and control. To secure the effect of metal catalysis, we conducted
rhodium-catalyzed reactions of sulfur well below the melting point. The reactivity of sulfur can be
different from disulfide, and Rh-S-S intermediates formed from sulfur can exhibit different reactivities
from Rh-S-C intermediates formed from disulfides because of the presence of the adjacent weak S-S
bonds in the latter.

Introduction of sulfur atoms between S-S bonds in disulfides provides polysulfides, and such
reactions occur above the melting point and involve radical mechanisms. Rhodium-catalyzed
reactions proceed at much lower temperatures [60]. In the presence of RhH(PPh3)4 (2.5 mol%)
and 1,2-bis(diphenylphosphino)ethene (dppv) (5 mol%), dibutyl trisulfide and sulfur were reacted
in acetone at room temperature for 5 min, and dibutyl tetrasulfide, pentasulfide, and hexasulfide
were obtained in 39, 14, and 8% yields, respectively, accompanied by higher homologs (Scheme 24).
The reaction occurred rapidly and provided a mixture of polysulfides. Aliphatic disulfides were not
reactive under these conditions. In contrast, diaryl disulfides effectively reacted with sulfur to provide
polysulfides, including trisulfides, tetrasulfides, and pentasulfides.

Scheme 24. Insertion reaction of sulfur and disulfides.

Thioisonitriles were synthesized by sulfuration of isonitriles under rhodium-catalyzed conditions,
which resulted in the 1,1-insertion of sulfur at the nitrogen atom of the C=N bond (Scheme 25) [61].
The reaction of cyclohexylisonitrile and sulfur under acetone reflux for 2 h in the presence of RhH(PPh3)4

(1 mol%) provided thioisonitrile in 91% yield in 2 h. The reaction is faster than the known molybdenum
method developed by Bargon [62]. Trisulfides and tetrasulfides can also react under rhodium catalysis.
An induction period was observed with an initially slow reaction for 40 min followed by a rapid
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reaction completed in 100 min. The phenomenon was ascribed to the slow formation of active sulfur
species because preheating sulfur in acetone for 1.5 h eliminated the induction period.

Scheme 25. Insertion reaction of sulfur and thioisonitriles.

Symmetric diaryl sulfides are synthesized from perfluorobenzene and sulfur involving
C-F bond activation, which showed reactivity and the p-difluoride rule similar to disulfides
(Scheme 26) [63]. Treatment of 4-phenylthiopentafluorobenzene, sulfur, and tributylsilane in DMF
at room temperature in the presence of RhH(PPh3)4 (5 mol%) and dppBz (10 mol%) provided
bis(4-cyano-2,3-5,6-tetrafluorophenyl) sulfides in 77% yield. Fluorides were trapped by trialkylsilane
giving silyl fluoride. Aromatic fluorides in place of polyfluorobenzenes also reacted, provided that
electron-withdrawing groups were attached. Trisulfide and tetrasulfide may also be used as the sulfur
source, but they exhibit reactivities different from those of sulfur.

Scheme 26. Insertion reaction of sulfur and aryl fluorides.

Thiiranes are three-membered heterocyclic ring compounds containing a sulfur atom, and the
insertion reaction of a sulfur atom at the alkene C=C bond is a convenient method for their
synthesis [64]. The reaction may be efficiently conducted by rhodium catalysis (Scheme 27) [65].
When 7-oxabenzonorbornene, sulfur, and p-tolylacetylene were reacted in the presence of RhH(PPh3)4

(5 mol%) and dppe (10 mol%) in refluxing acetone for 3 h, exo-thiirane was obtained in 91% yield.
The acetylene added stabilizes the rhodium intermediates. The isolated RhH(dppe)2 also exhibited
catalytic activity. The reaction is applicable to reactive alkenes, including bicyclo[2.2.1]heptenes, allenes,
and (Z)-cyclooctene.

Scheme 27. Insertion reaction of sulfur and alkene.

1,4-Dithiine is a nonaromatic six-membered ring heterocyclic compound with a nonplanar structure.
Dithiines are synthesized by the rhodium-catalyzed reaction of reactive alkynes and sulfur, which
involves an insertion reaction of an alkyne between a S-S bond of sulfur (Scheme 28) [66]. The reaction
of cyclooctyne and sulfur in refluxing 2-butanone for 3 h in the presence of RhH(PPh3)4 (5 mol%) and
dppe (10 mol%) provided tricyclic dithiine in 53% yield. When acetylenedicarboxylate was added,
unsymmetric dithiine was selectively obtained without the formation of a symmetric dithiine.

Rhodium-catalyzed synthesis of organosulfur compounds using sulfur has high potential in organic
synthesis because it proceeds well below the melting point of sulfur. An interesting consideration is
their application to less reactive substrates such as unstrained alkenes and alkynes, which may be
developed employing thermodynamically favorable reaction systems.
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Scheme 28. Insertion reaction of sulfur and alkyne.

7. Reversible Nature of Rhodium-Catalyzed C-S Bond Formation

Rhodium-catalyzed reactions of disulfides provide various organosulfur compounds by the
cleavage of RS-SR bonds and the formation of C-SR bonds, and they involve C-Rh-SR intermediates
(Scheme 29). Because C-SR bond formation reactions are often reversible, C-Rh-SR intermediates
can also be formed from products with C-SR bonds. The C-Rh-SR intermediates can undergo
various substitution and insertion reactions to provide organic compounds. Insertion reactions of
C-Rh-SR intermediates with X=Y bond compounds provide C-X-Y-SR compounds, which are generally
irreversible reactions. Substitution reactions with compounds containing X-Y bonds provide novel C-X
bond compounds accompanied by compounds containing RS-Y bonds, and these reactions are often
reversible. This is a substitution reaction of C-SR compounds to C-X compounds, in which the role of
the SR group is that of a formal leaving group. The RS-Y bond compounds are organosulfur compounds
that are easy to recover and use and can be converted to other organosulfur compounds. When C-Rh-SR
intermediates undergo an organothio exchange with another disulfide R’S–SR’, the resulting C-Rh-SR’
intermediates also undergo various reactions. This is a chemical reaction network, which provides
diverse organosulfur compounds involving chemical equilibrium and interconversion reactions. In this
section, we describe the reactivities of organosulfur compounds synthesized by rhodium-catalyzed
reactions using disulfides.

Scheme 29. Reversible nature of rhodium-catalyzed substitution reactions.

In organic synthesis, substitution reactions are generally conducted using organohalogen
compounds; in this article, we describe the use of organosulfur compounds for such purpose.
Halogens and organothio groups are leaving groups, which can exhibit different properties of reactions.
For example, organohalogens are involved in irreversible reactions, and organosulfurs can be involved
in reversible reactions, which provide diverse organosulfur compounds by slight changes in catalysts
and/or reaction conditions. The organohalogen reactions form metal halides, which are not easy to
recover and reuse; the organosulfur reactions provide organosulfur compounds for coproducts, which
can be used for various purposes.

7.1. Reactions of 1-Thioalkynes

As shown previously, the C-S bonds in 1-thioalkynes are readily activated by rhodium catalysis
(Schemes 7 and 8) [39], and then 1-thioalkynes can be used for substitution and insertion reactions.
Organothio groups can be exchanged between different 1-thioalkynes, which confirmed the reversible
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cleavage of C-S bonds (Scheme 30) [67]. Two 1-thioalkynes in refluxing acetone in the presence
of RhH(PPh3)4 (1 mol%) and bidentate dppf (2 mol%) provided a mixture containing comparable
amounts of four possible 1-thioalkynes under chemical equilibrium. This is referred to as C-S/C-S to
C-S/C-S metathesis.

Scheme 30. Organothio exchange reaction between 1-thioalkynes.

The ligand effect was substantial in the reactions of 1-thioalkynes, and the coupling reaction
of 1-thioalkynes occurred in the presence of a monodentate ligand (Scheme 31). The reaction of
1-(triethylsilyl)-2-butylthioalkyne in refluxing acetone for 2 h in the presence of RhH(PPh3)4 (1 mol%)
and a monodentate ligand (p-MeOC6H4)3P (3 mol%) gave 1,3-diyne in 74% yield and disulfide. This
oxidative coupling reaction is referred to as C-S/C-S to C-C/S-S metathesis, which is in contrast to the
above C-S/C-S to C-S/C-S metathesis (Scheme 30).

Scheme 31. Oxidative coupling reaction of 1-thioalkynes.

The insertion reaction of 1-thioalkynes and unsaturated compounds provides novel organosulfur
compounds, and 1,3-butadiyne is used as a substrate (Scheme 32) [68]. The reaction of 1-butylthio-2-
triethylsilyletyne and 1,4-(p-methoxyphenyl)-1,3-butadiyne in N, N-dimethylimodazolinone (DMI)
at 135 ◦C for 6 h in the presence of RhH(PPh3)4 (5 mol%) and Me2PhP (10 mol%) gave 1-butylthio-2-
ethynyl-1,3-buten-yne in 66% yield, which is a highly unsaturated organosulfur compound.

Scheme 32. Insertion reaction of 1-thioalkynes and alkynes.

The conversion of 1-thioalkynes to organophosphorus compounds proceeds under rhodium
catalysis by reacting with diphosphine disulfides (Scheme 33) [53]. When 1-hexylthio-2-(2,4,6-
trimethylphenyl) acetylene and tetramethyldiphosphine disulfide were reacted in refluxing
chlorobenzene for 12 h in the presence of RhH(PPh3)4 (2 mol%) and 1,2-(diethylphosphino) ethane
(depe) (4 mol%), 1-alkynylphosphine sulfide was obtained in 88% yield. 1-Thioalkynes under rhodium
catalysis exhibit different reactivities from 1-alkynes and 1-haloalkynes; for example, no base or
organometallic reagents are used in these reactions.
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Scheme 33. Exchange reaction of diphosphine disulfide and 1-thioalkynes.

7.2. Reactions of Thioesters

Thioesters are reactive substrates in rhodium-catalyzed reactions and undergo various chemical
transformations that are not observed with acyl halides. The reversible cleavage of C-S bonds was
determined in studies of reactions of thioesters and disulfides (Scheme 4). Thioesters were applied to
acylation reactions, forming C-S, C-P, C-N, and C-C bonds.

Thioesters react with N-organothioacylamides to provide acylimides with concomitant formation
of disulfides, which is a novel acylation reaction at an amide nitrogen atom (Scheme 34) [69]. S-(p-Tolyl)
benzothioate and N-(p-tolylthio)-N-butylbenzamide were reacted in refluxing chlorobenzene for 6 h in
the presence of RhH(dppBz)2 (5 mol%), and N-benzoyl-N-butylbenzamide was obtained in 79% yield.
This is a novel metal-catalyzed coupling reaction involving N-C bond formation with cleavage of C-S
and S-N bonds in two organosulfur compounds followed by oxidative elimination of disulfides.

Scheme 34. Oxidative coupling reaction of thioester and N-thioamides.

Aryl methyl ethers are cleaved with thioesters under rhodium-catalyzed conditions
(Scheme 35) [70]. The reaction of m-dimethoxybenzene and S-(p-tolyl) p-dimethylaminobenzothioate
at 130 ◦C for 12 h without a solvent in the presence of RhH(CO)(PPh3)3 (8 mol%) and dppe (16 mol%)
provided m-methoxyphenyl benzoate in 91% yield along with p-tolyl methyl sulfide. This cleavage
reaction of an aryl methyl ether to provide an aryl ester proceeds under neutral conditions without
using strong nucleophiles or Lewis acids.

Scheme 35. Substitution reaction of thioester and aryl methyl ethers.

Heteroaryl aryl ethers are reacted with aryl thioesters to provide unsymmetric bis(heteroaryl)
sulfides (Scheme 36) [71]. S-(3-Pyridyl) benzothioate and 2-benzothiazolyl 4-chlorophenyl ether were
reacted in refluxing chlorobenzene for 5 h in the presence of RhH(PPh3)4 (5 mol%) and dppBz (10 mol%)
and provided 3-pyridyl 2-benzothiazolyl sulfide in 95% yield. The other reaction pathway to form an
aryl sulfide and a heteroaryl ester did not proceed. Very few unsymmetric bis(heteroaryl) sulfides
were previously known, and this method provides novel multiple heteroatom compounds, some of
which show interesting biological activities.
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Scheme 36. Substitution reaction of thioester and diaryl ethers.

This reaction is applicable to the synthesis of sulfides with aliphatic cyclic groups and heteroaryl
groups [72]. Specifically, the reaction of a steroidal benzothioate provided steroidal heteroaryl sulfides
(Scheme 37). This is an interesting synthesis of alkyl aryl sulfides that does not require the use of bases.

Scheme 37. Substitution reaction of thioester and aryl heteroaryl ethers.

Rhodium catalysts cleave C-C bonds of benzyl ketones, which then react with thioesters and
esters [73]. When S-methyl benzothioate was reacted with 2-(2-thienyl)-1-(p-cyanophenyl)-1-ethanone
in DMI at 150 ◦C for 12 h in the presence of RhH(CO)(PPh3)3 (10 mol%) and dppBz (20 mol%),
a benzyl-exchanged ketone was obtained in 76% yield. The benzyl group was transferred between
different thioesters by the cleavage of a C-C bond under chemical equilibrium. The other pathway of
the bond exchange reaction providing benzyl sulfide and 1,2-diketones did not occur, which may be
due to thermodynamic reasons involving the substrates and products. The use of an aryl ester in place
of the thioester also gives benzyl-exchanged products.

These results indicate that the rhodium complex catalytically cleaves C-C bonds of unstrained
benzyl ketones. The reaction of aryl ethers in place of thioesters/esters provided a route to form
diarylmethanes [74]. The reaction of 2-(p-chlorophenoxy)-5-acetylfuran and 2-(1,3-benzoxazolyl)-
1-phenyl-1-ethanone in refluxing chlorobenzene for 6 h in the presence of RhH(PPh3)4 (10 mol%) and
dppBz (20 mol%) provided (1,3-benzoxazolyl) (5-acetylfuryl) methane in 53% yield along with phenyl
benzoate. The synthesis is applicable to the production of various unsymmetric bis(heteroaryl)methanes
that were previously not known. In addition, diarylmethanes are obtained from neutral compounds
by the cleavage and formation of C-C bonds without using bases or organometallic reagents.

The reactions in Schemes 38 and 39 are notable examples of rhodium-catalyzed cleavage of C-C
bonds in benzyl ketones, in which different types of reactions proceed depending on the substrates
used (Scheme 40). The benzyl exchange reaction of esters and thioesters proceeds by CO-OAr2

bond cleavage, which is under chemical equilibrium; the substitution reaction of ethers provided
diarylmethane and esters by O-Ar2 bond cleavage.

Rhodium-catalyzed insertion reactions of thioesters occur with 1-alkynes (Scheme 41) [49].
When S-butyl p-cyanobenzothioate was reacted with 1-decyne in DMSO at 100 ◦C for 12 h in the
presence of RhH(PPh3)4 (5 mol%) and Et2PhP (15 mol%), a conjugated enone was obtained in 49%
yield. The benzoyl group was attached at the terminal carbon atom of the 1-alkyne and the organothio
group at the internal carbon atom.
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Scheme 38. Substitution reaction of thioester/esters and arylmethyl ketones.

Scheme 39. Substitution reaction of diaryl ethers and arylmethyl ketones.

Scheme 40. Comparison of substitution reactions of arylmethyl ketones and aryl esters/aryl ethers.

Scheme 41. Insertion reaction of thioesters and 1-alkyne.

Insertion reactions of thioesters occur with strained alkenes (Scheme 42) [75]. The reaction of
S-(p-tolyl) benzothioate and norbornadiene under THF reflux for 6 h in the presence of Pd2(dba)3

(dba = dibenzylideneacetone) (5 mol%) and (2,4,6-(MeO)3C6H2)3P (20 mol%) gave the acylated adduct
with trans configuration, in which an acyl group is attached in the endo position. The initial bond
formation is considered to involve acylation, which is followed by thiolation.

Scheme 42. Insertion reaction of thioesters and alkene.
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7.3. Reactions of α-Thioketone

The C-S bonds in α-thioketones are activated by rhodium catalysts to form oxidative
addition intermediates with S-Rh-C subunits, which react with C-H bonds in organic compounds
(Scheme 11) [43,44]. The activation of α-thioketones can be used for the coupling reaction to form
C-C bonds at the ketone α-position (Scheme 43) [76]. The reaction of 1,2-diphenyl-1-ethanone and
methylthiomethyl t-butyl ketone in refluxing chlorobenzene for 6 h in the presence of RhH(PPh3)4

(10 mol%) and dppBz (20 mol%) gave a dimeric ketone at the α-position in 67% yield. The reaction is
considered to involve the initial transfer of the methylthio group to 1,2-diphenyl-1-ethanone followed
by coupling to form diketone along with dimethyl disulfide. The mechanism was determined from the
reaction between α-methylthiolated 1,2-diphenyl-1-ethanone and 1,2-diphenyl-1-ethanone to provide
the coupling product. It should be noted that oxidative dimerization of ketones can be conducted
under rhodium catalysis using α-thioketones as oxidation reagents.

Scheme 43. Oxidative coupling reaction of ketones.

7.4. Reactions of Aryl/Heteroaryl Sulfides

The rhodium-catalyzed C-S bond cleavage of aryl sulfides provided other aryl sulfides by the
exchange of arylthio groups [77]. Polyfluorophenyl and heteroaryl derivatives are highly reactive
substrates for the cleavage and formation of C-S bonds, and symmetric diaryl sulfides can be
converted into unsymmetric diaryl sulfides (Scheme 44). Perfluorinated bis(p-benzoylphenyl) sulfide,
(phenylthiol)pentafluorobenzene, and triisopropylsilane were reacted in the presence of RhH(PPh3)4

(5 mol%) and dppBz (10 mol%) in refluxing THF for 6 h and provided unsymmetric diaryl sulfide in
51% yield. Silane was added to trap fluoride by the formation of silyl fluoride, which resulted in an
exothermic reaction. The reaction is under chemical equilibrium without silane, and the unsymmetric
diaryl sulfide can also undergo the aryl exchange reaction. Combined with the synthesis of symmetric
diaryl sulfides from polyfluorobenzene and sulfur (Scheme 26), various unsymmetric diaryl sulfides
can be synthesized using sulfur.

Scheme 44. Exchange reaction of diaryl sulfides and aryl fluorides.

Benzo-fused heteroarenes are thiolated under rhodium-catalyzed conditions using
α-phenylthioisobutyrophenone (Scheme 11), and nonbenzo-fused heteroarenes are thiolated using
2-methylthiothiazole (Scheme 45) [78]. The former thiolating reagent is more reactive than
disulfides and α-thioketones because the less acidic nature of the 2-proton of 2-(methylthio)thiazole
causes the chemical equilibrium to favor the formation of thiolated nonbenzo-fused heteroarenes.
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The reaction of 3-phenylthiazole and 2-(methylthio) benzothiazole (3 equivalents) in the presence of
RhH(PPh3)4 (10 mol%) and 1,3-(dicyclohexylphosphino)-1,3-propane (dcypp) (20 mol%) in refluxing
1,2-dichlorobenzene for 3 h gave 2-methylthio-3-phenylthiazole in 74% yield. This reaction is under
chemical equilibrium, and removal of volatile thiazole increased the yield. The reaction is applicable to
various substituted thiazoles and oxazoles.

Scheme 45. Organothio exchange reaction of thiazoles.

Rhodium-catalyzed organothiolation reactions of heteroarenes and related compounds using
disulfides [79–89] and sulfur [90] have recently been reported. These methods employ stoichiometric
or substoichiometric amounts of copper(II) or silver(I) salts. The strong metal oxidizing reagents
are considered to regenerate higher oxidation states of rhodium complexes and produce copper(I)
salts or copper/silver metals as byproducts. The present reaction is characterized by simple transfer
of organothio groups without using such metal reagents, which is achieved by judicious choice of
organothio donor. A strong metal oxidizing reagent is an equivalent of a large amount of energy,
and a related discussion will be provided in Section 8 on the use of the strong metal base of sodium
hydroxide (Scheme 47).

2,5-Disubstituted 1,4-dithiines undergo rearrangement to provide 2,6-disubstituted derivatives,
which involves the cleavage of two C-S bonds (Scheme 46) [91]. The reaction requires rhodium catalysis
and is under chemical equilibrium. When 2,5-di(t-butyl)-1,4-dithiine was treated with RhH(dppe)2

(10 mol%) and dimethyl acetylenedicarboxylate (DMAD) (3 equivalents) in refluxing toluene for
24 h, 1,6-di(t-butyl)-1,4-dithiine was obtained in 48% yield, along with the starting material in 51%
recovery yield. The role of acetylene was to stabilize the intermediate rhodium complex. Under forced
conditions of 150 ◦C without a solvent, one of the olefin moieties in the starting material is exchanged
with DMAD. The formation of a rhodacycle intermediate and the involvement of the thio-Diels–Alder
reaction are proposed to occur.

Scheme 46. Exchange reaction of 1,4-dithiines.

Organosulfur compounds can be transformed into other organosulfur compounds and related
organic compounds by the rhodium-catalyzed method owing to the reversible nature of the reactions.
Such manipulation provides a diversity of derivatives starting from a single organosulfur compound
by changing their cosubstrates.

8. Conclusions

8.1. Mechanisms of Rhodium-Catalyzed Substitution and Insertion Reactions of Disulfides

Rhodium complexes catalyze the cleavage of disulfide S-S bonds and transfer of organothio
groups to other organic compounds, which provides various organosulfur compounds. Mechanistic
models of substitution reactions and insertion reactions are shown below (Figure 7). A low-valent Rh(I)
complex undergoes oxidative addition with a disulfide to provide a S-Rh(III)-S complex (Figure 7a).
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Such oxidative addition reactions of disulfides are known [92–94]. Formation of dithiorhodacycles
by reactions of rhodium complexes and sulfur has also been reported [65,95]. Then, ligand exchange
proceeds with a molecule possessing an X-Y bond to form an X-Rh(III)-S complex, and reductive
elimination provides a product possessing a S-X bond with the regeneration of the Rh(I) complex.
Alternatively, formation of a Rh(V) complex can be considered by subsequent oxidative addition of the
S-Rh(III)-S complex with a molecule possessing an X-Y bond.

Figure 7. Mechanistic models of rhodium-catalyzed (a) substitution reactions and (b) insertion reactions
with disulfides.

Two reductive eliminations then provide two molecules containing X-S and Y-S bonds, which
are accompanied by regeneration of the Rh(I) complex. Formation of Rh(V) complexes has been
reported [96–99]. A mechanistic model of the insertion reaction can also involve oxidative addition
of a Rh(I) complex and a disulfide, which is followed by the transfer of two organothio groups to an
unsaturated molecule possessing an X=Y bond to form a product possessing a S-X-Y-S group with the
regeneration of the Rh(I) complex (Figure 7b).

Involvement of chemical equilibria is a notable feature of the present rhodium-catalyzed
substitution reactions using disulfides. The above mechanistic model shows reversible nature
in the oxidative addition of a rhodium(I) complex and a disulfide (Figure 7a). In addition, ligand
exchange of a S-Rh(III)-S complex possessing an X-Y molecule is reversible; reductive elimination
of an X-Rh(III)-S complex to provide a product with a S-X bond may be reversible. Such a sequence
of reversible reactions involving organosulfur–rhodium complexes provides a chemical equilibrium.
Disulfide exchange reactions described in Section 2 support the reversible mechanistic model.

Insertion reactions can also involve reversible oxidative addition of a Rh(I) complex and a disulfide
(Figure 7b). Subsequent insertion of an X=Y molecule may be irreversible because reactions of
unsaturated compounds to form saturated compounds are generally exothermic.

It should be noted that the formation of Rh-S bonds can be reversible, which may be a basis for the
rhodium-catalyzed synthesis of organosulfur compounds described in this article. This is in contrast to
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a general thought that chemical bonds between transition metals and sulfur atoms are very strong and
make such catalysis difficult.

8.2. Rhodium-Catalyzed Synthesis of Diverse Organosulfur Compounds

The rhodium-catalyzed synthetic method developed in this study provides organosulfur
compounds with diverse structures; the development of highly active catalysts and design of exothermic
reactions have been critical for this method. The synthesis employs disulfides and sulfur possessing
S-S bonds, which are stable and readily available. Rhodium complexes cleave S-S bonds and promote
substitution and insertion reactions with various organic compounds.

None of these reactions employ bases or organometallic reagent. This feature is in contrast
to conventional syntheses of organosulfur compounds using thiolate anions and organohalogen
compounds, which rely on the exothermic nature of reactions owing to the neutralization of hydrogen
halides. Such a reaction involving rhodium catalysis was also reported [100]. In this context, the role of
a base is considered, for example, in a reaction generating hydrogen chloride, which is a substitution
reaction of an alkyl chloride and a thiol. Neutralization of hydrogen chloride with sodium hydroxide
to form sodium chloride is strongly exothermic, ΔH = −285.8 kJ mol−1, as calculated from the heat of
formation (Scheme 47). The regeneration of sodium hydroxide from sodium chloride by electrolysis
requires a large amount of energy: ΔH = +271.4 kJ mol−1. No base is incorporated in the product, and
the neutralization–regeneration cycle consumes energy to make the reaction exothermic. Metal halides
are not easy to recover and reuse, and to do so requires a large amount of energy. A strong base is
an equivalent of a large amount of energy; for example, the production of sodium hydroxide from
sodium chloride (1 × 1010 kWh in 2017) [101] consumes 1% of all electricity in Japan (8 × 1011 kWh in
2015) [102]. The atom economy is often employed to analyze the efficiency of a synthetic chemical
reaction [103]. The formation of metal halides can provide a favorable atom economy because their
molecular weights are small. However, it is also critical to consider energy, and the reuse of metal
halides requires a vast amount of energy.

Scheme 47. Thermodynamic analysis of the use of sodium hydroxide.

Another notable aspect of the syntheses presented herein is the provision of diverse organic
compounds that are structurally related. This feature is derived from the use of disulfides (RS-SR)
and sequential substitution reactions (Figure 8). When a rhodium-catalyzed reaction converts one
SR group with A, a series of products RS-A1, RS-A2, RS-A3, RS-A4, . . . are produced. Then, the
rhodium-catalyzed organothio exchange reaction of RS-A1 provides diverse organosulfur compounds
R1S-A1, R2S-A1, R3S-A1, . . . , as described in Sections 2, 3 and 6. Using the reversible nature of
the rhodium-catalyzed reactions, we can substitute the RS group in RS-A1 with B1, which provides
coupling products B1-A1, B1-A2, B1-A3, . . . . Rhodium catalysis then provides other coupling products
B2-A1, B2-A2, B2-A3, . . . , as described in Section 7. Thus, organothio groups derived from disulfides
RS-SR have dual roles. One is as a part of organosulfur compounds RnS-Am; the other is as a leaving
group to provide coupling products Bn-Am. This chemistry provides a systematic method to construct
a library of compounds in an energy-saving manner.
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Figure 8. Synthesis of diverse organosulfur compounds and coupling products by rhodium-catalyzed
reactions of disulfides.

8.3. Chemical Reaction Network System

The rhodium-catalyzed synthesis of organosulfur compounds involves reversible reactions,
which are chemical equilibria and interconversion reactions (Figure 9). Chemical equilibrium in closed
systems involves a comparable thermodynamic stability of substrates and products, along with a low
energy barrier (Figure 4). Such reactions are shown by straight arrows pointing in opposite directions.
Interconversion reactions in open systems involve the addition of appropriate organic cosubstrates
and the formation of coproducts, which inverts the relative thermodynamic stability of substrates and
products. The reactions can then proceed in either direction, as shown by curved arrows pointing
in opposite directions. The summary of this work provides a chemical reaction network with many
reversible reactions, in which substrates and products are mutually related (Figure 9). The product
of a reaction can be a substrate in the next or distantly located chemical reactions. This chemical
reaction network, however, is a simplified model based on the reactions of disulfide and sulfur, and the
real network is multidimensional. As examples of such networks, we have previously proposed an
acylation reaction network [49] and a C-H thiolation reaction network [29].

Biological systems employ complex chemical reaction networks with energy-saving characteristics.
Chemical equilibria can be controlled by flow systems in biological cells, and interconversion reactions
can be controlled by external energy using ATP and ADP to produce exothermic reactions. Biological
reaction networks are further controlled by enzymatic catalysis [6,7]. The chemical reaction network
herein can be a model of biological systems involving many chemical equilibria and interconversion
reactions, although biological systems are much more well-organized and functional.
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Figure 9. Schematic presentation of a rhodium-catalyzed chemical reaction network using disulfide
and sulfur. Straight arrows pointing in opposite directions show chemical equilibria in closed
systems, and curved arrows pointing in opposite directions show interconversion reactions in open
systems. Red R letters are derived from organic groups in disulfides. Squares contain important
synthetic intermediates.
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Abstract: Isosorbide and its functionalized derivatives have numerous applications as bio-sourced
building blocks. In this context, the synthesis of diols from isosorbide diallyl ether by hydrohy-
droxymethylation reaction is of extreme interest. This hydrohydroxymethylation, which consists of
carbon-carbon double bonds converting into primary alcohol functions, can be obtained by a hydro-
formylation reaction followed by a hydrogenation reaction. In this study, reductive hydroformylation
was achieved using isosorbide diallyl ether as a substrate in a rhodium/amine catalytic system. The
highest yield in bis-primary alcohols obtained was equal to 79%.
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1. Introduction

The depletion of fossil resources is a growing problem. Consequently, the challenge is
to find renewable substitutable resources for the synthesis of chemical products. So, in the
context of green chemistry and sustainable development, the synthesis of simple molecules
from biomass with chemically transformable functions is an essential goal. Moreover, func-
tionalization, such as the use of highly selective catalytic processes with a high economy
of atoms, must be in line with the principles of green chemistry. The polymer industry
represents a large part of the world fossil resource consumption. In this sense, the design
of new monomers from bio-based molecules represents a major challenge concerning the
reduction of fossil resources. Biomass is mainly composed of vegetable oils (5–13%), lignin
(15–25%), and carbohydrates (61–82%) [1]. The valorization of this last segment, mainly
present in biomass, makes it possible to obtain polyfunctional molecules such as furans,
lactic acid, and, more particularly, sorbitol obtained from glucose, which can be accessible
from starch. Sorbitol and its isomers can be dehydrated to form dianhydrohexitols that bear
bicyclic scaffolds and secondary diols. Among the possible isomers, isosorbide is produced
on an industrial scale, with the Roquette company being one of the largest producers. The
literature describes numerous bio-sourced compounds accessible from isosorbide, which
have multiple applications, such as in the medical field for isosorbide dinitrates [2,3], in
non-toxic green solvents for dimethyl isosorbide [4], and, more particularly, in polymer
chemistry. Many reviews list a large number of biopolymers derived from isosorbide
or its functionalized derivatives [5–8]. Isosorbide is mainly employed as a monomer in
the production of polyesters and polycarbonates [9–12]. Isosorbide derivatives, where
the hydroxyl groups are replaced by amine, carboxylic acid, or nitrile functions are de-
scribed [13–15]. Other derivatives, where the reactive function or a carbon-carbon double
bond are carried by an extra-cyclic carbon, have also been synthesized. More particularly,

57



Molecules 2021, 26, 7322

the synthesis of isosorbide diallyl ether has been extensively studied for its transforma-
tion into isosorbide bis-glycidyl ether (Bisglycidyl Ether) by epoxidation of the double
bonds [16]. Although the isosorbide bis-glycidyl ether is often described in the literature,
little attention has been paid to other possible transformations of the isosorbide diallyl
ether derivative by functionalization of the carbon-carbon double bonds. More precisely,
organometallic catalysis offers many opportunities for incorporating polymerisable func-
tions such as carboxylic acid, ester, aldehyde, amine, or alcohol on allyl derivatives of
isosorbide. In this context, we were interested in the synthesis of diols from isosorbide
diallyl ether by hydrohydroxymethylation (HHM) reaction. HHM consists of the conver-
sion of carbon-carbon double bonds into primary alcohol functions via a hydroformylation
reaction, followed by a hydrogenation reaction [17]. These primary alcohol functions can
be produced in one- or two-step processes by using one or two catalysts, and under similar
or different reaction conditions [18–21]. The process in a one-step reaction with a single
catalyst is the best alternative, owing to the reduction in the amount of the catalyst, the
reaction time, and the overall cost. In this context, one of the best systems is a Rh-catalyst
associated with tertiary amines in the presence of CO/H2 [22–33]. In this publication,
we report the HHM of isosorbide diallyl ether using this catalytic system. The effects of
various reaction parameters (nature and concentration of amines, time reaction, and syngas
composition) were studied in order to increase the production of primary alcohols.

2. Results

2.1. Presentation of the Compounds Resulting from HHM of IDE

The isosorbide diallyl ether (IDE) used in the study was synthesized by the reaction of
isosorbide with allyl bromide in a basic aqueous medium in a similar fashion to previous
publications [34,35]. The hydrohydroxymethylation of isosorbide diallyl ether (IDE) by
the [Rh(acac)(CO)2/amine] catalytic system under CO/H2 pressure can produce many
compounds. Scheme 1 summarized the theoretical compounds. In particular, isosorbide
diallylic ether was expected to be hydrohydroxymethylated into bis-primary alcohols.
However, due to the nature of the allylated isosorbide substrate and the isomerizating,
hydroformylating, and hydrogenating properties of the [Rh(acac)(CO)2/amine] catalytic
system under CO/H2 pressure, many products could be obtained under catalytic con-
ditions (Scheme 1a). More precisely, each allyl group (2-propenyl group (2-P)) of the
allylated isosorbide could be converted into a propyl group (P) by hydrogenation of the
carbon-carbon double bond, or isomerized into a (Z)- or an (E)-1-propenyl group (1-P)

(Scheme 1b).
Because this (1-P) group proved to be completely unreactive in our experimental

conditions (see Section 2.2 and Scheme 2), its transformation into (P) group by hydro-
genation and to 1-formylpropyl (1-FP) and 2-formylpropyl (2-FP) groups by hydroformy-
lation was excluded. In the same way, because the (1-FP) group was not formed, its
1-(hydroxymethyl)propyl (1-HMP) corresponding hydrogenated form was also not taken
into account.
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Scheme 1. Reactions of isosorbide diallyl ether (IDE) in the presence of the [Rh(acac)(CO)2/NR3] catalytic system and
under CO/H2 pressure. (a) General equation; (b) different possible groups linked to the isosorbide moiety; (c) two possible
retro-Michael reactions; and (d) determination of the total number of possible compounds in the reaction medium. The
various groups are allyl (2-P), propyl (P), (Z)- or (E)-1-propenyl (1-P), 3-formylpropyl (3-FP), (R)- or (S)-2-formylpropyl
(2-FP), 4-hydroxybutyl (4-HB), (R)- or (S)-2-(hydroxymethyl)propyl (2-HMP), and a hydrogen atom (RM). (1-FP) and
(1-HMP) groups are not formed because (1-P) group was proven to be unreactive in our experimental conditions (see
Scheme 2).
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Scheme 2. (a) Synthesis of isosorbide bis(1-propenyl) ether from isosorbide diallyl ether and (b)
comparison of these two compounds behaviors under rhodium-catalyzed hydrohydroxymethylation
conditions.

On the other hand, each allyl (2-P) group could be hydroformylated into a linear
or branched aldehyde graft, namely, 3-formylpropyl (3-FP) and 2-formylpropyl (2-FP)

groups. The two aldehyde grafts (3-FP) and (2-FP) ((ALD) for the general term) could
then be hydrogenated into 4-hydroxybutyl (4-HB) and 2-(hydroxymethyl)propyl (2-HMP)

primary alcohol groups, respectively ((PA) for the general term). Furthermore, the aldehyde
function of the (2-FP) graft showed a hydrogen atom and an oxygen atom on the α and
β positions, respectively (Scheme 1c). So, in the presence of the basic amine ligand,
a retro-Michael reaction could not be excluded [36]. This reaction would lead to the
cleavage of the (2-FP) graft with the formation of 2-methylacrolein and the initial ether-
oxide function would be transformed into a secondary alcohol function on the isosorbide
moiety (Scheme 1b,c).

In other words, the (2-FP) graft was replaced by a hydrogen atom (named (RM) for
retro-Michael). Because two stereochemical forms were possible for the (1-P) graft (Z and
E), as for (2-FP) and (2-HMP) grafts (R and S), 11 different substituents, bearing by the
isosorbide moiety, were possible (Scheme 1d): 4 aliphatic groups ((2-P), (P), (Z)-(1-P) and
(E)-(1-P)), 3 aldehyde groups ((ALD) = (3-FP), (R)-(2-FP), (S)-(2-FP)), 3 primary alcohol
groups ((PA) = (4-HB), (R)-(2-HMP), (S)-(2-HMP)), and the hydrogen atom coming from
the retro-Michael reaction ((RM)). Because of these 11 possibilities for Rendo and Rexo

groups on the isosorbide moiety, 121 compounds could be present in the reaction medium
(11 × 11), including the IDE substrate and 120 reaction products (Scheme 1d).

2.2. Preliminary Reactions

In order to illustrate the proof of the concept presented earlier, some exploratory
experiments were performed. The applied experimental conditions were inspirited by our
previous works for HHM of triglycerides [31]. More precisely, the reaction was carried out
by using Rh(acac)(CO)2 (0.5 mol%) as a rhodium precursor, triethylamine (TEA, 200 eq.) as
ligand, and toluene (6 mL) as a solvent under 80 bars of CO/H2 at 80 ◦C during 4 h. For
these preliminary reactions, two substrates were envisaged: isosorbide diallyl ether (IDE,
isosorbide bearing (2-P) groups) and isosorbide bis(1-propenyl) ether (isosorbide bearing
(1-P) groups). This last substrate was prepared from IDE by using a Ru/TEA catalytic
system to isomerize the carbon-carbon double bonds (see Scheme 2; see also part III.2 of
Supplementary Materials for exact experimental conditions).

As previously explained, no conversion of the 1-propenyl groups ((1-P)) of the isosor-
bide bis(1-propenyl) ether was observed under HHM reaction conditions. This result was
very interesting because it proved that the (1-FP) and (1-HMP) grafts, potentially formed
from the allyl group after isomerization into (1-P) (see Scheme 1), would not appear in the
reactions involving IDE as substrate.
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In the case of IDE as substrate, the application of the same HHM reaction conditions
used for unreactive isosorbide bis(1-propenyl) ether led to numerous products. Figure 1
presents the 1H NMR spectrum of the mixture of products obtained after 4 h of reaction
(this experiment corresponds to entry 11 of Table 1). The different characteristic 1H NMR
signals were identified by comparison with authentic samples (see part III in Supporting
Materials). The chemical shift zones that have been used for allyl group conversion and
yield determination are described in Supporting Materials (see part IV.2). More precisely,
in order to facilitate the description of the results, three items were determined for each
catalytic test: (i) the allyl group conversion; (ii) the corresponding yields in the different
hydrogenated, isomerized, hydroformylated, and hydrohydroxymethylated allyl groups;
and (iii) the yield in bis-primary alcohols, with respect to the initial isosorbide moiety.
The allyl group conversion and corresponding yields were determined from the 1H NMR
spectrum, while the yield in bis-primary alcohols was determined by gas chromatography
(see parts IV.2 and IV.3 in Supplementary Materials).

Figure 1. 1H NMR spectrum of the final HHM reaction medium of isosorbide diallyl ether (IDE)
after evaporation of triethylamine and toluene (300 MHz, CDCl3, 25 ◦C); experimental conditions:
Rh(acac)(CO)2 (12.9 mg, 50 μmol, 1 equiv), TEA (200 equiv), IDE (2.26 g, 10 mmol, 200 equiv), toluene
(6 mL), 80 bars of CO/H2 (1:1), 80 ◦C, 4 h; the values of integration of the different chemical shift
zones (zones A to H) were used to determine conversion and yields (see part IV.2 of Supplementary
Materials).
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Table 1. Influence of the TEA amount on IDE hydrohydroxymethylation a.

Entry TEA/Rh t (h)
Conv. b

(%)
Y(P)

c (%) Y(1-P)
c (%)

Y(ALD)
c (%)

[l/b] d
Y(PA)

c (%)
[l/b] e

Y(RM)
c (%)

Y’(BPA)
f (%)

[ll/lb/bb] g

1 h 0 18 5 0 5 0 0 0 0
2 0 18 100 9 3 82 [50/50] 0 6 0
3 10 6 95 2 12 21 [45/55] 54 [38/62] 6 38 [12/40/48]
4 20 6 100 2 4 22 [45/55] 67 [40/60] 5 44 [12/46/42]
5 50 6 100 2 7 6 [49/51] 80 [45/55] 5 63 [17/49/34]
6 100 6 100 2 5 0 87 [45/55] 6 67 [17/50/33]
7 200 6 100 2 5 0 87 [44/56] 6 69 [17/49/34]

8 i 1200 18 100 3 6 0 85 [43/57] 6 62 [16/49/35]
9 20 4 79 2 3 38 [50/50] 30 [40/60] 5 22 [12/43/45]
10 20 18 100 3 4 0 89 [46/54] 4 67 [17/50/33]
11 200 4 95 1 4 16 [48/52] 70 [46/54] 4 49 [17/48/35]
12 200 18 100 3 5 0 86 [45/55] 6 67 [17/79/34]

a Experimental conditions: Rh(acac)(CO)2 (12.9 mg, 50 μmol, 1 equiv), IDE (2.26 g, 10 mmol, 200 equiv), TEA (0–1200 equiv), toluene
(6 mL), 80 bars of CO/H2 (1:1), 80 ◦C. b Conv. = allyl groups conversion determined by 1H NMR. c Y(X) = yield in (X) with respect to
the initial allyl group, determined by 1H NMR; (P) = propyl; (1-P) = 1-propenyl; (ALD) = aldehyde groups = (2-FP) + (3-FP); (PA) =
primary alcohol groups = (2-HMP) + (4-HB); (RM) = (2-FP) grafts that have been cleaved by retro-Michael reaction. d Linear to branched
ratio for aldehydes i.e., (3-FP)/(2-FP) molar ratio. e Linear to branched ratio for primary alcohols i.e., (4-HB)/(2-HMP) molar ratio. f

Y’(BPA) = yield in bis-primary alcohols with respect to the initial isosorbide moiety, determined by gas chromatography (GC-FID). g

linear-linear/linear-branched/branched-branched ratios for bis-primary alcohols, determined by gas chromatography (GC-FID). h 1 bar of
N2 instead of 80 bars of CO/H2. i 30 mmol of IDE instead of 10, and no toluene.

In this way, the analysis of the 1H NMR spectrum of Figure 1 showed that the pre-
liminary HHM experiment performed with IDE as a substrate gave the following results
after 4 h of reaction. The allyl group conversion was equal to 95%. The different related
yields were equal to 1% for (P) group (Y(P)(%) = 1), 4% for (1-P) group (Y(1-P)(%) = 4), 16%
for aldehyde groups (Y(ALD)(%) = 16), 4% for hydrogen group (retro-Michael reaction;
Y(RM)(%) = 4), and 70% of primary alcohol groups (Y(PA)(%) = 70; with a distribution
(4-HB)/(2-HMP) = 46/54). Furthermore, the analysis of the final reaction medium by gas
chromatography indicated a yield in bis-primary alcohols equal to 49%, with respect to the
initial isosorbide moiety (Y’(BPA)(%) = 49).

2.3. HHM of IDE: Effect of the TEA Amount and Reaction Time

By following the described experimental conditions, the effect of TEA amount and
reaction time was studied (Table 1). An experiment performed without TEA and CO/H2
resulted in only isomerization products with a poor allyl group conversion (5%) in 18 h
(Table 1, entry 1). The same experiment conducted under CO/H2 provided hydrogenated,
isomerized, hydroformylated, and retro-Michael products, but no alcohol, after 18 h
(Table 1, entry 2).

By increasing the TEA amount from 10 to 200 equivalents with respect to Rh, allyl
group conversions quickly reached 100% in 6 h (from a ratio of 20; Table 1, entries 3–7).
From a ratio TEA/Rh of 100, the complete conversion of aldehydes to alcohols was ob-
served. Interestingly, the yields in primary alcohols (Y(PA)) reached 87% (with a linear to
branched alcohol ratio around l/b = 44/56; l for (4-HB) group, and b for (2-HMP) group).
Logically, good yields in bis-primary alcohols were also obtained (Y’(BPA) = 67–69%). The
regioselectivity related to the primary alcohol group inside of the bis-primary alcohol prod-
ucts was around 17/49/34 for linear-linear(ll)/linear-branched(lb)/branched-branched(bb)
ratio, respectively. The products issued from the retro-Michael reaction were always lower
than 6%, showing this reaction was minor. Without toluene and with 30 mmol of IDE
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instead of 10, a total conversion and a yield of 62% in bis-primary alcohols were reached
after 18 h (Table 1, entry 8).

The effect of the reaction time was studied at ratio TEA/Rh of 20 and 200 for 4 h
and 18 h, to be compared to 6 h (Table 1; entries 9 and 10 to be compared to entry 4 for
TEA/Rh = 20, and entries 11 and 12 to be compared to entry 7 for TEA/Rh = 200). For both
TEA/Rh ratios, a shorter reaction time (4 h) was not sufficient to reach a total allyl group
conversion (see entries 9 and 11). For the TEA/Rh ratio of 20, an increase in reaction time
from 6 h to 18 h allowed for a transformation of the residual aldehydes groups present
at 6 h (Y(ALD)(%) = 22, entry 4) into primary alcohol groups, reaching a primary alcohol
yield of 89% (Y(PA)(%) = 89, entry 10; see also the kinetic follow-up of this reaction in
Supplementary Materials, part IV.4, Figure S29). For the TEA/Rh ratio of 200, the medium
composition stayed logically unchanged between 6 h and 18 h because, at 6 h, all the
aldehydes were already completely transformed and the CC double bonds still present at
t = 6 h were not reactive, (belonging to (1-P) groups; compare entries 7 and 12).

2.4. HHM of IDE: Effect of the Nitrogen Ligand

Instead of TEA, other trialkylamines (monodentate TBA and bidentates TMEDA,
TMPDA, and TMBDA) and an aromatic amine (TPA) were used as Rh-ligands in the HHM
of IDE (Scheme 3). The catalytic result obtained in the presence of TEA as ligand and after
6 h of reaction time was evoked for the comparison (Table 2, entry 1). In the presence of
TPA (pKa = −3), no primary alcohol was produced (Table 2, entry 2). This behavior was
probably due to the low pKa value. Indeed, some works relative of the HHM of olefins
showed that the rhodium/amine complexes were only efficient to produce alcohols for
pKa values comprised between 7 and 11 [29]. The other tested amines met this requirement.
Consequently, primary alcohols were well produced by using TEA (Y(PA) = 87%; Table 2
entry 1), TBA (Y(PA) = 84%; Table 2, entry 3), TMEDA (Y(PA) = 90%; Table 2, entry 4),
TMPDA (Y(PA) = 89%; Table 2, entry 5), and TMBDA (Y(PA) = 91%; Table 2, entry 6) at a
constant nitrogen/Rh molar ratio of 200 (diamines/Rh ratios were equal to 100).

Scheme 3. Amines and diamines used (pKa in brackets).

For these tertiary alkyl-amines and -diamines active in aldehydes hydrogenation, no
significant change was observed for the yields in isomerized, saturated, and hydrogen
groups (retro-Michael); the yields stayed lower than 10% (entries 1 and 3–6). It is also
interesting to notice that the distribution of (ll)-, (lb)-, and (bb)-bis-primary alcohols was
not modified in the presence of the bidentate diamines. This behavior was unexpected.
Indeed, a modification of the distribution of linear/branched products versus the geometry
of the ligand could have been observed. Indeed, in the case of phosphine as a ligand,
this phenomenon is widely described in the literature [37], but compared to phosphines,
amines are less efficient ligands.
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Table 2. Influence of the nitrogen compound nature on IDE hydrohydroxymethylation a.

Entry
Ligand

(equiv/Rh)
Conv. b (%) Y(P)

c (%) Y(1-P)
c (%)

Y(ALD)
c (%)

[l/b] d
Y(PA)

c (%)
[l/b] e Y(RM)

c (%)
Y’(BPA)

f (%)
[ll/lb/bb] g

1 TEA (200) 100 2 5 0 87 [44/56] 6 69
[17/49/34]

2 TPA (200) 100 9 2 80 [50/50] 0 9 0

3 TBA (200) 100 5 5 0 84 [42/58] 6 60
[16/48/36]

4 TMEDA
(100) 100 1 3 0 90 [46/54] 6 74

[16/49/35]

5 TMPDA
(100) 100 2 4 0 89 [47/53] 5 75

[15/48/37]

6 TMBDA
(100) 100 1 1 0 91 [46/54] 7 79

[16/49/37]

7 TMEDA
(200) 100 2 3 0 90 [46/54] 5 75

[15/48/37]

8 TMPDA
(200) 100 1 3 0 90 [47/53] 6 76

[16/48/36]

9 TMBDA
(200) 100 2 2 0 91 [46/54] 5 79

[16/49/37]
a Experimental conditions: Rh(acac)(CO)2 (12.9 mg, 50 μmol, 1 equiv), IDE (2.26 g, 10 mmol, 200 equiv), Nitrogen compound (10–200 equiv),
toluene (6 mL), 80 bars of CO/H2 (1:1), 80 ◦C, 6 h. b Conv. = allyl groups conversion determined by 1H NMR. c Y(X) = yield in (X) with
respect to the initial allyl group, determined by 1H NMR; (P) = propyl; (1-P) = 1-propenyl; (ALD) = aldehyde groups = (2-FP) + (3-FP);
(PA) = primary alcohol groups = (2-HMP) + (4-HB); (RM) = (2-FP) grafts that have been cleaved by the retro-Michael reaction. d Linear to
branched ratio for aldehydes i.e., (3-FP)/(2-FP) molar ratio. e Linear to branched ratio for primary alcohols i.e., (4-HB)/(2-HMP) molar
ratio. f Y’(BPA) = yield in bis-primary alcohols with respect to the initial isosorbide moiety, determined by gas chromatography (GC-FID).
g Linear-linear/linear-branched/branched-branched ratios for bis-primary alcohols, determined by gas chromatography (GC-FID).

For the diamines, the experiments with a ratio ligand/Rh equal to 200 (nitrogen/Rh
of 400) were also performed, but the results were very similar (compare entries 4–6 and
7–9). Nevertheless, the best results in bis-primary alcohol production were obtained with
the bidentate diamines (Y’(BPA) = 74–79%, to be compared to Y’(BPA) = 69% for TEA).

2.5. HHM of IDE: Effect of the Reaction Pressure

As the reaction sequence from alkene to alcohol consumed CO and H2 with a ratio of
1:2, experiments with this ratio were performed. In the presence of TEA, similar results
were obtained for CO/H2 ratios of 1:1 or 1:2 (Table 3, entries 1 and 2). By decreasing
the pressure from 80 to 40 bars, the yields in primary alcohol decreased from 87 to 48
(Table 3, entries 2–4). So, a pressure of 80 bars seemed appropriate. The influence of the
CO:H2 molar ratio was also studied for TMPDA and TMBDA diamines (Table 3, entries
5–8). As for TEA, no modification of the bis-primary alcohol yields was evidenced. In the
same way, the variation of the pressure did not impact the distribution of (ll)-, (lb)-, and
(bb)-bis-primary alcohols.
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Table 3. Influence of syngas pressure and composition on IDE hydrohydroxymethylation a.

Entry
Ligand

(equiv/Rh)
P (bar)

(CO:H2)
Conv. b

(%)
Y(P)

c (%)
Y(1-P)

c

(%)
Y(ALD)

c (%)
[l/b] d

Y(PA)
c (%)

[l/b] e
Y(RM)

c

(%)
Y’(BPA)

f (%)
[ll/lb/bb] g

1 TEA (200) 80 (1:1) 100 2 5 0 87 [44/56] 6 69
[17/49/34]

2 TEA (200) 80 (1:2) 100 3 4 0 87 [45/55] 6 69
[17/48/35]

3 TEA (200) 60 (1:1) 100 2 13 0 80 [48/52] 5 60
[20/51/29]

4 TEA (200) 40 (1:1) 85 2 18 13 [48/52] 48 [45/55] 4 22
[17/48/35]

5 TMPDA
(100) 80 (1:1) 100 2 4 0 89 [47/53] 5 75

[15/48/37]

6 TMPDA
(100) 80 (1:2) 100 3 2 0 88 [48/52] 7 74

[16/49/37]

7 TMBDA
(100) 80 (1:1) 100 1 1 0 91 [46/54] 7 79

[16/49/37]

8 TMBDA
(100) 80 (1:2) 100 3 3 0 87 [46/54] 7 78

[15/49/36]
a Experimental conditions: Rh(acac)(CO)2 (12.9 mg, 50 μmol, 1 equiv), IDE (2.26 g, 10 mmol, 200 equiv), Nitrogen compound (100–200 equiv),
toluene (6 mL), CO/H2 (1:1 or 1:2; 40–80 bar), 80 ◦C, 6 h. b Conv. = allyl groups conversion determined by 1H NMR. c Y(X) = yield in (X)
with respect to the initial allyl group, determined by 1H NMR; (P) = propyl; (1-P) = 1-propenyl; (ALD) = aldehyde groups = (2-FP) + (3-FP);
(PA) = primary alcohol groups = (2-HMP) + (4-HB); (RM) = (2-FP) grafts that have been cleaved by the retro-Michael reaction. d Linear to
branched ratio for aldehydes i.e., (3-FP)/(2-FP) molar ratio. e Linear to branched ratio for primary alcohols i.e., (4-HB)/(2-HMP) molar
ratio. f Y’(BPA) = yield in bis-primary alcohols with respect to the initial isosorbide moiety, determined by gas chromatography (GC-FID).
g Linear-linear/linear-branched/branched-branched ratios for bis-primary alcohols, determined by gas chromatography (GC-FID).

3. Materials and Methods

All reactions involving metal-amine catalysts were performed under an air atmo-
sphere. The catalytic precursor Rh(acac)(CO)2 was purchased from Strem Chemicals and
used as received. The different amines were purchased from Acros or Aldrich and used
without prior purification. Isosorbide was supplied by Roquette. Syngas (CO:H2/1:1) and
dihydrogen were provided by the Linde Group in cylinders pressurized at 200 bars. The
catalytic experiments were conducted under a fume hood in a room equipped with a CO
detector and an explosimeter, both connected to an alarm.

1H and 13C NMR spectra were recorded at 298 K on a Bruker Avance III HD 300(Wis-
sembourg, France) NanoBay spectrometer equipped with a 5 mm broadband probe BBFO
with Z-gradients, operating at 7.05 T field strength (300 MHz for 1H nuclei and 75 MHz
for 13C nuclei). 1H and 13C chemicals shifts were determined using residual signals of the
deuterated solvents and were calibrated vs. SiMe4. Assignment of the signals was carried
out using 1D (1H, 13C) and 2D (COSY, HMBC, HMQC) NMR experiments.

Gas chromatography with flame ionization detection (GC-FID) was monitored by
analyzing aliquots of the reaction mixture using a Shimadzu GC-2010 Plus apparatus
(Noisiel, France) equipped with an RTX-5 capillary column (30 m, 0.25 mm, 0.25 μm). The
oven temperature was programmed as follows: initial temperature of 50 ◦C, increased to
250 ◦C by 15 ◦C/min and held for 15 min. The injector and detector temperatures were
250 ◦C and nitrogen was used as carrier gas at a constant column flow rate of 1.50 mL/min.
An aliquot of the sample was injected in split mode.

Products were also analyzed by ESI-MS (electrospray ionization-mass spectrometry)
using an AB SCIEX TripleTOF® 5600 mass spectrometer (AB Sciex, Singapore).
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Fourier transform infrared spectroscopy (FT-IR) experiments were carried out in the
4000–400 cm−1 region with a spectral resolution of 2 cm−1 using a Shimadzu IR Prestige-21
spectrometer equipped with a PIKE MIRacle diamond crystal (Noisiel, France).

In a typical catalytic experiment, Rh(acac)(CO)2 (12.9 mg, 0.05 mmol, 1 eq.), Triethy-
lamine (1.012 g, 10 mmol, 200 eq.), isosorbide diallyl ether (2.261 g, 10 mmol, 200 eq.),
and toluene (6 mL) were added in a 25 mL stainless-steel autoclave (Parr instrument com-
pany) equipped with a mechanical stirrer. The reactor was sealed, the reaction mixture
was stirred, and the reactor was heated at 80 ◦C. Then, the reactor was pressurized with
80 bars of CO/H2 (1:1). After the appropriate reaction time, the reactor was cooled to room
temperature and depressurized. The crude mixture was concentrated to remove the TEA
and the solvent. The mixture was then analyzed by 1H NMR spectroscopy and GC-FID.
All runs were performed at least twice in order to ensure reproducibility.

4. Conclusions

The direct functionalization of isosorbide diallyl ether with primary alcohol functions
was performed efficiently by the [Rh(acac)(CO)2/trialkylamine] catalytic system under
CO/H2 pressure. The highest yields in bis-primary alcohols were obtained with bidentate
diamines, with a maximum value of 79% obtained with TMBDA. The nature of the ligand
(monodentate or bidentate), as well as the ligand/Rh and CO/H2 ratios, did not modify
the linear and branched products distribution. Among these observations, the more
surprising result was the absence of different behaviors between monodentate or bidentate
amines concerning regioselectivity. Indeed, for all active amines tested, the branched
2-(hydroxymethyl)propyl group systematically formed in a majority compared to the linear
2-hydroxybutyl group with a ratio l/b of about 45/55. This ratio was rather consistent with
a low hindered catalytic species. These results raised questions on the role of amines as a
ligand in this reaction, the key factor relative to the amine efficiency being also linked to its
pKa value. In this context, some studies are being run to clarify the exact role played by
the amine in the catalytic system. Finally, as the introduction of primary alcohol functions
allows circumvention of the low overall reactivity of the secondary alcohol groups of
isosorbide after a preliminary allylation, the new isosorbide derivatives obtained by this
method could be advantageously used to synthesize isosorbide bio-based polyesters and
polyurethanes.

Supplementary Materials: The following are available online. The Supplementary Materials contain:
a general purpose (part I); an experimental section with the isosorbide diallyl ether synthesis and
the general procedure for the reductive hydroformylation catalytic tests (part II); a part dedicated
to synthesis and characterization of authentic samples/reaction products, including hydrogenated,
isomerized, hydroformylated, and hydrohydroxymethylated isosorbide diallyl ether (part III); and a
part explaining the way by which the allyl group conversion, related yields, and regioselectivities
were determined by 1H NMR analysis; as well as the bis-primary alcohols yield and characteristics
by gas chromatography (part IV).
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Abstract: Methyl-substituted 8-hydroxyquinolines (Hquin) were successfully used to synthetize
five-coordinated oxovanadium(IV) complexes: [VO(2,6-(Me)2-quin)2] (1), [VO(2,5-(Me)2-quin)2] (2)
and [VO(2-Me-quin)2] (3). Complexes 1–3 demonstrated high catalytic activity in the oxidation of
hydrocarbons with H2O2 in acetonitrile at 50 ◦C, in the presence of 2-pyrazinecarboxylic acid (PCA)
as a cocatalyst. The maximum yield of cyclohexane oxidation products attained was 48%, which is
high in the case of the oxidation of saturated hydrocarbons. The reaction leads to the formation of a
mixture of cyclohexyl hydroperoxide, cyclohexanol and cyclohexanone. When triphenylphosphine is
added, cyclohexyl hydroperoxide is completely converted to cyclohexanol. Consideration of the regio-
and bond-selectivity in the oxidation of n-heptane and methylcyclohexane, respectively, indicates
that the oxidation proceeds with the participation of free hydroxyl radicals. The complexes show
moderate activity in the oxidation of alcohols. Complexes 1 and 2 reduce the viability of colorectal
(HCT116) and ovarian (A2780) carcinoma cell lines and of normal dermal fibroblasts without showing
a specific selectivity for cancer cell lines. Complex 3 on the other hand, shows a higher cytotoxicity in
a colorectal carcinoma cell line (HCT116), a lower cytotoxicity towards normal dermal fibroblasts
and no effect in an ovarian carcinoma cell line (order of magnitude HCT116 > fibroblasts > A2780).

Keywords: vanadium(IV) complexes; biological activity; catalytic properties; 8-hydroxyquinoline;
cytotoxicity studies

1. Introduction

In the last three decades, vanadium coordination compounds have received increas-
ing interest due to their structural features [1–44], catalytic applications [21–33,45,46] and
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medicinal importance [33–44,47–63]. Particular attention has been paid to bis-chelated
VIVO and VVO complexes of the general formula [VIVO(N∩O)2], [VIVO(N∩O)2(solvent)]
and [VVO(OR)(N∩O)2]. Among them there is the vanadium maltolate complex [VO(ethylm
altolate)2] which entered phase IIa clinical trials as an antidiabetic agent [56]. For VIVO
complexes bearing bidentate picolinate ligands, it was found that their pharmacological
potential is strongly dependent on the structural modification of organic ligands and lig-
and arrangement around the metal center [54,57–61]. Exemplarily, the introduction of an
electron-withdrawing halogen atom or electron-donating alkyl group at the fifth or third po-
sition of the pyridine ring leads to stronger insulin-enhancing activity of [VO(picolinate)2]
and [VO(picolinate)2(solvent)] in comparison with [VO(picolinate)2(H2O)]. On the contrary,
investigations of the substituent effect on the antiproliferative potential of vanadium com-
plexes [VVO(OMe)(N∩O)2] bearing 8-hydroxyquinoline ligands on HCT116 and A2780
cancer cell lines, showed that the introduction of substituents into the 8-hydroxyquinoline
backbone at 5- and 5,7-positions induces a reduction of the antiproliferative effect in rela-
tion to [VO(OMe)(quin)2], and the complexes [VVO(OMe)(N∩O)2] with hydroxyquinoline
(quin) substituted only in the 5-position were more cytotoxic than those with substituents
in the 5,7-positions of the quin backbone. Nevertheless, as all the vanadium(V) complexes
[VVO(OR)(N∩O)2] with 8-hydroxyquinoline derivatives showed a significantly lower IC50
towards the A2780 cell line, other than oxovanadium and dioxovanadium complexes
previously reported [62], these systems deserve further intensive studies. What is also
important, is that monomeric oxidovanadium(V) complexes [VO(OMe)(N∩O)2] with nitro-
or halogen-substituted quinolin-8-olate ligands were found to be very promising in view
of their catalytic properties. These complexes exhibit high catalytic activity toward the
oxidation of inert alkanes to alkyl hydroperoxides by H2O2 in aqueous acetonitrile, with
the yield of oxygenate products up to 39% and a TON of 1730 for 1 h [63].

In continuation of our studies on monomeric oxovanadium complexes with bidentate
monoanionic ligands [62,63], we present herein the biological and catalytic potential of
three oxovanadium(IV) complexes with methyl-substituted 8-hydroxyquinolines, they
are [VO(2,6-(Me)2-quin)2] (1), [VO(2,5-(Me)2-quin)2] (2) and [VO(2-Me-quin)2] (3). Two
of them (1 and 2) have been obtained for the first time, while compound 3, the X-ray
structure of which has been presented previously [64], was included to obtain more reliable
structure–activity relationships for these systems. In contrast to the previously reported
[VVO(OMe)(N∩O)2] with 8-hydroxyquinoline derivatives bearing substituents in the 5-
or 5,7-positions of the quin backbone, all the complexes here presented contain a vana-
dium(IV) ion and they are five-coordinated, which was evidenced by the X-ray diffraction
analysis, EPR and UV–Vis spectroscopy. The catalytic potential of complexes 1–3 was
examined for the oxidation of alkanes with H2O2 and compared with the activity of the
classic system vanadate ion plus pyrazine-carboxylic acid (PCA). To evaluate the antiprolif-
erative effect of complexes 1–3, HCT116 and A2780 cancer cell lines, and normal dermal
fibroblasts were used.

2. Results and Discussion

2.1. Synthesis

To synthetize the oxidovanadium complexes with methyl-substituted 8-hydroxyquin
olines, [VO(2,6-(Me)2-quin)2] (1), [VO(2,5-(Me)2-quin)2] (2), the previously reported pro-
cedure based on the reaction of bis(acetylacetonato)oxidovanadium(IV) with the corre-
sponding 8-hydroxyquinoline derivative in open air was employed [62,63]. Remark-
ably, in the reaction with the use of quinH, 5-Cl-quinH, 5-NO2-quinH, 5,7-Cl2-quinH,
5,7-(Me)2-quinH, 5,7-Cl,I-quinH and 5,7-I2-quinH, 5,7-(Me)2-quinH, the vanadium(IV) of
the starting [VO(acac)2] undergoes oxidation by molecular oxygen and the acetylacetonato
ligands are exchanged by the corresponding quinolin-8-olate ions to give six-coordinated
[VVO(OMe)(N∩O)2]. In contrast, the reactions of [VO(acac)2] with 2-Me-quinH, 2,6-(Me)2-
quinH and 2,5-(Me)2-quinH resulted in the formation of five-coordinated [VIVO(N∩O)2].
It indicates that the methyl-functionalization of quinH strengthen its coordination capacity
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to the V(IV) ion, and steric hindrance induced by the methyl group at the 2-position in the
pyridine ring facilitates the formation of five-coordinated complexes.

2.2. Molecular Structure

Perspective views of the molecular structures of 1 and 2 together with the atom
numbering are depicted in Figure 1. The atoms V(1) and O(2) in the structure 1 are
located on a twofold crystallographic axis, thus the molecule [VO(5,6-(Me)2-quin)2] has
crystallographically-imposed twofold symmetry.

Figure 1. The molecular structures of 1 [symmetry code: (a) = −x, y, 1/2 − z] (a) and 2 (b). Displace-
ment ellipsoids are drawn at the 50% probability level.

The five-coordinated vanadium(IV) ion adopts a coordination geometry lying between
square pyramidal and trigonal bipyramidal. The angular structural index parameter τ [65],
expressed as the difference between the two largest angles divided by 60, has a value of
0.57 for 1 and 0.56 for 2. The atom V(1) is shifted ~0.6 Å towards the oxo ion from the
least-squares plane defined by the nitrogen and oxygen atoms of two quinolin-8-olate
bidentate ligands. The bite angle of the chelating ligand is ~80◦ (Tables S1–S3, Supple-
mentary Materials), and the dihedral angle between the least-squares planes formed by
the organic ligands is equal to 60.38(4)◦ for 1 and 50.32(3)◦ for 2. This kind of coordi-
nation geometry seems to be typical for [VO(N∩O)2] bearing two N,O-donor bidentate
ligands, contrary to [VO(O∩N∩N∩O)] of tetradentate Schiff base ligands in which five-
coordinated vanadium(IV) generally displays a distorted square-pyramidal environment
with a basal square plane constituted by the two iminic nitrogen and two phenoxide oxygen
atoms [4,6,64,66–82] (Table S7, Supplementary Materials). The V = O [1.590(2) and 1.595(3)
Å], V–O [1.921(1) and 1.924(2) Å] and V–N [2.122(2) and 2.125(2) Å] bond lengths in 1

and 2 (Tables S1 and S2) are in good agreement with those reported for five-coordinated
vanadyl compounds (Tables S3 and S7, Supplementary Materials). More detailed structural
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parameters of the designed complexes are included in Tables S4–S6 and Figures S3–S8 in
Supplementary Materials.

The phase purity of 1 and 2 was evidenced by comparing the powder X-ray diffraction
(PXRD) patterns of the powdery sample with those generated by simulation based on
single-crystal structures. As shown in Figure S9, the bulk powder samples give patterns
consistent with those obtained theoretically from the single-crystal structure.

2.3. EPR Spectroscopy

The oxidation state of vanadium in complexes 1–3 was confirmed by the EPR spectra
(Figure 2). The X- and Q-band EPR powder spectra of all complexes were recorded at room
temperature. The X-band spectrum shows intense central field broad structured bands
with no detectable hyperfine structure at g = 1.982 for 1, 1.986 for 2 and 1.996 for 3. The
Q-band spectrum presents slightly resolved peaks, and the nature of the peaks is the same
as in the X-band. The 77 K powder EPR spectra recorded at the X-band show that there is a
slight increase in the signal intensity.

Figure 2. The X-band EPR spectra of 1–3 at 77 K together with the spectrum calculated by computer
simulation of the experimental spectra with spin Hamiltonian parameters given in the text.

EPR frozen solution spectra of compounds 1–3 in DMSO (Figure 3) and CH3CN
(Figure S10) show eight lines of hyperfine splitting of a parallel and perpendicular orienta-
tion, proving the interaction of S = 1/2 with the nucleus spin of one vanadium and hence
the formation of mononuclear compounds. The spectra of these mononuclear compounds
may be simulated using the spin Hamiltonian parameters gx = gy = 1.979, gz = 1.942,
Ax = Ay = 65 G, Az = 180 G for 1, gx = gy = 1.977, gz = 1.958, Ax = Ay = 52 G, Az = 169 G
for 2, and gx = gy = 1.994, gz = 1.946, Ax = Ay = 50 G, Az = 169G for 3, respectively, which
are typical for oxidovanadium(IV) compounds with an analogous N2O2 donor set of the
ligands in the vanadium xy plane [38,83,84], and in agreement with the molecular structure
determined by X-ray crystal structure studies of 1–3.
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Figure 3. EPR frozen solution spectra (at 77 K) of compounds 1–3; in aqueous 2% DMSO.

In order to investigate the stability of the studied complexes, EPR spectra were
recorded depending on the time (Figure 4). The constant position of bands confirms
the stability of the V(IV) complexes in the solution.

Figure 4. EPR stability spectra (frozen solution at 77 K in aqueous 2% DMSO) of compounds 1–3.
Spectra were recorded every for 24 h.

2.4. Absorption Spectroscopy

The yellowish-brown tetravalent d1 complexes 1 and 3 display three ligand-field
transitions dxy → dxz, dyz and dxy → dx

2
−y

2 and dxy → dz
2 at 701, 585 and 523 nm for 1

and 744, 572 and 501 nm for 3. In the case of 2, only two bands of low intensity in the
range 500–850 nm, are observed. An expected a third transition attributed to dxy → dz

2 is
most likely masked by the intense ligand-metal charge-transfer (LMCT) transition with
a maximum at 398 nm. In the spectra of 1 and 3, the absorptions assigned transitions
from the pπ orbital of the phenolate oxygen to dπ orbitals of the vanadium center (LMCT)
occur at 380 and 383 nm, respectively. The higher energy bands of 1–3, are attributable to
the spin-allowed ligand centered transitions (IL) π → π * of quinolin-8-olate (Figure S11,
Supplementary Materials).
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UV–Vis spectroscopy was also used to study the stability of the five-coordinated
oxidovanadium(IV) complexes in solution, and UV–Vis spectra of 1–3 in DMSO and
CH3CN (10−4 M) were collected once every two hours over 24 h at room temperature. As
observed, the main bands remained constant in the electronic spectra, indicating stability
of the V(IV) complexes in solution (Figures 5 and S12, Supplementary Materials).

Figure 5. UV–Vis stability spectra in DMSO (10−4 M) for compounds 1 (a) and 2 (b). Spectra were
recorded every 2 h for 24 h.

2.5. Catalytic Oxidations with Hydrogen Peroxide

One of us discovered in 1993, a system for the efficient oxidation of various organic
compounds with hydrogen peroxide, based on a simple vanadate ion compound. The
obligatory component of this system was PCA (pyrazinecarboxylic acid). This reaction
takes place at low temperatures in a solution of acetonitrile [85]. Further, this system was
studied in detail, including the oxidation of alkanes, olefins, arenes, and alcohols with
hydrogen peroxide and other oxidizing agents [86–88]. In the absence of a catalyst, the
reaction proceeds extremely slowly, in five hours the yield of products is no more than
3–5% [89–92].

In this work, we present a study of the catalytic activity of 1–3 and the effect of 2-
pyrazinecarboxylic acid on the activities of these complexes. It turned out that all complexes
exhibit high catalytic activity in the oxidation of alkanes, but only in the presence of PCA.
The curves for the accumulation of oxidation products are shown in Figures 6–9.

Figure 6. Oxidation of cyclohexane to cyclohexanol (curves 1 and 3) and cyclohexanone (curve 2)
with hydrogen peroxide catalyzed by compound 1 in the presence of PCA (curves 1 and 2) and
in the absence of PCA (curve 3). Conditions: cyclohexane (0.46 M); H2O2 (2.0 M, 50% aqueous);
complex 1 (5 × 10−4 M); PCA (2 × 10−3 M) in MeCN at 50 ◦C. Concentrations of cyclohexanone and
cyclohexanol were measured after reduction of the aliquots with solid PPh3.

74



Molecules 2021, 26, 6364

Figure 7. Oxidation of cyclohexane to cyclohexanol (curves 1) and cyclohexanone (curve 2) with
hydrogen peroxide catalyzed by compound 1 in the presence of HNO3. Conditions: cyclohexane
(0.46 M); H2O2 (2.0 M, 50% aqueous); complex 1 (5 × 10−4 M); HNO3 (0.05 M) in MeCN at 50 ◦C.
Concentrations of cyclohexanone and cyclohexanol were measured after reduction of the aliquots
with solid PPh3.

Figure 8. Oxidation of cyclohexane to cyclohexanol (curves 1 and 3) and cyclohexanone (curve 2)
with hydrogen peroxide catalyzed by compound 2 in the presence of PCA (curves 1 and 2) and
in the absence of PCA (curve 3); symbols marked by the number 4 show the reaction carried out
in the absence of PCA and HNO3. Conditions: cyclohexane (0.46 M); H2O2 (2.0 M, 50% aqueous);
complex 2 (5 × 10−4 M); PCA (2 × 10−3 M), HNO3 (0.05 M) in MeCN at 50 ◦C. Concentrations of
cyclohexanone and cyclohexanol were measured after reduction of the aliquots with solid PPh3.
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Figure 9. Accumulation of cyclohexanol (curve 1) and cyclohexanone (curve 2) in the oxidation
of cyclohexane (0.46 M) with hydrogen peroxide (2.0 M, 50% aqueous) catalyzed by compound 3

(5 × 10−4 M); PCA (2 × 10−3 M) in MeCN at 50 ◦C. Concentrations of cyclohexanone and cyclo-
hexanol were measured after reduction of the aliquots with solid PPh3. The yield of cyclohexane
oxidation products was 48%.

In the case of using complexes 1–3, the yields of alkane oxidation products are no-
ticeably higher than in reactions catalyzed by the vanadate anion-PCA system (Table S8).
Compared to other vanadium complexes, that we and other researchers have used in the
oxidative catalysis of alkanes and alcohols, we can say that the complexes described in
this article exhibit a high activity. We have also studied the oxidation of cyclohexane in the
presence of nitric acid. In this case, for complex 1, the yield of oxidation products is much
lower than in the reaction using PCA (see Figure 7). And in the case of complexes 2 and 3,
the oxidation reactions of cyclohexane do not lead to any noticeable yields of oxidation
products.

Consideration of the regio- and bond-selectivity in the oxidation of n-heptane and methyl-
cyclohexane indicates that the oxidation proceeds with the participation of free hydroxyl
radicals. The regio-selectivity parameters for the oxidation of n-heptane were obtained for
complex 2: C (1):C (2):C (3):C (4) = 1.0:5.0:5.0:4.4. The bond-selectivity parameters for the
oxidation of methylcyclohexane were also obtained: for complex 1: 1◦:2◦:3◦ = 1.0:6.3:16.7; for
complex 2: 1◦:2◦:3◦ = 1.0:5.5:15.0; for complex 3: 1◦:2◦:3◦ = 1.0:5.7:16.0, respectively. These
values are close to the parameters obtained for oxidation reactions with the participation
of hydroxyl radicals, although they are somewhat higher, apparently due to steric hin-
drances created by chelating ligands around the catalytic center in the molecules of our
complexes [93].

The complexes show moderate activity in the oxidation of alcohols. The yields for the
oxidation of phenylethanol to acetophenone with tert-butyl hydroperoxide under catalysis
with complexes 1–3, were 46%, 23% and 32%, respectively, at a temperature of 50 ◦C, in
acetonitrile for four hours. Hydrogen peroxide is much less productive in these reactions.
In analogous oxidation reactions of cyclohexanol to cyclohexanone, corresponding yields
were 10%, 5.5% and 5.5% after 5 h. In the oxidation of cyclohexene, yields of cyclohexene-
1-ol were 10%, 6.5% and 5.5% correspondingly for complexes 1–3. Epoxide and other
products of oxidation were formed in insignificant quantities.
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2.6. Viability Studies

HCT116 and A2780 cancer cell lines and normal dermal fibroblasts were used to
evaluate the antiproliferative effect of complexes 1–3 (Figures 10 and S13 and Table 1).

Figure 10. Antiproliferative effect of complexes 1–3 in the HCT116 and A2780 cancer cell lines, after 48 h, evaluated
by the MTS method. Cell viabilities were normalized to DMSO 0.1% (v/v) (vehicle control). The results presented are
mean ± standard deviation of three independent assays. An asterisk indicates a p-value inferior to 0.05.

Table 1. Relative IC50 values of complexes 1–3 in HCT116 and A2780 cancer cell lines and in normal
dermal fibroblasts.

Cell Lines 1 (μM) 2 (μM) 3 (μM)

HCT116 12.5 ± 0.63 9.6 ± 0.54 5.9 ± 0.66
A2780 17.5 ± 1.13 20.7 ± 3.11 50.9 ± 2.75

Fibroblasts 15.8 ± 1.49 8.1 ± 2.75 14.5 ± 2.33

Our results show that complex 1 displayed similar cytotoxicity in both cancer cell lines
and in normal dermal fibroblasts (Figures 10 and S13 and Table 1). Complex 2 displayed a
higher cytotoxicity in normal dermal fibroblasts compared to HCT116 and A2780 tumor
cell lines (Figures 10 and S13 and Table 1). On the other hand, complex 3 showed a higher
cytotoxicity in the HCT116 cell line (5.9 μM) compared to normal dermal fibroblasts and the
A2780 tumor cell line (Figures 11 and S13 and Table 1). Moreover, HCT116 was the cancer
cell model more sensitive to the complexes (Figures 10 and S13 and Table 1). Interestingly,
all complexes show a higher cytotoxicity (lower IC50) compared to cisplatin (IC50 of 15 μM;
see Supplementary Figure S13).

Figure 11. Internalization of complexes evaluated by the determination of the amount of vanadium
(determined by ICP-AES) present in the cellular fraction of HCT116 after exposure of HCT116 cells to
20 × IC50 concentrations of complexes 1–3 for 3 and 6 h at 4 ◦C and 37 ◦C. The results presented are
mean ± standard deviation of three independent assays.

The complexes herein described exhibit an IC50 in the range of 5.9 to 50.9 μM in
HCT116 and A2780 cancer cell lines (Figures 11 and S13 and Table 1). Previously pub-
lished complexes bearing [VO(OMe)(quin)2] backbones, possess an IC50 between 0.96 and
10.09 μM in HCT116 and A2780 cancer cell lines and from 11.24 to over 100 μM in normal
dermal fibroblasts [62]. This may be an indication that complexes bearing VO(2-Me-Quin)
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backbones are not as promising for therapeutic use as previously described complexes
bearing [VO(OMe)(quin)2] backbones [62]. Published results of the IC50 values of com-
plexes bearing hydroxyquinoline derived ligands in cancer cell lines other than HCT116
and A2780 range from 0.9 to 219 μM, and oxovanadium and dioxidovanadium complexes
present IC50 values between 0.96 to 224.5 μM, which indicates that the complexes here
described have an IC50 in the lower end of the range (Table 1) [62,94,95].

To further understand the mechanisms of cytotoxicity associated with exposure to
complexes 1–3, additional biological studies in the HCT116 cell line were carried out.

2.7. Complex Internalization

Internalization of the complexes was evaluated by exposing HCT116 cancer cells to
20 × IC50 concentrations of the complexes 1–3 for 3 and 6 h at 4 ◦C and 37 ◦C (Figure 11).

Our results show that temperature does induce statistically significant alterations in
the amount of complex internalized, which suggests that there is no active transport of
complexes into cells after 3 or 6 h (Figure 11), which has also been described in the literature
with oxovanadium complexes [96]. After 6 h incubation, approximately 94% and 91% of
complexes 2 and 3, respectively, and 60% of complex 1 were found in the HCT116 cellular
fraction (Figure 11). These results suggest that the cytotoxicity might be directly correlated
with the amount of internalized complex over time (Figures 10 and 11) and complexes 2

and 3 appear to be retained within HCT116 cells (Figure 11).

2.8. Induction of Apoptosis in the HCT116 Cell Line Exposed to Complexes 1–3

To understand if the loss of cellular viability induced by exposure to complexes 1–3 is
associated with the triggering of programed cell death, HCT116 cells were exposed to the
respective IC50 concentrations for 48 h, and the Annexin V-Alexa fluor 488/PI dead cell
apoptosis assay (ThermoFisher, Waltham, MA, USA) was used to determine the percentage
of apoptotic cells (Figure 12).

Figure 12. Apoptosis induction in the HCT116 cell line evaluated by flow cytometry after 48 h
exposure to IC50 concentrations of complexes 1–3. DMSO 0.1% (v/v) was used as a negative control
and Cisplatin 15 μM was used as a positive control. The results presented are mean ± standard
deviation of three independent assays. An asterisk indicates a p-value inferior to 0.05.

Our results show a statistically significant increase in the percentage of apoptotic cells
due to exposure to complexes 1–3 (Figure 12). HCT116 cells displayed 14.5%, 12.6% and
10.4% of apoptotic cells after 48 h exposure to complexes 1–3, respectively, while the DMSO
condition presented only 7.3% of apoptotic cells (Figure 12). There is also an increase in
necrotic cells when compared with the DMSO control, which has 2% of necrotic cells, in
cells exposed to complexes 1–3, of 7.0%, 6.2% and 5.0%, respectively. All complexes induced
lower apoptotic cell death when compared with cisplatin (Figure 12). The induction of
apoptosis has been reported for other vanadium complexes bearing 8-hydroxyquinoline-
based ligands and dioxidovanadium(V) complexes [62,95]. Based on the viability data
(Figures 10 and S13 and Table 1) and internalization data (Figure 11) we were expecting a
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higher cell death for complex 2 and particularly for complex 3. Since we did not observe
this trend, additional cell death mechanisms might be involved in the loss of cell viability.
To further explain this issue, we assessed autophagic HCT116 cell death after exposure to
complexes 1–3.

2.9. Induction of Autophagy in the HCT116 Cell Line Exposed to Complexes 1–3

Another mechanism of cell death triggered by exposure to metallic complexes is
autophagy. The Autophagy Assay kit (Abcam) was used to determine the percentage
of autophagic cells present after 48 h exposure to IC50 concentrations of complexes 1–3

(Figure 13).

Figure 13. Autophagy induction in the HCT116 cell line evaluated by flow cytometry after 48 h expo-
sure to IC50 concentrations of complexes 1–3. DMSO 0.1% (v/v) was used as a negative control and
Cisplatin 15 μM and rapamycin 50 nM were used as positive controls. The results presented are mean
± standard deviation of three independent assays. An asterisk indicates a p-value inferior to 0.05.

Exposure to complexes 1–3 led to a 7×, 4× and 10× increase of autophagic cells,
respectively when compared to the DMSO control (Figure 13). Interestingly, complex 3

was able to induce more autophagic cell death compared to cisplatin (but to a lesser extent
compared to rapamycin) (Figure 13). Therefore, induction of apoptosis and autophagy are
responsible for the total loss of cell viability induced by the complexes in HCT116 cells
(Figures 10, 11 and 13 and Table 1).

2.10. Intracellular Reactive Oxygen Species (ROS) Production in the HCT116 Cell Line Exposed to
Complexes 1–3

ROS are known triggers of apoptosis and autophagy in cells exposed to metallic
complexes. ROS production was evaluated in HCT116 cells exposed to IC50 concentrations
of complexes 1–3 for 48 h (Figure 14).

Our results show a statistically significant increase of 3.3× and 2.3× of intracellular
ROS in HCT116 cells exposed to complexes 2 and 3, respectively when compared to
the DMSO control, although lower than cisplatin (Figure 14). Although not statistically
significant, complex 1 also induces a 1.15× increase in the amount of intracellular ROS in
HCT116 cells (Figure 14).
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Figure 14. Intracellular ROS production in the HCT116 cell line after 48 h exposure to IC50 concen-
trations of complexes 1–3, evaluated by flow cytometry. DMSO 0.1% (v/v) was used as a negative
control and Cisplatin 15 μM and H2O2 50 μM were used as positive controls. The results presented
are mean ± standard deviation of three independent assays. An asterisk indicates a p-value inferior
to 0.05.

2.11. Evaluation of Alterations in the Mitochondrial Membrane Potential of HCT116 Cells
Exposed to Complexes 1–3

To evaluate if the observed apoptosis induction in the HCT116 cell line is triggered by
the intrinsic pathway, due to destabilization of mitochondria, changes in the mitochondrial
membrane potential were evaluated using JC-1 dye (Abnova). This is a green fluorescent
dye as a monomer; however, it will aggregate in the presence of a normal mitochondrial
potential, which will cause a red-shift in emission spectra [97]. Measuring the green and red
fluorescence by flow cytometry it is possible to calculate normalized ratios that can show
us if there is an increase or decrease in the mitochondrial membrane potential (Figure 15).

Figure 15. Alterations of the mitochondrial membrane potential in the HCT116 cell line after 48 h
exposure to IC50 concentrations of complexes 1–3, evaluated by flow cytometry. DMSO 0.1% (v/v)
was used as a negative control and Cisplatin 15 μM was used as a positive control. The results
presented are mean ± standard deviation of three independent assays.

Our results shown that there is no significant change of the mitochondrial membrane
potential in HCT116 cells exposed to complexes 1–3 when compared with the DMSO control
(Figure 15). The cisplatin control displays a small increase in the JC-1 (monomer/aggregate)
ratio, which is indicative of mitochondrial membrane destabilization, although not statisti-
cally significant (Figure 15).

80



Molecules 2021, 26, 6364

3. Materials and Methods

3.1. Materials

2-methyl-8-hydroxyquinoline was commercially available (Sigma Aldrich, Darmstadt,
Germany), while 2,5-dimethyl-8-hydroxyquinoline and 2,6-dimethyl-8-hydroxyquinoline
were synthesized according to procedures described previously [98]. The analytical data
(FT-IR and HR-MS spectra, X-ray analysis and PXRD spectrum) for [VO(2-Me-quin)2] (3)
provided a good agreement with those reported in reference [64].

3.2. Synthesis of [VO(2,6-(Me)2-quin)2] (1) and [VO(2,5-(Me)2-quin)2] (2)

A mixture of VO(acac)2 (1 mmol, 0.26 g) and the appropriate 2,5-dimethyl-8-hydroxyq
uinoline or 2,6-dimethyl-8-hydroxyquinoline (2 mmol; 0.35 g) was suspended in toluene
(30 mL), and the resulting solution was refluxed for 2 h in open air. After several days
the crystalline solid of the vanadium(IV) complex was collected. The crystals suitable for
X-ray analysis were obtained by recrystallization from an acetonitrile/chloroform mixture
(1/1 v/v).

[VO(2,6-(Me)2-quin)2] (1): Yield 55%. HR-MS (ESI): calcd for C22H20N2O3NaV+

[M + Na]+ 434.0811, found 434.0818. Anal. Calc. for C22H20N2O3V (411.34 g/mol):
C 64.25, H 4.90, N 6.81%. Found: C 64.55, H 4.73, N 6.78%. IR (KBr, cm−1): 3436(s),
3028(w), 2920(m), 1613(w), 1575(s), 1496(s), 1469(m), 1439(w), 1401(s), 1377(w), 1346(m),
1266(s), 1208(w), 1041(s), 1132(s), 1033(w), 987(m), 976 (m), 946(s), 847(m), 789(w), 782(w),
725(m), 686(m), 653(m), 634(m), 618(w), 600(w), 533(m), 432(w). UV–Vis (DMSO, λmax, nm
(ε, dm3·mol−1·cm−1)): 268 (25170), 312 (1930), 380 (2310), 523 (530), 585 (280), 701 (110).

[VO(2,5-(Me)2-quin)2] (2): Yield 75%. HRMS (ESI): calcd for C22H20N2O3NaV+ [M
+ Na]+ 434.0811, found 434.0813. Anal. Calc. for C22H20N2O3V (411.34 g/mol): C
64.25, H 4.90, N 6.81%. Found: C 63.94, H 4.69, N 6.52%. IR (KBr, cm−1): 3438(m),
3028(m), 2892(w), 2861(w), 1597(m), 1571(s), 1515(s), 1462(s), 1434(s), 1409(m), 1374(m),
1314(s), 1291(m), 1263(s), 1245(m), 1223(w), 1157(m), 1093(s), 983(s), 947(w), 836(s), 819(w),
787(m), 767(s), 747(m), 644(m), 632(m), 523(m), 501(w), 452(w). UV–Vis (DMSO, λmax, nm
(ε, dm3·mol−1·cm−1)): 320 (3960), 398 (6600), 582 (100), 753 (80).

3.3. X-ray Crystal Structure Determination

The X-ray diffraction data for complexes 1 and 2 were collected using an Oxford
Diffraction four-circle diffractometer Gemini A Ultra with an Atlas CCD detector using
graphite monochromated MoKα radiation (λ = 0.71073 Å) at room temperature. Diffraction
data collection, cell refinement and data reduction were performed using the CrysAlisPro

software [99]. The structures were solved by direct methods using SHELXS and refined
by full-matrix least-squares on F2 using SHELXL-2014 [100]. All the non-hydrogen atoms
were refined anisotropically, and hydrogen atoms were placed in calculated positions and
refined with riding constraints: d(C–H) = 0.93 Å, Uiso(H) = 1.2 Ueq(C) (for aromatic) and
d(C–H) = 0.96 Å, Uiso(H) = 1.5 Ueq(C) (for methyl). The methyl groups were allowed
to rotate about their local threefold axis. Details of the crystallographic data collection,
structural determination, and refinement for 1 and 2 are given in Table 2, whereas selected
bond lengths and angles for them are listed in Tables S1 and S2, Supplementary Materials.

Powder X-ray diffraction (XRPD) measurements on 1 and 2 were performed on a PAN-
alytical Empyrean X-ray diffractometer by using Cu−Kα radiation (λ = 1.5418 Å), in which
the X-ray tube was operated at 40 kV and 30 mA ranging from 5 to 50◦ (Figures 2 and S9).

3.4. Physical Measurements

IR spectra were recorded on a Nicolet iS5 FT–IR spectrophotometer in the spectral
range 4000–400 cm−1 with the samples in the form of KBr pellets (Figure S1, Supplementary
Materials). HRMS analysis (Figure S2, Supplementary Materials) was performed on a
Waters Xevo G2 Q-TOF mass spectrometer (Waters Corporation, Milford, MA, USA) with
an ESI ion source. Full-scan MS data were collected from 100 to 1000 Da in positive ion
mode with a scan time of 0.5 s. To ensure accurate mass measurements, data were collected
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in centroid mode and mass was corrected during acquisition using a leucine enkephalin
solution as an external reference (Lock-SprayTM), with the reference ion at m/z 556.2771 Da
([M + H]+). Elemental analyses (C, H, N) were performed on a Perkin–Elemer CHN–2400
analyzer. The electronic spectra were obtained using Nicolet Evolution 220 in the range
240–1000 nm in DMSO (Figure S10, Supplementary Materials).

Table 2. Crystal data and structure refinement for 1–2.

1 2

Empirical formula C22H20N2O3V C22H20N2O3V
Formula weight 411.34 411.34

T, K 295.0(2) 295.0(2)
Wavelength, Å 0.71073 0.71073
Crystal system Monoclinic Monoclinic

Space group C2/c P21/c

Unit cell dimensions, Å and ◦

a 18.8566(15) 15.6046(11)
b 8.2237(4) 8.1475(5)
c 13.2105(8) 16.5949(16)
β 113.906(5) 117.340(11)

V, Å3 1872.8(2) 1874.2(3)
Z 4 4

Dc, g cm−3 1.459 1.458
Absorption coefficient, mm−1 0.556 0.555

F(000) 852 852
Crystal size, mm 0.283 × 0.137 × 0.055 0.162 × 0.089 × 0.079

θ range for data collection ◦ 3.46 to 25.05 3.49 to 25.05

Index ranges
−22 ≤ h ≤ 22
−9 ≤ k ≤ 9
−15 ≤ l ≤ 15

−18 ≤ h ≤ 17
−8 ≤ k ≤ 9
−19 ≤ l ≤ 18

Reflections collected 6154 7065
Independent reflections 1653 [Rint = 0.0221] 3291 [Rint = 0.0479]

Completeness to 2θ 99.7 99.3
Min. and max. transm. 0.712 and 1.000 0.588 and 1.000

Data/restraints/parameters 1653/0/130 3291/0/257
Goodness-of-fit on F2 1.086 1.002

Final R indices [I > 2σ(I)]
R1

wR2

0.0326
0.0931

0.0489
0.1065

R indices (all data)
R1

wR2

0.0355
0.0950

0.0834
0.1202

Largest diff. peak and hole, e Å−3 0.50 and −0.24 0.34 and −0.32
CCDC number 1971585 1971586

3.5. EPR Spectroscopy

Electron paramagnetic resonance (EPR) spectra of the oxidovanadium(IV) complexes
were measured using a Bruker ELEXYS E 500 operating at the X-band frequency (9.7 GHz).
The solid compounds 1 and 2 dissolved in water and a few drops of DMSO, were added
to the samples to ensure good glass formation at liquid nitrogen temperature [101]. A
microwave frequency of 6.231 GHz, power of 10 mW and modulation amplitude of 8 G
was used. Anisotropic spectra were recorded on frozen solutions at 77 K using quartz
Dewar and glass capillary tubes at room temperature. An analysis of the EPR spectra was
carried out using the WinEPR SimFonia software package, version 1.26b [102].
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3.6. Biological Assays

3.6.1. Cell Culture

The human colorectal carcinoma derived cancer cell line (HCT116) and human nor-
mal dermal fibroblasts (Ref. PCS-201-010) were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA) and grown in Dulbecco’s modified Eagle medium
(DMEM). The human ovarian carcinoma derived cancer cell line (A2780) was purchased
from Merck (Darmstadt, Germany) and cultivated in Roswell Park Memorial Institute
(RPMI) 1640 culture medium. All media were supplemented with 10% fetal bovine serum
and a 1% Pen/Strep solution (all media and supplements were from Thermo Fischer
Scientific, Waltham, MA, USA). Cell cultures were maintained at 37 ◦C, in a humified
atmosphere of 5% (v/v) CO2 [103,104].

3.6.2. Viability Assays

Normal dermal fibroblasts and cancer cell lines HCT116 and A2780 were seeded in 96-
well plates with a density of 7500 cells per well. After 24 h, culture media was replaced, and
cells were exposed to different concentrations of complexes 1–3 or DMSO 0.1% (v/v) (vehi-
cle control) or cisplatin (positive control) for 48 h (Figure S14). Cells exposed to cisplatin
were used as a positive control [103,104]. After 48 h of incubation, the CellTiter 96® Aqueous
Non-Radioactive Proliferation assay (Promega, Madison, WI, USA) was used to determine
cellular viability through the production of formazan through the reduction of 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, in-
ner salt (MTS) by dehydrogenases present in metabolically active cells [103,104]. The
amount of formazan can be determined by its absorbance at 492 nm in an Infinite M200
microplate reader (Tecan, Mannedorf, Switzerland) [103,104]. The biological activity of
the complexes was compared using the half maximal inhibitory concentration of cellular
proliferation (IC50) determined with Prism 8.2.1 software for windows (GraphPad Software,
La Jolla, CA, USA).

3.6.3. Vanadium Detection in the HCT116 Cell Line by ICP-AES

The internalization of the vanadium complexes in HCT116 cells was evaluated by an
inductive plasma atomic emission spectrometry technique (ICP-AES). HCT116 cells were
seeded in 25 cm2 culture flasks with a cellular density of 1 × 105 cells per mL. After 24 h
of incubation at 37 ◦C in a humified atmosphere of 5% (v/v) CO2, the culture medium
was replaced with fresh culture medium containing a 20 × IC50 at 48 h concentration of
the complexes 1–3 or 0.1% (v/v) of DMSO (vehicle control) followed by incubations of
3 h or 6 h at 37 or 4 ◦C. We used this concentration to ensure that we were above the
detection limit of the technique. This concentration (20 × IC50) does not induce a loss of
cell viability for the selected time points. The culture medium was then collected, and
cells detached with trypsin and centrifuged at 700× g for 5 min at 15 ◦C. The supernatant
(culture medium plus trypsin) and the pellet (cells) were stored separately at −20 ◦C until
freshly made aqua regia was added to all the samples as previously described [104]. The
vanadium quantification in each fraction was performed by ICP-AES, as a paid service.

3.6.4. Evaluation of Apoptosis Induction in the HCT116 Cell Line by Flow Cytometry

Apoptosis induction in HCT116 cells was evaluated using the Annexin V-Alexa fluor
488/PI dead cell apoptosis assay (Thermo Fischer Scientific). Briefly, HCT116 cells were
seeded in 6-well plates (2 × 105 cells per well) and then incubated 48 h with the IC50
concentrations of complexes 1–3 at 37 ◦C in a humified atmosphere of 5% (v/v) CO2.
Cells were also incubated with DMSO 0.1% (vehicle control) and cisplatin 15 μM (positive
control). Following the manufacturer’s instructions, after this incubation period, cells were
detached with trypsin, washed with PBS 1× and incubated 15 min at room temperature
with Annexin V-Alexa fluor 488 assay solution and 10 μg mL−1 propidium iodide [97,104].
An Attune acoustic focusing cytometer (ThermoFisher Scientific, Waltham, MA, USA) was
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used to analyze cells and the resulting information was processed with the respective
Attune Cytometric Software 2.1 (ThermoFisher Scientific, Waltham, MA, USA).

3.6.5. Autophagy Induction Evaluation in the HCT116 Cell Line by Flow Cytometry

Autophagy induction in HCT116 cells was evaluated using the Autophagy Assay kit
(Abcam), according to the manufacturer’s instructions. HCT116 cells were seeded in 6-well
plates at a cellular density of 2 × 105 cells per well. After 24 h, cells were incubated with the
IC50 concentrations of complexes 1–3 for 48 h at 37 ◦C in a humified atmosphere of 5% (v/v)
CO2. In addition to the DMSO 0.1% v/v vehicle control, cisplatin 15 μM and rapamycin
0.5 μM were performed as positive controls. After 48 h of incubation, cells were detached
from the wells with trypsin and washed with Assay Buffer 1× before being incubated
30 min at 37 ◦C in DMEM medium with the Green Stain solution. Cells were then washed
and resuspended in Assay Buffer 1× and this was followed by analysis in an Attune
acoustic focusing cytometer (ThermoFisher Scientific), and the results were analyzed with
the respective instrument software (Attune Cytometric Software, version 2.1).

3.6.6. Intracellular Reactive Oxygen Species (ROS) Production Evaluation in the HCT116
Cell Line by Flow Cytometry

The induction of ROS in HCT116 cells was evaluated indirectly by flow cytometry
using a specific dye, 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA) (Thermo
Fischer Scientific). In the presence of ROS, intracellular esterases remove the acetate groups
of the dye which leads to an increased fluorescence [97,104]. HCT116 cells were seeded in
6-well plates (4 × 105 cells per well) for the initial 24 h of incubation. Cells were incubated
with DMSO 0.1% (v/v) (vehicle control), 50 μM H2O2 and 15 μM cisplatin (positives
controls) and the complexes 1–3 at their IC50 concentrations for 48 h at 37 ◦C in a humified
atmosphere of 5% (v/v) CO2. Cells were then detached from the wells with trypsin and
washed with PBS 1× before incubation with 100 μM of H2DCF-DA for 20 min at 37 ◦C,
then processed in an Attune acoustic focusing cytometer (ThermoFisher Scientific), with
the resulting data analyzed using the respective software (Attune Cytometric Software,
version 2.1).

3.6.7. Mitochondrial Membrane Potential Evaluation in the HCT116 Cell Line by
Flow Cytometry

The mitochondrial membrane potential in HCT116 cells was evaluated using 5,5′,6,6′-
Tetrachloro-1,1′,3,3′-tetraethylbenzimidazolocarbocyanine iodide, JC-1 (Abnova Corpo-
ration, Walnut, CA, USA). The mitochondrial potential is an important parameter of
mitochondrial function, and is thus used as an indicator of cell health. In healthy cells
with high potential, JC-1 shows aggregates with intense red fluorescence. On the other
hand, in cells with low mitochondrial membrane potential (for example cells in apoptosis),
JC-1 remains in the monomeric form, which exhibits green fluorescence104 [105]. Briefly,
HCT116 cells were seeded in 6-well plates at a cellular density of 2 ×105 cells per well
and then incubated 48 h with the IC50 concentrations of vanadium complexes 1–3 at 37 ◦C
in a humified atmosphere of 5% (v/v) CO2, having as controls DMSO 0.1% (vehicle con-
trol), cisplatin 15 μM and doxorubicin 0.4 μM (positive controls). Afterwards cells were
detached with trypsin, washed with PBS 1× and incubated 20 min at 37 ◦C in DMEM
medium with the JC-1 solution. Cells were again washed and resuspend in DMEM medium
without phenol red and analyzed in an Attune acoustic focusing cytometer (ThermoFisher
Scientific).

3.7. Catalytic Studies

The total volume of the reaction solution was 5 mL (Caution: the combination of air
or molecular oxygen and H2O2 with organic compounds at elevated temperatures may
be explosive!). Cylindrical glass vessels with vigorous stirring of the reaction mixture
were used for the oxidation of alkanes with hydrogen peroxide which were typically
carried out in air in a thermostated solution. Initially, a portion of 50% aqueous solution of
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hydrogen peroxide was added to the solution of the catalyst and substrate in acetonitrile.
The aliquots of the reaction solution were analyzed by GC (a 3700 instrument, fused silica
capillary column FFAP/OV-101 20/80 w/w, 30 m × 0.2 mm × 0.3 μm; argon as a carrier
gas. Attribution of peaks was made by comparison with chromatograms of authentic
samples). Usually samples were analyzed twice, i.e., before and after the addition portion
by portion of the excess of solid PPh3. This method was proposed and used by one of us
previously [106,107].

Alkyl hydroperoxides are transformed in the GC injector into a mixture of the corre-
sponding ketone and alcohol. Due to this, we quantitatively reduced the reaction samples
with PPh3 to obtain the corresponding alcohol. This method allows us to calculate the real
concentrations not only of the hydroperoxide, but of the alcohols and ketones present in
the solution at a given moment. An example is shown in Figure 16.

Figure 16. Accumulation of cyclohexanol and cyclohexanone in the oxidation of cyclohexane (0.46 M)
with H2O2 (2.0 M) catalyzed by complex 2 (5 × 10−4 M) at 50 ◦C in acetonitrile. Concentrations of
products were measured by GC before (Graph (A)) and after (Graph (B)) the reduction of the reaction
samples with solid PPh3.
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4. Conclusions

The studies revealed that methyl-functionalization of 8-hydroxyquinoline facilitates
the formation of five-coordinated oxidovanadium(IV) complexes in the reaction of bis(acety
lacetonato)oxidovanadium(IV) 2,6-(Me)2-quin, 2,5-(Me)2-quin and 2-Me-quin.

Complexes 1–3 catalyze very efficient transformation of saturated hydrocarbons into
alkyl hydroperoxides, alcohols and ketones. The reaction requires addition of PCA and
occurs with the participation of hydroxyl radicals.

Here we show that complex 3 effectively reduced the viability of a HCT116 colorectal
cancer cell line with low or no cytotoxicity in normal dermal fibroblasts or in an ovarian
carcinoma cell line, respectively. On the other hand, complexes 1 and 2 bearing additional
methyl groups show lower antiproliferative activities in HCT116 cells, and complex 2 shows
some degree of cytotoxicity towards primary fibroblasts. Complexes internationalization
is probably associated with passive transport, with more than 90% of complexes 2 and
3 being in the cellular fraction after a 6 h incubation. All complexes can increase in the
production of intracellular ROS which can trigger apoptosis and autophagy in the HCT116
cell line. Mitochondrial membrane potential was not significantly altered by the three
complexes in HCT116 cells which may indicate that the intrinsic pathway is not activated.

Supplementary Materials: The following are available online. Figure S1: IR spectra of complexes
1–3 and free ligands, Figure S2: HRMS of complexes 1–3, Tables S1–S3: Selected bond lengths and
angles for 1–3, Table S4: Short intra- and intermolecular hydrogen bonds, Table S5: Short π•••π
interactions, Table S6: X—Y•••Cg(J)(π-ring) interactions, Figures S3–S5: Hirshfeld surface and 2D
fingerprint plot for 1–3, together with the relative contributions of various intermolecular interactions
with the Hirshfeld surface, Figures S6–S8: View of the intermolecular interactions and packing
in 1–3, Table S7: The selected structural parameters of five-coordinated vanadium(IV) complexes,
Figure S9: X-ray powder diffraction patterns of 1–3, Figure S10: EPR frozen solution spectra (at 77 K)
in acetonitrile, Figure S11: UV–Vis spectra of complexes 1–3, Figure S12: UV–Vis stability spectra
in DMSO of 1–3, Figure S13: Antiproliferative effect of complexes 1–3 in normal dermal fibroblasts,
after 48 h, evaluated by the MTS method, Figure S14: Cell viability of HCT116 cells.
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Abstract: A straightforward approach to new polycyclic heterocycles, 1H-benzo[4,5]imidazo[1,2-
c][1,3]oxazin-1-ones, is presented. It is based on the ZnCl2-promoted deprotective 6-endo-dig het-
erocyclization of N-Boc-2-alkynylbenzimidazoles under mild conditions (CH2Cl2, 40 ◦C for 3 h).
The zinc center plays a dual role, as it promotes Boc deprotection (with formation of the tert-butyl
carbocation, which can be trapped by substrates bearing a nucleophilic group) and activates the
triple bond toward intramolecular nucleophilic attack by the carbamate group. The structure of
representative products has been confirmed by X-ray diffraction analysis.

Keywords: alkynes; annulation; benzimidazoxazinones; heterocycles; polycyclic heterocycles; hete-
rocyclization; zinc

1. Introduction

The development of efficient methods for the synthesis of high value added polycyclic
heterocyclic derivatives by metal-promoted annulation of acyclic precursors is one of the
most important area of research in heterocyclic chemistry [1–5]. Polycyclic heterocyclic
systems, in fact, are largely present as fundamental cores in natural products and in
biologically active compounds [6–11], and the possibility to obtain them by a simple
cyclization process starting from readily available substrates is particularly attractive [1–5].

Among acyclic substrates able to undergo a metal-promoted cyclization to give a poly-
cyclic heterocycle, functionalized alkynes bearing a suitably placed heteronucleophile play
a major role, as the triple bond can be easily electrophilically activated by a suitable metal
species thus promoting the cyclization by intramolecular nucleophilic attack [1–5]. Usually,
processes like these are promoted by costly metals (mainly gold [12–19], palladium [20–23],
rhodium [24–26], platinum [27–29], and, occasionally, ruthenium [30]), while the use of less
expensive metal species, such as cobalt [31], nickel [32], copper [33–36], zinc [37–40], and
silver [41,42] compounds, has been scantly reported in the literature, and applied to a limited
number of examples.

In this work, we report on the use of very simple and inexpensive ZnCl2 as a promoter
for the efficient deprotective heterocyclization of N-Boc-2-alkynylbenzimidazoles 1, to give
access to novel polycyclic heterocycles, that are, 1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-
1-ones 2 (Scheme 1). It is worth mentioning in this context that the cyclization of O-Boc
propargyl alcohols to give 4H-1,3-dioxin-2-ones and/or 4-alkylidene-1,3-dioxolan-2-ones
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has been previously reported to occur with mercuric triflate as the catalyst [43]. It is also
important to note that some excellent reviews on Zn-catalyzed reactions have appeared in
the recent literature [44–48].

Scheme 1. This work: ZnCl2-assisted heterocyclization of N-Boc-alkynylbenzimidazoles 1 to benzim-
idazoxaxinones 2.

2. Results and Discussion

It is well known that zinc (II) compounds are able to promote Boc deprotection [49–54].
In particular, an excess of ZnBr2 has been successfully employed for the deprotection of N-
Boc secondary amines [52] as well as of tert-butyl esters [53,54]. Considering the importance
of developing new approaches to the synthesis of polycyclic heterocycles by heterocycliza-
tion processes promoted by non-noble and inexpensive metal species, we have explored
the possibility to access new polycyclic heterocycles, that are 1H-benzo[4,5]imidazo[1,2-
c][1,3]oxazin-1-ones 2, starting from readily available N-Boc-2-alkynylbenzimidazoles
1, by Zn(II)-assisted deprotective heterocyclization (Scheme 1). According to our ratio-
nale, the zinc center should play a double role, that is, to promote deprotection to give a
carbamate species A (with elimination of isobutene and H+ from the ensuing tert-butyl
carbocation [52–54]) and then assist a 6-endo-dig heterocyclization by intramolecular nu-
cleophilic attack of the free carbamate group of species B (in equilibrium with A) on the
triple bond activated by coordination to Zn2+ (with the zinc center stabilized by chelation
by the benzimidazole nitrogen). This would lead to organizinc intermediate C, whose
protonolysis would then afford the polycyclic heterocycles 2 (Scheme 2; zinc counteranions
have been omitted for clarity).

Scheme 2. Mechanistic hypothesis for the formation of polycyclic heterocycles 2 by Zn2+-mediated sequential deprotection -
6-endo-dig heterocyclization of N-Boc-alkynylbenzimidazoles 1.

The first experiments were performed using N-Boc-2-(hex-1-in-1-yl)-1H-benzo[d]im
idazole 1a as substrate (R1 = H, R2 = Bu) (prepared by alkynylation of N-Boc-2-bromo-
1H-benzo[d]imidazole, see the Supplementary Materials for details), which was allowed
to react in CH2Cl2 as the solvent at room temperature in the presence of ZnBr2 (1 equiv).
Under these conditions, after 3 h reaction time, substrate conversion was 51%, while
the desired 3-butyl-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2a was isolated in
25% yield. The structure of 2a was unequivocally confirmed by XRD analysis (see the
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Supplementary Materials for XRD data). The X-ray structure of 2a, shown in Figure 1,
confirmed that the heterocyclization process at intermediate B level occurred in a 6-endo-
dig fashion (with closure to a 6-membered ring) rather than in the possible alternative
5-exo-dig fashion (with closure to a five-membered ring).

Figure 1. Molecular structure of 3-butyl-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2a. Color
legend: carbon (light grey), hydrogen (white), oxygen (red), nitrogen (blue) (CCDC 2050576).

In spite of the low yield, this initial result was encouraging, since it confirmed the
validity of our work hypothesis and the possibility to synthesize novel polycyclic hete-
rocycles with a very simple approach and using an inexpensive promoter. In order to
improve the reaction performance, and achieve a higher 2a yield, we then changed some
operative parameters (Table 1, entries 2–9). Practically no reaction occurred by changing
the solvent to MeOH (Table 1, entry 2), while only traces of 2a were detected in acetone
(Table 1, entry 3). Lowering the amount of ZnBr2 significantly suppressed the reaction
(Table 1, entry 4). On the other hand, the use of 1.5 or 2 equiv of ZnBr2 was beneficial, 2a

being formed in ca. 70% isolated yield (Table 1, entries 5 and 6, respectively). Better results
with respect to the parent reaction (Table 1, entry 1) were also obtained by increasing the
1a concentration from 0.5 (Table 1, entry 1) to 1 mmol/mL of CH2Cl2 (Table 1, entry 7),
while more diluted conditions led to a lower 2a yield (Table 1, entry 8). Predictably, a faster
reaction was observed at 40 ◦C rather than 25 ◦C, with a higher yield of 2a (Table 1, entry
9) with respect to the initial experiment (Table 1, entry 1). Under the optimized conditions
(40 ◦C in CH2Cl2 in the presence of 1.5 equiv of ZnBr2, with a substrate concentration of
1 mmol per mL of solvent), 2a could be finally obtained in a yield as high as 79% (Table 1,
entry 10).

Very interestingly, the reaction was also successful using ZnCl2 (Table 1, entry 11) or
ZnI2 (Table 1, entry 12), the best results in terms of 2a yield being obtained with ZnCl2
(82%, Table 1, entry 11). This result, associated with the lower cost of ZnCl2, made ZnCl2
the promoter of choice for realizing the transformation of 1a into benzimidazoxazinone
2a and for the subsequent extension to other differently substituted substrates (Table 2).
Thus, to assess the generality of the reaction, various N-Boc-alkynylbenzimidazoles 1

(bearing different R1 and R2 groups; prepared as detailed in the Supplementary Materials)
were subjected to the optimized reaction conditions with ZnCl2 as the promoter (Table 2,
entries 2–15).
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Table 1. ZnX2-promoted deprotective heterocyclization of N-Boc-2-(hex-1-in-1-yl)-1H-benzo[d]imidazole 1a under different
conditions a.

Entry
ZnX2

(Equiv)
T (◦C) Solvent

Concentration
of 1a b

Conversion of
1a (%) c Yield of 2a (%) d

1 ZnBr2 (1) 25 CH2Cl2 0.5 51 25
2 ZnBr2 (1) 25 MeOH 0.5 3 0
3 ZnBr2 (1) 25 acetone 0.5 12 Traces
4 ZnBr2 (0.5) 25 CH2Cl2 0.5 9 6
5 ZnBr2 (1.5) 25 CH2Cl2 0.5 100 72
6 ZnBr2 (2) 25 CH2Cl2 0.5 100 70
7 ZnBr2 (1) 25 CH2Cl2 1.0 62 33
8 ZnBr2 (1) 25 CH2Cl2 0.2 42 10
9 ZnBr2 (1) 40 CH2Cl2 0.5 100 63
10 ZnBr2 (1.5) 40 CH2Cl2 1.0 100 79
11 ZnCl2 (1.5) 40 CH2Cl2 1.0 100 82
12 ZnI2 (1.5) 40 CH2Cl2 1.0 100 77

a All reactions were carried out for 3 h. b Mmol of starting 1a per mL of solvent. c Based on unreacted 1a, upon isolation from the reaction
mixture. d Isolated yield based on starting 1a.

Table 2. Synthesis of 1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-ones 2 by ZnCl2-promoted deprotective heterocyclization of
N-Boc-2-alkynylbenzimidazoles 1 a.

Entry 1 2 Yield of 2 (%) b

1 82

2 77

3 76

4 83
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Table 2. Cont.

Entry 1 2 Yield of 2 (%) b

5 77

6 45 c

7 30 d

8 85

9 82

10 80

11 70

12 66

13 60

14 74
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Table 2. Cont.

Entry 1 2 Yield of 2 (%) b

15 66

a All reactions were carried out in CH2Cl2 (1 mmol of 1 per mL of solvent) at 40 ◦C for 3 h. b Isolated yield based on starting 1. c The
reaction led also to 2-(hex-1-yn-1-yl)-6-nitro-1H-benzo[d]imidazole 3f in 20% isolated yield. d The reaction led also to 2-(hex-1-yn-1-yl)-5-
nitro-1H-benzo[d]imidazole 3g in 31% isolated yield.

As can be seen from Table 2, entries 2–5, excellent results were obtained with substrates
still with R2 = Bu and bearing either electron-donating (methyl or methoxy; yields of the
corresponding products 2b–d were 76–83%, Table 2, entries 2–4) or electron-withdrawing
chlorine substituents (yield of 2e = 77%, Table 2, entry 5) on the aromatic ring. On the
other hand, inferior results were observed with substrates 1f and 1g, bearing a strong
electron-withdrawing nitro substituent (yields of 2f and 2g were 45% and 30%, Table 2,
entries 6 and 7, respectively). With these substrates, complete Boc removal competed with
heterocyclization, as confirmed by the formation of not negligible amounts of deprotected
compounds 3f and 3g (20% and 31%, respectively, Table 2, entries 6 and 7) (Scheme 3), not
observed in other cases. Clearly, the formation of these byproducts from substrates 1f and
1g is due to the diminished nucleophilicity of the carbamate intermediate B (Scheme 2)
caused by the strong electron-withdrawing effect of the nitro group, which makes de-
carboxylation to compete with cyclization. The structures of products 2c and 2f were
confirmed by XRD analysis (see the Supplementary Materials for XRD data). The X-ray
structures of 2c and 2f, shown in Figures 2 and 3, respectively, allowed to unequivocally
establish the positions of the methoxy and nitro substituents in regioisomeric substrates
1c/1d and 1f/1g, respectively (as 2c must be formed from 1c and 2f from 1f).

Scheme 3. Formation of byproducts 3f and 3g (Table 2, entries 6 and 7) by Boc deprotection of
nitro-substituted substrates 1f and 1g, competitive with heterocyclization.

Figure 2. Molecular structure of 3-butyl-8-methoxy-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2c.
Color legend: carbon (light grey), hydrogen (white), oxygen (red), nitrogen (blue) (CCDC 2051334).
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Figure 3. Molecular structure of 3-butyl-8-nitro-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2f.
Color legend: carbon (light grey), hydrogen (white), oxygen (red), nitrogen (blue) (CCDC 2050711).

High yields of the corresponding benzimidazoxazinones were obtained by changing
the alkyl substituent on the triple bond R2 to octyl (yield of 2h, 85%; Table 2, entry 8),
isopentyl (yield of 2i, 82%; Table 2, entry 9), or phenethyl (yield of 2j, 80%; Table 2, entry
10), while a slightly lower yield was observed with R2 = cyclohexylmethyl (yield of 2k,
70%; Table 2, entry 11). The use of a substrate with the triple bond conjugated with an
alkenyl group, as in N-Boc-2-(cyclohex-1-en-1-ylethynyl)-1H-benzo[d]imidazole 1l, led to a
satisfactory yield of the corresponding polycyclic heterocycle 2l (66%; Table 2, entry 12).

The method also worked nicely with substrates bearing a functionalized alkyl chain of
the triple bond, as shown by the results obtained with a methoxymethyl (yield of 2m, 60%;
Table 2, entry 13) or a 2-(methoxycarbonyl) ethyl (yield of 2n, 74%; Table 2, entry 14) group.
Interestingly in the case of N-Boc-4-(1H-benzo[d]imidazol-2-yl) but-3-yn-1-ol 1o, bearing a
2-hydroxyethyl group on the triple bond, the tert-butyl group was incorporated into the
final product to give 3-(2-(tert-butoxy)ethyl)-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one
2o’ (66% yield; Table 1, entry 15). This is clearly due to the trapping of the tert-butyl
carbocation, ensuing from deprotection, by the nucleophilic hydroxyl group, as shown in
Scheme 4.

Scheme 4. Plausible mechanism for the formation of product 2o’ (chloride anions are omitted
for clarity).

3. Materials and Methods

3.1. General Experimental Methods

Melting points were measured with a Leitz Laborlux 12 POL polarizing optical micro-
scope (Leitz Italia GmbH/Srl, Lana(BZ), Italy) and are uncorrected. 1H NMR and 13C NMR
spectra were recorded at 25 ◦C in CDCl3 or DMSO-d6 at 300 MHz or 500 MHz and 75 or
125 MHz, respectively, with Me4Si as internal standard, using Bruker DPX Avance 300 and
Bruker DPX Avance 500 NMR spectrometers (Brucker Italia s.r.l., Milano, Italy); chemical
shifts (δ) and coupling constants (J) are given in ppm and in Hz, respectively. IR spectra
were taken with a JASCO FT-IR 4200 spectrometer (Jasco Europe s.r.l., Cremella, Lecco,
Italy). All reactions were analyzed by TLC on silica gel 60 F254 and by GC-MS using a
Shimadzu QP-2010 GC–MS apparatus (Smimadzu Italia s.r.l., Milano, Italy) at 70 eV ioniza-
tion voltage equipped with a 95% methyl polysiloxane–5% phenyl polysiloxane capillary
column (30 m × 0.25 mm, 0.25 μm). Column chromatography was performed on silica
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gel 60 (Merck, 70–230 mesh; Merck Life Science s.r.l., Milano, Italy). Evaporation refers
to the removal of solvent under reduced pressure. The HRMS spectra were taken on an
Agilent 1260 Infinity UHD accurate-mass Q-TOF mass spectrometer (Agilent Technologies
Italia s.p.a. Cernusco sul Naviglio, Milano, Italy), equipped with an electrospray ion source
(ESI) operated in dual ion mode. Ten microliters of the sample solutions (CH3OH) were
introduced by continuous infusion at a flow rate of 200 L min−1 with the aid of a syringe
pump. Experimental conditions were performed as follows: capillary voltage, 4000 V;
nebulizer pressure, 20 psi; flow rate of drying gas, 10 L/min; temperature of sheath gas,
325 ◦C; flow rate of sheath gas, 10 L/min; skimmer voltage, 60 V; OCT1 RF Vpp, 750 V;
fragmentor voltage, 170 V. The spectra data were recorded in the m/z range of 100–1000 Da
in a centroid pattern of full-scan MS analysis mode. The MS/MS data of the selected
compounds were obtained by regulating diverse collision energy (18–45 eV).

3.2. Preparation of Substrates 1

Substrates were prepared and characterized as described in the Supplementary Materials.

3.3. General Procedure for the Synthesis of Benzimidazoxazinone Derivatives 2

See Table 2 for reference. A Schlenk flask was charged under nitrogen with the N-
Boc-2-alkynylbenzimidazole 1 (1 mmol) (1a: 298 mg; 1b: 326 mg; 1c: 328 mg; 1d: 328 mg;
1e: 367 mg; 1f: 343 mg; 1g: 343 mg; 1h: 354 mg; 1i: 312 mg; 1j: 346 mg; 1k: 338 mg;
1l: 322 mg; 1m, 286 mg; 1n: 328 mg; 1o: 286 mg), anhydrous CH2Cl2 (1 mL), and ZnCl2
(204 mg, 1.5 mmol). The reaction mixture was heated at 40 ◦C and then allowed to stir
at this temperature for 3 h. After cooling, the reaction mixture was diluted with CH2Cl2
(5 mL) and water (5 mL) (for 2a-1, 2n, and 2o’). Alternatively, after cooling, the solvent was
evaporated, and water (20 mL) was added to the residue (for 2m). Phases were separated
the aqueous phase was washed with CH2Cl2 (5 mL), and the combined organic phases
were dried with Na2SO4. After filtration and evaporation of the solvent, the product
was purified by column chromatography on silica gel using hexane/AcOEt (8:2, v/v) as
the eluent (for 2a-1l, 2n, and 2o’). For the purification of 2m, the suspension obtained as
seen above was filtered, the precipitate washed with water (3 × 5 mL) and then purified
by column chromatography on silica gel using hexane/AcOEt (8:2, v/v) as eluent. With
substrates 1f and 1g, the reaction also led to the formation of deprotected products 3f and
3g, respectively (Scheme 3) (order of elution: 3f followed by 2f; 2g followed by 3g).

3.3.1. 3-Butyl-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2a

Yield: 198 mg, starting from 298 mg of 1a (82%) (Table 2, entry 1). Colorless solid, mp:
92–94 ◦C; IR (KBr): v = 1759 (s), 1667 (m), 1551 (w), 1450 (w), 1366 (s), 1096 (m), 972 (w), 849
(w), 748 (m) cm−1; 1H NMR (300 MHz, CDCl3) δ = 8.24–8.13 (m, 1 H, aromatic), 7.82–7.73
(m, 1 H, aromatic), 7.52–7.36 (m, 2 H, aromatic), 6.50 (s, 1 H, H-4), 2.61 (t, J = 7.3, 2 H,
=CCH2), 1.75 (quint, J = 7.3, 2 H, CH2CH2CH3), 1.46 (hexuplet, J = 7.3, 2 H, CH2CH3),
0.98 (t, J = 7.3, 3 H, CH3); 13C NMR (75 MHz, CDCl3): δ = 162.9, 147.4, 144.1, 129.3, 126.3,
124.9, 119.7, 114.6, 96.6, 32.8, 28.4, 22.1, 13.7; GC/MS = 242 (M+, 100), 227 (2), 213 (3), 200
(42), 185 (31), 171 (6), 158 (43); 144 (4), 130 (12); HRMS (ESI-TOF) m/z: [M + H]+ Calcd for
C14H15N2O2

+ 243.1128; Found: 243.1132.

3.3.2. 3-Butyl-7,8-dimethyl-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2b

Yield: 208 mg, starting from 326 mg of 1b (77%) (Table 2, entry 2). Colorless solid, mp:
133–137 ◦C; IR (KBr): v = 1768 (s), 1667 (m), 1558 (w), 1450 (m), 1381 (s), 1111 (w), 741 (w)
cm−1; 1H NMR (300 MHz, CDCl3): δ = 7.92 (s, 1 H, H-6 or H-9), 7.48 (s, 1 H, H-9 or H-6),
6.44 (s, 1 H, H-4), 2.59 (t, J = 7.5, 2 H, =CCH2), 2.40 (s, 3 H, CH3 at C-7 or C-8), 2.38 (s, 3 H,
CH3 at C-8 or C-7), 1.72 (quint, J = 7.5, 2 H, CH2CH2CH3), 1.44 (hexuplet, J = 7.5, 2 H,
CH2CH3), 0.98 (t, J = 7.5, 3 H, CH3); 13C NMR (75 MHz, CDCl3): δ = 162.0, 146.6, 144.2,
142.5, 135.3, 134.3, 127.6, 119.8, 114.7, 96.7, 32.8, 28.5, 22.1, 20.4, 13.7; GC/MS = 270 (M+,
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100); 255 (3), 228 (29), 213 (24), 199 (5), 186 (19), 172 (3), 158 (6), 143 (1), 130 (2), 118 (8);
HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C16H19N2O2

+ 271.1441; Found: 271.1446.

3.3.3. 3-Butyl-8-methoxy-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2c

Yield: 207 mg, starting from 328 mg of 1c (76%) (Table 2, entry 3). Colorless solid, mp:
96–99 ◦C; IR (KBr): v = 1767 (s), 1667 (m), 1489 (m), 1443 (w), 1366 (m), 1281 (m), 1204 (w),
1026 (w), 818 (m) cm−1; 1H NMR (500 MHz, CDCl3) δ = 7.70 (d, J = 2.5, 1 H, H-9), 7.63 (d,
J = 8.8, 1 H, H-6), 7.06 (dd, J = 8.8, 2.5, 1 H, H-7), 6.46–6.44 (m, 1 H, H-4), 2.60 (t, J = 7.5, 2 H,
=CCH2), 1.72 (quint, J = 7.5, 2 H, CH2CH2CH3), 1.45 (hexuplet, J = 7.5, 2 H, CH2CH3), 0.98
(t, J = 7.5, 3 H, CH3); 13C NMR (125 MHz, CDCl3): δ = 161.7, 158.0, 146.3, 144.4, 138.3, 130.2,
120.2, 115.5, 98.3, 96.8, 56.0, 32.8, 28.5, 22.1, 13.7; GC/MS: m/z = 272 (M+, 100), 257 (17), 229
(29), 215 (22), 187 (14); HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C15H17N2O3

+ 273.1234;
Found: 273.1237.

3.3.4. 3-Butyl-7-methoxy-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2d

Yield: 226 mg, starting from 328 mg of 1d (83%) (Table 2, entry 4) Colorless solid, mp:
93–97 ◦C; IR (KBr): v = 1760 (s), 1659 (m), 1558 (w), 1489 (m), 1435 (w), 1366 (m), 1281 (m),
1150 (m), 1103 (m) cm−1; 1H NMR (500 MHz, CDCl3) δ = 8.06 (d, J = 8.9, 1 H, H-9), 7.24 (s,
br, 1 H, H-6), 7.06–7.00 (m, 1 H, H-8), 6.50–6.47 (m, 1 H, H-4), 2.61 (t, J = 7.5, 2 H, =CCH2),
1.73 (quint, J = 7.5, 2 H, CH2CH2CH3), 1.45 (hexuplet, J = 7.5, 2 H, CH2CH3), 0.98 (t, J = 7.5,
3 H, CH3); 13C NMR (125 MHz, CDCl3): δ = 162.7, 158.9, 148.0, 145.5, 144.0, 123.5, 114.9,
113.8, 102.7, 96.6, 55.8, 32.8, 28.5, 22.1, 13.7; GC/MS: m/z = 272 (M+, 100), 230 (20), 215 (15),
199 (11), 188 (19); HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C15H17N2O3

+ 273.1234; Found:
273.1242.

3.3.5. 3-Butyl-7,8-dichloro-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2e

Yield: 240 mg, starting from 367 mg of 1e (77%) (Table 2, entry 5). Colorless solid, mp:
143–147 ◦C. IR (KBr): v = 1775 (s), 1667 (m), 1543 (w), 1435 (w), 1350 (m), 1134 (w),
1096 (m) cm−1; 1H NMR (500 MHz, DMSO-d6) δ = 8.18 (s, 1 H, H-6 or H-9), 8.07 (s, 1
H, H-9 or H-6), 6.91 (s, 1 H, H-4), 2.63 (t, J = 7.4, 2 H, =CCH2), 1.65 (quint, J = 7.4, 2 H,
=CCH2CH2), 1.40 (hexuplet, J = 7.4, 2 H, CH2CH3), 0.93 (t, J = 7.4, 3 H, CH3); 13C NMR
(125 MHz, DMSO-d6): δ = 163.9, 150.0, 143.5, 128.7, 128.3, 126.3, 120.5, 114.9, 96.3, 31.8, 27.9,
21.3, 13.5; GC/MS = 312 [(M + 2)+, 61], 310 (M+, 100), 268 (25), 253 (22), 226 (31), 202 (6);
HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C14H13Cl2N2O2

+ 311.0349; Found: 311.0348.

3.3.6. 3-Butyl-8-nitro-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2f

Yield: 129 mg, starting from 343 mg of 1f (45%) (Table 2, entry 6). Colorless solid, mp:
165–168 ◦C; IR (KBr): v = 1775 (s), 1659 (m), 1543 (w), 1520 (m), 1343 (m), 748 (w) cm−1; 1H
NMR (300 MHz, CDCl3) δ = 9.05 (d, J = 1.9, 1 H, H-9), 8.39 (dd, J = 8.8, 1.9, 1 H, H-7), 7.83
(d, J = 8.8, 1 H, H-6), 6.63 (s, 1 H, H-4), 2.70 (t, J = 7.4, 2 H, =CCH2), 1.76 (quint, J = 7.4, 2 H,
CH2CH2CH3), 1.49 (hexuplet, J = 7.4, 2 H, CH2CH3), 1.00 (t, J = 7.4, 3 H, CH3); 13C NMR
(75 MHz, CDCl3): δ = 165.6, 151.5, 148.6, 144.7, 143.2, 129.0, 122.1, 119.8, 111.0, 96.6, 33.1,
28.4, 22.1, 13.7; GC/MS: m/z = 287 (M+, 100), 257 (11), 245 (49), 230 (27), 203 (23), 184 (16);
HRMS (ESI-TOF) m/z: [M + Na + MeOH]+ Calcd for C15H17N3O5Na+ 342.1060; Found:
342.1064.

3.3.7. 3-Butyl-7-nitro-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2g

Yield: 86 mg, starting from 343 mg of 1g (30%) (Table 2, entry 7). Yellow solid, mp:
144–147 ◦C; IR (KBr): 1775 (s), 1667 (m), 1520 (s), 1350 (s), 1173 (w), 1119 (w), 934 (w),
833 (m), 741 (m) cm−1; 1H NMR (300 MHz, CDCl3) δ = 8.62 (s, 1 H, H-6), 8.38–8.30 (m,
2 H, H-8 + H-9), 6.60 (s, 1 H, H-4), 2.68 (t, J = 7.4, 2 H, =CCH2), 1.76 (quint, J = 7.4, 2 H,
CH2CH2CH3), 1.49 (hexuplet, J = 7.4, 2 H, CH2CH3), 1.00 (t, J = 7.4, 3 H, CH3); 13C NMR
(75 MHz, DMSO-d6): δ = 164.7, 150.1, 146.4, 144.2, 143.5, 133.5, 120.2, 115.8, 114.7, 96.5, 33.0,
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28.4, 22.1, 13.7; GC/MS: m/z = 287 (M+, 100), 245 (50), 230 (29), 203 (31), 184 (13); HRMS
(ESI-TOF) m/z: [M + Na + MeOH]+ Calcd for C15H17N3O5Na+ 342.1060; Found: 342.1064.

3.3.8. 3-Octyl-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2h

Yield: 254 mg, starting from 354 mg of 1h (85%) (Table 2, entry 8). Colorless solid, mp:
90–94 ◦C; IR (KBr): v = 1759 (s), 1667 (m), 1551 (m), 1396 (m), 1373 (m), 1134 (m), 1103
(m), 964 (w), 756 (m) cm−1; 1H NMR (300 MHz, CDCl3): δ = 8.24–8.17 (m, 1 H, aromatic),
7.83–7.75 (m, 1 H, aromatic), 7.50–7.39 (m, 2 H, aromatic), 6.70 (s, 1 H, H-4), 2.62 (t, J = 7.6, 2
H, =CCH2), 1.74 (quint, J = 7.6, 2 H, =CCH2CH2), 1.48–1.18 [m, 10 H, (CH2)5CH3], 0.89 (t,
J = 7.0, 3 H, CH3); 13C NMR (75 MHz, CDCl3): δ = 163.4, 147.8, 143.9, 143.5, 129.1, 126.4,
125.1, 119.5, 114.6, 96.4, 33.2, 31.8, 29.2, 29.1, 28.9, 26.4, 22.6, 14.1; GC/MS = 298 (M+, 85),
283 (2), 269 (4), 255 (5), 239 (5), 225 (14), 213 (100), 200 (87), 185 (40), 171 (11), 158 (61), 130
(20); HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C18H23N2O2

+ 299.1754; Found: 299.1757.

3.3.9. 3-Isopentyl-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2i

Yield: 210 mg, starting from 312 mg of 1i (82%) (Table 2, entry 9). Colorless solid, mp:
102–104◦C; IR (KBr): v = 1751 (s), 1667 (m), 1551 (w), 1451 (w), 1366 (s), 1134 (m), 1103
(m), 964 (w), 849 (w), 748 (m) cm−1; 1H NMR (300 MHz, CDCl3): δ = 8.21–8.15 (m, 1 H,
aromatic), 7.77–7.72 (m, 1 H, aromatic), 7.50–7.37 (m, 2 H, aromatic), 6.48 (s, 1 H, H-4),
2.65–2.55 (m, 2 H, =CCH2), 1.73–1.56 (m, 3 H, CH2CH), 0.96 (d, J = 6.2, 6 H, 2 CH3); 13C
NMR (75 MHz, CDCl3): δ = 163.1, 147.4, 144.11, 144.03, 129.3, 126.2, 124.9, 119.7, 114.5, 96.5,
35.3, 31.1, 27.6, 22.3; GC/MS = 256 (M+, 100), 241 (6), 227 (2), 214 (10), 200 (56), 185 (25),
171 (5), 158 (61), 143 (4), 130 (14); HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C15H17N2O2

+

257.1285; Found: 257.1286.

3.3.10. 3-Phenethyl-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2j

Yield: 232 mg, starting from 346 mg of 1j (80%) (Table 2, entry 10). Colorless solid, mp:
159–162 ◦C; IR (KBr): v = 1767 (s), 1667 (m), 1558 (w), 1451 (w), 1360 (s), 1103 (m), 988 (m),
864 (m), 756 (s), 694 (s) cm−1; 1H NMR (300 MHz, CDCl3): δ = 8.25–8.17 (m, 1 H, aromatic),
7.81–7.72 (m, 1 H, aromatic), 7.53–7.40 (m, 2 H aromatic), 7.35–7.13 (m, 5 H, Ph), 6.45 (s, 1 H,
H-4), 3.06 (dist t, J = 7.6, 2 H, CH2), 2.92 (dist, J = 7.6, 2 H, CH2); 13C NMR (75 MHz, CDCl3):
δ = 161.4, 147.1, 144.0, 143.9, 139.2, 129.3, 128.7, 128.2, 126.7, 126.3, 125.0, 119.8, 114.6, 97.3,
34.8, 32.5; GC/MS = 290 (M+, 34), 245 (1), 199 (7), 185 (2), 155 (5), 129 (3), 102 (4), 91 (100);
HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C18H15N2O2

+ 291.1128; Found: 291.1126.

3.3.11. 3-(Cyclohexylmethyl)-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2k

Yield: 197 mg, starting from 338 mg of 1k (70%) (Table 2, entry 11). Colorless solid, mp:
135–138◦C; IR (KBr): v = 1767 (s), 1667 (m), 1559 (w), 1451 (w), 1389 (m), 1366 (m), 1096 (w),
964 (w), 748 (m) cm−1; 1H NMR (500 MHz, CDCl3) δ = 8.21 (d, J = 7.7, 1 H, aromatic), 7.77
(d, J = 8.1, 1 H, aromatic), 7.52–7.40 (m, 2 H, aromatic), 6.49 (s, 1 H, H-4), 2.48 (d, J = 7.0, 2 H,
=CCH2), 1.93–1.62 (m, 6 H, cyclohexyl), 1.39–0.96 (m, 5 H, cyclohexyl); 13C NMR (125 MHz,
CDCl3): δ = 161.6, 147.3, 144.2, 129.4, 126.3, 124.9, 119.8, 114.6, 97.7, 41.0, 35.8, 33.0, 26.2,
26.0; GC/MS: m/z = 282 (M+, 67), 200 (100), 156 (24), 129 (5); HRMS (ESI-TOF) m/z: [M +
H]+ Calcd for C17H19N2O2

+ 283.1441; Found: 283.1448.

3.3.12. 3-(Cyclohex-1-en-1-yl)-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2l

Yield: 176 mg, starting from 322 mg of 1l (66%) (Table 2, entry 12). Colorless solid, mp:
191–195 ◦C; IR (KBr): v = 1767 (s), 1636 (m), 1420 (w), 1366 (m), 1281 (w), 1180 (w), 1111
(m), 1026 (w), 833 (w), 748 (m) cm−1; 1H NMR (300 MHz, CDCl3) δ = 8.24–8.16 (m, 1 H,
aromatic), 7.81–7.71 (m, 1 H, aromatic), 7.53–7.39 (m, 2 H, aromatic), 7.00–6.90 (m, 1 H,
=CH), 6.55 (s, 1 H, H-4), 2.40–2.24 (m, 4 H, cyclohexenyl), 1.86–1.74 (m, 2 H, cyclohexenyl),
1.74–1.62 (m, 2 H, cyclohexenyl); 13C NMR (75 MHz, CDCl3): δ = 157.7, 148.1, 144.5, 143.6,
134.0, 129.5, 127.1, 126.2, 124.9, 119.6, 114.5, 92.8, 25.9, 23.9, 22.0, 21.5; GC/MS = 266
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(M+, 100), 237 (7), 221 (23), 185 (26), 157 (9); HRMS (ESI-TOF) m/z: [M + H]+ Calcd for
C16H15N2O2

+ 267.1128; Found: 267.1129.

3.3.13. 3-(Methoxymethyl)-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2m

Yield: 138 mg, starting from 286 mg of 1m (60%) (Table 2, entry 13). Yellow solid, mp:
122–125◦C; IR (KBr): v = 1751 (s), 1667 (m), 1558 (m), 1443 (m), 1381 (s), 1173 (m), 1103
(s), 957 (w), 748 (s) cm−1; 1H NMR (500 MHz, CDCl3) δ = 8.23–8.18 (m, 1 H, aromatic),
7.82–7.75 (m, 1 H, aromatic), 7.53–7.43 (m, 2 H, aromatic), 6.81–6.78 (m, 1 H, H-4), 4.35 (s,
2 H, CH2OCH3), 3.53 (s, 3 H, OCH3); 13C NMR (125 MHz, CDCl3): δ = 158.2, 146.8, 144.1,
143.5, 129.4, 126.4, 125.3, 120.0, 114.6, 97.2, 69.6, 59.4; GC/MS: m/z = 230 (M+, 89), 199 (5),
185 (100), 171 (10), 157 (48), 129 (8); HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C12H11N2O3

+

231.0764; Found: 231.0768.

3.3.14. Methyl 3-(1-oxo-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-3-yl)propanoate 2n

Yield: 201 mg, starting from 328 mg of 1n (74%) (Table 2, entry 14). Colorless solid, mp:
189–193◦C; IR (KBr): v = 1767 (s), 1736 (s), 1667 (m), 1435 (w), 1366 (w), 1173 (m), 996
(m), 895 (w), 841 (w), 772 (m) cm−1; 1H NMR (500 MHz, CDCl3) δ = 8.19 (d, J = 7.7, 1 H,
aromatic), 7.77 (d, J = 8.1, 1 H, aromatic), 7.51–7.41 (m, 2 H, aromatic), 6.58 (s, 1 H, H-4), 3.72
(s, 3 H, CO2CH3), 2.97 (t, J = 7.2, 2 H, =CCH2), 2.79 (t, J = 7.2, 2 H, CH2CO2CH3); 13C NMR
(125 MHz, CDCl3): δ = 171.8, 160.4, 147.0, 144.1, 143.7, 126.4, 125.2, 119.9, 114.6, 97.5, 52.1,
30.5, 28.4; GC/MS: m/z = 272 (M+, 61), 243 (15), 212 (100), 199 (35), 185 (33), 169 (20), 157
(35); HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C14H13N2O4

+ 273.0870; Found: 273.0874.

3.3.15. 3-(2-(tert-Butoxy)ethyl)-1H-benzo[4,5]imidazo[1,2-c][1,3]oxazin-1-one 2o’

Yield: 189 mg, starting from 286 mg of 1o (66%) (Table 2, entry 15). Colorless solid, mp:
189–193◦C; IR (KBr): v = 1774 (s), 1666 (m), 1551 (w), 1389 (w), 1366 (m), 1204 (w), 1111
(w), 1080 (m), 756 (m) cm−1; 1H NMR (500 MHz, CDCl3) δ = 8.25–8.21 (m, 1 H, aromatic),
7.82–7.77 (m, 1 H, aromatic), 7.52–7.42 (m, 2 H, aromatic), 6.65 (dist t, J = 0.8, 1 H, H-4),
3.73 (t, J = 6.1, 2 H, CH2Ot-Bu), 2.83 (td, J = 6.1, 0.8, 2 H, =CCH2), 1.20 (s, 9 H,); 13C NMR
(125 MHz, CDCl3): δ = 160.5, 147.4, 144.2, 144.0, 129.4, 126.3, 125.0, 119.8, 114.6, 98.0, 73.5,
57.7, 34.5, 27.4; GC/MS: m/z = 286 (M+, 21), 213 (12), 200 (100), 171 (16), 156 (22); HRMS
(ESI-TOF) m/z: [M + H]+ Calcd for C16H19N2O3

+ 287.1390; Found: 287.1395.

3.3.16. 2-(Hex-1-yn-1-yl)-6-nitro-1H-benzo[d]imidazole 3f

Yield: 49 mg, starting from 343 mg of 1f (20%) (Table 2, entry 6). Colorless solid, mp: 138–
140 ◦C; IR (KBr): v = 2230 (w), 1520 (s), 1474 (w), 1435 (w), 1343 (s), 1065 (w), 818 (m) cm−1;
1H NMR (500 MHz, DMSO-d6): δ = 8.41 (s, br, 1 H, H-3), 8.14 (dd, J = 8.9, 2.2, 1 H, H-5), 7.69
(d, J = 8.9, 1 H, H-4), 2.58 (t, J = 7.2, 2 H, ≡CCH2), 1.60 (quint, J = 7.2, 2 H, CH2CH2CH3),
1.49 (hexuplet, J = 7.2, 2 H, CH2CH3), 0.95 (t, J = 7.2, 3 H, CH3) (Note: the NH signal was
incorporated into the broad HOD signal at 3.49 ppm); 13C NMR (125 MHz, DMSO-d6):
δ = 143.1, 139.6, 118.3, 114.3 (br), 95.8, 71.6, 29.5, 21.4, 18.1, 13.3; GC/MS: m/z = 243 (M+,
100), 228 (48), 214 (73), 201 (93), 182 (41), 168 (54), 155 (57), 127 (27); HRMS (ESI-TOF) m/z:
[M + H]+ Calcd for C13H14N3O2

+ 244.1081; Found: 244.1081.

3.3.17. 2-(Hex-1-yn-1-yl)-5-nitro-1H-benzo[d]imidazole 3g

Yield: 75 mg, starting from 343 mg of 1g (31%) (Table 2, entry 7). Yellow solid, mp:
145–148 ◦C; IR (KBr): v = 2237 (w), 1520 (s), 1474 (w), 1435 (w), 1366 (w), 1342 (s), 1065 (m),
818 (m), 741 (m) cm−1; 1H NMR (500 MHz, CDCl3): δ = 8.75 (s, 1 H, H-4), 8.29 (d, J = 8.8,
1 H, H-6), 7.83 (d, J = 8.8, 1 H, H-7), 2.48 (t, J = 7.3, 2 H, ≡CCH2), 1.50 (quint, J = 7.3, 2 H,
CH2CH2CH3), 1.33 (hexuplet, J = 7.3, 2 H, CH2CH3), 0.78 (t, J = 7.3, 3 H, CH3) (Note: the
NH signal was too broad to be detected); 13C NMR (125 MHz, CDCl3): δ = 144.4, 140.4,
119.2, 115.1 (br), 112.6 (br), 98.2, 71.0, 29.9, 22.0, 19.1, 13.4; GC/MS: m/z = 243 (M+, 100), 228
(44), 214 (71), 201 (96), 182 (40), 168 (54), 155 (56); HRMS (ESI-TOF) m/z: [M + H]+ Calcd for
C13H14N3O2

+ 244.1081; Found: 244.1082.
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4. Conclusions

In conclusion, we have reported that simple and inexpensive ZnCl2 is able to promote
the heterocyclization of N-Boc-2-alkynylbenzimidazoles under mild conditions (40 ◦C in
CH2Cl2 for 3h), giving access to new polycyclic heterocycles, 1H-benzo[4,5]imidazo[1,2-
c][1,3]oxazin-1-ones. While in the previous literature ZnCl2 was reported to promote
complete N-Boc deprotection with elimination of isobutene and CO2, in the present process
it assisted the 6-endo-dig heterocyclization of the carbamate intermediate with incorporation
of the carbamate group into the final polyheterocyclic derivative. ZnCl2 thus played a dual
role, by promoting the Boc deprotection of the substrate with elimination of the tert-butyl
carbonation (which could be trapped by substrates bearing a nucleophilic group) and
activating the triple bond toward the intramolecular nucleophilic attack by the carbamate
moiety. The benzimidazoxazinone derivatives have been obtained in moderate to high
yields starting from differently substituted substrates, and the structure of representative
products has been confirmed by X-ray diffraction analysis.
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Abstract: We developed an efficient method for synthesis of substituted N-benzoylindole via
Pd(II)-catalyzed C–H functionalization of substituted N-(2-allylphenyl)benzamide. The reaction
showed a broad substrate scope (including N-acetyl and N-Ts substrates) and substituted indoles
were obtained in good to excellent yields. The most distinctive feature of this method lies in the high
selectivity for N-benzoylindole over benzoxazine, and this is the first example of Pd(II)-catalyzed
synthesis of substituted N-benzoylindole. Notably, this new method was applied for the synthesis of
key intermediate of indomethacin.

Keywords: palladium; indole; indomethacin; C-H functionalization

1. Introduction

Indole skeletons are one of the most valuable heterocycles, due to their diverse biological activities
and broad applications in functionalized materials and chemistry [1–3]. Substituted indoles exist
extensively in nature and pharmaceuticals (Figure 1) [2,4,5]. As a result, many methods have been
developed for the synthesis of indoles, including pioneering studies by Fischer, [6] Larock [7,8],
Buchwald [9–11], and Hegedus [12–15]. Recently, an increasing number of approaches for the synthesis
of indoles by employing transition-metal-catalyzed oxidative C-H bond functionalization has been
reported (Figure 2a) [16–26]. These methods showed significant improvement with regard to the
substrate scope and reaction conditions [27–31], but N-substituents in these reports are restricted
to H, acetyl, Ts (tosyl), and Ms (mesyl). In addition, Rh(III)-catalyzed tandem C-H allylation and
oxidative cyclization of anilides with allyl carbonates or acetates have been developed, albeit with
costly Rh complexes [32–34]. Despite these achievements, it is still of great value to develop methods for
synthesizing substituted indoles, especially N-benzoyl with low cost and wide variety of substituents.
Substituted N-benzoylindole is one of the most attractive skeletons, since it is a privileged structure of
many pharmacologically active compounds such as indomethacin. Besides, the only method reported
to construct substituted N-benzoyl indole is the C-H-amination of styrenes using hypervalent iodine
as the oxidant (Figure 2b) [35,36]. However, it should be noted that the oxidants of these two methods
are not commercially available. A direct approach employing simple and readily available catalyst
and oxidant remains a challenge for the synthesis of substituted N-benzoylindole. In this context, our
strategy is to use commercially available and inexpensive catalyst Pd(OAc)2 and oxidant benzoquinone
(BQ) for C–H functionalization to construct substituted N-benzoyl indoles (Figure 2c). It was reported
that either aminopalladated or π-allyl Pd intermediates would be generated in palladium-catalyzed
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allylic C–H oxidation reaction with the usage of ambident O/N nucleophiles [37–39]. Our method
can avoid the generation of the π-allyl Pd intermediates and obtain corresponding N-benzoyl indoles.
More importantly, the synthetic utility of this method is further demonstrated by the synthesis of
essential skeleton of indomethacin.

Figure 1. Representative molecules based on indole skeleton.

Figure 2. Methods for synthesis of substituted N-benzoylindole. (a) The synthesis of indoles by
employing transition-metal-catalyzed. (b) The synthesis of N-benzoylindole by hypervalent iodine as
the oxidant. (c) This work.

2. Results and Discussion

We began our study by the reaction of 1a in the presence of 10 mol% of Pd (OAc)2 as the catalyst
and BQ (1.5 equiv.) as the oxidant in MeCN at room temperature (Table 1, Entry 1). Gratifyingly, the
desired product 2a was obtained in 8% yield along with a by-product benzoxazine 3 formed via allylic
C-H cleavage (2a/3 = 1/1) [38,39]. Encouraged by this result, we further systematically optimized the
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reaction conditions to improve the conversion of the reaction and inhibit the formation of benzoxazine
3. When the reaction was performed at elevated temperature of 60 ◦C, a slightly higher yield of 2a was
achieved and the ratio of 2a to 3 was also enhanced to 4:1 (Table 1, Entry 3). Interestingly, addition of
a stoichiometric amount of AcOH facilitated this reaction to give a higher selectivity (Table 1, Entry
4), improving the ratio to 10:1. Encouraged by this result, we evaluated several acids as additives of
the reaction, as shown in Table 1 (Entries 5–8). We were excited to find that using dibutyl phosphate
(DBP) as the acid led to a significantly higher yield and the ratio of 2a to 3 was also improved to more
than 20:1 (71% yield, Table 1, Entry 8). With dibutyl phosphate as the optimal additive, two other Pd
catalysts were tested, but no satisfactory results were obtained (Table 1, Entries 9 and 10). Next, a
survey of other solvents was then carried out (Table 1, Entries 11–14). To our delight, the yield could be
further increased to 77% by using DMSO as the solvent (Table 1, Entry 11). Eventually, when 2 equiv.
of BQ was used, the reaction gave the desired product in excellent yield (81%, Table 1, Entry 15).

Table 1. Optimization of the Reaction Conditions. a.

Entry Catalyst Additive Solvent
T

[◦C]
Yield b

(2a:3) c

1 Pd(OAc)2 - CH3CN RT 8 (1:1)
2 Pd(OAc)2 - CH3CN 45 26 (2:1)
3 Pd(OAc)2 - CH3CN 60 33 (4:1)
4 Pd(OAc)2 AcOH CH3CN 60 12 (10:1)
5 Pd(OAc)2 PhCOOH CH3CN 60 22 (10:1)
6 Pd(OAc)2 TFA CH3CN 60 26 (9:1)
7 Pd(OAc)2 Ph2PO2H CH3CN 60 36 (15:1)
8 Pd(OAc)2 (BuO)2PO2H CH3CN 60 71 (>20:1)
9 PdCl2 (BuO)2PO2H CH3CN 60 23 (>20:1)

10 White catalyst d (BuO)2PO2H CH3CN 60 9 (>20:1)

11 Pd(OAc)2 (BuO)2PO2H DMSO 60 77 (>20:1)
12 Pd(OAc)2 (BuO)2PO2H dioxane 60 52 (>20:1)
13 Pd(OAc)2 (BuO)2PO2H THF 60 45 (>20:1)
14 Pd(OAc)2 (BuO)2PO2H DMF 60 36 (>20:1)
15 Pd(OAc)2 (BuO)2PO2H DMSO 60 81 (>20:1)

a Reaction conditions: 1a (0.2 mmol), Pd(II) catalyst (10 mol%), additive (1.5 equiv.), BQ (Entries 1–14,1.5 equiv.;
Entry 15, 2.0 equiv.), solvent (2.0 mL), 24 h; b Isolated yield of 2a; c Determined by 1H NMR analysis of the crude
residue. d 1,2-Bis(phenylsulfinyl)ethane palladium(II) acetate.

With the optimized reaction conditions in hand, we turned to explore the substrate scope of
this reaction. The reactions of N-(2-allylphenyl) benzamides with substituent (R) at the positions of
benzamide aryl group were initially examined. As shown in Table 2, all substrates proceeded smoothly
to afford the corresponding indole in moderate to good yields (62–90%). In general, better yields were
found for substrates with electron-rich (2g, 2h, 2i, and 2u) rather than electron-poor anilides (2b, 2c,
2d, 2e, and 2f). Prolonged reaction times were required for substrates with the latter substituents (2b,
2c, and 2d). Substrates 2b, 2c, and 2d with Cl substituent at the meta-, ortho-, and para- position of the
benzamide aryl group, respectivelu, were also studied. The results indicate that a relatively lower yield
was observed for 2b with ortho-Cl comparing with 2c and 2d. Additionally, products with substituents
at the meta-position (2d, 2e, and 2i) can be obtained in higher yields than those with para-substituents
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(2c, 2f, and 2h). Similarly, indoles with two substituents on the phenyl ring (2j and 2u) were also
obtained in pretty good yield.

Table 2. Substrate scope of substrates with substituents at the positions (R) a,b Conditions: See
Supplementary Materials for details.

a All reactions were carried out in 0.2 mmol scale. b Yields referred to here are isolated yields.

Subsequently, we investigated the effects of substituents (R1) residing on the aromatic moiety
of the N-(2-allylphenyl) benzamide (Table 3). All the substrates 1k–t gave the desired products 2k–t

in satisfactory yields (67–78%), but 48 h were required for the starting materials to be consumed
completely in most cases. The reaction yields were not significantly influenced by the electronic
properties of R1 substituent. The effect of the same substituted group at different position was also
studied. Indoles with methyl substituent at C5 position (2k and 2l) were obtained in slightly lower
yields than at the C7 position (2s and 2t), due to the steric of the 1-position of the indoline. Besides,
a gram-scale reaction of 1q (2.9 g, 10 mmol) was performed affording the product 2q in an identical
yield with the small-scale reaction (71% vs. 77%). In addition, the structure of 2r was determined by
X-ray crystallography [40].

To further examine the propensity for the reaction, indoles with different N-substituents were
investigated (Table 4). Under the standard reaction conditions, the reaction proceeded smoothly and
indoles bearing N-acetyl (2v) and N-Ts (2w) were also obtained in 81% and 75% yields, respectively.

To evaluate the synthetic utility of this novel method, we used it as the key step to build up
the scaffold of the nonsteroidal anti-inflammatory drug molecule indomethacin (Scheme 1). When
substrate 4 was subjected to the standard reaction conditions, the desired product 5 was obtained
in 71% yield, which is the key intermediate of indomethacin. The following two steps to the final
product indomethacin are described in a previous report [36]. Although indomethacin derivatives
can be synthesized using Fisher indole synthesis and other cyclization methods, this methodology
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offers an alternative way to synthesize the key intermediate substituted N-benzoylindole 5 in one step,
which is crucial to further diversity-oriented synthesis of analogs of indomethacin derivatives.

Table 3. Substrate scope of substrates with substituents at the positions (R1) a,b Conditions: See
Supplementary Materials for details.

a All reactions were carried out in 0.2 mmol scale. b Isolated yields. c Yield of the scale-up reaction (2.9 g, 10 mmol).

Table 4. Indoles with different N-substituents. a,b Conditions: See Supplementary Materials for details.

a All reactions were carried out in 0.2 mmol scale. b Yields referred to here are isolated yields.

On the basis of the previous studies, a plausible reaction mechanism is proposed (Scheme 2).
Initially, the PdII catalyst first coordinates to the olefin to generate an intermediate a, followed by
insertion of the alkene into the PdII-N bond in an amidopalladation reaction to give an intermediate
b. Subsequent β-hydride elimination from the resulting alkyl-PdII species affords the intermediate
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c, which undergoes spontaneous isomerization–aromatization to form product 2a [12,31]. Pd(0), in
equilibrium with LPdH, was then reoxidized by the action of BQ.

Scheme 1. Synthesis of indomethacin.

Scheme 2. Proposed Mechanism.

3. Materials and Methods

Column chromatography was performed on silica gel (Silica-P flash silica gel from Silicycle, size
40–63 μm). TLC was performed on silica gel 60/Kieselguhr F254. Mass spectra were recorded on
an AEI-MS-902 mass spectrometer (EI+) or a LTQ Orbitrap XL (ESI+). 1H, 13C, and 19F NMR were
recorded on a Varian AMX400 (400, 100.6, and 376 MHz, respectively) or a Varian Unity Plus Varian-500
(500, 125, and 471 MHz, respectively). Chemical shift values for 1H and 13C NMR are reported in
ppm with the solvent resonance as the internal standard (CHCl3: δ 7.26 ppm for 1H, δ77.0 ppm for
13C). Data are reported as follows: chemical shifts, multiplicity (s = singlet, d = doublet, t = triplet,
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q = quartet, br = broad, m =multiplet), coupling constants (Hz), and integration. Melting points were
determined on a Buchi B–545 melting point apparatus. All reactions were performed under anhydrous
conditions and under N2 atmosphere. All chemicals used were of analytical grade and were used as
received without any further purification. All anhydrous solvents used in reactions were purchased in
SureSeal bottles or dried over molecular sieves. Flash column chromatography was performed on
Biotage Isolelera One with prepacked columns.

4. Conclusions

In summary, we developed an effective method for the synthesis of substituted N-benzoylindoles.
Pd(II)-catalyzed synthesis of substituted N-benzoylindole was realized for the first time via C–H
activation, starting from readily available substituent N-(2-allylphenyl) benzamide. Using inexpensive
BQ as the oxidant, a series of substituted indoles were prepared in good to excellent yields under mild
reaction conditions, which overcome the formation of byproduct benzoxazine. It should be noted
that dibutyl phosphate (DBP) is the key to obtaining high yield and chemoselectivity in the present
reaction. The indoles can be readily converted to many useful skeletons. As an example, this method
was successfully used for the synthesis of a key skeleton of indomethacin.

Supplementary Materials: The following are available online, 1H, 13C, and 19F-NMR spectra of compounds
1a–1w, 2a–2w, 4 and 5.
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Abstract: A mild and facile Cp*Rh(III)-catalyzed C–H activation and intramolecular cascade annulation
protocol has been proposed for the furnishing of highly fused isochromeno-1,2-benzothiazines scaffolds
using S-phenylsulfoximides and 4-diazoisochroman-3-imine as substrates under room temperature.
This method features diverse substituents and functional groups tolerance and relatively mild reaction
conditions with moderate to excellent yields. Additionally, retentive configuration of sulfoximides in
the conversion has been verified.

Keywords: sulfoximide; C–H activation; benzothiazine; rhodium

1. Introduction

Over the past decade, sulfoximines moiety has gained an increasing attention in organic
chemistry [1–9] and pharmaceutical industries for their interesting properties such as multiple
hydrogen-bond acceptor/donor functionalities, structural diversity, and favorable physicochemical
properties [10–13]. For instances, sulfoximines along with benzothiazines scaffold-containing
compounds possess diversified biologically active molecules such as antihypertensive activity
α-adrenergic receptor blocker [14], anti-HIV nonnucleoside reverse transcriptase inhibitors [15],
and hepatocytes protective mitogen-activated protein kinase kinase 4 (MKK4) inhibitor (Figure 1).

Figure 1. Representatives of biologically active compounds containing sulfoximines moiety.

Considering the significance of the sulfoximines motif as a pharmacophore in medicinal
chemistry, synthetic methods accessing to this moiety have been increasingly studied. The typical
route approach to the sulfoximines starting from commercially available sulfides requires two
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steps include oxidation and successively imination [6,16,17]. Sometimes, in order to produce the
N-free sulfoximines, an additional step should be involved to dissociate the protecting group. Thus,
these traditional methods have drawbacks such as requiring relatively harsh reaction conditions and
poor step-economy for constructing cyclic sulfoximines. In recent years, transition-metal-catalyzed
direct C–H functionalization has been broadly investigated, and these strategies have been proven
to be an efficient tool for the rapid construction of C–C, C–O, C–N, or C–S bonds [18–30].
Additionally, owing to the high efficiency and easy accessibility of Rh(III) catalysis, the construction of
1,2-benzothiazines through Rh(III)-catalyzed C–H bond activation has attracted attention and been
extensively studied [31–33]. For instance, in 2013, Bolm and coworkers developed a Rh(III)-catalyzed
C–H functionalization for the synthesis of 1,2-benzothiazines starting from N-H-sulfoximines and
alkynes (Scheme 1a) [34]. This process had been accomplished under 1 atm O2 at 100 ◦C, and the desired
products could be yielded in good to excellent yields but with limited structural diversity. Later in 2015,
Bolm et al. has disclosed another strategy approaching the 1,2-benzothiazines via sulfoximines-assisted
Rh(III)-catalyzed C–H functionalization and coupling reaction with diazo compounds (Scheme 1b) [35].
It is noteworthy that the dizao coupling partners should be electro-withdrawing groups-incorporated
moieties, which lead to a limited versatility, and the process was carried out under argon at 100 ◦C.
Recently, in Lee’s group, an Rh(III)-catalyzed domino C–H activation/cyclization strategy has been
reported by mixing sulfoximine and pyridotriazole compounds to build the 1,2-benzothiazines skeleton
(Scheme 1c) [36]. In the methodology, the target products were 1,2-benzothiazines bearing pyridyl
motifs as well as carbonyl groups and the process was conducted at a high reaction temperature.
However, it is of note that most of these strategies have to be conducted at harsh reaction conditions with
a limited reaction versatility and structural diversity. Only in 2019, Wu et al. reported a mild protocol to
synthesize 1,2-benzothiazines derivatives [37]. Moreover, the constructed 1,2-benzothiazines scaffolds
were bicyclic moieties, and to the best of our knowledge, only limited examples have been disclosed
for the synthesis of fused 1,2-benzothiazines motif under harsh reaction conditions [38].

Scheme 1. Synthetic methods access to sulfoximines. (a) Bolm’s work; (b) Bolm’s work; (c) Lee’s work;
(d) This work.
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In continuation of our studies on the establishment of fused ring heterocyclic compounds via
Rh(III)-catalyzed C-H functionalization [39–41], we envisioned that a fused 1,2-benzothiazines scaffold
could be achieved via an Rh(III)-catalyzed C–H functionalization/annulation between sulfoximines
and 4-diazoisochroman-3-imines. To our delight, the fused isochromeno-1,2-benzothiazines were
successfully accomplished in good to excellent yields through a redox-neutral process, and our strategy
could be carried out in the air under room temperature with broad generality and versatility. We herein
described our results in detail.

2. Results and Discussion

Based on our previous work and relevant reports, we initially focused the studies on the
Rh(III)-catalyzed coupling of sulfoximide (1a) and 4-diazoisochroman-3-imine (2a) (Table 1). In the
presence of 10 mol% [Cp*RhCl2]2 and 40 mol% AgSbF6 in dichloroethane (DCE) at 80 ◦C, the desired
product 3aa was produced in 16% yield, and its structure was further confirmed by 1H NMR
spectroscopy (Table 1, Entry 2). We further assessed the reaction temperature in different solvents
(Table 1, Entries 1–5), and the results demonstrated that when applying hexafluoro-isopropanol
(HFIP) as the solvent, the reaction could be preceded by producing the 3aa in 47% yield under room
temperature. This result leads us to realize that the polar alcohols would more facilitate the reaction at
mild conditions rather than alkane such as DCE, which might retarded the process (Table 1, Entries 4
and 5). Inspired by this result, the other reaction solvents were screened under room temperature
(Table 1, Entries 6–9). After a series of solvents was examined, the trifluoroethanol (TFE) was found to
be the optimal in which 3aa was obtained in 75% yield (Table 1, Entry 6), and the structure of the desired
product was further verified by X-ray crystallography (CCDC 1988905). We next investigated the
effect of additives and gratifyingly, AgOPiv emerged to be the most effective additive among all those
examined ones (Table 1, entries 10–13) to afford the desired product in an excellent isolated yield of 92%.
Afterward, the ratio of the catalyst and additive was subsequently conducted (Table 1, Entries 14–16).
The results disclosed that the 1:4 ratio of catalyst and additive was necessary for the full conversion
of the starting material 1a and 2a (Table 1, Entries 13–17). In addition, further exploration proved
that there was no obvious discrepancy of the yield of 3aa when the reaction was moved to an argon
atmosphere (Table 1, Entry 18). However, when the reaction time was shortened to 12 h, the yield of 3aa

was slightly reduced (Table 1, Entry 19). Moreover, we also tested different transition-metal catalysts
such as the cost-effective ruthenium (II) or iridium (III) complex, and 3aa could be only detected in 85%
yield when treated with 10 mol% [Cp*lrCl2]2 as catalyst (Table 1, entries 20–21). Notably, 3aa could
not be detected when in the absence of [Cp*RhCl2]2, which indicated the [Cp*RhCl2]2 catalyst is
indispensable for this transformation (Table 1, Entry 22). Therefore, the standard conditions for this
Rh(III)-catalyzed coupling reaction is 5 mol %[Cp*RhCl2]2 and 20 mol %AgOPiv in TFE at room
temperature for 18 h in the air.

After establishing the optimal reaction conditions, we next turned to investigate the scope
of sulfoximide derivatives. As illustrated in Table 2, this Rh-catalyzed coupling reaction could
proceed smoothly with substituted S-aryl sulfoximine substrates bearing electron-donating or
electron-withdrawing substituents, and the corresponding products could be yielded in moderate to
good yields. Sulfoximines with substituents including methyl, methoxyl, halogen, nitro, etc. installed at
the para-position of the benzene ring coupled with 2a smoothly to afford the isochromeno-benzothiazines
products in good yields (3ca–3ha), albeit methyl substituted product (3ba) was obtained in only 47%
yield. It should be mentioned that functional groups such as carbonyl, ester, or carbamate were all
viable under the standard reaction conditions to give the desired products in 66% (3ia), 82% (3ja),
and 89% (3ka) yields, respectively. This result indicated that the strategy could be broadly extended for
further transformation. The ortho-methyl-incorporated sulfoximines also gave a relatively low yield of
the desired product (3la, 58% yield). Notably, the substituents of sulfoximine substrates at different
positions of its benzene ring did not alter the reaction efficiency, as for the halogenated substrates
(compare 3ga, 3ma, and 3na) provided the desired products in similar yields (72% to 74%). Interestingly,
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when an electron-withdrawing group such as bromo was installed at the meta-position of the benene
ring in 1a, only the o-C-H bond of sulfoximine located on the less hindered site was activated, which led
to a production of 3na as a single isomer in 72% yield. On the contrary, if an electron-donating group
was incorporated on the meta-position, the products were isolated as a regioisomer (3oa and 3oa’) in a
total yield of 50%. In addition, naphthalene-fused sulfoximide was also coupled with 2a smoothly,
and the desired product 3pa was obtained as a single isomer through activation/annulation on the less
hindered site of sulfoximine in 73% yield.

Table 1. Optimization of reaction conditions a. TFE: trifluoroethanol.

Entry Catalyst (mol%) Additive (mol%) Solvent Temp (◦C) Yield of 3aa (%) b

1 [Cp*RhCl2]2 (10) AgSbF6 (40) DCE 100 ND
2 [Cp*RhCl2]2 (10) AgSbF6 (40) DCE 80 16
3 [Cp*RhCl2]2 (10) AgSbF6 (40) HFIP 80 trace
4 [Cp*RhCl2]2 (10) AgSbF6 (40) DCE rt trace
5 [Cp*RhCl2]2 (10) AgSbF6 (40) HFIP rt 47
6 [Cp*RhCl2]2 (10) AgSbF6 (40) TFE rt 75
7 [Cp*RhCl2]2 (10) AgSbF6 (40) EtOH rt 57
8 [Cp*RhCl2]2 (10) AgSbF6 (40) THF rt ND
9 [Cp*RhCl2]2 (10) AgSbF6 (40) DME rt trace

10 [Cp*RhCl2]2 (10) AgOAc (40) TFE rt 69
11 [Cp*RhCl2]2 (10) AgNTf2 (40) TFE rt 27
12 [Cp*RhCl2]2 (10) AgBF4 (40) TFE rt ND
13 [Cp*RhCl2]2 (10) AgOPiv (40) TFE rt 99 (92) c

14 [Cp*RhCl2]2 (20) AgOPiv (40) TFE rt 47
15 [Cp*RhCl2]2 (5) AgOPiv (40) TFE rt 77
16 [Cp*RhCl2]2 (5) AgOPiv (20) TFE rt 97 (93) c

17 [Cp*RhCl2]2 (2.5) AgOPiv (10) TFE rt 87
18 d [Cp*RhCl2]2 (10) AgOPiv (40) TFE rt 90 (89) c

19 e [Cp*RhCl2]2 (10) AgOPiv (40) TFE rt 82
20 [Cp*RuCl2]2 (10) AgOPiv (40) TFE rt trace
21 [Cp*lrCl2]2 (10) AgOPiv (40) TFE rt 85
22 - AgOPiv (40) TFE rt ND

a Reaction conditions: 1a (0.15 mmol), 2a (0.165 mmol), catalyst and additive in solvent (2.5 mL) under air.
b Determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard. c Isolated yield in
parentheses. d Under an Argon atmosphere. e The reaction time was shortened to 12 h.

We also evaluated a variety of S-substituted phenylsulfoximine substrates (3qa–3va), and the
results revealed that alkyl, halogen, hydroxyl, and aryl substituents on sulfur substrates were also
compatible under the standard conditions and generated the corresponding product in moderate to
good yields varying from 40% to 90%. In particularly, the cyclopropyl with huge steric hindrance
effect exhibited no impact on the reaction efficiency and showed the best reactivity with 90% yield.
Additionally, pyridine sulfoximine substrate could not generate the desired product (3wa), which might
be caused by the strong coordination effect of the nitrogen atom in pyridine, which ceased the
reaction process.
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Table 2. Substrate scope of sulfoximines a.

a Reaction conditions: 1 (0.15 mmol), 2a (0.165 mmol), [Cp*RhCl2]2 (5 mol%) and AgOPiv (20 mol%) in TFE (2.5 mL)
under air at room temperature for 18 h. All listed yields are isolated ones. b Determined by 1H NMR spectroscopy.
c NR means No Reaction.

Subsequently, we investigated the scope of 4-diazoisochroman-3-imine coupling partner (Table 3).
The introduction of both electron-donating or electron-withdrawing substituents including methyl,
methoxy, Cl, F, and trifluoromethyl at the 6- or 7- positions of isochroman were all tolerated in
this coupling reaction (3ab–3aj) and the yields were varying from 53% to 76%. Among all the
substituents, the electron-deficient trifluoromethyl isochroman substrates exhibited good reactivity
and independently furnished the products 3aj and 3ai in 76% and 74% yields. Besides, the nitro
group-substituted substrate was not compatible for this coupling reaction, and no desired product (3ak)
was achieved. Substituents at different positions has no obvious influence on the reaction efficiency,
as the yields of the 6- and 7- substituted substrates are basically the same.
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Table 3. Substrate scope of 4-diazoisochroman-3-imines a.

a Reaction conditions: 1a (0.15 mmol), 2 (0.165 mmol), [Cp*RhCl2]2 (5 mol%) and AgOPiv (20 mol%) in TFE (2.5 mL)
under air at room temperature for 18 h. All listed yields are isolated ones. b NR means No Reaction.

The chirality of the sufoximine group is important [42–46]. In order to verify the stereospecificity
in the whole reaction process, optically pure R- and S-configured 1a were parallelly coupled with
2a under the standard condition (Scheme 2). The results demonstrated that the corresponding
products were obtained with a retention of configuration with no erosion of the enantiopurity of the
sulfoximine occurred, which indicated that the current coupling protocol possesses a potential utility
on asymmetric synthesis.

Scheme 2. Conversion of stereoisomer substrates.
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Next, we conducted a series of control experiments to explore the preliminary reaction mechanism
(Scheme 3). First, the kinetic isotope effect (KIE) experiment in intramolecular between d1-1a and 2a

were performed and a small KIE value (kH/kD) was measured as 0.47, which indicated that the aryl
Csp2-H bond cleavage was not the rate-limiting step (Scheme 3a) [47]. Next, in the H/D exchange
study, phenylsulfoximine 1a was conducted under the standard conditions in deuterium TFE in
the absence of 2a, and the deuterated d2-1a recovered in 91% deuterium at the ortho-position of
benzene, which suggested that the C–H bond activation process was reversible (Scheme 3b). Finally,
an intermolecular competitive experiment between electron-rich and electron-deficient substrates
(1c/1i = 1:1) lead to the products 3ca/3ia with a ratio of 1.46, implying that an electrophilic rhodation of
C–H bond activation probably involved in the catalytic cycle (Scheme 3c).

Scheme 3. Preliminary mechanistic experiments. (a) KIE experiment; (b) H/D exchange experiment;
(c) Competitive experiment.

A plausible mechanism has been proposed based on the preliminary mechanistic experiments
and previous reports [33,38,41,48]. As shown in Scheme 4, initially the five-membered rhodacycle
intermediate A was formed via coordination of the activated rhodium catalyst with the nitrogen of the
sulfoximine moiety and undergoes electrophilic C–H bond cleavage at the benzene ortho-position of
substrate 1a. Then, intermediate A coordinated with 2a generates rhodium carbenoid intermediate B,
followed by intramolecular carbene migratory insertion and produced a six-membered rhodacycle
intermediate C. Finally, the intermediate C protonation to yield compound D and regenerated the
active cationic Cp*Rh(III) species for the next catalytic cycle. Compound D could easily undergo
intramolecular nucleophilic attack of imine and elimination of the p-toluenesulfonamide (TsNH2)
process to produce the desired isochromeno-1,2-benzothiazines product 3aa.
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Scheme 4. Proposed mechanism.

3. Materials and Methods

3.1. General Information

All reagents and solvents were purchased from commercial sources (J&K Scientific Co., Ltd.,
Beijing, China; TCI Development Co., Ltd., Shanghai, China; Adamas Reagent, Co., Ltd., Shanghai,
China.) and used without further purification. The analytical thin layer chromatography (TLC) was
HSGF 254 (0.15–0.2 mm thickness). All products were characterized by their NMR and MS spectra.
1H and 13C nuclear magnetic resonance spectra (NMR) were acquired on a Bruker 400 MHz or 500 MHz
or 600 MHz NMR spectrometer (Billerica, MA, USA). Chemical shifts were reported in parts per
million (ppm, δ) downfield from tetramethylsilane, and the coupling constants (J) were indicated in Hz.
Proton coupling patterns are described as singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m),
doublet of doublets (dd), and broad (br). Low-resolution mass spectra (LRMS) data were measured
on Agilent 1260 Infinity II (Palo Alto, CA, USA) with Electrospray Ionization (ESI). High-resolution
mass spectra (HRMS) data were measured on an Agilent G6520 Q-TOF (Palo Alto, CA, USA) with
Electrospray Ionization (ESI). AgOPiv was prepared according to the reported literature method [49].

3.2. Experimental Part Method

3.2.1. General Procedure A for the Synthesis of Substrates 1a–1w

To a stirred solution of sulfide (1 mmol) in MeOH (10 mL) was added (NH4)2CO3 (1.5 equiv.).
Subsequently, PhI(OAc)2 (2.3 equiv.) was added, and the solution was stirred at rt for 10 min.
The solvent was removed under reduced pressure, and the crude product was purified by flash column
chromatography eluted with dichloromethane (DCM)/MeOH from 30:1 to 10:1 to give the desired
product 1. Compounds 1e, 1f, 1q, R-1a, and S-1a were purchased from commercial sources and used
without further purification. Compounds 1a–1c, 1g-1i, 1l–1p, 1r–1w are known compounds.

[4-(S-Methylsulfonimidoyl)phenyl]methanol (1d): white solid; m.p.: 108–109 ◦C; 1H NMR (500 MHz,
DMSO-d6): δ 7.88 (d, J = 8.3 Hz, 2H), 7.55–7.49 (m, 2H), 5.41 (t, J = 5.7 Hz, 1H), 4.59 (d, J = 5.6 Hz, 2H),
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4.15 (s, 1H), 3.04 (s, 3H); 13C NMR (126 MHz, DMSO-d6): δ 147.5, 142.3, 127.2, 126.6, 62.2, 46.0; LRMS
(ESI): m/z 186.0 [M +H]+; HRMS (ESI): calculated for C8H12NO2S [M +H]+: 186.0583, found: 186.0584.

Ethyl [4-(S-methylsulfonimidoyl)phenyl]acetate (1j): colorless oil (207.5 mg, 86% yield); 1H NMR
(600 MHz, DMSO-d6): δ 7.88 (d, J = 8.3 Hz, 2H), 7.49 (d, J = 8.4 Hz, 2H), 4.18 (s, 1H), 4.09 (q, J = 7.1 Hz,
2H), 3.80 (s, 2H), 3.05 (s, 3H), 1.19 (t, J = 7.1 Hz, 3H); 13C NMR (126 MHz, CDCl3): δ 170.6, 142.5,
139.8, 130.4, 128.1, 61.4, 46.3, 41.2, 14.3; LRMS (ESI): m/z 242.1 [M +H]+; HRMS (ESI): calculated for
C11H16NO3S [M + H]+: 242.0845, found: 242.0841.

tert-Butyl (4-(S-methylsulfonimidoyl)phenyl)carbamate (1k): white solid; m.p.: 155–156 ◦C; 1H NMR
(600 MHz, DMSO-d6): δ 9.78 (s, 1H), 7.80 (d, J = 8.7 Hz, 2H), 7.63 (d, J = 8.5 Hz, 2H), 4.01 (s, 1H), 3.00
(s, 3H), 1.49 (s, 9H); 13C NMR (126 MHz, DMSO-d6): δ 152.5, 143.3, 136.7, 128.4, 117.5, 79.8, 46.2, 28.0;
LRMS (ESI) m/z: 271.1 [M +H]+; HRMS (ESI) m/z: calculated for C12H18N2O3S [M +H]+: 271.1111,
found: 271.1115.

3.2.2. General Procedure for the Synthesis of Substrates 2a–2k

To a two-neck round bottom flask was successively added (2-ethynylphenyl)methanols (5.0 mmol,
1.0 equiv.), CuBr (0.5 mmol, 0.1 equiv.), and Et3N (10.0 mmol, 2.0 equiv.) in anhydrous MeCN (50 mL,
0.1 M). The mixture was evacuated and refilled with Ar 3 times. To the resulting mixture was slowly
added p-toluenesulfonyl azide (75% in EA solution, 11.0 mmol, 2.2 equiv.) over 10 min under Ar,
and the reaction was processed under room temperature for 4–6 h. Then, the mixture was filtered
through a pad of celite and washed with DCM (30 mL × 3). The combined organic layer was washed
with saturated NaHCO3, dried over anhydrous Na2SO4, filtered, and concentrated under reduced
pressure. The crude residue was purified by flash chromatography eluted with hexane/EA/DCM = 5:1:2
to give the desired product 2 as a yellow solid. Compounds 2a–2k are known compounds.

3.2.3. General Procedure for the Synthesis of Compounds 3

To a 15 mL vial was added sulfoximines 1 (0.15 mmol), 4-diazoisochroman-3-imines 2 (0.165 mmol),
[Cp*RhCl2]2 (5 mol%), and AgOPiv (20 mol%) under air. Trifluoroethanol (TFE, 2.5 mL) was added
subsequently. The resulting mixture was stirred at ambient temperature for 18 h. Upon completion of the
reaction, the mixture was filtered through a celite pad and washed with DCM (10 mL× 3). The combined
organic layer was concentrated under vacuo, and the residue was purified by silica gel chromatography
eluting with DCM/MeOH from 50:1 to 10:1 to give the desired isochromeno-1,2-benzothiazines
product 3.

3.2.4. Characterization of the Products

5-Methyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3aa): yellow-green solid; m.p.:
182–184 ◦C; 1H NMR (500 MHz, CDCl3): δ 8.07 (d, J = 9.6 Hz, 1H), 7.78 (dd, J = 8.0, 1.3 Hz,
1H), 7.62–7.54 (m, 2H), 7.38–7.26 (m, 2H), 7.21–7.11 (m, 2H), 5.20–4.99 (m, 2H), 3.49 (s, 3H); 13C NMR
(126 MHz, CDCl3): δ 157.3, 135.0, 132.9, 131.3, 128.8, 128.2, 125.0, 124.8, 124.5, 124.4, 123.2, 122.2, 120.0,
91.9, 70.3, 43.0; LRMS (ESI): m/z 284.1 [M +H]+; HRMS (ESI): calculated for C16H14NO2S [M +H]+:
284.0740, found: 284.0745.

2,5-Dimethyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3ba): yellow solid; m.p.:
101–103 ◦C; 1H NMR (600 MHz, CDCl3): δ 7.87 (s, 1H), 7.67 (d, J = 8.2 Hz, 1H), 7.61 (d, J = 8.8 Hz, 1H),
7.32 (t, J = 6.8 Hz, 1H), 7.20 (d, J = 7.4 Hz, 1H), 7.18–7.13 (m, 2H), 5.14–5.00 (m, 2H), 3.46 (s, 3H), 2.44
(s, 3H); 13C NMR (151 MHz, CDCl3): δ 157.3, 143.7, 135.2, 131.4, 128.8, 128.2, 125.7, 125.0, 124.7, 124.2,
123.2, 122.2, 117.6, 91.6, 70.2, 43.1, 22.2; LRMS (ESI): m/z 298.0 [M +H]+; HRMS (ESI): calculated for
C17H16NO2S [M + H]+: 298.0896, found: 298.0900.

2-Methoxy-5-methyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3ca): pale yellow solid;
m.p.: 105–106 ◦C; 1H NMR (400 MHz, CDCl3): δ 7.70 (d, J = 8.9 Hz, 1H), 7.64 (d, J = 7.8 Hz, 1H), 7.47
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(d, J = 2.4 Hz, 1H), 7.35–7.27 (m, 1H), 7.20 (d, J = 5.9 Hz, 1H), 7.14 (t, J = 7.3 Hz, 1H), 6.88 (dd, J = 8.9,
2.4 Hz, 1H), 5.07 (q, J = 12.2 Hz, 2H), 3.86 (s, 3H), 3.42 (s, 3H); 13C NMR (126 MHz, CDCl3): δ 163.3,
157.9, 137.5, 131.5, 128.9, 128.2, 125.5, 125.1, 124.6, 121.8, 112.9, 112.8, 106.7, 91.5, 70.1, 55.7, 43.7; LRMS
(ESI): m/z 314.0 [M +H]+; HRMS (ESI): calculated for C17H16NO3S [M +H]+: 314.0845, found: 314.0844.

(5-Methyl-5-oxido-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazin-2-yl)methanol (3da): orange solid;
m.p.: 65–67 ◦C; 1H NMR (600 MHz, CDCl3): δ 7.99 (s, 1H), 7.66 (d, J = 8.2 Hz, 1H), 7.54 (d, J = 7.8
Hz, 1H), 7.29–7.23 (m, 2H), 7.13 (d, J = 6.8 Hz, 2H), 5.01–4.93 (m, 2H), 4.73 (s, 2H), 3.40 (s, 3H), 2.97
(s, 1H); 13C NMR (126 MHz, CDCl3): δ 157.2, 146.6, 135.0, 131.1, 128.7, 128.3, 125.0, 124.8, 123.4, 122.8,
122.1, 121.7, 118.6, 92.0, 70.1, 64.5, 42.9; LRMS (ESI): m/z 314.0 [M +H]+; HRMS (ESI): calculated for
C17H16NO3S [M + H]+: 314.0845, found: 314.0846.

2-Fluoro-5-methyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3ea): yellow solid; m.p.:
149–151 ◦C; 1H NMR (600 MHz, CDCl3): δ 7.79 (dd, J = 8.9, 5.5 Hz, 1H), 7.70 (dd, J = 11.3, 2.5 Hz, 1H),
7.57 (d, J = 7.6 Hz, 1H), 7.33 (td, J = 7.5, 1.7 Hz, 1H), 7.22–7.13 (m, 2H), 7.07–6.99 (m, 1H), 5.15–5.02
(m, 2H), 3.47 (s, 3H); 13C NMR (151 MHz, CDCl3): δ 157.8, 134.5, 133.5, 132.2, 131.9, 131.1–130.2 (m),
125.5, 125.0, 124.0, 123.4, 121.5–121.3 (m), 120.2, 118.6 (q, J = 3.8 Hz), 91.3, 69.7, 43.0; LRMS (ESI): m/z

302.0 [M + H]+; HRMS (ESI): calculated for C16H13FNO2S [M + H]+: 302.0646, found: 302.0650.

2-Chloro-5-methyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3fa): yellow-green solid;
m.p.: 210–211 ◦C; 1H NMR (600 MHz, CDCl3): δ 8.04 (d, J = 2.0 Hz, 1H), 7.70 (d, J = 8.6 Hz, 1H), 7.57
(d, J = 7.8 Hz, 1H), 7.39–7.30 (m, 1H), 7.28 (d, J = 1.9 Hz, 1H), 7.22–7.15 (m, 2H), 5.15–5.02 (m, 2H),
3.48 (s, 3H); 13C NMR (151 MHz, CDCl3): δ 157.6, 139.2, 136.0, 130.2, 128.2, 127.9, 124.6, 124.6, 124.3,
124.0, 123.2, 121.5, 117.3, 91.1, 69.8, 42.6; LRMS (ESI): m/z 318.0 [M +H]+; HRMS (ESI): calculated for
C16H13ClNO2S [M + H]+: 318.0350, found: 318.0350.

2-Bromo-5-methyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3ga): yellow-green solid;
m.p.: 93–94 ◦C; 1H NMR (500 MHz, CDCl3): δ 8.21 (d, J = 1.8 Hz, 1H), 7.62 (d, J = 8.5 Hz, 1H), 7.56
(d, J = 7.8 Hz, 1H), 7.42 (dd, J = 8.5, 1.8 Hz, 1H), 7.37–7.33 (m, 1H), 7.22 – 7.15 (m, 2H), 5.16–5.02 (m, 2H),
3.48 (s, 3H).; 13C NMR (126 MHz, CDCl3): δ 157.6, 136.1, 130.1, 128.2, 128.0, 127.8, 126.8, 126.3, 124.6,
124.6, 124.2, 121.5, 117.7, 91.0, 69.8, 42.5; LRMS (ESI): m/z 361.0 [M +H]+; HRMS (ESI): calculated for
C16H13BrNO2S [M + H]+: 361.9845, found: 361.9850.

5-Methyl-2-nitro-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3ha): brown solid; m.p.:
179–181 ◦C; 1H NMR (600 MHz, CDCl3): δ 8.92 (d, J = 2.2 Hz, 1H), 8.04 (dd, J = 8.7, 2.1 Hz,
1H), 7.91 (d, J = 8.7 Hz, 1H), 7.56 (d, J = 7.8 Hz, 1H), 7.39 (dt, J = 8.2, 4.4 Hz, 1H), 7.23 (d, J = 4.1 Hz, 2H),
5.21 – 5.03 (m, 2H), 3.61 (s, 3H); 13C NMR (126 MHz, CDCl3): δ 158.1, 150.0, 135.5, 129.6, 128.3, 128.1,
125.3, 124.8, 124.3, 121.8, 121.4, 119.5, 117.3, 92.6, 70.0, 42.2; LRMS (ESI): m/z 329.2 [M + H]+; HRMS
(ESI): calculated for C16H13N2O4S [M + H]+: 329.0591, found: 329.0603.

1-(5-Methyl-5-oxido-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazin-2-yl)ethanone (3ia): orange-yellow
solid; m.p.: 112–114 ◦C; 1H NMR (600 MHz, CDCl3): δ 8.63 (s, 1H), 7.86–7.80 (m, 2H), 7.57 (d, J = 7.8 Hz,
1H), 7.35 (td, J = 7.5, 1.7 Hz, 1H), 7.24–7.16 (m, 2H), 5.21–5.02 (m, 2H), 3.57 (s, 3H), 2.63 (s, 3H); 13C
NMR (151 MHz, CDCl3): δ 197.4, 157.8, 140.1, 135.1, 130.8, 128.7, 128.6, 125.3, 125.2, 123.6, 123.0, 122.0,
122.0, 92.7, 70.4, 42.7, 27.1; LRMS (ESI): m/z 326.0 [M +H]+; HRMS (ESI): calculated for C18H16NO3S
[M + H]+: 326.0845, found: 326.0850.

Ethyl (5-methyl-5-oxido-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazin-2-yl)acetate (3ja): yellow solid;
m.p.: 70–72 ◦C; 1H NMR (600 MHz, CDCl3): δ 7.96 (d, J = 1.8 Hz, 1H), 7.73 (d, J = 8.2 Hz, 1H), 7.59
(d, J = 7.9 Hz, 1H), 7.31 (td, J = 7.5, 1.6 Hz, 1H), 7.25 (d, J = 1.6 Hz, 1H), 7.19 (dd, J = 7.6, 1.5 Hz, 1H),
7.15 (td, J = 7.4, 1.1 Hz, 1H), 5.17–4.97 (m, 2H), 4.17 (q, J = 7.1 Hz, 2H), 3.68 (s, 2H), 3.48 (s, 3H), 1.27
(t, J = 7.1 Hz, 3H); 13C NMR (126 MHz, CDCl3): δ 170.7, 157.5, 139.4, 135.2, 131.2, 128.8, 128.2, 125.5,
125.0, 125.0, 124.8, 123.5, 122.1, 118.7, 91.8, 70.2, 61.3, 43.0, 41.7, 14.3; LRMS (ESI): m/z 370.0 [M +H]+;
HRMS (ESI): calculated for C20H20NO4S [M + H]+: 370.1108, found: 370.1116.
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tert-Butyl (5-methyl-5-oxido-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazin-2-yl)carbamate (3ka):
yellow-green solid; m.p.: 77–79 ◦C; 1H NMR (600 MHz, CDCl3): δ 7.90 (d, J = 2.0 Hz, 1H), 7.65
(d, J = 8.8 Hz, 1H), 7.59 (d, J = 7.4 Hz, 1H), 7.46 (d, J = 8.6 Hz, 1H), 7.30 – 7.24 (m, 1H), 7.13 (d, J = 7.5 Hz,
1H), 7.09 (t, J = 7.4 Hz, 1H), 6.98 (s, 1H), 5.08 – 4.95 (m, 2H), 3.39 (s, 3H), 1.49 (s, 9H); 13C NMR
(126 MHz, CDCl3): δ 157.5, 152.3, 143.0, 136.3, 131.2, 128.6, 128.2, 124.9, 124.7, 124.6, 122.0, 115.1,
114.2, 111.9, 91.5, 81.4, 70.1, 43.4, 28.3; LRMS (ESI): m/z 399.0 [M + H]+; HRMS (ESI): calculated for
C21H23N2O4S [M + H]+: 399.1373, found: 399.1383.

4,5-Dimethyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3la): yellow solid; m.p.:
109–111 ◦C; 1H NMR (600 MHz, CDCl3): δ 7.90 (d, J = 6.5 Hz, 1H), 7.53 (d, J = 6.7 Hz, 1H),
7.44 (dd, J = 8.3, 7.3 Hz, 1H), 7.28 (td, J = 7.7, 1.6 Hz, 1H), 7.18 (dd, J = 7.4, 0.8 Hz, 1H), 7.13 (td, J = 7.4,
1.1 Hz, 1H), 7.10 (dt, J = 7.3, 1.0 Hz, 1H), 5.12–5.02 (m, 2H), 3.43 (s, 3H), 2.76 (s, 3H); 13C NMR (126 MHz,
CDCl3): δ 156.2, 136.6, 135.4, 132.5, 131.7, 128.9, 128.1, 127.6, 125.0, 124.6, 123.0, 122.2, 120.0, 91.2,
70.2, 46.6, 21.1; LRMS (ESI): m/z 298.1 [M +H]+; HRMS (ESI): calculated for C17H16NO2S [M +H]+:
298.0896, found: 298.0900.

4-Bromo-5-methyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3ma): yellow solid; m.p.:
101–103 ◦C; 1H NMR (500 MHz, CDCl3): δ 8.07 (dd, J = 8.4, 1.1 Hz, 1H), 7.53–7.42 (m, 2H), 7.37
(t, J = 8.0 Hz, 1H), 7.31–7.25 (m, 1H), 7.19 (d, J = 7.6 Hz, 1H), 7.15 (t, J = 6.8 Hz, 1H), 5.19–5.02 (m, 2H),
3.89 (s, 3H); 13C NMR (151 MHz, CDCl3): δ 156.5, 138.5, 132.8, 131.1, 129.7, 128.9, 128.2, 125.2, 125.0,
124.6, 122.3, 120.9, 118.2, 91.2, 70.3, 49.2; LRMS (ESI): m/z 360.9 [M +H]+; HRMS (ESI): calculated for
C16H13BrNO2S [M + H]+: 361.9845, found: 361.9854.

3-Bromo-5-methyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3na): yellow solid; m.p.:
120–122 ◦C; 1H NMR (600 MHz, CDCl3): δ 7.95 (d, J = 8.9 Hz, 1H), 7.88 (d, J = 2.1 Hz, 1H), 7.63
(dd, J = 8.9, 2.1 Hz, 1H), 7.52 (d, J = 8.3 Hz, 1H), 7.31 (td, J = 7.5, 1.7 Hz, 1H), 7.21–7.12 (m, 2H), 5.15–5.01
(m, 2H), 3.52 (s, 3H); 13C NMR (151 MHz, CDCl3): δ 157.3, 135.9, 133.7, 130.7, 128.7, 128.3, 126.2, 125.5,
125.1, 125.1, 122.1, 120.9, 116.2, 91.9, 70.3, 42.9; LRMS (ESI): m/z 361.2 [M +H]+; HRMS (ESI): calculated
for C16H13BrNO2S [M + H]+: 361.9845, found: 361.9843.

3-Methoxy-5-methyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3oa) and
1-Methoxy-5-methyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3oa’): pale yellow
solid; 1H NMR (500 MHz, CDCl3) for the mixtures: δ 8.00 (d, J = 9.7 Hz, 1H), 7.54 (d, J = 7.9 Hz, 1H),
7.46 (d, J = 5.8 Hz, 1H), 7.41–7.33 (m, 5H), 7.30 (t, J = 7.4 Hz, 1H), 7.23–7.16 (m, 6H), 7.13 (d, J = 6.2 Hz,
7H), 7.08 (t, J = 7.2 Hz, 3H), 6.90 (d, J = 7.9 Hz, 1H), 6.85 (d, J = 7.8 Hz, 3H), 5.16–4.96 (m, 7H),
3.89 (s, 3H), 3.77 (s, 8H), 3.64 (s, 8H), 3.45 (s, 3H); 13C NMR (126 MHz, CDCl3) for the mixtures:
δ 157.5, 154.8, 132.2, 132.0, 130.8, 128.2, 128.0, 127.6, 126.3, 125.8, 124.9, 124.5, 124.3, 124.1, 123.8, 123.2,
123.1, 123.1, 122.0, 121.4, 121.3, 120.0, 115.7, 115.1, 113.6, 113.5, 104.8, 89.4, 69.8, 69.6, 55.5, 54.8, 42.4,
42.0; LRMS (ESI): m/z 314.2 [M + H]+; HRMS (ESI): calculated for C17H16NO3S [M + H]+: 314.0845,
found: 314.0837.

8-Methyl-5H-8λ4-isochromeno[3,4-c]naphtho[2,3-e][1,2]thiazine 8-oxide (3pa): yellow solid; m.p.:
98–100 ◦C; 1H NMR (600 MHz, CDCl3): δ 8.40 (s, 2H), 7.92 (d, J = 8.3 Hz, 1H), 7.82 (d, J = 8.4 Hz,
1H), 7.77 (d, J = 7.8 Hz, 1H), 7.61–7.55 (m, 1H), 7.46 (t, J = 7.5 Hz, 1H), 7.37 (t, J = 8.2 Hz, 1H), 7.23
(d, J = 7.1 Hz, 1H), 7.19 (t, J = 6.5 Hz, 1H), 5.11 (s, 2H), 3.41 (s, 3H); 13C NMR (126 MHz, CDCl3): δ 156.4,
135.8, 131.7, 130.2, 130.0, 129.3, 128.9, 128.8, 128.2, 127.8, 126.0, 125.1, 124.8, 124.6, 123.3, 121.9, 121.8,
91.8, 70.2, 42.5; LRMS (ESI): m/z 334.0 [M +H]+; HRMS (ESI): calculated for C20H16NO2S [M +H]+:
334.0896, found: 334.0894.

5-Ethyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3qa): yellow-green solid; m.p.: 77–79 ◦C;
1H NMR (500 MHz, CDCl3): δ 8.07 (d, J = 8.4 Hz, 1H), 7.72 (dd, J = 8.0, 1.4 Hz, 1H), 7.60 (d, J = 6.8 Hz,
1H), 7.59–7.55 (m, 1H), 7.34–7.27 (m, 2H), 7.19 (d, J = 5.9 Hz, 1H), 7.14 (td, J = 7.4, 1.2 Hz, 1H), 5.09
(q, J = 12.2 Hz, 2H), 3.60 (ddt, J = 32.6, 14.5, 7.3 Hz, 2H), 1.36 (t, J = 7.3 Hz, 3H); 13C NMR (126 MHz,
CDCl3): δ 157.7, 136.0, 133.0, 131.4, 128.8, 128.2, 125.0, 124.7, 124.6, 124.2, 123.8, 122.0, 117.2, 91.3, 70.2,
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49.3, 7.9; LRMS (ESI): m/z 298.1 [M +H]+; HRMS (ESI): calculated for C17H16NO2S [M +H]+: 298.0896,
found: 298.0904.

5-Cyclopropyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3ra): yellow oil; 1H NMR
(600 MHz, CDCl3): δ 8.09 (d, J = 8.3 Hz, 1H), 7.87 (d, J = 8.0 Hz, 1H), 7.62 (d, J = 7.8 Hz, 1H),
7.56 (t, J = 7.7 Hz, 1H), 7.33–7.28 (m, 2H), 7.19 (d, J = 7.3 Hz, 1H), 7.14 (t, J = 7.4 Hz, 1H), 5.17–4.99
(m, 2H), 2.88 (tt, J = 8.0, 4.7 Hz, 1H), 1.78 – 1.70 (m, 1H), 1.57–1.49 (m, 1H), 1.42 (dt, J = 14.9, 7.8 Hz, 1H),
1.31–1.26 (m, 1H); 13C NMR (151 MHz, CDCl3): δ 157.4, 135.2, 132.5, 131.3, 128.8, 128.1, 125.0, 124.7,
124.4, 124.1, 123.3, 122.3, 120.5, 91.8, 70.2, 30.7, 7.0, 4.6; LRMS (ESI): m/z 310.1 [M +H]+; HRMS (ESI):
calculated for C18H16NO2S [M + H]+: 310.0896, found: 310.0904.

5-(Chloromethyl)-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3sa): yellow-green solid; m.p.:
194–196 ◦C; 1H NMR (600 MHz, CDCl3): δ 8.06 (d, J = 8.4 Hz, 1H), 7.87 (dd, J = 8.1, 1.4 Hz, 1H), 7.66–7.62
(m, 1H), 7.61 (d, J = 7.4 Hz, 1H), 7.38–7.34 (m, 1H), 7.32 (td, J = 7.5, 1.7 Hz, 1H), 7.21 (dd, J = 7.6, 1.6
Hz, 1H), 7.17 (td, J = 7.3, 1.1 Hz, 1H), 5.09 (q, J = 12.3 Hz, 2H), 4.89–4.75 (m, 2H); 13C NMR (126 MHz,
CDCl3): δ 157.3, 137.3, 134.3, 130.8, 128.9, 128.3, 125.8, 125.1, 125.1, 124.7, 124.4, 122.1, 114.6, 91.7, 70.4,
58.6; LRMS (ESI): m/z 317.9 [M + H]+; HRMS (ESI): calculated for C16H13ClNO2S [M + H]+: 318.0350,
found: 318.0345.

2-(5-Oxido-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazin-5-yl)ethanol (3ta): yellow-green solid; m.p.:
143–145 ◦C; 1H NMR (600 MHz, CDCl3): δ 8.08 (d, J = 8.3 Hz, 1H), 7.80 (dd, J = 8.1, 1.3 Hz, 1H),
7.64–7.56 (m, 2H), 7.36–7.29 (m, 2H), 7.21–7.14 (m, 2H), 5.19–5.03 (m, 2H), 4.18–4.07 (m, 2H), 3.95 – 3.83
(m, 2H), 3.26 (s, 1H); 13C NMR (151 MHz, CDCl3): δ 156.5, 135.1, 132.9, 130.9, 129.7, 128.6, 128.1, 126.4,
125.0, 124.4, 123.4, 122.2, 118.8, 92.2, 70.2, 56.3, 56.2; LRMS (ESI): m/z 314.1 [M + H]+; HRMS (ESI):
calculated for C17H16NO3S [M + H]+: 314.0845, found: 314.0842.

5-Phenyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3ua): yellow solid; m.p.: 102–103 ◦C;
1H NMR (600 MHz, CDCl3): δ 8.13 (d, J = 8.4 Hz, 1H), 8.07 (d, J = 7.8 Hz, 2H), 7.71 (t, J = 7.4 Hz, 1H),
7.67 (d, J = 7.8 Hz, 1H), 7.62 (t, J = 7.7 Hz, 2H), 7.51 (t, J = 7.7 Hz, 1H), 7.34 (t, J = 7.6 Hz, 1H), 7.22
(t, J = 8.0 Hz, 2H), 7.19–7.13 (m, 2H), 5.24–5.10 (m, 2H); 13C NMR (151 MHz, CDCl3): δ 157.4, 136.8,
134.6, 134.3, 132.2, 131.3, 129.8, 129.3, 128.9, 128.2, 125.0, 124.9, 124.7, 124.2, 124.1, 122.5, 121.2, 92.1,
70.4; LRMS (ESI): m/z 346.0 [M + H]+; HRMS (ESI): calculated for C21H16NO2S [M + H]+: 346.0896,
found: 346.0899.

5-Benzyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3va): yellow-green solid; m.p.:
66–68 ◦C; 1H NMR (600 MHz, CDCl3): δ 7.99 (dd, J = 8.1, 1.1 Hz, 1H), 7.75 (dd, J = 7.8, 1.4 Hz,
1H), 7.65 (d, J = 8.9 Hz, 1H), 7.59 – 7.53 (m, 1H), 7.38 (td, J = 7.5, 1.1 Hz, 1H), 7.32 (t, J = 6.9 Hz, 1H),
7.30–7.26 (m, 2H), 7.25–7.22 (m, 1H), 7.18 (td, J = 7.4, 1.1 Hz, 1H), 7.16–7.12 (m, 3H), 5.33 (d, J = 15.5 Hz,
1H), 5.08 (d, J = 12.1 Hz, 1H), 4.98 (d, J = 15.5 Hz, 1H), 4.62 (d, J = 12.1 Hz, 1H); 13C NMR (126 MHz,
CDCl3): δ 147.2, 137.0, 133.9, 131.4, 130.6, 129.0, 128.8, 128.5, 128.3, 127.8, 127.4, 126.5, 125.8, 125.4, 125.3,
124.9, 123.5, 97.0, 70.4, 54.2; LRMS (ESI): m/z 360.0 [M + H]+; HRMS (ESI): calculated for C22H18NO2S
[M + H]+: 360.1053, found: 360.1053.

5,10-Dimethyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3ab): yellow-green solid; m.p.:
152–154 ◦C; 1H NMR (600 MHz, CDCl3): δ 8.05 (d, J = 8.4 Hz, 1H), 7.77 (d, J = 7.7 Hz, 1H), 7.59–7.54
(m, 1H), 7.49 (d, J = 7.9 Hz, 1H), 7.32 (t, J = 7.6 Hz, 1H), 7.12 (dd, J = 8.0, 1.8 Hz, 1H), 7.01 (s, 1H),
5.12–5.00 (m, 2H), 3.49 (s, 3H), 2.36 (s, 3H); 13C NMR (151 MHz, CDCl3): δ 156.8, 135.1, 134.6, 132.8,
129.0, 128.8, 128.4, 125.7, 124.5, 124.3, 123.2, 122.2, 119.9, 91.9, 70.3, 43.0, 21.1.; LRMS (ESI): m/z 298.1
[M + H]+; HRMS (ESI): calculated for C17H16NO2S [M + H]+: 298.0896, found: 298.0902.

10-Methoxy-5-methyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3ac): yellow-green solid;
m.p.: 108–110 ◦C; 1H NMR (600 MHz, CDCl3): δ 8.02 (d, J = 8.4 Hz, 1H), 7.76 (d, J = 8.1 Hz, 1H), 7.56
(t, J = 7.7 Hz, 1H), 7.51 (d, J = 8.5 Hz, 1H), 7.31 (t, J = 7.6 Hz, 1H), 6.87 (dd, J = 8.6, 2.7 Hz, 1H), 6.76
(d, J = 2.7 Hz, 1H), 5.05 (q, J = 12.3 Hz, 2H), 3.82 (s, 3H), 3.50 (s, 3H); 13C NMR (151 MHz, CDCl3):
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δ 157.2, 156.2, 135.0, 132.8, 130.5, 124.4, 124.2, 123.9, 123.5, 123.1, 119.8, 113.5, 110.9, 91.7, 70.2, 55.6,
42.9; LRMS (ESI): m/z 314.1 [M + H]+; HRMS (ESI): calculated for C17H16NO3S [M + H]+: 314.0845,
found: 314.0847.

11-Methoxy-5-methyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3ad): yellow solid; m.p.:
209–211 ◦C; 1H NMR (600 MHz, CDCl3): δ 8.06 (d, J = 8.3 Hz, 1H), 7.74 (d, J = 6.7 Hz, 1H), 7.60–7.51
(m, 1H), 7.32–7.27 (m, 1H), 7.12 (d, J = 2.5 Hz, 1H), 7.08 (d, J = 8.2 Hz, 1H), 6.66 (dd, J = 8.2, 2.5 Hz, 1H),
5.07–4.95 (m, 2H), 3.78 (s, 3H), 3.46 (s, 3H); 13C NMR (151 MHz, CDCl3): δ 159.7, 157.5, 135.0, 133.0,
132.6, 125.9, 124.5, 124.4, 123.2, 121.4, 120.0, 109.4, 108.7, 91.9, 69.9, 55.5, 42.9; LRMS (ESI): m/z 314.0
[M + H]+; HRMS (ESI): calculated for C17H16NO3S [M + H]+: 314.0845, found: 314.0842.

10-Chloro-5-methyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3ae): yellow solid; m.p.:
180–182 ◦C; 1H NMR (500 MHz, CDCl3): δ 7.98 (d, J = 7.3 Hz, 1H), 7.78 (dd, J = 8.1, 1.3 Hz, 1H),
7.60–7.56 (m, 1H), 7.51 (d, J = 8.3 Hz, 1H), 7.37–7.31 (m, 1H), 7.28–7.24 (m, 1H), 7.17 (d, J = 2.2 Hz, 1H),
5.11–4.95 (m, 2H), 3.51 (s, 3H); 13C NMR (126 MHz, CDCl3): δ 157.3, 134.7, 133.0, 130.4, 129.9, 129.8,
128.2, 125.1, 124.6, 124.3, 123.3, 123.3, 120.1, 91.3, 69.6, 43.0; LRMS (ESI): m/z 318.1 [M + H]+; HRMS
(ESI): calculated for C16H13ClNO2S [M + H]+: 318.0350, found: 318.0359.

11-Chloro-5-methyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3af): yellow-green solid;
m.p.: 66–68 ◦C; 1H NMR (600 MHz, CDCl3): δ 8.02 (d, J = 8.2 Hz, 1H), 7.78 (dd, J = 8.1, 1.3 Hz, 1H),
7.65–7.60 (m, 1H), 7.56 (s, 1H), 7.38–7.33 (m, 1H), 7.11 (d, J = 1.3 Hz, 2H), 5.13–4.95 (m, 2H), 3.50 (s, 3H);
13C NMR (151 MHz, CDCl3): δ 157.7, 134.6, 134.2, 133.3, 133.2, 126.9, 126.2, 124.8, 124.5, 124.2, 123.3,
121.9, 120.1, 91.2, 69.7, 43.0; LRMS (ESI): m/z 318.1 [M +H]+; HRMS (ESI): calculated for C16H13ClNO2S
[M + H]+: 318.0350, found: 318.0349.

10-Fluoro-5-methyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3ag): yellow-green solid;
m.p.: 77–79 ◦C; 1H NMR (600 MHz, CDCl3): δ 8.00 (d, J = 8.4 Hz, 1H), 7.78 (dd, J = 8.1, 1.3 Hz, 1H),
7.60–7.55 (m, 1H), 7.53 (dd, J = 8.6, 5.2 Hz, 1H), 7.40–7.30 (m, 1H), 7.00 (td, J = 8.6, 2.8 Hz, 1H), 6.91
(dd, J = 8.4, 2.7 Hz, 1H), 5.12–4.97 (m, 2H), 3.52 (s, 3H); 13C NMR (151 MHz, CDCl3): δ 161.1, 159.5,
156.8, 134.7, 132.9, 130.7 (d, J = 7.0 Hz), 127.3 (d, J = 3.2 Hz), 124.4 (d, J = 42.3 Hz), 123.6 (d, J = 7.7 Hz),
123.2, 120.1, 114.9 (d, J = 21.4 Hz), 112.3 (d, J = 22.3 Hz), 91.4, 69.6 (d, J = 2.1 Hz), 42.9; LRMS (ESI): m/z

302.1 [M + H]+; HRMS (ESI): calculated for C16H13FNO2S [M + H]+: 302.0646, found: 302.0649.

11-Fluoro-5-methyl-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3ah): pale yellow solid;
m.p.: 91–93 ◦C; 1H NMR (600 MHz, CDCl3): δ 8.02 (d, J = 8.9 Hz, 1H), 7.78 (dd, J = 8.1, 1.3 Hz, 1H),
7.67–7.57 (m, 1H), 7.38–7.32 (m, 1H), 7.28 (dd, J = 10.6, 2.5 Hz, 1H), 7.14 (dd, J = 8.3, 5.7 Hz, 1H), 6.82
(td, J = 8.4, 2.5 Hz, 1H), 5.12–4.97 (m, 2H), 3.51 (s, 3H); 13C NMR (151 MHz, CDCl3): δ 163.7, 162.1,
157.6, 134.5, 133.3 (d, J = 9.2 Hz), 133.1, 126.3 (d, J = 9.3 Hz), 124.6, 124.1 (d, J = 3.6 Hz), 123.2, 120.0,
111.0 (d, J = 22.3 Hz), 109.0 (d, J = 24.1 Hz), 91.3 (d, J = 2.2 Hz), 69.6, 42.9; LRMS (ESI): m/z 302.0
[M + H]+; HRMS (ESI): calculated for C16H13FNO2S [M + H]+: 302.0646, found: 302.0645.

5-Methyl-10-(trifluoromethyl)-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3ai): yellow solid;
m.p.: 191–193 ◦C; 1H NMR (600 MHz, CDCl3): δ 8.01 (d, J = 8.3 Hz, 1H), 7.80 (dd, J = 8.0, 1.3 Hz,
1H), 7.68 (d, J = 8.2 Hz, 1H), 7.63–7.58 (m, 1H), 7.56–7.52 (m, 1H), 7.44 (s, 1H), 7.42–7.35 (m, 1H),
5.21–5.02 (m, 2H), 3.53 (s, 3H); 13C NMR (151 MHz, CDCl3): δ 158.3, 135.0, 134.5, 133.2, 128.7, 126.4
(q, J = 32.6 Hz), 125.3 (d, J = 3.6 Hz), 124.9, 124.3, 123.3, 122.0 (d, J = 3.9 Hz), 121.9, 120.2, 91.4, 69.7,
43.0; LRMS (ESI): m/z 352.0 [M + H]+; HRMS (ESI): calculated for C17H13F3NO2S [M + H]+: 352.0614,
found: 352.0617.

5-Methyl-11-(trifluoromethyl)-8H-5λ4-isochromeno[3,4-c][1,2]benzothiazine 5-oxide (3aj): yellow solid;
m.p.: 150–152 ◦C; 1H NMR (600 MHz, CDCl3): δ 8.00 (d, J = 8.3 Hz, 1H), 7.83 (s, 1H), 7.81 (dd, J = 8.1,
1.3 Hz, 1H), 7.67–7.61 (m, 1H), 7.42–7.36 (m, 2H), 7.30 (d, J = 7.8 Hz, 1H), 5.20–5.04 (m, 2H), 3.52 (s, 3H);
13C NMR (151 MHz, CDCl3): δ 157.8, 134.5, 133.5, 132.2, 131.9, 131.0–130.3 (m), 125.5, 125.0, 124.0,
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123.4, 121.5–121.4 (m), 120.2, 118.6 (q, J = 3.9 Hz), 91.3, 69.7, 43.0; LRMS (ESI): m/z 352.0 [M + H]+;
HRMS (ESI): calculated for C17H13F3NO2S [M + H]+: 352.0614, found: 352.0618.

3.2.5. Mechanistic Investigations

KIE Experiment. To a 15 mL vial was added d1-1a (23.43 mg, 0.15 mmol), 2a (54.01 mg, 0.165 mmol),
[Cp*RhCl2]2 (4.64 mg, 5 mol%), AgOPiv (6.27 mg, 20 mol%) under air. Trifluoroethanol (TFE, 2.5 mL)
was added subsequently. The resulting mixture was stirred at ambient temperature for 6 h. Then,
the mixture was filtered through a celite pad and washed with DCM (10 mL × 3). The combined organic
layer was concentrated under vacuo, and the residue was purified by silica gel chromatography eluting
with DCM/MeOH from 50:1 to 30:1 to give the mixture of 3aa and d1-3aa. The ratio of two products
was determined by 1H NMR to give an intramolecular kinetic isotopic effect (KIE) kH/kD = 0.47.
(see Supporting Information).

H/D Exchange Experiment. A mixture of 1a (23.43 mg, 0.15 mmol), [Cp*RhCl2]2 (4.64 mg, 5 mol%),
AgOPiv (6.27 mg, 20 mol%) and d3-TFE was added into a vial under air. The resulting mixture was
stirred at room temperature for 18 h. Then, the mixture was filtered through a celite pad and washed
with DCM (10 mL × 3). The combined organic layer was concentrated under vacuo, and the residue
was purified by silica gel chromatography eluting with DCM/MeOH 10:1 to give the product d2-1a.
H/D exchange occurred at the o-position of S-phenylsulfoximine (91% D). (see Supporting Information).

Competition Experiment. To a mixture of 1c (27.79 mg, 0.15 mmol), 1i (29.59 mg, 0.15 mmol),
2a (54.01 mg, 0.165 mmol), [Cp*RhCl2]2 (4.64 mg, 5 mol%), and AgOPiv (6.27 mg, 20 mol%) was
added TFE (2.5 mL) under air. The resulting mixture was stirred at room temperature for 18 h.
After the reaction was completed, the mixture was filtered through a celite pad and washed with DCM
(10 mL × 3). The combined organic layer was concentrated under vacuo and the residue was purified
by silica gel chromatography eluting with DCM/MeOH from 100:1 to 30:1 to give the isolated products
3ca and 3ia. The ratio was calculated according to the moles of products.

4. Conclusions

In summary, we have developed a sulfoximie-assisted Rh(III)-catalyzed C–H activation and
intramolecular annulation. In this strategy, fused isochromeno-1,2-benzothiazines was unprecedentedly
synthesized, and the desired products could be yields in good to excellent yields. Most importantly,
it is a redox-neutral process that can be conducted under room temperature and the strategy features
broad generality and versatility.
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