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Editorial

Metal Promoted Cyclocarbonylation Reactions in the Synthesis
of Heterocycles

Laura Antonella Aronica

Dipartimento di Chimica e Chimica Industriale, University of Pisa, Via G. Moruzzi 13, 56124 Pisa, Italy;
laura.antonella.aronica@unipi.it

Oxygen and nitrogen heterocycle systems are found in a vast number of natural
substrates and biologically active molecules such as antimycotics, antibiotics, antitumors
and antioxidants, in addition to pigments and fluorophores. Therefore, several procedures
dedicated to the building of such heterocycles have been developed. Many of them are
based on the cyclization of suitable substrates [1–3], multi-component reactions [4,5] and
ring expansion processes [6,7]. In this field, metal-catalysed cyclocarbonylative reactions
represent atom-economical and efficient methods for the synthesis of several functionalized
compounds. Indeed, when the cyclization reaction is performed under CO pressure, the
potentiality of the process is enhanced, since the formation of the ring takes place with the
contemporary introduction of the carbonyl functional group. An improvement in the field
of carbonylation reactions is represented by the substitution of the CO gas by surrogates,
molecules which are able to generate the carbon monoxide inside the reaction vessel or
may act as CO synthons [8–10].

The present Special Issue collected two research articles and three reviews focused
mainly on the preparation of different heterocyclic compounds such as lactones, furans, epox-
ides, chromanes, chromanones, chromenones, indolinones, tetrahydroquinolines, quinoli-
nones, lactams, benzoimidazoles and benzooxazoles via cyclocarbonylation reactions.

The first research article [11] concerns the selective monocarbonylation of epoxides into
the corresponding lactones. The reactions were carried out in the presence of a chromium
(III)-phthalocyanine derivative connected to a porous organic polymer. The catalyst was
highly effective in promoting the ring expansion reaction and preliminary tests indicated
that the catalyst can be reused without losing its catalytic activity.

The preparation of bicyclic lactones has been investigated in the second research
article [12] as a key step for the total synthesis of Jaspine B, which has shown promising
biological activity as an antitumor against several types of cancer cells. In order to avoid
the use of dangerous carbon monoxide gas, the authors have developed a new protocol for
Pd-catalysed carbonylation reactions based on the use of iron pentacarbonyl Fe(CO)5 as
a CO surrogate. After the optimization of the reaction sequence under batch conditions,
the carbonylation reactions were performed also in a flow rector that provided the desired
bicyclic lactones in comparable yields to standard batch conditions.

Metal-mediated cyclizations are important transformations in a natural product total
synthesis. In the first review [13] of this Special Issue, the Co, Rh, and Pd catalysed
Pauson–Khand reactions (PKR) published in the last five years have been summarized.
In particular, their application to the synthesis of cyclopentenone and lactone-containing
structures have been highlighted. In many examples, the carbonyl moiety has been inserted,
employing metal carbonyl compounds as a masked CO source, through the transition metal
decarbonylation to in situ generated CO (Co2(CO)8, Mo(CO)3(DMF)3, Rh(CO)2Cl]2). The
hetero-Pauson–Khand reaction has also been considered, since it represents a useful tool
for the generation of bicyclic γ-butyrolactones and unsaturated lactams. The final part
of the review is focused on the synthesis of natural macrocyclic compounds containing
cyclopentenone motif.
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A different approach to the synthesis of carbonyl-containing oxygen and nitrogen het-
erocycles based on visible light photocatalytic radical carbonylation has been summarized
in the second review [14] of this Special Issue. Acyl radicals serve as the key intermediates
in these transformations and can be generated from the addition of alkyl or aryl radicals
to carbon monoxide (CO), or from various acyl radical precursors such as aldehydes, car-
boxylic acids, anhydrides, acyl chlorides or α-keto acids. The discussion of the literature is
organized based on the types of acyl radical precursors, and an exhaustive analysis of the
transformations leading to the different heterocycles is reported, with particular attention
to the mechanistic aspects.

The last review [15] is focused on the synthesis of heterocyclic rings of different sizes,
nature and potentialities containing both a silyl and a carbonyl moiety. Intramolecular silyl-
formylation and silylcarbocyclization reactions are the key step for the cyclocarbonylation
to occur. The content of this review is divided into two sections: the first is dedicated to a
detailed description of intramolecular silylformylation reactions with the corresponding
synthesis of oxa- and aza-silacyclane, while the second is centred on the silylcarbocy-
clization of functionalized acetylenes. In each section, particular emphasis is given to the
heterocycles which can be obtained, as well as a special look into used metal catalysts.

In summary, the contribution of the articles collected in this Special Issue will be
stimulating for those authors working in the field of heterocycles synthesis and will provide
a valuable guide to develop new innovative methodologies for cyclocarbonylative reactions
performed under batch, flow and photoredox catalytic conditions, with particular attention
to the use of CO surrogates or equivalent synthons.

Finally, I would like to thank all authors for their valuable contributions.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Cr-Phthalocyanine Porous Organic Polymer as an
Efficient and Selective Catalyst for Mono
Carbonylation of Epoxides to Lactones
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Abstract: A facile, one-pot design strategy to construct chromium(III)-phthalocyanine chlorides
(Pc’CrCl) to form porous organic polymer (POP-Pc’CrCl) using solvent knitting Friedel-Crafts reaction
(FCR) is described. The generated highly porous POP-Pc’CrCl is functionalized by post-synthetic
exchange reaction with nucleophilic cobaltate ions to provide an heterogenized carbonylation catalyst
(POP-Pc’CrCo(CO)4) with Lewis acid-base type bimetallic units. The produced porous polymeric
catalyst is identical to that homogeneous counterpart in structure and coordination environments.
The catalyst is very selective and effective for mono carbonylation of epoxide into corresponding
lactone and the activities are comparable to those observed for a homogeneous Pc’CrCo(CO)4

catalyst. The (POP-Pc’CrCo(CO)4) also displayed a good catalytic activities and recyclability upon
successive recycles.

Keywords: Cr-phthalocyanine; porous organic polymer; Friedel–Crafts reaction; heterogeneous
catalysis; carbonylation; β-lactones; catalyst recyclability

1. Introduction

β-Lactones are an important class of energetically favored four-membered heterocycles with
prevalent utilities in the chemical industry, since they are crucial intermediates for the production of
various derivatives of β-hydroxy acids, biodegradable poly(β-hydroxyalkanotes), succinic anhydrides,
and acrylic acids [1–9]. Their inherent ring strain facilitates excellent reactivity, allowing them to
undergo a range of transformations to provide products with a variety of applications ranging from
polymer chemistry to natural product synthesis [4]. However, synthetic routes to β-lactones are limited.
Recently, ring-expansion epoxide carbonylation utilizing inexpensive C1 sources have emerged as a
convenient and direct method to produce β-lactones with good atom economy [10].

Although there have been numerous reports of ring-expansion carbonylation catalysts,
well-defined Lewis acid–base ion pairing catalysts of the common type [Lewis acid]+ [Co(CO)4]− have
demonstrated high efficiency for these transformations [11–13]. Among the reported Lewis acid–base
pair catalysts, the porphyrin-based [OEPCr(THF)2]+ [Co(CO)4]− (OEP = Octaethylporphyrinato,
THF = tetrahydrofuran) catalyst has demonstrated high reactivity and high selectivity toward mono
carbonylation under homogeneous conditions [14]. However, tedious catalyst synthesis and product
separation have limited the use of this catalytic system and motivated the search for viable alternatives,
including heterogeneous systems [15–17]. In addition to the heterogenization of catalysts to improve
recyclability, facile synthesis of such catalytic systems is being actively researched [18–20].

Phthalocyanine (Pc), which is a porphyrinoid analogue, is easily synthesized with excellent yields
and could serve as an alternative for porphyrin systems; because of their planar tetradentate dianionic
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ligation, phthalocyanines are excellent structural analogs to porphyrins and are synthetically facile.
Recently, we demonstrated that a catalyst generated in situ from commercial (AlPcCl) and Co2(CO)8

displayed excellent activity for mono and double carbonylation [21]. But, the selectivity toward
β-lactones was very poor, hence, Lewis acidic Al3+ containing [Lewis acid]+ [Co(CO)4]− type ion
pairing catalysts are proven to be active also for double carbonylation and generally resulting in a
mixture of β-lactones and anhydrides [3,21,22]. Therefore, Cr3+ containing [PcCr(III)]+ [Co(CO)4]−

type catalyst could be a suitable Lewis acidic part for selective monocarbonylation of epoxides into
β-lactones [12,13,23]. However, partial solubility of Pc metal complex due to intermolecular π–π
stacking interactions leads to reduced collision between the Pc metal complex and substrate (epoxide)
resulting in low catalytic activity. These enforced further structural tunings on the Pc ring to improve the
catalyst solubility and activity by controlling such a π–π stacking interactions; in addition, the intensely
colored Pc metal complexes were difficult to separate from the reaction mixture [21,24,25].

Immobilization of soluble Pc metal complexes on a flexible POP addresses both, solubility and
separation issues, by providing a heterogeneous catalytic system. In this regard, we strategically
designed and synthesized a new phthalocyanine chromium(III) chloride complex (Pc’Cr(III)Cl) and
heterogenized using a simple, one-pot solvent-knitting Friedel–Crafts reaction (FCR); the resulting
complex was functionalized with [Co(CO)4]− anion to generate a highly active and recyclable
[POP-Pc’Cr(III)]+ [Co(CO)4]− catalytic system.

2. Results and Discussion

2.1. Synthesis and Characterization of POP-Pc’Cr(III)Cl

A synthetic strategy of POP-Pc’Cr(III)Co(CO)4 (4) is shown in Scheme 1. At first, the ligand
1 is synthesized by the mild base-catalyzed condensation [26]. The monomer Pc’Cr(III)Cl (2) was
synthesized with excellent yield according to the modified literature procedure and characterized by
FTIR and UV-Visible spectroscopic techniques, further confirmed by high-resolution mass spectrometry
as shown in Figures S1–S4 [27,28]. The substituted 2-isopropylphenolic group not only improves
the solubility of the monomer 2 but also acts as a knitting group through covalent linkages by
AlCl3-catalyzed FCR using methylene dichloride both as a crosslinker and as a solvent. The resulting
dark green color porous organic polymer POP-Pc’CrCl (3) is stable under open atmosphere conditions
and not soluble in most commonly used organic solvents as a result of extensive cross-linking [18,19].
The compositional homogeneity and the surface topography of POP 3 was probed by a scanning
electron microscope (SEM) and a transmission electron microscope (TEM) analysis. Figure 1a,b
shows the SEM and TEM images of 3 respectively, as an aggregate of polydisperse spherical shape
particles of 1 µm size average (Figures S5 and S6). Energy dispersive X-ray (EDS) analysis shows the
relative abundance of constituent elements throughout the Pc’ polymeric matrix indicating uniform
distribution of elements after polymerization (Figure S5) [29]. A powder X-ray diffraction analysis of
the resulting polymer showed that a wide peak at 2θ = 13.1◦ attributes to the construction of amorphous
polymeric material (Figure S7a). Subsequently, the absence of distinctive sharp monomeric diffraction
peaks (Figure S7b) suggests that the solvent knitting polymerization is thoroughly completed and the
resulting POP is free from crystalline monomer residues [18]. The thermal endurance of the resulting
polymeric material was characterized by thermogravimetric analysis (TGA) as shown in Figure S8,
the polymeric material was stable up to 400 ◦C indicating possible outstanding thermal stability under
harsh reaction conditions.

The porosity of POP-Pc’CrCl, 3 was investigated by N2 sorption measurement carried out at
77 K. The Pc’-based polymer 3 exhibited characteristic type-I adsorption isotherms (as per IUPAC
adsorption isotherms classification), as depicted in Figure 1c [30]. A steep N2 uptake at a lower relative
pressure (P/P0 = 0–0.1) region is attributed to the microporous character of polymer 3, whereas the
hysteresis loop behavior throughout the range of relative pressure can be attributed to the existence of
mesoporosity. The BET (Brunauer–Emmett–Teller) surface area of the polymeric material is 725 m2 g−1
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and the total pore volume is 0.388 cm3 g−1 (Figure 1c and Figure S9a). These porosity results are
comparable with other reported Pc-based porous polymers and indicate high surface area, which
enables larger exposure of active sites per unit mass of the material; they also confirm the distribution
of high grade porous structure that can accommodate bulky functional groups via the labile chloro
ligand for specific catalytic applications [18,31–33].

 

 

− −

− − −

Scheme 1. Synthesis of catalyst 4 by the Friedel-Crafts reaction (FCR).

 

− −

 

− − −

Figure 1. (a) SEM image of POP-Pc’CrCl, (b) TEM image of 3, (c) N2 sorption isotherms of 3 and 4 at
77 K, and (d) FTIR spectra of 2, 3, and 4.

The chemical structure of the resulting polymer was analyzed using FTIR spectroscopy.
Comparative FTIR spectral analysis of the monomeric complex and the formed porous polymer
was performed to evaluate the structural integrity of the resulting polymers, as displayed in Figure 1d.
IR peaks appearing in the range of 3068–2856 cm−1 are attributed to −C=C−H stretching vibrations of
the aromatic functional groups of the phthalocyanine complex and polymer 3, as well as to the newly
formed methylene crosslinking bridges [34]. The peaks at 1610, 1470, and 1390 cm−1 can be assigned
for C=C, C–N, and C=N stretching vibrations, respectively, of the Pc’ ring, which contains benzene,
aza, and pyrrole functional groups; these are present in the formed polymers as well as the parent
monomers [31,35,36]. These FTIR spectroscopic analysis shows that the resulting POP retains most
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of the feature peaks of its corresponding monomer and is consistent with the anticipated polymeric
structure. Thus, these analysis results unambiguously verify the direct heterogenization of Pc’Cr(III)Cl
complex by the one-pot FCR to produce very stable, and heterogeneous porous polymeric materials.

2.2. Synthesis and Characterization of POP-Pc’Cr(III)Co(CO)4

Heterogeneous phthalocyanine polymer matrix is a probable candidate for Lewis-acid-enabled
catalytic transformations. Particularly, the Pc’Cr(III)Cl complex resembles TPPCr(III)Cl (TPP =
Tetraphenylporphyrinato), the best candidate for the carbonylation of epoxides with an additional
Lewis base incorporation [13,37]. Interestingly, polymeric material 3 can be incorporated with an
appropriate base via its labile Cl− anions in order to form a Lewis acid–base ion pair catalyst [12–14].
Accordingly a metathesis reaction of Co(CO)4

− anions can replace the labile Cl− ions to generate a
heterogeneous bimetallic frustrated Lewis acid-base ion pair type catalyst ([Lewis acid]+[Co(CO)4]−)to
promote the epoxide ring-expansion carbonylation [17–20]. As such, polymer 3 was treated with excess
KCo(CO)4 to generate the heterogeneous epoxide carbonylation catalyst [POP-Pc’Cr]+ [Co(CO)4]−

(4) [12–14]. At first the resulting catalyst 4 was characterized by FTIR spectroscopic technique.
Compared to polymer 3 (contains Cl−), the Co(CO)4

− anions exchanged catalyst 4 exhibits a strong
new absorption peak at 1882 cm−1 (Figure 1d). This peak is characteristic of typical ν(CO) from
newly exchanged tetrahedral Co(CO)4

− ions, consistent with that of previously reported well-defined
homogeneous Cr-containing [Lewis acid]+ [Co(CO)4]−-type catalysts [17,19]. SEM and TEM images of
the catalyst indicate no morphology change after Co(CO)4

− anion exchange. Subsequently, EDS analysis
confirms the incorporation of Co into the polymeric frameworks along with other constituent elements,
distributed uniformly all over the polymer(Figure 2a,b, Figures S10 and S11). Atomic absorption
spectroscopy (AAS) and inductively coupled plasma–optical emission spectroscopy (ICP-OES) revealed
that the Co and Cr contents were 1.78 and 3.63 wt%, respectively, against, 4.63 and 4.09 wt% calculated
for Co and Cr, respectively, in well-defined homogeneous catalyst. The molar ratio of the Cr/Co
content in catalyst 4 is 1.8 (determined by ICP-AAS), indicating partial exchange of Cl− ion and a part
of Lewis-acidic Cr3+ remains combined with Cl− ions; they could be buried inside the microporous
channels and/or inaccessible for cobaltate exchange. Limited molecular exchange of cobaltate ion pairs
is consistent with SEM-EDS analysis and also reported previously [17,19].

The coordination environment of the catalyst 4 metal species was characterized using
X-ray photoelectron spectroscopy (XPS). The XPS peak for Cr 2p shows a characteristic doublet
at 577.21 and 586.70 eV as shown in Figure 2c, which matches well with the structural
analogues, the POP-TPP-supported Cr(III) species, and analogous metal center on porous organic
networks [17,19,20,38]. As shown in Figure 2d, the XPS peaks for Co species are detected at 796.90 eV and
781.55 eV along with the typical shoulder is for the Co 2p1/2 and Co 2p3/2 orbitals of the Co(CO)4

− species,
respectively. The observed Co XPS peaks values are also consistent with those of Co(CO)4

−-exchanged
similar TPPAl, CTF-Al(OTf), and TPPCr heterogeneous catalysts [16–20]. Finally, the porosity retention
is evident from TEM images (Figure S11) and N2 gas sorption measurements carried out at 77 K,
which afford type-I isotherms and exhibiting hysteresis loop behavior, displaying a combination of
micro and mesoporosity (Figure 1c). However, the BET surface area is reduced to 550 m2 g−1 for
catalyst 4, and a decreased total pore volume of 0.28 cm3 g−1 (related to the parent polymeric network)
is observed (Figure 1c and Figure S9b). This suggests that the exchanged Co(CO)4

− anions partly
occupy the porous channels of polymeric network, thereby decreasing the total available pore volume
as observed previously [17–19]. Nevertheless, the catalyst maintains a porous structure to allow the
substrate epoxide and the product β-butyrolactone molecules to diffuse over the Lewis acid–base-ions
paired porous channels.
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Figure 2. STEM-EDS mapping image of (a) Cr atoms and (b) Co atoms and X-ray photoelectron profiles
of 4 for deconvoluted (c) Cr2p and (d) Cobalt 2p core level.

2.3. Carbonylation Activity of POP-Pc’Cr(III)Co(CO)4

Catalyst 4 was tested for carbonylation catalytic activity in a 50 mL stainless steel custom-made
one inch tubular reactor. Propylene oxide (PO) was used as an epoxide substrate with CO
under 6 MPa pressure. Various solvents were tested, since carbonylation is affected by the type
of solvent [14,22]. The crude reaction mass was analyzed by 1H NMR spectral analysis using
an internal standard naphthalene; the results are summarized in Table 1. Among the solvents
screened, weakly coordinating DME is the most active solvent system for PO carbonylation to
β-butyrolactone with >99% conversion and selectivity (entries 1–4), consistent with earlier reports
for POP-TPPCrCo(CO)4 and analogs [17,19,20]. Using similar reaction conditions, we evaluated the
catalytic activity of homogenous well-defined [Pc’Cr][Co(CO)4]; we observed conversion of >99%
and selectivity of 99% toward β-butyrolactone (entry 5). The activity was tested with a higher PO
ratio, and the yield was reduced to a ratio of 200 (entry 6). Reactions were performed for 12 h and
1 h under same reaction conditions (entry 7 and 8, respectively) to get initial rates of conversion, and
the carbonylation yields of 70 and 22% were observed, respectively, with a site time yield of 44 h−1.
Finally, the activity was tested at room temperature; 40% yield was achieved with a substrate/catalyst
ratio of 100 (entry 9). The activity of POP-Pc’Cr(III)Cl was also evaluated under the same reaction
conditions; we observed only PO to polyether conversion, owing to the absence of a Lewis base for
carbonyl group insertion (entry 10) [21].
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Table 1. Carbonylation activity of catalyst 4.

 

−

−

− −

−

β

β

β

−

 

Entry a Catalyst Solvent
Epoxide/Co

Ratio b T (◦C)
Time

(h)
Yield c

(%)
Lactone

(%)
Acetone

(%)

1 4 DME 200 60 24 >99 >99 <1
2 4 THF 200 60 24 50 99 1
3 4 1,4-dioxane 200 60 24 52 >99 <1
4 4 Toluene 200 60 24 75 >99 <1
5 [Pc’Cr][Co(CO)4] DME 200 60 24 >99 99 1
6 4 DME 400 60 24 52 >99 <1
7 4 DME 200 60 12 70 >99 <1
8 4 DME 200 60 1 22 >99 <1
9 4 DME 100 30 24 40 >99 trace
10 3 DME 200 60 24 12 d

a Reactions performed in DME solution of epoxide (1.8 M) under 6 MPa CO pressure at respective temperature.
The mixture was stirred in a preheated oil bath to maintain respective temperature. b Calculated based on ICP-AAS
value for Co content. c Determined by 1H-NMR spectra with an internal standard naphthalene. d Polyether
was formed.

Before testing recyclability, the heterogeneous nature of catalyst 4 was examined using a hot
filtration test; a suspension of catalyst 4 in DME solvent was stirred at 60 ◦C for 6 h, and the treated
catalyst was separated by filtration [15,18]. The dried solid catalyst and filtrate were subjected to
the standard carbonylation conditions (2 mol% of catalyst, 6 MPa of CO, 60 ◦C, and 24 h reaction
time) separately. Only the separated solids promoted epoxide carbonylation: no significant epoxide
conversion was observed in the presence of the filtrate under the same conditions. This confirms
that catalyst 4 retains heterogeneity [18,19]. Finally, catalyst 4 was evaluated for recyclability.
Epoxide carbonylation was carried out with catalyst 4 at 30 ◦C temperature for 24 h under 6 MPa
CO pressure in DME solvent. After the reaction, the reaction mixture was filtered inside a glove
box to isolate the solid catalyst, which was then washed with dry DME and dried under vacuum;
the dried catalyst was used for successive cycles. 1H NMR spectral analysis of the recovered filtrate
was conducted to evaluate the recycling ability of the catalyst, as listed in Table 2. The activity was
reduced from complete conversion to 98% in the second cycle. The activity decreased further to 85 ± 6%
in the third cycle. After the third cycle, the catalyst was analyzed by SEM-EDS to understand the
reason for the decreased activity. SEM-EDS analysis of catalyst 4 after third cycle shows no changes in
the catalyst morphology, but did reveal an increase in the Cr/Co ratio due to reduced Co content in
the catalyst. As shown in Figure S12, the ratio of Cr/Co increased from 1.8:1 to 3.5:1 after the third
cycle [16–19]. This suggests that the decreased Co content in the catalyst causes reduced activity
during recycling [18,19]. Notably, the spent catalyst (after three cycles) was subjected to treatment
with KCo(CO)4 for regeneration [17–19]. The regenerated catalyst revealed restoration of the catalytic
activity upon testing. This further substantiates that leaching of Co causes catalyst deactivation during
recycling and the catalyst activity can be restored by treating with cobaltate ions to replenish the
activity. Thus, POP-Pc’CrCo(CO)4, prepared via the solvent-knitting FCR, is an efficient and recyclable
heterogeneous catalyst.

10



Catalysts 2020, 10, 905

Table 2. Recyclability of 4.

Cycle Yield (%)
Selectivity (%)

β-Butyrolactone/Acetone

1 >99 >99/<1
2 98 >99/<1
3 85 ± 6 >99/<1

4 * 98 >99/<1

Reaction conditions: catalyst 2 mol%, 6 MPa of CO pressure, 30 ◦C, DME solvent. The PO conversion was determined
by 1H NMR spectra measured with internal standard naphthalene. * regenerated catalyst.

3. Experimental Section

3.1. Materials and Methods

All chemicals and reagents were procured from commercial dealers and used as received unless
otherwise mentioned. Chemicals 4-nitrophthalonitrile, 2-isopropylphenol, anhydrous aluminum
chloride (AlCl3), dicobaltoctacarbonyl (Co2(CO)8), tetrahydrofuran (THF), dimethanoxyethane (DME),
1,4-dioxane, toluene, and propylene oxide (PO) were purchased from Sigma-Aldrich (Seoul, Korea).
The solvent THF, DME, 1,4-dioxane, and toluene were distilled over sodium/benzoquinone and PO was
distilled over CaH2 under argon atmosphere. Deuterated solvents were purchased from Cambridge
Isotope Laboratories, Inc. (T&J Tech Inc, Seoul, Korea). Research grade carbon monoxide was
purchased from Air Liquide Korea Co., Ltd. (Seoul, Korea) with 99.998% purity and used as received.
The KCo(CO)4 was synthesized according to the reported procedure [39,40]. All manipulations of air
and moisture sensitive compounds were carried out inside the glove box under argon atmosphere.
Attenuated total reflectance infrared (ATR-IR) measurements were carried out on a Nicolet iS 50 (Thermo
Fisher Scientific, Waltham, MA, USA). Scanning electron microscopy (SEM) and energy-dispersive
spectroscopy (EDS) measurements were performed using a JEM-7610F (JEOL Ltd., Tokyo, Japan)
operated at an accelerating voltage of 20.0 kV. The morphology of the prepared catalysts was observed
by a transmission electron microscope Tecnai G2 (FEI Company, Hillsboro, OR, USA). TEM-EDX
elemental mapping was obtained with transmission emission microscopy Talos F200X (Thermo Fisher
Scientific, Waltham, MA, USA). The X-ray photoelectron spectrum (XPS) was obtained using K-Alpha
X-ray photoelectron spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The binding energies
were corrected by the C1s peak from carbon contamination to 284.6 eV. The metal content of the
catalysts was analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES) (iCAP
6000 series, Thermo Fisher Scientific, Waltham, MA, USA) using a microwave-assisted acid digestion
system (MARS6, CEM/USA). Samples (~20.0 mg) were digested in a mixture of conc. HCl (20.0 mL)
and conc. H2SO4 (10.0 mL) solution under microwave rays at 210 ◦C for 60 min (ramp rate = 7 ◦C/min).
N2 adsorption-desorption measurements were conducted in an automated gas sorption system (Belsorp
II mini, MicrotracBEL, Osaka, Japan) at 77 K; the samples were degassed for 12 h at 80 ◦C before
the measurements. The Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods
were used for calculating the surface areas and pore size distributions, respectively. Powder X-ray
diffraction (PXRD) was measured on a RIGAKU D/Max 2500 V using CuKα radiation. 1H and 13C NMR
were measured on a 600 MHz Varian VNS NMR spectrometer (Varian, Inc., CA, USA) and 400 MHz
NMR spectrometer Bruker Avance III 400 (Bruker Korea Co., Ltd., Seoul, Korea). Simultaneous
DSC-TGA instrument (TA instruments, New Castle, DE, USA) was used for the thermogravimetric
analysis (TGA) with a heating rate of 10 ◦C/min from 25 ◦C to 800 ◦C under nitrogen atmosphere.
UHR-MS measurements were performed on Bruker compact mass spectrometer (Bruker Korea Co.,
Ltd., Seoul, Korea).
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3.2. Synthesis of Pc’ Ligand

4-Nitrophthalonitrile (5.01 g, 0.03 mol), 2-isopropylphenol (4.34 g, 0.03 mol), and K2CO3 (6.00 g,
0.04 mol) were stirred in anhydrous N,N-dimethylformamide (20 mL) at 52 ◦C for 24 h under N2

atmosphere. A dark brown solution was obtained and was poured into ice-cold water (200 mL).
The resulting brown precipitate was filtered, washed with water, and dissolved in dichloromethane
(200 mL); the organic phase was purified by water extraction (3 × 100 mL). The desired product was
purified by flash column chromatography (silica gel; hexane/ethyl acetate: 10:1) and recrystallized in
hot methanol to obtain a pale white crystalline solid in 90% yield. FTIR: (cm−1) 3085, 2977, 2870, 2233,
1590, 1481, 1446, 1415. 1311, 1280, 1246, 1218, 1184, 1084, 952, 872, 852, 775, 752; 1H NMR (600 MHz,
CDCl3, ppm) δ 7.71 (d, J = 8.7 Hz, 1H), 7.42 (dd, J = 7.5, 1.8 Hz, 1H), 7.32–7.25 (m, 2H), 7.23 (d, J = 2.5 Hz,
1H), 7.18 (dd, J = 8.7, 2.6 Hz, 1H), 6.93 (dd, J = 7.8, 1.3 Hz, 1H), 3.03 (dt, J = 13.8, 6.9 Hz, 1H), 1.18 (d,
J = 6.9 Hz, 6H).13C NMR (151 MHz, CDCl3) δ 162.33 (s), 150.63 (s), 140.91 (s), 135.56 (s), 128.14 (s),
127.90 (s), 127.05 (s), 121.08 (s), 121.03 (s), 120.85 (s), 117.84 (s), 115.55 (s), 115.13 (s), 108.65 (s), 27.34 (s),
23.15 (s).

3.3. Synthesis of Pc’Cr(III)Cl

In a glove box, CrCl3·3THF (0.36 g, 0.96 mmol) and 4-(2-isopropylphenoxy)phthalonitrile (1.00 g,
3.82 mmol) were added to a 20 mL ampoule, which was then sealed under high vacuum. The ampoule
was heated at a rate of 60 ◦C per hour to 250 ◦C and maintained at the same temperature for 5 h.
The ampoule was then cooled to room temperature to obtain a dark product. The product was
subsequently removed from the ampoule and purified by Soxhlet extraction using dichloromethane for
48 h to obtain a very dark green crystalline product in 80% yield. FTIR: (cm−1) 3174, 2962, 2865, 1612,
1470, 1396, 1334, 1276, 1222, 1072, 1045, 952, 872, 818, 790, 748; UV-Vis: (THF) λmax 281, 366, 491, 622,
690 nm; HRMS (ESI Q-TOF) m/z calculated [C68H56CrN8O4]+ 1100.3830, found [M-Cl]+ 1100.3832.

3.4. Synthesis of POP-Pc’Cr(III)Cl

Under Ar atmosphere, Pc’Cr(III)Cl (1.00 g, 0.87 mmol) was suspended in 40 mL dichloromethane,
the reaction mixture was cooled to 0 ◦C, and fresh anhydrous AlCl3 (1.87 g, 14.07 mmol) was added.
The reaction mixture was then stirred at 0 ◦C for 4 h, 30 ◦C for 8 h, 40 ◦C for 12 h, 60 ◦C for 12 h, and 80 ◦C
for 24 h to obtain a dark-colored polymerized solid suspension. The resulting solid suspension was
quenched using 50 mL of a HCl-H2O mixture (v/v = 2:1), washed with water thrice and with ethanol
twice, then with THF, methanol, water, acetone, pentane, and ether (100 mL each). It was further
purified by Soxhlet extraction with 1:1 methanol/THF for 48 h, and then dried in a vacuum oven at
80 ◦C for 24 h to obtain a dark green solid. FTIR: (cm−1) 2931, 2854, 1608, 1465, 1392, 1334, 1226, 1080,
1049, 879, 825, 748.

3.5. Synthesis of [POP-Pc’Cr(III)]][Co(CO)4]

Inside the glove box, the heterogenized POP-Pc’Cr(III)Cl (1.00 g) was suspended in 10 mL dry THF
and was added to a THF solution of KCo(CO)4 (1.02 g). The solution was stirred at room temperature
for 48 h, following which the reaction mixture was filtered to remove the dark precipitate, which was
washed with THF (3 × 50 mL) and dried under high vacuum for 8 h to yield a dark green solid. FTIR:
(cm−1) 2965, 2870, 1882, 1608, 1458, 1396, 1334, 1218, 1080, 1053, 1049, 879, 825, 748.

3.6. PO Carbonylation Procedure

A stainless steel carbonylation reactor was dried overnight and placed inside the glove box.
The reactor was charged with the POP-Pc’Cr(III)Co(CO)4 catalyst (0.01 g, 12.16 µmol) and a
dimethoxyethane solution of propylene oxide (1.8 M in 2.5 mL, PO/catalyst ratio = 200). The reactor was
tightened completely and pressurized to 6 MPa of CO after the removal from the glove box and then
placed in a preheated oil bath at 60 ◦C for 24 h. At 60 ◦C, the pressure was 6.2 MPa; after completion
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of the reaction, the reactor was brought to room temperature (pressure ~6 MPa) and cooled in an ice
bath, following which CO gas was vented slowly inside the fume hood. The filtrate of the reaction
mixture was analyzed by 1H NMR spectroscopy using internal standard naphthalene (Caution: carbon
monoxide (CO) is a highly toxic gas, should be handled with extreme care inside the well-ventilated
hood with a proper CO detector).

4. Conclusions

A new design strategy was presented for the facile synthesis of a
chromium(III)phthalocyanine-based porous organic polymer (POP-Pc’CrCl) through a solvent-knitting
Friedel–Crafts reaction. The constructed POP-Pc’CrCl has a high porosity with a BET specific
surface area of 725 m2 g−1. When functionalized with cobaltate ([Co(CO)4]−) anions, the resulting
heterogenized bimetallic Lewis acid–base ion pair catalyst exhibits epoxide ring-expansion
carbonylation activity comparable to that of its homogeneous counterpart with slightly reduced
activity during successive recycles which can be replenished upon catalyst regeneration. This new
design strategy is useful for the synthesis of soluble metallophthalocyanines and one step construction
of porous organic polymer for specific catalytic applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/8/905/s1.
Figure S1: 1H NMR spectrum of ligand 1 measured in CDCl3. Figure S2: 13C NMR spectrum of ligand 1 measured
in CDCl3. Figure S3: UV-Visible spectrum of Pc’Cr(III)Cl (2). Figure S4: HR-MS of Pc’Cr(III)Cl (2). Figure S5: SEM
and EDS mapping images of 3. Figure S6: TEM images of 3. Figure S7: Powder X-ray diffraction pattern of 3.
Figure S8: TGA plots of 2 and 3. Figure S9: BJH pore size distribution graph of 3 and 4.. Figure S10: SEM and EDS
mapping images of 4. Figure S11: TEM and EDS mapping images of 4. Figure S12: SEM-EDS images of catalyst 4
after cycle three.
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Abstract: This work describes the total synthesis of jaspine B involving the highly diastereoselective
Pd(II)-catalysed carbonylative cyclisation in the preparation of crucial intermediates. New conditions
for this transformation were developed and involved the pBQ/LiCl as a reoxidation system and
Fe(CO)5 as an in situ source of stoichiometric amount of carbon monoxide (1.5 molar equivalent).
In addition, we have demonstrated the use of a flow reactor adopting proposed conditions in the
large-scale preparation of key lactones.

Keywords: Jaspine B; flow chemistry; palladium catalysis; cyclisation; carbonylation

1. Introduction

The examination of natural resources clearly remains the basis of the discovery of
new bioactive substances. Since these newly discovered natural compounds become the
inspiration for novel drug candidates, many groups in the scientific community create
their research programs aiming at these novel structures. As a result, the newly developed
transformations are then presented in terms of their applicability in the synthesis of such
targets. However, in many cases such synthetic demonstrations do not provide accessibility
to all derivatives and/or usable amounts of promising target molecule for further testing.
In particular, progress in later stages of pharmaceutical/biomedical research might then
be negatively affected. Although the synthetic optimisation is not so scientifically valued
in the chemical community, it is still of great importance. This is especially so today
when we are facing environmental and climate changes and need to be concerned about a
sustainable future.

Since its discovery, jaspine B (pachastrissamine) 1 has drawn an immense attention
from the scientific community (Figure 1).

č

č

 

č

Figure 1. Structure of pachastrissamine (jaspine B) (1), jaspine A (2) a D-ribophytosphingosine (3).

This natural sphingolipid 1 was independently isolated in 2002 and 2003 by T. Higa
et al. and by the C. Debitus group from marine sponges, Pachastrissa sp. (family Calthro-
pellidae) and Jaspis sp., respectively [1,2]. Due to its similar structure to other bioactive
sphingolipids, jaspine B 1 has been also tested for its pharmacological properties and it has
shown in vitro cytotoxic activity against several types of cancer cell (A-549, P-388, HT-29,
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MeL-28, MCF-7, KB, HCT-116, U2OS, MDA-231. HeLa, CNE, MGC-803, EC-9706, PC-3,
A-375, WM-115, Caco-2, Jurkat, SNU-638 and Caki-1) in the micro and sub-micromolar
range [1–15]. The group of Y. Salma described how the cytotoxic activity of jaspine B 1

is based on the inhibition of SMS (sphinghomyelin synthetase) enzyme activity, which is
responsible for maintaining stable concentration levels of ceramides (Cer) in the cell. Thus,
higher concentration of Cer induces the cell apoptosis by a caspase-dependent pathway.

To this date, an enormous effort has been made to prepare and study this natural
compound 1. There are 35 known syntheses of jaspine B 1, ten of which are based on
an asymmetric step [12,16–24] and twenty-five are chiral pool approaches [4,8,9,25–45].
Moreover, the promising biological activity of this natural compound has resulted in the
syntheses of various derivatives of this molecule for structure–activity relationship study
purposes (Figure 2).

 

Figure 2. Synthetic derivatives of jaspine B 1.

In summary, the biological activity of 1 has been found to be highly dependent on
the stereo-configuration of the ring substituents and on the length of the aliphatic chain
of the natural product [4,9]. The best bioactivity was observed while keeping the original
configuration and the length of aliphatic chain [31]. However, the oxygen atom in the
heterocycle of jaspine B 1 has not been found to be crucial for its cytotoxic properties [46].

2. Results and Discussion

In the course of our long-term research program directed towards CO gas-free car-
bonylative cyclisations, flow transformations and their synthetic applications, we have
developed a new flow protocol for Pd-catalysed carbonylation reactions based on the use
of iron pentacarbonyl [47]. To this date, only a few flow applications of this stereoselective
reaction are reported in the literature. However, many total syntheses of natural products
utilised this transformation as a batch process [48–50]. As a result, the reaction conditions
have undergone many changes and the reoxidation system as one of the most modified
parameters has been varied/adjusted from its original conditions to substrate specific
requirements (pBQ/CuCl2/O2) [51,52].

Based on the previous results and our experience with the Pd-catalysed carbonylation
in the total synthesis of natural products, we have proposed a total synthesis of jaspine B 1

utilising the flow carbonylative step as a key transformation.
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2.1. Total Synthesis of Jaspine B

The synthesis of jaspine B 1 was designed to build the chiral centres via the stereose-
lective Pd-catalysed carbonylation. In addition, the synthesis was optimised to reach one of
the key aspects—the compatibility of batch reaction conditions for the following application
in the flow system. Thus, this key transformation would provide N-protected lactone 21

with correct configuration at chiral centres. The substrate for this cyclisation—unsaturated
N-protected amino diol can be easily accessible from L-serine (Scheme 1).

 

Scheme 1. Retrosynthetic analysis of jaspine B 1.

As depicted in the retrosynthetic analysis, further transformation (chain elongation)
of lactone 21 functional group would lead to the natural jaspine B.

Accordingly, the synthesis of 1 started from a commercially available N-Boc (N-t-
butoxycarbonyl) protected Garner’s aldehyde 26-Boc. This aldehyde 26-Boc can be easily
prepared in few synthetic steps starting from L-serine. The whole sequence involving
an esterification of L-serine, amino group protection of derivate 23, the formation of
oxazolidine 25 and the following reduction of the ester group is very well described in the
literature [53] (Scheme 2).

 

Scheme 2. Preparation of N-Boc protected Garner’s aldehyde 27-Boc.

At the beginning, the N-Boc protected Garner’s aldehyde 26-Boc was transformed to
unsaturated N-Boc protected aminodiol 22-Boc by a two step sequence (Scheme 3a) [54]. In
detail, the addition of vinylmagnesium bromide to the starting aldehyde 26-Boc in THF
(tetrahydrofuran) provided a mixture of diastereomeric alcohols 27-Boc in 91% yield. The
selectivity of this reaction varies from 90:10 to 60:40 depending on the reaction tempera-
ture [54–56]. The major isomer, 2S,3R-alcohol 27-Boc leads to a final product 1 with correct
stereo configuration. The following selective deprotection of the acid labile oxazolidine
group of 27-Boc using pTSA (p-toluenesulfonic acid) provided N-Boc protected aminodiols
22-Boc in 76% yield as an inseparable mixture [57]. Such a mixture of diastereomeric
alcohols was then submitted to Pd-catalysed carbonylative cyclisation. This reaction was
performed using well-established conditions with Fe(CO)5 as a CO surrogate and the
desired products-lactones 21-Boc were obtained in 75% combined yield. At this stage, the
lactone 21-Boc with all syn configuration was separated using MPLC as a major substance
from the diastereomeric mixture. Next, the reduction of lactone functional group using
DIBAL-H (diisobutylaluminum hydride) provided lactol 28-Boc in 88% yield (Scheme 3b).
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Scheme 3. Total synthesis of jaspine B 1.

The final step sequence included a Wittig reaction, double bond reduction and oxa-
zolidinone cleavage (Scheme 3c). These synthetic steps have already been described in
the literature and the authors used them to furnish the final natural compound 1 by em-
ploying N-Cbz (N-benzyloxycarbonyl) protected lactone 21-Cbz as a starting material [35].
However, based on the inspection of spectroscopic data, Davies et al. [58] later described
the epimerization at C-2 carbon occurred during the Wittig reaction and the authors pre-
pared 2-epi-jaspine B [35]. This discrepancy was accounted for by a retro-Michael/Michael
epimerisation reaction pathway upon treatment of lactol 28 with excess Wittig reagent
(Scheme 4b).

O

O
O

HN
Boc

O

O
OH

HN

O

OHN

O

C11H23 O

OHN

O

C14H29

O

OHH2N

C14H29

KOH (1M in H2O)

HN

OH

Boc

OH
PdCl2.(MeCN)2

(0.1 equiv.)
Fe(CO)5 (0.3 equiv.)

CuCl2 (4 equiv.)
LiOAc (4 equiv.)

AcOH, 60 °C
30 min.

DIBAl-H
(1M in DCM)

(2 equiv.)

DCM, -78 °C
2 h, 88%

THF
-78 °C to r. t.

overnight
40%

Ph3P C12H25 Br
(4.5 equiv.)

BuLi (2.5M in hex.)
(4 equiv.)

H2 (balloon)
Pd/C (10 %)

(1 equiv.)
EtOAc
r. t., 2 h

97%

O

OHN

O

C14H29
EtOH

85 °C, 4.5 h
69%

75%
(d.r.: 4.6:1)

O
N

O

Boc
O

N

OH

Boc HN

OH

Boc

OH

THF, -78 °C
2 h

91%

vinyl-MgBr
(1M in THF)

(2 equiv.)
TSA.H2O

(0.1 equiv.)
MeOH

40°C, 1.5 h
75%

O
O

*

*

O

O
OH

HN

O
O

22-Boc

21-Boc

26-Boc 27-Boc

22-Boc 28-Boc

28-Boc 29 30

30 1

HN

OH

Boc

OH

+2 3

 

Scheme 4. Formation of oxazolidinone ring (a) and possible epimerisation at C-2 carbon in Wittig
reaction (b).

The authors later described how this epimerisation occurred in the DIBAL-H reduction
step using old reagent containing base via same reaction pathway [15].
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In our case, by applying the described conditions we were able to prepare the chiral
oxazolidinone 29-Boc in 40% yield. The formation of oxazolidinone ring via intramolecular
attack of the hydroxy anion to the carbamate group furnished aldehyde 31 (Scheme 4a).
Following a reduction of the double bond using Pd/C and H2 gave compound 30 in 97%
yield. Finally, jaspine B 1 was provided by a cleavage of the oxazolidinone ring of 30 using
aqueous KOH in 69% yield. The comparison of spectroscopic data of prepared jaspine
B 1 to described data [34] revealed that the epimerisation of 31 during Wittig reaction or
reduction has not occurred.

In summary, we have accomplished the total synthesis of jaspine B 1 in seven steps
starting from N-Boc protected Garner’s aldehyde. The stereoselective Pd(II)-catalysed
carbonylative cyclisation was used in the preparation of key intermediate-lactone 21-Boc.
The yield of jaspine B was 10% over all synthetic steps.

In addition, the synthesis of jaspine B was also performed starting from the commer-
cially available N-Cbz protected Garner’s aldehyde 26-Cbz. Following the same synthetic
route, we were able to increase the overall yield of jaspine B up to 16% yield over seven
reaction steps (Scheme 5).

 

Scheme 5. Synthesis of jaspine B 1 via N-Cbz protected lactone.

Similarly, the Wittig reaction of lactol 28-Cbz proceeded cleanly to oxazolidinone 29

without unwanted epimerisation at the C-2 carbon centre as in the previous case and the
desired product 29 was isolated in 83% yield.

After successful optimisation of the total synthesis of jaspine B in batch, we focused
our attention on the application of flow chemistry for the preparation of key intermediate-
lactone 21. Thus, the flow Pd(II)-catalysed carbonylative cyclisation of 22 was proposed.

2.2. Flow Synthesis of the Key Intermediate 21 for the Preparation of Jaspine B 1

Over the last few decades, the flow chemistry has shown many advantages in organic
synthesis, and it has grown into a modern and enabling tool for new synthetic methods
utilising dangerous and/or toxic chemicals [59,60]. Moreover, many total syntheses of
various biorelevant compounds have utilised this technique as a fundamental instrument in
the preparation of key intermediates [61–63] or as a multiple step telescoped system [64–66].
At present, the flow chemistry has become an integral part of scientific research and it is
commonly used in synthetic laboratories at universities and in pharmaceutical companies.

The flow chemistry technique as a part of our research program has been used in the
application of CO surrogates in the carbonylative transformations. We have previously
demonstrated that Fe(CO)5 can be utilised as a CO donor in Pd(II)-catalysed carbonylative
cyclisation [47]. In the continuation of our research, we have focused on the development
of new conditions for this flow transformation and on its application in the flow synthesis
of bioactive compounds. Thus, we have proposed a new flow system for the preparation
of the key intermediate 21 in the jaspine B 1 synthesis (Figure 3).
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Figure 3. Proposed telescoped flow system for the synthesis of bicyclic lactone 21.

The proposed telescoped flow system consists of three parts involving the Grignard
addition, selective deprotection and crucial cyclisation. The aim of the design was to
perform these steps in a one-telescoped system without executing any isolation procedure.
Consequently, the flow system would provide the crude final lactone 21 starting from
commercially available substrates.

Our investigation started with a series of batch experiments aimed to address the
minimal requirements and compatibility of reaction conditions for flow procedure. At
first, we examined various reaction conditions of the first two steps sequence of the total
synthesis—addition of vinyl magnesium bromide to N-protected Garner’s aldehyde 26

and selective cleavage of oxazolidine 27 without the isolation after the first step (Scheme 6).

 

B
PR

Scheme 6. Optimisation of the RMgX addition and deprotection reaction sequence.

Compared to the previously described batch conditions (Scheme 3a), we tried and
modified mainly the cleavage of 2,2-dimethyl oxazolidine 27 using different acidic condi-
tions (Table 1). The best results were achieved using pTSA.H2O as a H+ source in MeOH
in the second step (Table 1, Entry 1 and 5). Following products 22-Cbz and 22-Boc were
isolated in 87% and 75% yield over two steps, respectively. In general, altering the temper-
ature of RMgX addition did not affect the yield of this sequence and only the difference in
the diastereoselectivity outcome was observed. The addition step at 0 ◦C of this two-step
procedures provided in all cases a 1:1 mixture of diastereomeric alcohols 22. In addition,
the SO3H polymer supported resin, Amberlyst 15 was also tried for the deprotection step
as the implementation of polymer supported reagents in flow reactions is described very
well [64,67]. In this case, the yield of product 22-Boc was decreased due to the partial
cleavage of an acid labile N-Boc protecting group of substrate 26-Boc. The formation of
completely deprotected aminodiol 22 was confirmed by LC-MS analysis and the full cleav-
age of protecting groups of 26-Boc was also observed in the case of the reaction performed
in AcOH (Table 1, entry 3).
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Table 1. Optimisation of the RMgX addition and deprotection reaction sequence in batch.

Entry Substrate

RMgX Addition Deprotection Product

T (◦C)
Rxn

Time
[H+] Reagent
(Equivalent)

Solvent T (◦C)
Rxn

Time
Yield (%) a

1 26-Boc −78 2 h pTSA.H2O (0.1) MeOH 40 ◦C 1.5 h 75

2 26-Boc 0 2 h
Amberlyst 15

(3.2) b MeOH 40 ◦C 0.5 h 46 c

3 26-Boc 0 2 h - AcOH 70 ◦C 0.5 h 35 c

4 26-Cbz −78 1.5 h -
AcOH/H2O

(4/1)
r.t. 3 h 59

5 26-Cbz −78 1.5 h pTSA.H2O (0.1) MeOH r.t. 3 h 87

6 26-Cbz 0 1.5 h
Amberlyst 15

(3.2) b MeOH 40 ◦C 0.5 h 73

a Yield based on the amount of isolated product 22. b The capacity of Amberlyst 15 is 4.7 m equivalents per 1g by dry weight. c Partial
cleavage of N-Boc protecting group was observed by LC-MS analysis.

Based on the optimisation of reaction sequence under batch conditions, we performed
a series of experiments using a flow system as depicted in Scheme 7. At first, only nucle-
ophilic addition of RMgX was examined. In this case, the second stage of the flow setup
was omitted, and the Grignard reaction was performed at 0 ◦C to ensure the homogeneity
of the reaction stream (the reaction at −78 ◦C is not homogeneous). Thus, the flow reaction
using a 9 mL reactor coil provided products 27 with full conversion of substrates 26 in
acceptable yields with lower stereoselectivity (Table 2, entry 1 and 2).

−

−

−

−

 

Scheme 7. Optimisation of the flow addition/deprotection reaction sequence.

The following flow experiments employing the second stage of the system were
performed using a reaction coil or Diba column (optional) depending on the use of H+

donor in the acetonide deprotection step. In the case of the reaction using an excess
of Amberlyst 15 (1.7 g, 8 equivalents) in the Diba column, the reagent also secured the
filtration of reaction stream and Mg(II) salts formed after mixing (quenching) the Grignard
reaction stream with MeOH were caught on the polymer resin. However, the larger excess
of Amberlyst 15 also caused a parallel carbamate cleavage and decreased the yield of
products. Thus, the flow system using Amberlyst 15 provided products 22-Boc and 22-Cbz
in 34 and 49% yield, respectively (Table 2, entry 3 and 4).

The best results were achieved using 1.1 M solution of pTSA in MeOH in the second
step and the products were isolated in similar yields to batch (Table 2, entry 5 and 6). In
this case, the concentration and flow rate of para-toluenesulfonic acid stream were adjusted
to ensure the catalytic amount of H+ necessary for the deprotection of acetonide group.
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Since, the 0.25 of 0.275 mmol/min amount of this acid was immediately quenched in
the reactor by the excess of Mg(II) salts, the 0.275 mmol/min amount really represents
only the catalytic amount of H+. Thus, the flow reactions using 8.65 mmol of substrates
27-Cbz or 27-Boc led to the formation of desired N-protected unsaturated aminodiols 22

in 82 and 62% yields, respectively (Table 2, entry 5 and 6). With optimised conditions for
this addition/deprotection sequence in hand, we turned our attention to the continuous
carbonylative cyclisation step.

Table 2. Optimisation of the flow addition/deprotection reaction sequence.

Entry Substrate
26-PG

STREAM

Optional
Equipment

Yield b

(%)

A a B C

Inj. Coil
(mL)

Flow Rate
(mL/min.)

Inj. Coil
(mL)

Flow Rate
(mL/min.)

Solvent
Flow Rate
(mL/min.)

1 Boc 2 0.3 2.3 0.3 - - 84 c

2 Cbz 2 0.25 2.3 0.25 - - 66 c

3 Boc 2 0.3 2.3 0.3 MeOH 0.6 1.7g
(Amberlyst) 34 d

4 Cbz 2 0.25 2.3 0.25 MeOH 0.5 1.7g
(Amberlyst) 49

5 Boc 17.3 0.25 18.4 0.25
pTSA in
MeOH
(1.1M)

0.25 reaction coil
(10 mL, 50 ◦C) 62

6 Cbz 17.3 0.25 18.4 0.25
pTSA in
MeOH
(1.1M)

0.25 reaction coil
(10 mL, 50 ◦C) 82

a 0.5 M solution of substrate in THF (tetrahydrofuran) was used. b Yield based on the amount of isolated product 22. c Only addition step
was performed in the flow system, the yield corresponds to the addition product 27. d Deprotection of N-Boc group was also observed.

In 2018, we reported on pros and cons of the flow and batch stereoselective Pd-
catalysed carbonylative cyclisation of unsaturated polyols/aminoalcohols using known
conditions [68] and Fe(CO)5 as an in situ donor of carbon monoxide [47]. By adjusting the
concentration of reaction streams and the amount of Cu2+/Li+ inorganic salts required for
the reoxidation Pd0, we were able to prepare a series of various cyclisation products in a
flow system (Scheme 8).

 
Scheme 8. Previously described continuous Pd(II)-catalysed carbonylation of unsaturated polyols
and aminoalcohols.

Even though aforementioned continuous flow system was successfully applied in
the large-scale preparation of desired bicyclic lactones, there are still limitations of the
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system regarding the formation of insoluble copper salts in the reactor. Also, an active
mixer and interchangeable filtration unit were necessary to perform the transformation
over longer periods.

With the aim to improve the conditions for continuous flow Pd-catalysed oxy/
aminocarbonylation, we adopted the use of pBQ (p-benzoquinone) instead of Cu2+ as
a reoxidant.

At first, we performed a batch reaction using 2 equivalents of pBQ, 0.6 equiva-
lent of Fe(CO)5 and 0.1 equivalent PdCl2(MeCN)2 using diastereomeric mixture 22-Boc
(0.23 mmol) in acetic acid (0.9 mL, 0.25 M reaction). The reaction at 60 ◦C proceeded with
full conversion of starting material after 1 h, however noticeable amounts of insoluble
material were observed. The homogeneity of the reaction mixture over the whole course
of reaction was achieved by the addition of 1 equivalent of LiCl. The reaction proceeded
smoothly with full conversion of 22-Boc in 1 h at 60 ◦C. A comparison of newly optimised
and previously described conditions is shown in Figure 4.

 
Figure 4. Comparison of known and new conditions for Pd-catalysed carbonylative cyclisation.

The new reaction conditions were then tested in the preparation of key intermediate-
lactone 21 for the synthesis of jaspine B 1 in continuous flow mode (Scheme 9). The flow
setup consisted of two reaction streams which were pumped using HPLC Azura pumps via
injection coils to a preheated reactor coil. The composition of stock solutions were adjusted
to avoid the decomposition of Fe(CO)5 in the presence of oxidation reagents (pBQ). The
following continuous reaction of 22 on 0.5 mmol scale provided the desired N-protected
bicyclic lactones 21 in comparable yields to standard batch and flow conditions (Table 3).

 
Scheme 9. Continuous Pd(II)-catalysed carbonylations of unsaturated N-protected aminodiols 22.
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Table 3. Comparison of Pd(II)-catalysed carbonylation of 22 employing batch and flow conditions.

Entry Product
Typical Conditions New Conditions

Batch Yield a,b (%) Flow Yield a,c (%) Flow Yield a,d (%)

1 21-Cbz 75 76 71
2 21-Boc 75 64 72

a Combined yield of both diastereomers based on the isolated amounts of products 21. b Batch reaction of 22
(0.5 mmol) using PdCl2. 2CH3CN (0.048 mmol, 0.1 equivalent), CuCl2 (1.9 mmol, 4 equivalents), LiOAc (1.9 mmol,
4 equivalents) and Fe(CO)5 (0.15 mmol, 0.3 equivalent) in 1.9 mL of AcOH [68]. c Reaction was performed on
1.22 mmol scale (substrate 22) using the conditions and flow system as described in the literature [47]. d Reaction
was performed using flow system as depicted in Scheme 9.

In detail, flow transformation using new conditions as depicted in Scheme 9 provided
both lactones 21 in comparable yields to reactions performed under typical conditions
(Table 3, flow yield column). The new reoxidation system for Pd0-PdII cycle ensures
homogeneity of the reaction stream thus enabling better scaling of this flow transformation.
Compared to the batch reaction (Table 3, typical conditions, batch yield column), the
designed flow transformation (under new conditions) has several advantages. The batch
reaction using typical conditions [47] can be undertaken only on a small scale due to the
excessive pressure in the glass reaction tube. Upscaling the batch reaction 20 mmol may
cause a few problems. As Fe(CO)5 immediately decomposes after contact with the reaction
mixture, it releases 1 equivalent of CO resulting in foaming and problematic stirring of
heterogenous reaction mixture. Also, the pressure in a 120 mL reaction tube can raise up to
95 psi after few minutes.

To prove the robustness of the described flow setup, a six-hour long experiment was
performed. Based on our previous experience with this type of transformation, we lowered
the reaction stream concentration (0.25 M down to 0.125 M) to avoid the gas-liquid segment
formation in the reaction coil. Continuous flow transformation of diastereomeric mixture
22-Boc (5.57 g) using such minimally modified conditions provided the desired lactones
21-Boc in 71% (4.5 g) combined yield (using the same flow setup as depicted in Scheme 10).
However, a formation of precipitate at the exit of the reactor after cooling the reaction
stream was observed. To prevent the potential clogging of the tubing, THF was employed
as co-solvent in the case of a large-scale continuous reaction using 22-Cbz (Scheme 10).
In this case, the prepared stock solutions of substrate 22-Cbz and reagents were pumped
directly through the HPLC pumps into the larger reactor (47 mL) therefore allowing us to
use higher flow rates (0.785 mL/min) and transform a larger amount of starting material
22-Cbz in shorter time. In detail, the diastereomeric mixture N-Cbz protected aminodiols
22-Cbz (7.6 g) was easily transformed over 2.5 h into bicyclic lactones 21-Cbz (d.r.: 2.6:1,
6.3 g) in 75% combined yield. The pure diastereomer 21-Cbz with all syn-configuration
was obtained after MPLC purification in 54% yield (4.5 g).

In conclusion, we have designed and optimised an enhanced synthesis of the key
intermediate-lactones 21-Cbz and 21-Boc utilising the stereoselective Pd-catalysed cyclo-
carbonylation of corresponding unsaturated aminodiols 22. The key lactones 21 were then
successfully transformed into natural jaspine B 1 over a four-step sequence in batch. Also,
we have demonstrated the applicability of the flow reactor in two steps preparation of
N-protected aminodiols 22 in comparable yields to the batch process. Importantly, new
conditions for Pd-catalysed cyclocarbonylation of unsaturated polyols/aminoacohols were
developed involving pBQ/LiCl as a reoxidation system and Fe(CO)5 as an in situ source of
stochiometric amount of carbon monoxide (only 1.5 molar equivalents). Such conditions
were easily applied to continuous flow mode allowing us to prepare gram quantities of
intermediates 21 for jaspine B 1 synthesis. This flow setup has shown several advantages
compared to previous versions of the flow reaction system and the homogeneity of the
reaction stream facilitated the use of a common flow system without the implementation
of any other special devices.
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Scheme 10. Large-scale continuous synthesis of N-Cbz protected lactone 21-Cbz.

3. Experimental Section

3.1. Material and Methods

Commercial materials which were obtained from Sigma-Aldrich, Acros Organics, Alfa
Aesar or Fisher Scientific were used without further purification. Reactions were monitored
using TLC on silica gel. Compound purification was undertaken by flash chromatography.
All solvents were distilled before use. Hexanes refer to the fraction boiling at 60–65 ◦C.
Flash column liquid chromatography (FLC) was performed on silica gel Kieselgel 60
(15–40 µm, 230–400 mesh) and analytical thin-layer chromatography (TLC) was performed
on aluminium plates pre-coated with either 0.2 mm (DC-Alufolien, Merck) or 0.25 mm silica
gel 60 F254 (ALUGRAM® SIL G/UV254, Macherey–Nagel). Analysed compounds were
visualized by UV fluorescence and by dipping the plates in an aqueous H2SO4 solution of
cerium sulphate/ammonium molybdate followed by charring with a heat gun. Melting
points were obtained using a Boecius apparatus and are uncorrected. 1H and 13C NMR
spectra were recorded on either 300 (75) MHz MercuryPlus or 600 (151) MHz Unity Inova
spectrometers from Varian (Supplementary Materials). Chemical shifts (δ) are quoted in
ppm and are referenced to the tetramethylsilane (TMS), CDCl3 or DMSO-d6 as internal
standard. FTIR spectra were obtained on a Nicolet 5700 spectrometer (Thermo Electron)
equipped with a Smart Orbit (diamond crystal ATR) accessory, using the reflectance
technique (400–4000 cm−1). High-resolution mass spectra (HRMS) were recorded on
an OrbitrapVelos mass spectrometer (Thermo Scientific, Waltham, MA, USA; Bremen,
Germany) with a heated electrospray ionization (HESI) source. The mass spectrometer was
operated with a full scan (50–2000 amu) in positive or negative FT mode (at a resolution
of 100,000). The sample was dissolved in methanol and infused via syringe pump at a
rate of 5 mL/min. The heated capillary was maintained at 275 ◦C with a source heater
temperature of 50 ◦C and the sheath, auxiliary and sweep gases were at 10, 5 and 0 units,
respectively. Source voltage was set to 3.5 kV.

3.2. Representative Flow Procedures

3.2.1. Grignard Reaction

The flow setup consisted of three HPLC pumps (Knauer Azura 4.1S with 10 mL pump
head). The pumps were used to introduce a solution of substrate 26 (1 mmol, 0.5 M) in
anhydrous THF (Feed A), a commercial solution of vinylmagnesium bromide (1.0 M in
THF, Sigma-Aldrich, Feed B), and MeOH (Feed C). Injection loops (PTFE, 0.8 mm i.d.,
1.6 mm o.d.; internal volume: 2.0 mL, Feed A, and 2.3 mL, Feed B) were used to deliver
the two starting feeds. At start of the experiment, the whole reactor was flushed with an
anhydrous THF (Feed A and Feed B) and MeOH (Feed C). Both solutions were loaded into
their corresponding injection loops. Feed A and feed B were pumped from the injection
loops and mixed in a T-shaped connector (PEEK) in a cooling bath (0 ◦C). The combined
mixture passed through a coil reactor (PTFE, 0.8 mm i.d., 1.6 mm o.d.; internal volume:
9.0 mL) at 0 ◦C before the mixture was combined with MeOH (Feed C) in a T-shaped
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connector (PEEK) at the same temperature. Final reaction mixture left the system through
Upchurch BPR (15 psi). The mixture was then collected in the flask, and evaporated in
vacuo. The residue was purified by MPLC (mixture of hexanes and EtOAc) providing the
desired alcohols 27.

3.2.2. Preparation of Unsaturated Aminodiols

The flow setup consisted of three HPLC pumps (Knauer Azura 4.1S with 10 mL
pump head). The pumps were used to introduce a solution of substrate 26 (0.5 M) into
anhydrous THF (Feed A), a commercial solution of vinylmagnesium bromide (1.0 M in
THF, Sigma-Aldrich, Feed B), and quenching solvent/mixture (MeOH, AcOH, mixture
AcOH/H2O or 1.1 M solution of pTSA in MeOH), Feed C). Injection loops (PTFE, 0.8 mm
i.d., 1.6 mm o.d.; internal volume: 2.0 mL, Feed A, and 2.3 mL, Feed A) were used to deliver
the starting two feeds. At the beginning of the experiment, the complete reactor setup was
flushed with anhydrous THF (Feed A and Feed B) and corresponding solvent/mixture
(according to the conditions in Table 2, Feed C). Both solutions were loaded into their
corresponding injection loops. Feed A and feed B were pumped from the injection loops
and mixed in a T-shaped connector (PEEK) in a cooling bath (0 ◦C). The combined mixture
passed through a coil reactor (PTFE, 0.8 mm i.d., 1.6 mm o.d.; internal volume: 9.0 mL) at
0 ◦C before the mixture was combined with Feed C (corresponding solvent or mixture)
in a T-shaped connector (PEEK) at the same temperature. The mixture was then pumped
through a second coil reactor at 50 or 70 ◦C (PTFE, 1.5 mm i.d., 3.2 mm o.d.; internal
volume: 4.0 or 10.0 mL) or glass Omnifit column at 40 ◦C (10 mm i.d. × 100 mm length)
filled with corresponding amount of Amberlyst 15. At the end, the reaction mixture left the
system through Upchurch BPR and it was collected in the flask. The solvent from collected
crude material was concentrated in vacuo (if the pTSA was used, collected stream was
at first quenched with saturated water solution of NaHCO3 and extracted with EtOAc).
The residue was purified by MPLC (mixture of hexanes and EtOAc) providing the desired
alcohol 22.

3.2.3. Carbonylative Cyclisation Using pBQ/LiCl Reoxidation System

The flow setup consisted of two HPLC pumps (Knauer Azura 4.1S with 10 mL pump
head). These pumps were used to introduce a solution of substrate 22 (0.25 M) and iron pen-
tacarbonyl (0.3 equivalent) in glacial AcOH (Feed A), and solution of pBQ (2.5 equivalents),
LiCl (1 equivalent) and PdCl2(MeCN)2 (0.1 equivalent) in the solvent (glacial AcOH or
THF/AcOH = 2:1, Feed B). Injection loops (PTFE, 0.8 mm i.d., 1.6 mm o.d.; internal volume:
2.0 mL, Feed A, and 2.3 mL, Feed B) were used to deliver the two feeds. At the beginning
of the experiment, the complete reactor setup was flushed with glacial AcOH (Feed A)
and corresponding solvent/mixture (Feed B). Both solutions were loaded into their corre-
sponding injection loops. (Stock solutions were pumped directly via HPLC pumps in the
case of long runs). Feed A and feed B were pumped from the injection loops and mixed in
a T-shaped connector (PEEK). The combined mixture went through a reactor coil (PTFE,
0.8 mm i.d., 1.6 mm o.d.; internal volume: 17.1 or 47.1 mL) at 60 ◦C before the flow stream
left the system through Upchurch BPR (100 psi). The whole reaction stream was collected
in the flask, and evaporated in vacuo. The residue was purified by MPLC (mixture of
hexanes and EtOAc) providing the appropriate bicyclic lactones 21.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11121513/s1. All experimental procedures for batch and flow transformations, copies of
1H and 13C NMR spectra for all prepared compounds are included.
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Abstract: Metal-mediated cyclizations are important transformations in a natural product total
synthesis. The Pauson-Khand reaction, particularly powerful for establishing cyclopentenone-
containing structures, is distinguished as one of the most attractive annulation processes routinely
employed in synthesis campaigns. This review covers Co, Rh, and Pd catalyzed Pauson-Khand
reaction and summarizes its strategic applications in total syntheses of structurally complex natural
products in the last five years. Additionally, the hetero-Pauson-Khand reaction in the synthesis of
heterocycles will also be discussed. Focusing on the panorama of organic synthesis, this review
highlights the strategically developed Pauson-Khand reaction in fulfilling total synthetic tasks and its
synthetic attractiveness is aimed to be illustrated.

Keywords: metal-mediated reactions; Pauson-Khand reaction; cyclopentenones; natural products
total syntheses

1. Introduction

The metal-mediated reaction plays an important role in constructing complex organic
molecules [1–3]. The Pauson-Khand reaction (PKR), an effective set of annulation protocol defined in
1973 [4] for the construction of cyclopentenone-containing moieties, stands as a promising method
to permit efficient cyclic frameworks. Its efficient and atom-economic elaboration to substituted
cyclopentenones renders this process highly prized in the construction of architecturally complex
natural products. Since reported more than 40 years ago [5–12], it has been developed with different
metal catalytic systems, including Co [13–17], Rh [18–25], Ru [26–30], Ti [31–34], Ir [35–37], Ni [38],
Mo [39,40], Fe [41]; and other metals could promote the PKR to build the heterocycle frameworks [42–44].
By identifying reactivity patterns for diverse PKR precursors in the prominent synthetic application,
we aim to elevate this powerful reaction to a method of choice in the synthetic designation of complex
biologically active entities.

1.1. Classic PK Reaction Catalyzed by Co

In 1973, I.U. Khand and P.L. Pauson found that the generation of enyne/Co2(CO)6 complex with
olefin as substrates could lead to the formation of cyclopentenone. Moving forward, P.L. Pauson
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explored the substrate scope and limitations of this reaction [45]. Although the specific mechanism of
PKR involving Co2(CO)8 is still uncertain, the mechanism proposed by Magnus [46–48] and Schore [49]
is widely recognized based on the reaction results of regioselectivity and stereoselectivity (Scheme 1).
The rate-determining step is alkene coordination with the cobalt and then insertion into cobalt–carbon
bond to form the cobaltacycle, accounting for the regiochemical and stereochemical outcomes.
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Scheme 1. Generally accepted mechanism of Pauson-Khand reaction with Co2(CO)8.

The regioselectivity of PKR is influenced by both steric and electronic effects (Scheme 2).
For electrically neutral substrates, the insertion of olefins to enyne/Co2(CO)6 complex correlates with
steric hindrance. The regioselectivity also has been demonstrated to be related to the electronegativity
of alkynyl groups [50–52]. Under most circumstances, the electron-withdrawing group will be installed
at the β position of cyclopentenone. It is noteworthy that the frontier molecular orbital (FMO) theory
could be used to analyze the influence of olefins in PKR [53,54]. Moreover, subordinate interaction
and the guiding group can affect the regioselectivity [55–57]. For allene-involved intramolecular PKR,
a 5,7-bicyclic product is more inclined to be formed [58,59].
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Scheme 2. Regioselectivity study of Pauson-Khand reaction.

As for the diastereoselectivity of intramolecular PKR, both substrate conformation (especially
the allyl chiral center) and electronic effect are relevant parameters (Scheme 3). Krafft reported their
reaction with electron-deficient alkynes, and the PKR product could be obtained with a high dr value
when norbornene was involved as an olefin substrate [51,60].
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Scheme 3. Diastereoselectivity study of intramolecular Pauson-Khand reaction.

Most of the Co-catalyzed PKR conditions require a relatively high temperature and long
reaction time. To accelerate the reaction rate, Smit and Caple’s group found that PKR could be
promoted in a stepwise manner [61]. N-methylmorpholine oxide (NMO), acting as an additive,
was reported to improve the reaction rate through oxidizing CO into CO2 on the enyne/Co2(CO)6

complex [62], forcing the cobalt to release a vacant orbital which can be coordinated with olefins [63].
Recently, the Dionicio Martinez-Solorio group demonstrated the value of 4-FBnSMe as a new, efficient,
and recoverable/reusable thioether promoter in PKR by modulating the Lewis basicity of thioether to
influence the rate of alkene insertion [64].

To circumvent the use of stoichiometric catalysts, some Lewis bases were discovered to achieve the
catalytic version of PKR, such as phosphine ligand [65], tetramethyl thiourea [66], phosphane sulfide [14],
and primary amines [67]. In 2005, the Milet and Gimbert groups converted to the density functional
theory (DFT) and calculated the energy change of the PKR process with Lewis base [68]. The results
indicate that the enyne/Co2(CO)6-alkene insertion is a reversible process, but the Lewis base coordination
could reduce the energy and therefore make the olefin insertion process irreversible.

1.2. PK Reaction Catalyzed by Rh and Pd

The first example of [RhCl(CO)2]2 catalyzed PKR was reported by Narasaka et al. in 1998 [18].
In their studies, the use of toluene as a reaction media reduced the loading of Rh catalysts and
a good reaction reactivity was achieved with electron-deficient alkynes [69]. Moreover, under a
low partial pressure of CO, it can effectively speed up the reaction and decrease the reaction
temperature. Jeong et al. reported the first case of rhodium-catalyzed asymmetric PKR in the
presence of 2,2′-bis(di-p-tolylphosphino)-1,1′-binaphthyl(BINAP) and AgOTf [21]. Consiglio’s group
used the molecular sieve to adsorb CO, greatly reducing the reaction temperature and accelerating the
rate [70]. They accomplished the asymmetric PKR at 0 ◦C with a 99% ee value. In the course of Wender
and his co-workers’ studies on the rhodium(I)-catalyzed intra- and intermolecular dienyl [2 + 2 + 1]
PKR, they observed that when a diene was used in place of an alkene the reaction rate was significantly
accelerated [71,72].

As the Rh-catalyzed PKR has several advantages, it has attracted the attention of many research
groups to report their work in this area. Typical PKR requires the utilization of highly toxic CO gas.
An important breakthrough was made by the Morimoto and Shibata groups, respectively by introducing
metal carbonyl compounds as a masked CO source through transition metal decarbonylation
to in situ generate CO in PKR [73]. Moreover, Chung’s group developed the use of a highly
beneficial cinnamyl-alcohol as a CO source in the presence of the Rh catalyst to obtain corresponding
hetero-Pauson-Khand (hPK) products in an inexpensive, safe, and environmentally friendly
manner [74]. The catalytic dehydrogenation of cinnamyl alcohol could produce cinnamaldehyde,
followed by Wilkinson decarbonylation and carbonylation constructed the desired cyclic product.
Benzyl formate [75] has also been exploited as a non-gas CO surrogate. In 2019, they further
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demonstrated the utilization of the formic acid as a CO source in the formation of various bicyclic
cyclopentenones. In their protocol, formic acid was employed as a bridging molecule for the conversion
of CO2 to CO, which represented an indirect approach for the chemical valorization of CO2 in the
construction of valuable heterocycles [76] (Scheme 4).

 

 

π π

Scheme 4. Non-gas CO surrogates in the Pauson-Khand reaction for heterocycle’s formation.

The theoretical analysis of Rh-catalyzed PKR diastereoselectivity was demonstrated by Baik’s
group [25]. They revealed that two possible mechanistic scenarios and the optimum selectivity
could be attributed to a five-coordinate organorhodium complex. The larger energy gap between
the diastereomers and the Rh meta-cyclization trend to occur at the cis-position site dominated
the diastereoselectivity. Based on the high efficiency, reliability and excellent diastereoselectivity
of Rh-catalyzed PKR, its extraordinary impact on the synthetic campaign as a key step has been
recognized [77].

Few metals could be applied in the catalytic PKR (Co, Ti, Rh, Ir, Ru) as most of them
are air and moisture sensitive, and as such, it accounted for some limitations in synthetic
applications. A series of thiourea and Pd-catalyzed reactions were developed by Yang’s group [78–81]
(Scheme 5). PdCl2 coordinated to a thiourea ligand could catalyze an intramolecular PKR under
mild conditions [81,82], and some interesting features were observed in this novel step. It could be
catalyzed by PdCl2 alone with a low yield, whereas using thiourea, especially tetramethyl thiourea
(TMTU), as a reaction additive could greatly increase the yield; the Lewis acids addition such as
LiCl can increase both the reaction rate and yield. Based on this observed phenomenon, further DFT
calculation and mechanism investigation were carried out [83]. According to the coordination mode of
the transition state, the TMTU ligand and substrate are lying both on the same side of the Pd catalyst
thus the trans-diastereomer in substituted cases outperformed its diastereoisomer. It is speculated that
changes in thiourea ligands may affect the diastereoselectivity of PKR through steric effect and π-π
interaction, etc.

 

 

π π

 

Scheme 5. Tetramethyl thiourea (TMTU) and Pd-catalyzed Pauson-Khand reaction.
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1.3. Hetero-Pauson-Khand Reaction

The hetero-Pauson-Khand reaction has been harnessed as an effective tactic in the concise
construction of functionalized polycyclic butenolides and α, β-unsaturated lactams (Scheme 6).
In 1996, Crowe et al. reported the direct synthesis of bicyclic γ-butyrolactones via tandem reductive
cyclization-carbonylation of tethered enals and enones [84,85]. In the same year, Buchwald et al.
presented the heteroatom variant of the intramolecular PKR catalyzed by Cp2Ti(PMe3)2, in which the
alkene could be replaced with a carbonyl for the diastereoselective synthesis of γ-butyrolactones or a
fused butenolide, respectively [86,87]. Later on, chemists devoted themselves in the development of
hetero-Pauson-Khand reaction, including Murai [28,88], Carretero [89], Saito [90], and Snapper [91].
However, the application of hPK in a natural product total synthetic work is relatively rare and
therefore is underexplored in the synthetic version [92–96].

 

α β
γ

γ

 
Scheme 6. Hetero-Pauson-Khand reaction in natural products total syntheses.

1.4. Summary

Cobalt, rhodium, and palladium were involved in PK reactions represented in different
advantageous patterns, among which the outstanding superiorities are as follows: a. Cobalt-catalyzed
PKRs can overcome the high tension and construct an all-carbon quaternary chiral center [7,97–99];
b. rhodium-catalyzed PKRs normally exhibit excellent diastereoselectivity and are attractive in building
a variety of ring structures; c. palladium-catalyzed PKRs could lead to the opposite stereoselectivity
compared with others and are more operable due to the stability of Palladium species. Co/Rh-catalyzed
PKRs are already widely applied in natural products total syntheses, in contrast, restriction existed in
Pd-catalyzed PKRs and most of the work is still under methodological study.

The stereoselective formation of quaternary chiral centers is challenging in the construction of
the cyclic system. PKR is an effective method for generating 5,5-bicyclic ring systems and has already
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been studied comprehensively. In 1984, Schore’s group reported the first case of PKR to construct a
5,5,5-tricyclic skeleton containing an all-carbon quaternary chiral center [100]. Numerous research
groups reported their studies and applications in natural products total syntheses. Joseph M. Fox et al.
applied a thiourea-facilitated PKR in establishing the quaternary center and built a 5,5,3-tricyclic
framework, and then completed the enantioselective total synthesis of (−)-pentalenene [101]. In the past
few years, many chemists have made their efforts to broaden the application of the intramolecular PKR
in natural products total syntheses, with some reviews already published [5–12]. In this mini-review,
a perspective on the development of strategic Pauson-Khand reaction within natural products total
syntheses portfolio over the past five years is presented by the categories of the constructed bicyclic ring
systems (5,5/5,6/5,7- and macrocycles), with the aim to provide an updated overview of its tremendous
power and versatility.

2. Recent Pauson-Khand Reaction Applications in Natural Products Total Syntheses

PKR proved to be a powerful strategy in natural products syntheses, particularly in those
containing fused five-membered rings. The tethered length plays an important role in the efficiency
and viability of all intramoleculars.

Pauson-Khand-like reactions [102], and the substrates with tethers that result in the formation of a
five-membered ring are most effective in a great variety of intramolecular reactions [103]. Collections of
5,5/5,6/5,7-bicyclic ring systems or even macrocycles could be accessed depending on substrate identity
as shown in this review.

2.1. Construction of 5,5-Bicyclic Ring Systems

Ryanodol is a bioactive and complex poly-alcohol containing natural product which is a potent
modulator of the calcium release channel [104,105]. In 2016, Reisman’s group reported a highly
efficient way to rapidly build the carbon framework of ryanodol through intramolecular PKR which
was promoted by the rigidity of the bicyclic conformation [106]. Starting from S-pulegone, the PK
precursor 1 could be achieved after seven steps of transformation. In their promising reaction protocol,
submitting 1 with 1 mol% [RhCl(CO)2]2 under an atmosphere of CO afforded enone 2 in an 85%
yield as a single diastereomer. More impressively, the efficient protocol could be performed on the
multi-gram scale and provided a 5.7 g of PK product (Scheme 7).

 

 

 

Scheme 7. Reisman’s total synthesis of (+)-ryanodol.

Tetramethyl thiourea (TMTU) has proven to be an efficient additive in the PKR based on
Yang’s previous investigations [66]. In 2017, they developed a Co–TMTU catalyzed PKR and 6π
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electrocyclization tandem reactions to construct the highly strained core skeleton of presilphiperfolanols
and related natural products [107,108]. Treatment of 3 with a catalytic amount of [Co2(CO)8] (0.2 equiv.)
and TMTU (1.2 equiv.) in benzene resulted in the rapid construction of the tricyclic scaffold 5 with
great regio- and stereochemical control in a 94% yield through one single operation. Most recently,
they applied this PKR model to the synthesis of 4-desmethyl-rippertenol and 7-epi-rippertenol [109]
(Scheme 8).

 

π

 

 

Scheme 8. Yang’s concise synthesis of presilphiperfolane core.

In the total synthesis of the potent antibiotic compounds (−)-crinipellin A and (−)-crinipellin
B reported by Yang et al. [97], the fully functionalized tetraquinane core was achieved by a novel
thiourea/palladium-catalyzed PKR. They implemented two PKRs in their synthetic strategy with the
first being a conversion of 6 into 7 with a 40% yield and 98% ee after crystallization. As generally
proved, the electron-deficient alkyne is not a perfect ligand for Co2(CO)8, gradual warming is essential
for constructing the desired enyne/Co2(CO)6 complex. The other PKR allows the concise formation
of the tetraquinane 10. Treatment of 8 in the presence of NaHCO3 as the base provided the desired
tetraquinane core 10 in a 61% yield, with the undesired isomer suppressed to a 16% yield (Scheme 9).

 

π

 
Scheme 9. Yang’s total synthesis of crinipellins.

In 2018, Yang’s group described a stereoselective construction of the CDEFGH ring system
of lancifodilactone G acetate and a 28-step asymmetric total synthesis [110,111]. They performed
an intramolecular PKR for the construction of the sterically congested F ring. In their model
study, the authors observed that the butynoic ester was effective for the regio- and stereoselectivity
in constructing the cyclopentenone ring system bearing two chiral centers. The developed
well-orchestrated PKR facilitated the stereoselective synthesis of 14 from enyne 13 (Scheme 10).
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Scheme 10. Yang’s asymmetric total synthesis of lancifodilactone G acetate.

Li et al. reported the first total synthetic work of hybridaphniphylline B featuring a late-stage
intermolecular Diels–Alder reaction [112]. They implemented a PKR and C=C bond migration strategy
to achieve the key intermediate 17. Through the investigation of Pauson-Khand conditions, it is
determined that MeCN is an effective accelerator to transform the alkyne dicobalt complex into the
desired product, which was depicted the same as Pauson’s work [113]. Under this condition, the two
PKR products 16 and 16’ were constructed in a 73% yield with the ratio of ca. 2.4:1. Then, submitting
the mixture to K2CO3/TFE realized the C=C bond migration and gave the more substituted enone 17

(Scheme 11).

 

 

 
Scheme 11. Li’s total synthesis of hybridaphniphylline B.

Liang et al. described a concise total synthesis towards (−)-indoxamycins A and B, a novel class
of polyketide natural products, which contain a highly congested cage-like carbon skeleton featuring
six contiguous chiral centers [114]. The key step for rapidly constructing the framework bearing
a quaternary carbon was an intramolecular PKR. Enyne 18 was converted into the 5,5,6-tricyclic
compound 19 smoothly with a 74% yield, which could be further transformed into the target natural
products (Scheme 12).
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Scheme 12. Liang’s total synthesis of (−)-indoxamycins A and B.

Guaianolide sesquiterpenes represent a particularly prolific class of terpene natural products,
which have attracted biological and chemical communities for decades given their extensive
documented therapeutic properties and fascinating chemical structures. Recently, the cobalt- mediated
intramolecular PKR was applied in the total synthesis of sinodielide A and ent-absinthin by Mainone
et al. [115]. Ester 20, converted from (−)-linalool via deprotonation and a subsequent reaction with the
mixed anhydride of 2-butynoic acid, underwent a smooth PKR reaction using Co2(CO)8 and resulted
in strained bicyclic lactone 21 (65% yield, 5:2 d.r.), which enabled concise and collective total syntheses
of guaianolide sesquiterpenes (Scheme 13).
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Scheme 13. Maimone’s allylative approaches to the synthesis of complex guaianolide sesquiterpenes.

Yang et al. recently described the first asymmetric total synthesis of (−)-spirochensilide A featuring
a tungsten-mediated cyclopropene-based PKR to install the quaternary chiral center [116]. Initially,
they attempted various conditions to construct the cyclopentenone motif in 24 but all proved in vain
presumably due to the low reactivity of enyne 23 and its steric rigidity. Recognizing the inherent of a
chloride, they employed it as an σ electron-withdrawing group to promote polarization and reduce the
activation barrier, with the idea in hand they prepared chloroenyne 25. However, reaction conditions
screening only resulted in the undesired ring-closing compounds 26 and 27, respectively, which was
generated by an Rh-catalyzed carbonylative C-H insertion and a double bond isomerization followed
by a PKR. Then, they considered taking advantage of cyclopropene’s inherent strain and altered the
pathway to construct enyne 28. After an investigation of many conditions, the W(CO)3(MeCN)3,
Ni(COD)2/bipy, and Mo(CO)3(DMF)3-catalyzed PKR could lead to the formation of the desired 29a,
which could be further transformed into (−)-spirochensilide A (Scheme 14).

41



Catalysts 2020, 10, 1199

 

 

−

e

Scheme 14. Yang’s asymmetric total synthesis of (−)-spirochensilide A.

Very recently, Yang and Snyder’s group both reported their total synthesis towards the challenging
target (+)-waihoensene [98,99], which contains four contiguous quaternary carbon centers. In their
strategies, they all involved a diastereoselective Conia-ene type reaction and an intramolecular PKR.
The polycyclic skeleton of Waihoensene was achieved by the Co2(CO)8-mediated PKR under CO
atmosphere (Scheme 15).

 

 

 

 

 

 

Scheme 15. Yang’s and Snyder’s total synthesis of (+)-waihoensene.
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(−)-Conidiogenone B, (−)-conidiogenone, and (−)-conidiogenol feature a highly strained 6/5/5/5
tetracyclic core and 6-8 consecutive stereocenters. The concise total syntheses have been accomplished
by Zhai et al. [117]. The key linear triquinane 38 was constructed as a single diastereomer in a 71% yield
via a tandem Nicholas and amine-N-oxide-promoted PKR from 37 with the borane-methyl sulfide
complex as the hydride source (Scheme 16).

 

 

 

 

 

 

Scheme 16. Zhai’s total synthesis of (−)-conidiogenone B.

2.2. Construction of 5,6-Bicyclic Ring Systems

Clark et al. elucidated an efficient 12-step synthesis of the marine alkaloid (−)-nakadomarin
A [118], which contains a unique hexacyclic structure featuring fused 5-, 6-, 8-, and 15- membered rings
and exhibits cytotoxicity against murine lymphoma L1210 cells, antimicrobial and inhibitory activity
against cyclin-dependent kinase 4. The fused bicyclic enone 40 was constructed in a good yield and
with an excellent ee value using the asymmetric cobalt-catalyzed PKR, which was developed by Hiroi
et al. earlier before (Scheme 17).

 

 

 

 

 

 
Scheme 17. Clark’s total synthesis of (−)-nakadomarin A.

In the Hao et al. studies toward the 10 step-synthesis of a novel limonoid perforanoid A [119],
they investigated Rh-catalyzed intramolecular PKR to build the cyclopentenone ring. Under their
optimum conditions, treatment of 42 in toluene for 3 h at a reaction concentration of 8 mM with
[Rh(CO)2Cl]2 (7 mol%) as the catalyst gave 43 in 85% as a single isomer (Scheme 18).
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Scheme 18. Hao’s asymmetric total synthesis of perforanoid A.

Zard, Takayama, and Mukai groups have explored the diastereoselective study of intramolecular
PKR in the context of Lycopodium alkaloids syntheses [120–122]. Based on their previous study,
Trauner et al. used a similar strategy to synthesize enone 46 with the desired stereoselectivity,
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which was proposed through a chair-like conformation of intermediate 45 ensuing the bicycle [4.3.0]
nonenone [123] (Scheme 19).
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Scheme 19. Trauner’s expedient synthesis of (+)-lycopalhine A.

Nakamura et al. have accomplished the stereoselective total synthesis of (+)-marrubiin
involving a CyNH2-promoted PKR and subsequent oxidative cleavage of the resultant cyclopentenone
ring [124,125]. According to their DFT studies, the irreversible olefin insertion step is critical to the
stereochemistry of PKR. The steric interaction could be avoided through a trans-fused chair−boat-like
TS and therefore the exclusive isomer 48 was afforded (Scheme 20).
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Scheme 20. Nakamura’s total synthesis of (+)-marrubiin and (−)-marrulibacetal.

Yu et al. have developed an Rh(I)-catalyzed [3+ 2+ 1] cycloaddition of 1-ene/yne−vinylcyclopropanes
(VCPs) and CO, which was used to construct 5,6-bicyclic advanced intermediate 50 from yne-VCP
(±)-49 [126]. The advanced intermediate 50 can be transformed into Gao’s intermediate for the formal
synthesis of gracilamine [127]. This cycloaddition provided a solution to construct the bridgehead
quaternary carbon center. The diastereoselectivity was realized by the repulsion between the OTBS (TBS =
t-butyldimethylsilyl) group and the vinyl moiety (Scheme 21).

 

 

 

 

μ

Scheme 21. Yu’s formal synthesis of gracilamine.

In the synthesis of calcitriol, the active form of vitamin D3, Mourino et al. utilized the NMO
promoted PKR to form the 5,6-bicyclic core 52 in a diastereoselective way [128]. Intermediate 52

underwent Si-assisted allylic substitution and some other transformations to complete the synthesis of
calcitriol (Scheme 22).
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Scheme 22. Mourino’s total synthesis of calcitriol.

Khan et al. delineated the collective total synthesis of iridolactones [129]. The newly constructed
iridoid framework 54 was accomplished by a diastereoselective intramolecular PKR [130]. With the
key intermediate 55 in hand, they demonstrated a general and simple route to access structurally
divergent iridolactones (Scheme 23).

 

 

 

 

μ

Scheme 23. Khan’s total synthesis of several iridolactones.

A fawcettimine-type Lycopodium alkaloid (+)-sieboldine A contains an unprecedented fused
tetracyclic skeleton and has been found to inhibit acetylcholinesterase with an IC50 value of 2.0 µM [131].
Mukai et al. have applied PKR to afford the bicyclo [4.3.0] nonenone derivative 57 with high
stereoselectivity with an ee value of 93% in their total synthesis of (+)-sieboldine A [132] (Scheme 24).

 

 

 

Scheme 24. Mukai’s enantioselective total synthesis of (+)-sieboldine A.

Since the hPKR variant is much less reported, Zhai et al. applied an interesting hPKR in the
formal synthesis of (±)-aplykurodinone-1 [133]. The tricyclic framework 59 has been constructed with
a 60% yield through expeditiously one-pot intramolecular hPKR followed by the desilylation sequence.
The hPKR is relatively rare to be found in natural product synthesis, and this application provided
worthwhile insights for expanding the scope and boundaries (Scheme 25).
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Scheme 25. Zhai’s formal synthesis of (±)-aplykurodinone-1.

(−)-Sinoracutine, isolated from Stephania cepharantha in 2010 [134], proves to be a promising
template for new neuroprotective reagents intervention as it was shown to increase cell viability against
hydrogen peroxide-induced damage in PC12 cells [135]. Structurally, it features an unprecedented
tetracyclic 6/6/5/5 skeleton that bears an N-methylpyrrolidine ring fused to acyclopentenone. In the
first total synthesis of (−)-sinoracutine [136], Trauner et al. utilized intramolecular PKR under the
oxidative condition as a key transformation to construct the tricycle product 61 from an enyne precursor
60. The reaction was carried out in the presence of N-oxide dihydrate together with Co2(CO)8.
The resulting tricyclic product 61 allows the concise total synthesis of (−)-sinoracutine with several
steps of transformations, including a Mandai–Claisen reaction to install the quaternary stereocenter
(Scheme 26).

 

 

 

 

Scheme 26. Trauner’s enantioselective synthesis and racemization of (−)-sinoracutine.

Cyanthiwigin type diterpenes are biologically important marine natural products mostly isolated
from marine sponges Epipolasis reiswigi and Mermekioderma styx. Particularly, cyanthiwigin C and F
show medium cytotoxicity against A549 cell lines [137]. In 2019, Yang et al. reported the total synthesis
of 5-epi-cyanthiwigin I [138]. The key [5–6–7] tricarbocyclic fused core structure was constructed
via a well-orchestrated Co-mediated intramolecular PKR, which has two cis-configured all-carbon
quaternary chiral centers and an isopropyl group. Enyne 62 could be transformed into the tricyclic
product 63 as the sole isomer in a 70% yield in the presence of a stoichiometric amount of Co2(CO)8

combined with NMO as the additive (Scheme 27).

 

 

 

−

α β γ

−

Scheme 27. Yang’s stereoselective total synthesis of (±)-5-epi-cyanthiwigin I.

Lycopodium alkaloids are neuropharmacologically valuable scaffolds for central nervous system
drug discovery. Takayama et al. reported an asymmetric total synthesis of lycopoclavamine A via
a strategy involving a stereoselective PKR and a stereoselective conjugate addition to construct a
quaternary carbon center at C12 [139]. The cobalt-mediated intramolecular PKR afforded a desired
bicyclic enone 65 in a high yield as well as good diastereoselectivity (Scheme 28).
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Scheme 28. Takayama’s asymmetric total synthesis of lycopoclavamine-A.

Complex sesterterpenoids astellatol and astellatene were isolated from Aspergillus stellatus

in 1989 [140], which feature highly congested and unusual pentacyclic skeletons and contain a
unique bicyclo[4.1.1]octane moiety consisting of ten stereocenters and a cyclobutane containing two
quaternary centers. In the total syntheses of (+)-astellatol and (−)-astellatene reported by Xu et al. [141],
an intramolecular PKR was exploited to construct the 6,5-bicyclic core embedded in the right-wing
scaffold. The desired hydrindane skeleton 67 was generated from enyne 66 with a promising yield and
diastereoselectivity at the C7 quaternary carbon center (Scheme 29).

 

 

 

−

 

α β γ

−

Scheme 29. Xu’s asymmetric total synthesis of (+)-astellatol.

Porée et al. reported an elegant synthesis of allosecurinine, utilizing the W(CO)6-promoted
oxa-hetero-Pauson–Khand reaction (oxa-hPKR) in the late stage. Despite a low yield, the results
constituted the first example of applying the W(CO)6 complex in hPKR, constructing tetracyclic
securinega alkaloid featuring an α, β-unsaturated γ-lactone moiety [142] (Scheme 30).
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−Scheme 30. Porée’s enantioselective synthesis of (−)-allosecurinine.

The calyciphylline B-type alkaloids with a unique hexacyclic framework exhibited a variety of
important pharmacological potentials. In the synthesis of daphlongamine H, Sarpong et al. used a
late-stage cobalt-mediated PKR to accomplish the 6,5-bicyclic segment. The R configuration of C6 in
the PKR enabled the desired 10-H α orientation in the PK product 70 [143] (Scheme 31).

 

α

Scheme 31. Sarpong’s total synthesis of (−)-daphlongamine H. 

 

 

μ

Scheme 31. Sarpong’s total synthesis of (−)-daphlongamine H.
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2.3. Construction of 5,7 Bicyclic Ring Systems

Thapsigargin (Tg1) and its analogs are biologically important candidates as potent inhibitors of
the SERCA-pump protein, with the potential of application in a variety of medicinal areas [144,145].
Numerous attempts have been reported on the total synthesis of this bioactive molecule [146–148].
In 2019, Sorin et al. developed a linear route towards the core of Tg1, which features an allene-yne
Rh(I)-catalyzed Pauson-Khand annulation (APKR) as key transformation [149]. The allene-yne
precursor was generated from chiral propargylic alcohol 71, which underwent a Ti(II) mediated
reductive coupling to form diol 72. The allene-yne product 73 was elaborated in several steps.
The central feature was identified to be the Rh(I)-catalyzed Pauson-Khand annulation (APKR),
resulting in the efficient synthesis of the Tg 1 framework bearing an enol ether moiety in a 71% yield
(Scheme 32).
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Scheme 32. Sorin’s synthesis of a thapsigargin core.

Bufospirostenin A, isolated in 2017 from the toad Bufo bufo gargarizans, is an unusual steroid
with rearranged A/B rings, possessing a cardioactive effect and promoting blood circulation through
causing a 43% inhibition of Na/K ATPase (NKA) at 25 µM [150]. Very recently, a unique intramolecular
rhodium-catalyzed PKR of an alkoxyallene-yne substrate was applied to construct the key [5–7] A-B
ring system in the first total synthesis of bufospirostenin A reported by Li et al. [151]. Generated from
Hajos-Parish ketone, alkyne 74 underwent 1,2-addition to afford precursor 75, which further yielded
tetracyclic product 76 catalyzed by [RhCl(CO2)]2 in the presence of a balloon pressure of CO in toluene
with a high yield (85%). This work represented the first example of an intramolecular Pauson−Khand
reaction of an alkoxyallene-yne in natural product synthesis (Scheme 33).

2.4. Construction of Macrocycles

The synthesis of macrocyclic natural products and related structures through a direct C-C bond
formation is challenging. Widely applied methodologies include ring-closing metathesis (RCM),
Nozaki-Hiyama-Kishi (NHK) reaction, and intramolecular Diels-Alder reactions. PKR has been used
and confined in the synthesis of medium-sized rings (up to 11 atoms) [152,153], thus not yet been
extended to macrocycles (Scheme 34).
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Scheme 33. Li’s asymmetric total synthesis of bufospirostenin A.
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Scheme 34. Synthetic strategy for medium-sized rings.

Spring et al. reported their investigation of PKR for macrocyclization of a template substrate
79 [154]. After fluorous solid-phase extraction (F-SPE), optimized PKR conditions produced a mixture
of structurally unusual macrocycles containing a cyclopentenone motif; these can be separated by
HPLC, but they used the mixture in the modified phase (Scheme 35).
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Scheme 35. Spring’s synthetic strategy for structurally diverse and complex macrocycles.

3. Summary and Outlook

The extraordinary impact of the Pauson-Khand reaction on synthetic methods is still recognized
nowadays, and attempts are currently undertaken to further extend the use of various metal-assisted
chemistry to environmentally friendly processes within the strongly invoked green chemistry paradigm.
The PKR, especially when conducted in an intramolecular fashion, has been widely used as a
convenient and powerful tool for the construction of cyclopentenone structural units in natural product
synthesis. Though the classical PK cycloaddition has the shortcoming that requires high temperatures
and a long reaction time, chemists have developed a range of promoters (TMTU/NMO/TMAO =
trimethylamine N-oxide, etc.) to circumvent this situation. Moreover, PKR has the merit of well
tolerance to a broad variety of functional groups, such as alcohols, ethers, thioethers, esters, nitriles,
amines, amides, sulfonamides, etc. With the impressive developments in the catalytic version of
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the Pauson–Khand reaction, the application will be more facilitated. Additionally, 4,5-fused bicycles
afforded by intermolecular PKR patterns are still called for intensive studies.
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Abstract: Visible light photocatalytic radical carbonylation has been established as a robust tool for
the efficient synthesis of carbonyl-containing compounds. Acyl radicals serve as the key intermediates
in these useful transformations and can be generated from the addition of alkyl or aryl radicals
to carbon monoxide (CO) or various acyl radical precursors such as aldehydes, carboxylic acids,
anhydrides, acyl chlorides or α-keto acids. In this review, we aim to summarize the impact of
visible light-induced acyl radical carbonylation reactions on the synthesis of oxygen and nitrogen
heterocycles. The discussion is mainly categorized based on different types of acyl radical precursors.

Keywords: radical carbonylation; acyl radical; visible light photocatalysis; heterocycles

1. Introduction

Carbonyl-containing compounds, such as ketones, esters and amides, widely exist in numerous
biologically important natural products, functional materials as well as pharmaceuticals [1–5].
The development of efficient methods toward synthesis of these substantial compounds has been
intensively pursued by synthetic chemists over the past decades. Radical carbonylation promoted
by transition metals (Pd, Mn, Co, Ni, Ru, Rh etc.), external oxidants or thermal initiation has been
well-established for the preparation of carbonyl compounds with high efficiency [6–12]. Additionally,
light-induced radical carbonylation reaction affords an alternative platform for the assembly of carbonyl
motifs [13–17]. The pioneering examples are typically mercury and polyoxotungstate-photosensitized
alkane carbonylation, metal-carbonyl catalyzed radical carbonylation and radical/Pd-combined
carbonylation. Despite these impressive advances, the requirement of high-energy UV irradiation,
poor selectivity or low efficiency profoundly limits their broad applications in practical synthesis.

Visible light photoredox catalysis has emerged as one of the most important techniques in radical
reactions by employing an abundant and endlessly renewable solar energy as a driving force [18–30].
Under photocatalytic conditions, various radical species can be formed in a mild and controllable
fashion, which enables the precise synthesis of high value-added products. In this context, acyl radicals
are commonly generated by the addition of alkyl or aryl radicals to carbon monoxide (CO) or from
single electron transfer (SET) conversion of aldehydes, carboxylic acids, anhydrides, acyl chlorides or
α-keto acids (Scheme 1) [31]. In this review, we mainly summarize recent advances in the field of visible
light-induced radical carbonylative synthesis of oxygen and nitrogen heterocycles with an emphasis on
the catalytic system, scope and reaction mechanism. The principal achievements are partitioned into
the sections organized based on different acyl radical precursors. Transition metal-catalyzed radical
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carbonylation and atom transfer radical carbonylation have been comprehensively reviewed before
and will not be discussed here [32,33].

 

Scheme 1. Acyl radical carbonylation reactions in the synthesis of heterocycles.

2. Carbon Monoxide (CO)-Mediated Radical Carbonylation

Carbon monoxide (CO), as a cheap and readily available carbonyl source, has been extensively
used in radical carbonylations [34,35]. In 2014, Xiao and colleagues reported a visible light-induced
photocatalytic alkoxycarboxylation of aryldiazonium salts with alcohols under the CO pressure of
80 atm (Scheme 2) [36]. A range of structurally diverse benzoates was obtained in moderated to
good yields. Notably, natural chiral alcohols such as N-benzoyl L-(+)-prolinol, (-)-menthol and
methyl D-(-)-mandelate were compatible with this carbonylation reaction. When ortho-allyl- or
ortho-propargyl-substituted benzenediazoniums were used, the resultant dihydrobenzofuran 11d and
benzofuran 11e were formed in 63% and 58% yields, respectively. Almost at the same time, the group
of Wangelin achieved the same reaction using eosin Y as a cheap photosensitizer [37]. Importantly,
a lower pressure of CO (50 atm) was sufficient in this reaction. These two findings opened new avenues
for the development of radical carboxylation reactions.

 

Scheme 2. Alkoxycarboxylation of aryldiazonium salts with alcohols.

It is believed that a visible light-induced radical carbonylation pathway would be involved in this
reaction, as accounted for by control experiments and density functional theory (DFT) calculations
(Scheme 3). Upon irradiation with blue LEDs, the photocatalyst PC initially undergoes a photoexcitation
process to give a long-lived excited species PC*. Then, a single-electron reduction of aryldiazonium
salt 9 by PC* produces the intended aryl radical intermediate 9-A. Thereafter, radical 9-A is rapidly
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trapped by CO to generate the key acyl radical 9-B, which can be easily oxidized by PC+ to achieve
the benzylidyneoxonium 9-C, thus completing the photocatalytic cycle. Subsequently, the electronic
trapping of 9-C by alcohols results in the benzoate products.

 

Scheme 3. A plausible mechanism for the alkoxycarboxylation of aryldiazonium salts.

Later, Gu et al. used (hetero) arenes as electrophiles to trap the reactive benzylidyneoxonium
intermediates, delivering aryl ketones in moderate yields [38]. Generally, the electron-rich arenes gave
better results over electron-deficient substrates, and nitrobenzene failed to give the expected product
in the current system. In 2016, Li et al. further extended this strategy to the carbonylation of indoles
for the preparation of various indol-3-yl aryl ketones [39]. In addition, by employing readily available
arylsulfonyl chlorides as a robust source of aryl radicals, Liang, Li and co-workers achieved the same
reaction under a 80 atm CO atmosphere with irradiation by green LEDs [40].

In 2018, a visible light-induced annulative carbonylation of alkenyl-tethered aryldiazonium
salts was developed by Polyzos et al. in continuous-flow (Scheme 4) [41]. Under a moderate
CO pressure (25 atm), this reaction proceeded smoothly to afford a range of 3-acetate substituted
2,3-dihydrobenzofurans 14 in satisfactory yields with excellent chemo- and regio-selectivity. Moreover,
the generality of this transformation can be further extended to the reaction of unsaturated ortho-tethered
aryldiazonium salts. When 1-butenyloxy- and propargyloxy-substituted aryldiazonium salts were
subjected to the optimal conditions, the acetate-functionalized chromane 14f and benzofuran 14e

were successfully obtained in 72% and 57% yields, respectively. It should be noted that the current
continuous-flow protocol drastically shortens the reaction time to 200 s, which enables a preparative
scale-up reaction in high efficiency.

 

Scheme 4. Annulative carbonylation of alkenyltethered aryldiazonium salts.
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In 2015, Xiao and Lu et al. reported an elegant decarboxylative/carbonylative alkynylation of
carboxylic acids (Scheme 5a) [42]. Remarkable features of this transformation include mild conditions
and high efficiency. The synthetic utility of this methodology was demonstrated by the success of a rapid
solar light-driven reaction and 5.0 mmol gram-scale reaction. Unlike the well-established Heck reactions
of alkenyl and aryl substrates, the alkyl-Heck reaction is still problematic due to the inherent difficulty
in palladium-mediated oxidative addition of electrophilic alkyl reagents and competitive β-hydrogen
elimination of the generated alkyl–palladium species. Very recently, Xiao and Lu et al. further
disclosed a novel deaminative alkyl-Heck-type reaction by replacing palladium-catalyzed two-electron
pathway with a photocatalytic single-electron activation [43]. Katritzky salts acted as the alkyl radical
sources in this reaction, which can be easily synthesized from structurally diverse alkyl amines [44–46].
The choice of bases is critical in this reaction and 1,4-diazabicyclo[2.2.2]octane turned out to be the
optimal base. Moreover, under a CO pressure of 80 atm, a photostimulated deaminative/carbonylative
Heck-type procedure was developed for the construction of α,β-unsaturated ketones in moderate
to excellent yields (Scheme 5b). This radical-mediated alkyl-Heck-type protocol provides a new
approach to the libraries of alkenes, complementing the current late-stage of palladium-catalyzed Heck
reactions. As illustrated in Scheme 5b, under irradiation with blue LEDs, the excited state Ir(III)* is
quickly quenched by Katritzky salt 18 to give a reactive alkyl radical 18-A along with the formation of
Ir(IV)-catalyst. The subsequent reaction of alkyl radical 18-A with CO produces an acyl radical 18-B,
which then reacts with an alkene to give radical species 19-A. Finally, the SET oxidation of 19-A by
Ir(IV)-catalyst affords intermediate 19-B, which undergoes a deprotonation process to give the final
enone product.

β –

–

α β

 

Scheme 5. (a) Decarboxylative/carbonylative alkynylation of carboxylic acids; (b) Photostimulated
deaminative alkyl-Heck-type reaction.

A novel photocatalytic aminocarbonylation of cycloketone oxime esters with amines has been
discovered by Xiao and Chen (Scheme 6) [47]. The reactive Cu(I) complex derived from CuCl catalyst
and N, N, N-tridentate ligand worked as both visible light photocatalyst and carbonylation catalyst
in this reaction. Control experiments suggested the necessity of a copper catalyst, ligand and visible
light irradiation. Under the standard conditions, a variety of (hetero)aryl amines and alkyl amines
reacted with cycloketone oxime esters, yielding the structurally different aminocarbonylation products
in moderate to good yields (Scheme 6a). Importantly, the pharmaceutical agent (±)-mexiletine can
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be converted in this reaction, highlighting the synthetic potential of this methodology. This reaction
provides a direct access to diverse cyanoalkylated amides at ambient temperature.

–

β−C–

–

 

Scheme 6. (a) Aminocarbonylation of oxime esters; (b) Proposed mechanism.

According to the mechanistic studies and literature precedents, two reaction pathways have
been proposed by authors (Scheme 6b). Under blue-light irradiation, a single-electron reduction of
cycloketone oxime ester 21 by the photoexcited state of LnCu(I)–NHPh complex 22-A* (path A) is
observed, delivering an iminyl radical intermediate 21-A. In addition, the cycloketone oxime ester 21

can be also reduced by the ground state of Cu(I)/Ln catalyst 22-A due to its redox reactivity (path B).
Then, a fast β−C–C bond cleavage of 21-A leads to the cyanoalkyl radical intermediate 21-B, which
can react with Cu(II)-catalyst to generate a high-valent Cu(III) complex 21-C. The insertion of a CO
molecule into Cu(III)–C bond affords the intermediate 21-D. Finally, the reductive elimination of 21-D

gives rise to the amide product 23 with the regeneration of Cu(I)-catalyst for the next catalytic cycle.
Very recently, Arndtsen et al. developed an elegant carbonylative coupling reaction of aryl or

alkyl halides with some challenging nucleophiles [48]. The active catalysts of this transformation were
believed to be the photoexcited state of Pd(0) and Pd(II) species, which can promote the oxidative
addition and reductive elimination steps with low energy barriers (Scheme 7a). It was found that
the addition of a visible light photocatalyst was not necessary for this reaction. However, in the
absence of blue-light irradiation, palladium catalyst or phosphine ligand (DPEphos), no reaction
has been observed. A range of nucleophiles such as sterically hindered secondary amines, tertiary
alcohols, substituted anilines and even weakly nucleophilic N-heterocycles can be coupled at ambient
temperature, producing various important esters, amides and ketones.
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Scheme 7. (a) Radical carbonylation of halides; (b) Radical carbonylation of organosilicates.

By using organosilicates as alkyl radical precursors, Fensterbank, Ryu, Ollivier and Fukuyama et al.
demonstrated a radical carbonylation of various amines for the construction of aliphatic amides under
80 atm pressure of CO (Scheme 7b) [49]. In this reaction, CCl4 acted as a Cl-atom donor to react with acyl
radicals for the in situ formation of acyl chlorides, which then reacted with amines to produce amide
products. CBrCl3 was also suitable for this process, albeit with a lower yield. The pressure of CO has a
pronounced effect on this reaction. When a lower CO pressure of 40 atm was used, the chemical yield
was significantly decreased. This strategy can be further applied in an intramolecular carbonylation
reaction, leading to pyrrolidinone as the sole product. A plausible mechanism is described in Scheme 7b.
Under the irradiation by blue LEDs, the excitation of photocatalyst 4-CzIPN delivers 4-CzIPN*, which
initially reacts with organosilicate 27 to give an alkyl radical 27-A via an oxidative Si–C bond cleavage.
The addition of radical 27-A to CO results in an acyl radical 27-B, which then abstracts a chlorine
atom from CCl4 to generate acyl chloride 27-C and trichloromethyl radical. Acyl chloride 27-C is
rapidly trapped by amines to give the amide products. The in situ formed trichloromethyl radical can
regenerate the photocatalyst 4-CzIPN through a single electron-transfer process.

Transition metal-catalyzed oxidative carbonylation provides an effective and general platform
for the construction of carbonyl compounds [6]. In this type of reactions, a stoichiometric amount
of external oxidants is often required for the recyclization of the active Pd(II)-catalyst. Taking the
advantage of the fact that O2 is a green and powerful oxidant, the group of Lei achieved a novel
O2-mediated oxidative carbonylation of enamides by merging photoredox catalysis and palladium
catalysis under a low CO pressure (Scheme 8a) [50]. It should be noted that the usage of 8 mol%
xantphos can chiefly improve yields of the desired products. 31P NMR experiments suggested
that the phosphine ligand would be firstly converted into its oxidized species, thus facilitating the
oxidative carbonylation process. This dual catalytic system affords an environmentally benign access
to 1,3-oxazin-6-ones.
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Scheme 8. (a) Oxidative carbonylation of enamides; (b) Proposed mechanism.

As described in Scheme 8b, the vinylpalladium intermediate 30-A is firstly generated from
enamide via Pd(OAc)2-promoted C(sp2)–H bond activation of enamides. Then, the coordination
and insertion of a CO molecule into intermediate 30-A produce acylpalladium complex 30-B, which
can be transferred into 30-C in the presence of 1,4-diazabicyclo[2.2.2]octane (DABCO). Reductive
elimination of 30-C delivers the final carbonylation product 32 with the formation of Pd(0)-catalyst.
The Pd(0)-catalyst can be further oxidized by the photoexcited state of photocatalyst or superoxide
anion to the active Pd(II)-catalyst, thus completing the palladium catalytic cycle.

3. Aldehyde-Mediated Radical Carbonylation

Aldehydes have been served as versatile building blocks in organic synthesis for a long time.
In the presence of hydrogen atom transfer (HAT), reagents such as persulfates, tert-butyl hydroperoxide
(TBHP), quinuclidine and Eosin Y, aldehydes can be easily converted into acyl radical species through
a rapid HAT [31,51]. In this section, we mainly discuss the acyl radical reactions of aldehydes for the
assembly of oxygen and nitrogen heterocycles. In 2014, Zeng and Xie et al. reported an interesting
benzaldehyde-mediated Minisci reaction for the regiospecific acylation of biologically important
phenanthridines (Scheme 9) [52]. In this reaction, 2.0 equivalent of (NH4)2S2O8 was used as the HAT
reagent as well as the external oxidant. This catalytic system is especially well-adapted for aromatic
aldehydes, giving 6-acylated phenanthridines in moderate yields.

As an attractive alternative to persulfates, the cheap and readily available TBHP can be also
used as a good HAT reagent [53]. In 2015, Wang and co-workers independently published an acyl
radical-mediated cascade reaction of benzaldehydes and styrenes for the synthesis of α, β-epoxy
ketones (Scheme 10) [54]. TBHP was identified to be superior over other traditional oxidants such
as K2S2O8, benzoyl peroxide (BPO) and (t-BuO)2. Various styrenes bearing electron-donating and
-withdrawing groups performed well, providing α, β-epoxy ketones in generally good yields. Notably,
both 1,1-disubstituted alkenes and pentafluorinated alkenes were compatible with this catalytic system.
Significantly, this reaction can be easily scaled up for a gram-scale ketone synthesis.
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Scheme 9. Benzaldehyde-mediated regiospecific acylation of phenanthridines.
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Scheme 10. Acyl radical-mediated cascade reaction of benzaldehydes and styrenes.

Mechanistic studies by radical trapping experiments and analysis of the reaction mixture by
high-resolution mass spectroscopy (HRMS) suggested a plausible acyl radical pathway (Scheme 11).
At first, an oxidative quenching of the photoexcited Ru2+* complex by TBHP gives a tert-butoxy radical,
which subsequently abstracts a H-atom from benzaldehyde to form the key acyl radical 37-A. Secondly,
the selective addition of radical 37-A to alkene 36 results in a new C-based radical intermediate 36-A.
At the same time, the oxidation of tert-butyl peroxide anion by oxidizing Ru3+ complex affords tert-butyl
peroxide radical and regenerates the ground state of Ru2+ catalyst. The rapid radical coupling of
t-BuOO• with 36-A delivers β-peroxy ketone 36-B, which can be detected by HRMS analysis. Finally,
under basic conditions, 36-B undergoes a cyclization process to generate the desired α, β-epoxy ketone
product with the elimination of tBuOH.

 

’

Scheme 11. Proposed pathway for the radical cascade reaction of benzaldehydes and styrenes.

The group of Salles Jr achieved the same reaction in water with the use of persulfate K2S2O8 as
the oxidant and methylene blue as the organophotoredox catalyst (Scheme 12) [55]. It is noteworthy
that O2 in water plays an important role in this transformation. Lower yields were observed when
reactions were conducted in the degassed water or under N2 atmosphere. Two different types of
reactions have been developed, employing only one set of reagents. When styrenes were used as
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radical acceptors, a visible light-induced epoxyacylation reaction was accomplished. Both aromatic and
aliphatic aldehydes were smoothly converted into various epoxyketones in good yields. Interestingly,
when nonconjugated olefins were used, the reaction underwent a direct hydroacylation process to
form long-chain ketones. In this hydroacylation reaction, only aromatic aldehydes were tolerated.
In 2020, the group of Kokotos developed an acyl radical-mediated hydroacylation reaction of alkenes
from simple aldehydes under metal-free conditions [56]. Using 4-acyl-1,4-dihydropyridines as acyl
radical sources, Xia et al. reported an interesting visible light-induced hydroacylation of alkenes under
photocatalyst-free conditions. Additionally, in the presence of a Ni(II)-catalyst, the diacylation reaction
was developed [57]. Moreover, Melchiorre et al. achieved an asymmetric acylation reaction of enals for
the stereocontrolled construction of 1,4-dicarbonyl products [58].

 

’

Scheme 12. Visible light-induced acyl radical epoxyacylation of olefins.

Using the same strategy, in 2017, Hong’s group reported an acyl radical-mediated intramolecular
epoxyacylation reaction catalyzed by Ru(bpy)3Cl2 (Scheme 13a) [59]. The investigation of optimum
reaction conditions revealed that TBHP was the best HAT reagent. Under optimal conditions, various
spiroepoxy chroman-4-one scaffolds and spiroepoxy enaminones could be constructed in moderate
yields. The utility was demonstrated by mild conditions, simple operation and broad substrate scope.
In addition, the applicability of this transformation can be further extended to the epoxyacylation of
benzylic alcohols, albeit with relatively lower yields (Scheme 13b). In the tandem reaction of benzylic
alcohols, 8.0 equivalent of TBHP was required for the in situ formation of benzaldehyde intermediates.
This transformation is initiated by the generation of an aldehyde that undergoes a sequential H-atom
transfer, intramolecular radical cyclization and epoxidation process to produce the final products.

 

Scheme 13. (a) Intramolecular radical cylization/epoxyacylation of olefins; (b) Epoxyacylation of
benzylic alcohols.
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In 2018, Itoh and co-workers described an acyl radical-mediated addition/cyclization cascade
reaction of ynoates with simple aldehydes by employing benzoyl peroxide (BPO) as the external
oxidant and 2-tert-butylanthraquinone (2-tBu-AQN) as the photocatalyst (Scheme 14a) [60]. More than
20 coumarin derivatives can be synthesized in high efficiency, along with excellent regioselectivity.
Notably, it was found that many of coumarin products have good antiproliferative activities against
prostate cancer cells. The group of Klussmann developed a facile acyl radical difunctionalization of
styrenes with the use of indoles and benzotriazole as nucleophiles (Scheme 14b) [61]. Very recently,
a visible light photocatalytic deuteration of formyl groups was achieved by Wang et al. via the acyl
radical-mediated H/D exchange strategy [62].

 

Scheme 14. (a) Acyl radical cascade reactions of ynoates; (b) Acyl radical difunctionalization of styrenes.

In addition, acyl radical-mediated alkynylation, arylation, vinylation and alkylation have been
well-developed over the past 10 years. This has been reviewed by Ngai [31] and will not be
discussed here.

4. Carboxylic Acids and Their Derivative-Mediated Radical Carbonylation

Carboxylic acids and their derivatives are promising chemical feedstocks in organic synthesis, and
can be easily obtained in great structural diversity both from natural sources and some well-established
methods [63–65]. Over the past decades, transition-metal catalyzed two-electron decarboxylative
conversions of carboxylic acids have been well investigated toward a wide variety of valuable
compounds. Recently, a visible light-driven single-electron transfer strategy has provided an important
and new platform for the functionalizations of carboxylic acids and their derivatives. In this context,
carboxylic acids and their derivatives can be selectively converted to acyl radicals for the preparation
of carbonyl-containing compounds and various heterocycles [66].

The direct conversion of carboxylate groups into acyl radicals is relatively challenging due
to their high bond strength (102 kcal/mol). In 2018, Zhu, Xie and co-workers developed a
convenient deoxygenative activation of carboxylic acids for the hydroacylation of alkenes by using
triphenylphosphine (Ph3P) as the oxygen transfer reagent (Scheme 15a) [67]. Taking advantage of the
strong P–O affinity between the Ph3P radical cation and carboxylate anion, the homolytic cleavage of
C–O bonds can be achieved to generate acyl radicals under mild photocatalytic conditions. Under
the standard conditions, various aromatic acids were well-tolerated, while aliphatic acids proved to
be unsuitable for this reaction. In addition, the intramolecular radical cyclization reactions were also
investigated to synthesize cyclophane-braced macrocycloketones. Moreover, this methodology can be
applied for the 3-step concise construction of the drug zolpidem.
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Scheme 15. (a) Photoinduced deoxygenative activation of carboxylic acids; (b) Proposed mechanism.

The reactions were completely inhibited by radical inhibitors such as 2,6-di-tert-butyl-p-cresol
(BHT) and 2,2,6,6-tetramethyl-1-piperidyloxy (TEMPO). To further verify the origin of O-atom in
the byproduct Ph3P=O, 18O-labeling experiments were investigated, suggesting that the O-atom of
Ph3P=O would come from benzoic acids rather than from water. Taking together, a plausible acyl
radical mechanism is illustrated in Scheme 15b. Under blue-light irradiation, Ph3P is initially oxidized
by the excited state of photocatalyst *IrIII to generate Ph3P radical cation. The rapid combination of
Ph3P radical cation with carboxylate anion 50-A forms the phosphoranyl radical intermediate 50-B.
This intermediate undergoes a fast β-scission fragmentation and delivers acyl radical 50-C, which then
reacts with alkene to give C-radical 51-A. A SET reduction of C-radical 51-A by IrII-catalyst results in
an anion intermediate 51-B, followed by a protonation process to produce the ketone product 52.

Almost simultaneously, Doyle and Rovis et al. applied this synthetic strategy in the general
deoxygenative reduction of carboxylic acids via photoredox catalysis (Scheme 16a) [68]. Remarkably,
both aromatic and aliphatic acids could be selectively converted to aldehydes by careful modification
of the phosphine reagent. Ph3P has been identified as a good oxygen transfer reagent for the
deoxygenation of aromatic acids, while it was ineffective for the aliphatic acids. It is believed that a
more electron-rich phosphoranyl radical species can be formed from Ph3P and aliphatic carboxylic
acid, which may undergo a rapid oxidation process to generate a reactive phosphonium intermediate
for the acyl transfer reactions. As a result, an electron-deficient Ph2POEt was selected as an optimal
reductant for the reduction of aliphatic acids. Particularly, this method also enables conversions of
carboxylic acids into cyclic ketones and lactones via intramolecular cyclization reactions of acyl radicals.
More importantly, this strategy can be further applied in deoxygenative reduction of benzylic alcohols.
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Scheme 16. (a) Photocatalytic deoxygenative reduction of carboxylic acids; (b) Deoxygenative
deuteration of carboxylic acids.

After that, Xie et al. reported a novel deoxygenative deuteration of carboxylic acids by employing
inexpensive D2O as the deuterium source (Scheme 16b) [69]. The usage of a thiol catalyst significantly
affects this transformation, which may act as a HAT catalyst to tune the equilibrium with D2O,
thus facilitating the formation of deuterated aldehydes. Both aromatic and aliphatic acids were
conveniently reduced, delivering deuterated aldehydes in moderate yields with high levels of
D-incorporation. The robustness of this methodology was demonstrated by the deuteration of
biologically important pharmaceuticals and natural products as well as the downstream construction of
D-labeled N-containing heterocycles. In a subsequent investigation, in 2019, Zhu, Xie and co-workers
disclosed an interesting deoxygenative arylation of aryl carboxylic acids for the preparation of a broad
range of unsymmetrical ketones via a visible light-induced 1,5-aryl migration process [70].

By using the same concept, Chu and Sun et al. achieved an elegant acyl radical-mediated
intramolecular cyclization of aromatic acids for the preparation of various dibenzocycloketones
(Scheme 17) [71]. Methylene blue was the optimal photocatalyst and O2 as a green oxidant. A range of
dibenzocycloketone derivatives were produced in good yields under metal-free conditions. Shortly
thereafter, an intermolecular hydroacylation of styrenes was discovered by Doyle’s group, affording
various dialkyl ketone products [72]. The key to the success of this protocol was the rational selection of
a phosphine reagent for the generation of acyl radicals. The electron-rich PMe2Ph with a low oxidation
potential was the best choice, which could outcompete the side reactions of alkene substrates. In 2020,
Wang and co-workers disclosed a convenient deoxygenation/defluorination cascade reaction for the
assembly of γ, γ-difluoroallylic ketones from α-trifluoromethyl alkenes and aryl carboxylic acids.
Phenylacetic acids were also tolerated well, while other simple aliphatic carboxylic acids were not
compatible with this reaction system [73].
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Scheme 17. Acyl radical-mediated intramolecular cyclization of aromatic acids.

The in situ generated anhydride from carboxylic acid could be engaged as an effective acyl
radical precursor. In 2015, the group of Wallentin developed an interesting acylarylation cascade
reaction of aromatic carboxylic acids and methacrylamides for the preparation of structurally diverse 3,
3-disubstituted 2-oxindoles (Scheme 18a) [74]. The transient anhydrides were believed to be formed
from carboxylic acids and dimethyl dicarbonate (DMDC). The choice of visible light photocatalyst
plays an important role in this reaction, and only strongly reducing fac-Ir(ppy)3 can efficiently promote
this transformation. For electron-rich benzoic acids, the increase in catalyst loading and reaction time
were usually required due to their relatively low reactivity. Under optimal conditions, a wide range
of 3, 3-disubstituted 2-oxindoles was obtained in a mild manner. The synthetic value was described
by the straightforward synthesis of hexahydropyrrolo[2,3-b]indole unit 66e, which exists widely in
many natural products. Similar strategies have been further applied in the hydroacylation of alkenes,
reduction of carboxylic acids and deoxygenative radical cyclization [75–78].

 

−

Scheme 18. (a) Acylarylation reaction of aromatic carboxylic acids and methacrylamides; (b) Acyl
radical-mediated difunctionalization of olefins.

Rather than the use of in situ formed anhydride intermediates, Wallentin and co-workers
directly employed symmetric anhydrides as acyl radical precursors for the difunctionalization
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of olefins (Scheme 18b) [79]. Two different types of reactions have been developed, including
radical acylarylation of N-arylacrylamides and acylation/semipinacol rearrangement of allylic alcohol
derivatives. This protocol has been established as a powerful entry to the construction of oxindoles
and 1,4-diketones under mild conditions.

A plausible acyl radical addition/intramolecular cyclization mechanism is proposed. In the
presence of 2,6-lutidine, the in situ generation of an anhydride intermediate was achieved from benzoic
acid and dimethyl dicarbonate (DMDC), which can be reduced by the photoexcited IrIII*-catalyst (E1/2

(IrIV/*IrIII) = −1.73V vs SCE) to form the key acyl radical 50-C (Scheme 19). Subsequently, the radical
50-C selectively reacts with olefin 65 to give a C-radical intermediate 65-A. Finally, the radical 65-A

undergoes a single-electron oxidation and aromatization sequence, producing the oxindole products
66 along with the ground-state of the photocatalyst.

−

 

Scheme 19. Plausible mechanism for the acyl radical-mediated acylarylation reaction.

In addition, acyl thioesters are readily available and could be served as a source of acyl radicals.
The group of Gryko discovered an unprecedented vitamin B12-catalysed Giese-type acylation of
electron-deficient olefins by using 2-S-pyridyl thioesters as acyl radical precursors [80]. An indirect
approach to generate acyl radicals from thioesters has been developed by McErlean and co-workers
(Scheme 20) [81]. This reaction avoids the use of organo-tin reagent and high-energy UV light
irradiation. Under mild photocatalytic conditions, diverse chromanones and indanone derivatives can
be synthesized in moderate yields. The synthesis of clinical agent donepezil 72 further demonstrates
the potential utility of this reaction.

 

C−C bonds and one C–

Scheme 20. Acyl thioesters-mediated acyl radical intramolecular cylization reaction.

Acyl chlorides are abundant and highly active acyl radical precursors. In 2017, Xu et al. developed
a radical cascade reaction of N-methyl-N-phenylmethacrylamides with aroyl chlorides for the synthesis
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of various quaternary 3,3-dialkyl 2-oxindole derivatives (Scheme 21a) [82]. In this reaction, aliphatic
acyl chlorides have been unsuccessful substrates due to their low reduction potentials. The same group
further expanded this concept to the cascade reaction of 1,7-enynes with aroyl chlorides, providing
various fused pyran derivatives (Scheme 21b) [83]. This reaction could be scaled up to 4 mmol, albeit
with a slightly lower yield.

 

C−C bonds and one C–

Scheme 21. (a) Visible light photocatalytic cascade reaction of N-methyl-N-phenylmethacrylamides
with aroyl chlorides; (b) Cascade reaction of 1,7-enynes with aroyl chlorides; (c) Aroylchlorination
reaction of 1,6-dienes.

Recently, Xu and co-workers established a novel photocatalytic aroylchlorination reaction of
1,6-dienes for the synthesis of highly valuable polysubstituted pyrrolidines (Scheme 21c) [84]. Two C−C
bonds and one C–Cl bond can be rapidly constructed in a one-pot process. The rational choice of
photocatalysts was found to be the key factor of this reaction. Only fac-Ir(ppy)3 proved to be capable
of promoting this reaction. Other commonly used photocatalysts such as Ru(bpy)3Cl2, eosin Y and
Ir(ppy)2(dtbbpy)PF6 were ineffective. Consistent with their previous works, alkyl chlorides were not
compatible with this condition. In addition, Oh et al. reported a facile Friedel−Crafts acylation of
alkenes, allowing synthesis of various β-chloroketones under mild photocatalytic conditions [85].

A broad array of 3-acylspiro[4,5]-trienone scaffolds was synthesized by Tang’s group
through a photocatalytic tandem reaction of N-(p-methoxyaryl)propiolamides with acyl chlorides
(Scheme 22a) [86]. This reaction features a broad scope with high selectivity. It was found that a
high temperature of 100 ◦C and 2.0 equivalent of H2O are essential for this reaction. 18O-labeled
experiments indicated that the oxygen atom of the newly generated carbonyl group mainly comes
from H2O. The same strategy has been further applied for the preparation of 3-acylcoumarins via
acyl radical-mediated cyclization of alkynoates by visible light photoredox catalysis (Scheme 22b) [87].

73



Catalysts 2020, 10, 1054

Very recently, Tang et al. developed an acyl radical cyclization of N-propargylindoles for the
construction of various important pyrrolo[1,2-a]indole skeletons [88]. An acyl radical proved to be the
key intermediate in this reaction.

Friedel−Crafts 
β

’

 

Scheme 22. (a) Acyl radical cascade cylization of N-(p-methoxyaryl)propiolamides; (b) Cylization
of alkynoates.

Recently, Xuan and Wang et al. developed an elegant photocatalytic acyl radical cyclization
of 2-(allyloxy)-benzaldehydes with aroyl chlorides (Scheme 23a) [89]. The unactivated C=C bonds
acted as acyl radical acceptors in this process. It was observed that the base is crucial to the
reaction efficiency. 2,6-lutidine turned out to be the best base. Under the standard conditions,
a series of 2-(allyloxy)-benzaldehydes reacted smoothly with aroyl chlorides to give various
chroman-4-one skeletons in moderate yields. More importantly, the chromanone products could be
easily converted to other important heterocycles in one-step process, such as benzofuranone and
2-phenyl-4H-thieno[3,2-c]chromene.

 

α
–

α
α

–

Scheme 23. (a) Radical cyclization of 2-(allyloxy)-benzaldehydes with aroyl chlorides; (b) Proposed mechanism.
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A series of fluorescence quenching experiments were investigated to gain insights into the reaction
mechanism, which indicated that the excited state of photocatalyst was oxidatively quenched by
benzoyl chloride. As described in Scheme 23b, under blue-light irradiation, benzoyl chloride is
initially reduced by the photoexcited IrIII* via a single electron transfer, producing the key acyl radical
intermediate (Scheme 23b). Then, the selective addition of acyl radical to the unactivated C=C bond
affords a C-based radical 83-A, which then reacts with the carbonyl group to give the O-centered
radical intermediate 83-B. Radical 83-B undergoes a 1,2-H migration/SET oxidation sequence to give
the carbon cation intermediate 83-D, finishing the visible light photocatalytic cycle. Finally, under basic
conditions, intermediate 83-D proceeds a deprotonation process to give the chroman-4-one product.

5. Miscellaneous Radical Carbonylation

The single-electron oxidative decarboxylation of α-keto acids provides an alternative method
to form acyl radicals [90–92]. In 2014, Lei and Lan et al. reported an interesting decarboxylative
amidation of α-keto acids (Scheme 24a) [93]. One impressive feature of this transformation is that
O2 worked as the oxidant. A variety of α-keto acids reacted well with anilines, furnishing the final
products in generally good yields. For aliphatic amines, 5–10 equivalents of amines were required
to achieve good yields. More significantly, this reaction can be further utilized in the construction
of N-containing heterocycles such as benzothiazole, benzoxazole and benzimidazole. Visible light
irradiation of Ru(II)-catalyst delivers the excited Ru(II)* species via metal-to-ligand charge transfer
(MLCT), which is reductively quenched by an amine 86 to give intermediate 86-A. Then, O2 acts as an
oxidant to regenerate the ground state of Ru(II)-catalyst along with the formation of the superoxide
radical anion. The superoxide radical anion further reacts with 85-A to give radical intermediate
85-B, which undergoes a decarboxylative process to afford acyl radical 86-B. Subsequently, this acyl
radical reacts with an amine to generate intermediate 86-C, which then undergoes a SET process to
give the amide product. Chu et al. disclosed an interesting palladium-catalyzed decarboxylation
coupling/intramolecular cyclization sequence for the formation of 4-aryl-2-quinolinone derivatives
(Scheme 24b) [94]. The author further elaborated its potential applicability in the rapid synthesis of the
hepatitis B virus (HBV) inhibitor in an atom economy manner.

In 2016, Wang et al. demonstrated an elegant hypervalent iodine (BI–OAc)-mediated
decarboxylative cyclization reaction under photocatalyst- and oxidant-free conditions (Scheme 25a) [95].
The reaction produces various oxindoles in moderate to good yields. Mechanistic studies suggested
that a cascade decarbonylation, radical addition and cyclization pathway were involved in this reaction
(Scheme 25b). The reaction of α-keto acid with BI–OAc results in the hypervalent iodine intermediate
91-A. Under blue LED irradiation, the homolytic cleavage of 91-A generates iodanyl radical 91-B

and acyl radical 50-C. Then, the acyl radical further reacts with acrylamide 65 to give intermediate
65-B, followed by a hydrogen atom abstraction process to afford the desired product 66 along with
the formation of intermediate 91-C. The intermediate 91-C may react with α-keto acid to give the
hypervalent iodine intermediate 91-A for the next catalytic cycle.

Using (NH4)2S2O8 as an oxidant, Hu, Huo and Su et al. developed an eosin B-catalyzed
decarboxylative cyclization of N-methacryloylbenzamides, providing a wide range of acylated
isoquinolines derivatives [96]. A similar concept was applied for the formation of 2-acylindoles via a
practical decarboxylative cyclization of 2-alkenylarylisocyanides with α-keto acids (Scheme 26a) [97].
Very recently, Prabhu et al. developed a decarboxylative acylation of electron-deficient heteroarenes in
the presence of Na2S2O8 (Scheme 26b) [98].
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Scheme 24. (a) Radical decarboxylative functionalization of α-keto acids; (b) Decarboxylation coupling/
intramolecular cyclization sequence.
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Scheme 25. (a) Hypervalent iodine (BI–OAc)-mediated decarboxylative cyclization reaction;
(b) Proposed mechanism.
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alkenylarylisocyanides with αScheme 26. (a) Decarboxylative cyclization of 2-alkenylarylisocyanides with α-keto acids;
(b) Decarboxylative acylation of electron-deficient heteroarenes.

In addition, carbamoyl radicals are important radical species that have been widely used in cascade
cyclization reactions for the construction of N-containing heterocycles [99]. In 2018, Feng et al. described
an oxidative decarboxylation of oxamic acids to generate carbamoyl radical species (Scheme 27a) [100].
The carbamoyl radicals then react with electron-deficient alkenes for the synthesis of a range of
3,4-dihydroquinolin-2(1H)-ones.

 

C−C 
β –

Scheme 27. (a) Photocatalytic decarboxylative functionalization of oxamic acids; (b) Proposed mechanism.

A plausible catalytic cycle is proposed in Scheme 27b. The reaction starts with a single-electron
oxidation of oxamic acid by photoexcited catalyst IrIII*, delivering the key carbamoyl radical 96-A and
IrII species. Intermediate 96-A reacts with an electron-deficient alkene 97 to give C-based radical 96-B,
which undergoes a rapid intramolecular cyclization to form radical 96-C. At the same time, the IrII

catalyst can be oxidized by O2 to regenerate the ground state of photocatalyst, along with the formation
of oxygen radical anion. Finally, the H-atom abstraction from intermediate 96-C by oxygen radical
anion delivers 3,4-dihydroquinolin-2(1H)-one products.
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In addition, Donald, Taylor and co-workers discovered a reductive decarboxylation process
for the construction of 3,4-dihydroquinolin-2(1H)-ones (Scheme 28) [101]. In this reaction, the
bench-stable and readily prepared N-hydroxyphthalimido oxamides were used as the carbamoyl
radical precursors. A wide range of electron-deficient alkenes were successful radical acceptors, such
as methyl methacrylate, ethyl vinyl ketone and acrylonitrile. Gratifyingly, the current reaction can be
further applied for the assembly of some spirocyclic lactone lactams, which provides an important
entry to biologically important spirocycles.

 

C−C 
β –

Scheme 28. Reductive decarboxylation of N-hydroxyphthalimido oxamides.

Recently, Wu et al. demonstrated a novel C−C bond activation strategy for the generation of
acyl radicals for the first time (Scheme 29) [102]. Under mild photocatalytic conditions, the β-C–C
bond fragment of oxime esters leads to a range of aryl acyl radicals in high efficiency. More strikingly,
the relatively unstable aliphatic acyl radicals can be successfully formed under the same catalytic system.
The newly generated acyl radicals can react with diverse Michael acceptors, such as acrylamides,
amines and isonitrile to furnish the desired heterocycles and other linear carbonyl compounds in good
yields. A proposed mechanism is depicted in Scheme 30. Under photocatalytic conditions, oxime ester
undergoes a fast SET reduction and β-C–C bond homolysis to deliver acyl radical species 102-A with
the elimination of a CH3CN molecule. The selective addition of radical 102-A to acrylamide results in
a C-radical 103-A, followed by an intramolecular cyclization/single-electron oxidative aromatization
cascade to afford the final products and complete the photocatalytic cycle.

β –

 

–

–

Scheme 29. (a) Photocatalytic C–C bond activation of oxime esters; (b) Photocatalytic [2+2]
dimerization reaction.
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β –

–

 

–Scheme 30. Proposed mechanism of C–C bond activation in oxime esters.

Surprisingly, the unexpected cyclobutanes could be obtained as the major products via a sequential
SET activation and energy transfer (ET) process by using styrenes as acyl radical acceptors in DMF
(Scheme 29b). The in situ generated aryl enone 107 proved to be the key intermediate, which undergoes
a photocatalytic [2+2] dimerization to give the anti-cyclobutane products.

6. Conclusions

Acyl radical-meditated carbonylation has been esteemed as a powerful tool for the efficient
construction of a wide range of high-value oxygen and nitrogen heterocycles. Under mild visible
light photocatalytic conditions, these reactive acyl radical species can be conveniently generated
from diverse acyl radical precursors. Outstanding features of these carbonylative reactions include
mild conditions, good functional group tolerance, broad scope and high degree of regioselectivity.
Significantly, these reactions have a promising potential in the concise synthesis of biologically active
heterocycles and late-stage modification of natural products.

While significant progress emerged in this field, some important challenges remain and need to be
addressed in near future. The reaction of unstable aliphatic acyl radicals is largely unexplored due to
the unavoidable decarbonylation process. In addition, the radical acceptors of acyl radicals are mainly
limited to electron-deficient species. We believe that the development of dual catalytic systems and
design of new substrate types may provide solutions to these problems.
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Abstract: Oxygen and nitrogen heterocyclic systems are present in a large number of natural
and synthetic compounds. In particular, oxa- and aza-silacyclane, tetrahydrofuran, benzofuran,
cycloheptadifuranone, cycloheptadipyrrolone, pyrrolidine, lactone, lactam, phthalan, isochromanone,
tetrahydroisoquinolinone, benzoindolizidinone, indoline and indolizidine scaffolds are present in
many classes of biologically active molecules. Most of these contain a C=O moiety which can be easily
introduced using carbonylative reaction conditions. In this field, intramolecular silylformylation and
silylcarbocyclization reactions may afford heterocyclic compounds containing a carbonyl functional
group together with a vinylsilane moiety which can be further transformed. Considering these
two aspects, in this review a detailed analysis of the literature data regarding the application of
silylformylation and silylcarbocyclization reactions to the synthesis of several heterocyclic derivatives
is reported.

Keywords: silylformylation; silylcarbocyclization; alkynes; N-heterocycles; O-heterocycles

1. Introduction

The silylformylation reaction of terminal acetylenic compounds [1–5] consists of the simultaneous
introduction of a trialkylsilylgroup and a formyl moiety into a carbon–carbon multiple bond (Scheme 1).
The reaction takes place with total regio- and stereoselectivity, -CHO and -SiR3 being added syn to the
triple bond with the formyl group bonded to the carbon atom connected to the alkyl chain.

Chimica, Università degli Studi di Bari “Aldo Moro”, Via Edoardo Orabona 4, 70126 Bari, 

–
–

 

–


–

– –

developed a zwitterionic species, (η –

Scheme 1. General scheme of silylformylation reaction.

This reaction represents an extension of the well-known hydroformylation process [6–15], where the
H2 molecule is replaced by a hydrosilane. Since the first study of Matsuda et al. that appeared in
1989 [16], the silylformylation of triple bonds has been extensively studied as it provides a direct
route to the synthesis of β-silylalkenals. Many different rhodium catalysts have been found to be
effective in the alkynes silylformylation. Rh4(CO)12 is the most widely used species [16–19], but also
Rh(I) [20,21], Rh(II) [22–24] and bimetallic Rh-Co [25–29] complexes were employed. Moreover, Doyle
investigated the catalytic activity of Rh2(pfb)4 (perfluorobutyrrate) [30,31] in the silylformylation of
terminal alkynes, Alper developed a zwitterionic species, (η6-C6H6BPh3)−Rh+(1,5-COD) (Rhsw) [32–34]
and Aronica et al. [35] showed that rhodium nanocluster, obtained by Metal Vapor Synthesis (MVS)
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technique could be able to catalyze the silylformylation of linear and branched acetylenes. It is worth
noting that silylformylation of alkynes is generally tolerant of many functionalities such as ethers, esters,
alcohols, ketones, aldehydes, amines, nitrile, chlorine, bromine and double bonds [18,26,30,33,36,37].

Many applications of the silylformylation of terminal acetylenes have been carried out. In organic
synthesis, this process represents an ideal route to many organic compounds because of its high regio
and stereoselectivity. It provides β-silylalkenals, which can be easily transformed into silylsubstituted
dienes, dienones, α,β-unsaturated ketones and alcohols [35–42], and can be important precursors
for the synthesis of more complicated molecules via Peterson olefination [43] or Nazarov-type
annulation [44,45]. Finally, fluoride promoted aromatic ring migration from the dimethylarylsilyl moiety
to the adjacent carbon atom of the β-silylalkenal yields 2-(arylmethyl)alkanals (Scheme 2) [18,19,46].


  –

carbon atom of the β

 



The “cyclic” version of silylformylation reaction may occur into two different ways: 




(η
in good yields. According to Baldwin’s rules

Scheme 2. Fluoride-promoted aryl rearrangement of β-silylalkenals: synthesis of 2-(arylmethyl)alkanals.

The “cyclic” version of silylformylation reaction may occur into two different ways:
(1) intramolecular silylformylation of ω-silylacetylenes, giving the corresponding silacycloalkanes;
(2) silylcarbocyclization reactions (SiCaC) of suitable alkenynes, involving the formation of cyclic
compounds together with the insertion of a silane and a -CHO functional groups. Therefore, the content
of this review will be divided into two sections: the first is dedicated to giving a detailed description of
intramolecular silylformylation reactions, while the second is centered on the silylcarbocyclization of
functionalized acetylenes. In each section we will give particular emphasis to the heterocycles which
can be obtained, as well as a special look to the used metal catalysts.

2. Heterocycles Synthesis via Metal-Catalyzed Intramolecular Silylformylation of Alkynes

2.1. The Intramolecular Silylformylation of ω-Silylalkynes: Synthesis of Silacyclanes

The first example of intramolecular silylformylation reaction of acetylenes was reported by
Alper and Matsuda in 1995 [47]. Pent-4-ynylmethylphenylsilane (Scheme 3, n = 1, R1 =Me, R2 = Ph,
R3 = H) was initially treated with triethylamine (1.0 equiv.), a catalytic amount of a rhodium catalyst
under CO atmosphere (20 atm) and quite mild experimental conditions (40 ◦C, 24 h). Both the
zwitterionic complexes (η6-C6H6BPh3)−Rh+(1,5-COD) (Rhsw) and Rh4(CO)12 were effective, giving
the corresponding aldehyde in good yields. According to Baldwin’s rules [48,49], only the exo-dig

cyclization occurred, generating 2-(formylmethylene)-1-silacycloalkanes with complete regio and
stereoselectivity. None of the products derived from an endo-dig-mode cyclization or an intermolecular
silylformylation were produced.


  –

carbon atom of the β



The “cyclic” version of silylformylation reaction may occur into two different ways: 




(η
in good yields. According to Baldwin’s rules

 

Scheme 3. First example of intramolecular silylformylation reaction of acetylenes reported by Alper
and Matsuda.
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The same trend was observed in the case of hexynylsilanes (Scheme 3, n = 2), which afforded
the corresponding six ring silacycloalkanes. The yield of aldehyde was affected by the nature
of R1R2HSi- group connected to the alkyl chain: higher product amounts were isolated
when alkynylmethylphenylsilanes (Scheme 3, R1 = Me, R2 = Ph) were reacted rather than
alkynyldiphenylsilanes. The intramolecular silylformylation proceeded smoothly also for internal
alkynylsilanes (Scheme 3, R3 = Et, n-Bu, Ph) regardless of the alkyl and aryl substituent. Thus,
this method provides a vehicle for complete regio- and stereoselective formylation of acetylenic bonds.

The general mechanism proposed by the authors (Scheme 4, X = CH2) involved initially an
oxidative addition of Si-H to the rhodium catalyst, cis addition of the Rh-Si species to the triple bond
followed by CO insertion into the Rh—C bond and reductive elimination with regeneration of the
catalyst and formation of the -CHO group.

—

 



–

Scheme 4. General mechanism for intramolecular silylformylation reactions.

A few years later, Aronica and co-workers investigated the reactivity of both linear and
C3-branched 6-(methylphenylsilyl)-1-hexynes [50]. Linear substrate was first tested in the intramolecular
silylformylation reaction, promoted by both zwitterionic Rhsw and covalent complexes such as
Rh(acac)(CO)2 and Rh4(CO)12. In all cases, pure aldehyde was obtained in good yields with complete
regioselectivity, i.e., exclusive addition of the -CHO moiety to terminal sp-carbon atom (Scheme 5).

—

 



–

Scheme 5. Intramolecular silylformylation reaction of linear ω-silylacetylenes.

As a consequence, the air-stable Rhsw species was used in subsequent reactions of C3-branched
acetylenes. As is evident from Scheme 6, the presence of an -R group did not influence the regioselectivity
of the process, which afforded exocyclic isomers exclusively. On the other hand, when a bulky
substituent, such as a tert-butyl group, was bonded to the alkyl chain, higher CO pressure (50 atm)
and longer reaction times (48 h) were required to improve the yield of the silacyclane. One of the
most interesting features of these reactions concerns the stereoselectivity: the presence of two chiral
centers (i.e., Si* and C*-R) involved the possible formation of two different diastereomers, cis and trans.
Unexpectedly, if a mixture of both isomers was obtained for the intramolecular silylformylation of
3-methyl-6-(methylphenylsilyl)-1-hexyne (Scheme 6, R =Me), the cyclization involving the tert-butyl
derivative (Scheme 6, R = t-Bu) afforded the trans product exclusively.
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



Scheme 6. Intramolecular silylformylation reaction of branched ω-silylacetylenes.

The same result was obtained [50] performing the reaction with a different catalyst,
the co-condensate Rh/mesitylene, prepared according to the MVS technique [35,51–53] and consisting
in a solution of small Rh metal clusters. The MVS species revealed a catalytic activity comparable
with that of conventional organometallic compounds, high regio and disterostereoselectivity being
observed also in this case.

Silacycloalkanes have been investigated as new and promising pharmaceutical substances [54].
Some of them have been tested as agents acting on the nervous system and showed activity as
antitremorine compounds and gave promising results in the treatment of depression. Moreover,
silicon derivatives were also proposed for the treatment or prevention of psoriasis and panic disorder.
Some silacyclic derivatives exhibited high cytotoxicity and a broad spectrum of fungicidal activity.
Finally, silacyclane compounds have been investigated as odorants since they showed quite different
olfactory properties with respect to their carbon analogs, thus opening new possibilities for the
fragrance industry.

2.2. The Intramolecular Silylformylation of ω-Bis(Dimethylsilylamino)Alkynes: Synthesis of Azasilacyclanes

The only example of intramolecular silylformylation of dimethylsilylaminoacetylenes was reported
by Ojima and Vidal [55]. As a model reaction they reacted 1-bis(dimethylsilylamino)-3-octyne with
CO in the presence of three different Rh-Co catalysts (Scheme 7). Unfortunately, the obtained
azasilacyclopentane was highly unstable. Nevertheless, the authors observed that a stable product was
generated by removing the silyl group connected to the nitrogen atom with NaBH4 with contemporary
reduction of the -CHO moiety.





 

Scheme 7. Intramolecular silylformylation/desilylation of 1-bis(dimethylsilylamino)-3-octyne.

Thus coupling the silylformylation together with the reduction/desilylation step, azasilacyclopentane
and cyclohexane were obtained in high yields, as depicted in Scheme 8.





 

Scheme 8. Intramolecular silylformylation/desilylation reaction of bis(silyl)amino-alkynes.
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Similar experimental conditions (60 ◦C, 10 atm CO, 14 h, Rh(acac)(CO)2, (t-BuNC)4RhCo(CO)4 or
Rh2Co2(CO)12, then NaBH4) were also applied to the intramolecular silylformylation/desilylation of
(dimethylsilylamino)hexynylcyclohexane and cyclopentane derivatives which, after treatment with
NaBH4, gave the corresponding azasilabicycloalkenes (Scheme 9).

 






– –



Scheme 9. Intramolecular silylformylation reaction of (dimethylsilylamino)hexynylcycloalkanes.

Surprisingly, when a dimethylsilyl group was replaced by a diphenylsilyl group, intramolecular
silylformylation afforded the corresponding silapiperidine product in 63% isolated yield (Scheme 10).

 






– –



Scheme 10. Synthesis of 1,1-diphenyl-2-silyl-6-(1-formyl-1-benzylidene)azasilacyclohexane via
intramolecular silylformylation reaction.

2.3. The Intramolecular Silylformylation of ω-Silyloxyalkynes: Synthesis of Oxasilacyclanes

In 1995, Ojima and co-workers described the first case of intramolecular silylformylation
of terminal and internal alkynes featured by a dimethylsiloxy moiety as a directing group [56].
In agreement with the intramolecular silylformylation of ω-silylacetylenes, complete regio- and
stereoselectivity was observed. Cyclization reactions of ω-(dimethylsiloxy)-alkynes were carried
out in the presence of (t-BuNC)4RhCo(CO)4, Rh2Co2(CO)12 or Rh(acac)(CO)2 as catalyst, in toluene
at 60–70 ◦C for 3–14 h to give the corresponding 3-exo-(1-formylalkylidene)oxasilacycloalkanes
(Scheme 11). Both oxa-silacyclopentanes (Scheme 11, n = 1) and oxa-silacyclohexanes (Scheme 11,
n = 2) were achieved in good yields regardless of the nature of the catalyst.






– –

 

Scheme 11. First example of intramolecular silylformylation reaction of ω-(dimethylsiloxy)alkynes.

The intramolecular silylformylation was applicable also to cyclic systems. Indeed, the same
authors tested the reactivity of O-(dimethylsilyl)-2-ethynyl and 2-propynyl derivatives depicted in
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Scheme 12 [56]. All reactions proceeded smoothly at 65 ◦C and 10 atm CO, with (t-BuNC)4RhCo(CO)4

as the best catalyst.

 

1′



Scheme 12. Intramolecular silylformylation of cyclic O-(dimethylsilyl)-2-ethynyl and propynyl derivatives.

As solvated metal atoms prepared according to the MVS technique had revealed high reactivity
and selectivity in silylformylation reactions [35], it was interesting to verify the catalytic activity
of these species in the intramolecular processes of 2-(dimethylsiloxy)-4-nonyne derived from a
homopropargyl alcohol. Complete regio/stereoselectivity was observed: 3-(1′-formylpentylidene)-
1-oxa-2-silacyclopentane was obtained in high yield (86%) (Scheme 13) [57].

1′

 



Scheme 13. Intramolecular silylformylation of 2-(dimethylsiloxy)-4-nonyne promoted by a Rh/mesitylene
obtained via the Metal Vapor Synthesis (MVS) technique.

A few years later, starting from dimethylsiloxyalkadiynes, Bonafoux and Ojima developed
a process of desymmetrization based on a single intramolecular silylformylation reaction [58].
As described in Scheme 14, Rh(acac)(CO)2 was effective in promoting the reactions of terminal
and internal alkynes at room temperature and under 10 atm of carbon monoxide. Both cyclizations
took place smoothly but 5-exo(formylmethylene)oxacyclopentane (Scheme 14, R = H) could not be
purified as it decomposed when subjected to silica gel chromatography. Reduction of the formyl
moiety with NaBH4 afforded the corresponding alcohol, isolated in good yield (70%). The highly
functionalized cyclic products thus obtained represent useful synthetic intermediates, since they can be
manipulated at the unreacted acetylene moiety as well as at the -CHO or -CH2OH functional groups.

1′

 



Scheme 14. Desymmetrization of dimethylsiloxyalkadiynes based on intramolecular silylformylation reaction.

The same authors also described a three-steps protocol for the synthesis of 5-(2-acetoxyalkyl)-2-oxa-
1-silacyclopentenes [59]. The sequence started with the intramolecular silylformylation of
ω-(dimethylsiloxy) alkynes, followed by reduction of the corresponding aldehyde to give
5-exo-(hydroxyethylene)-2-oxa- 1-silacyclopentanes. Subsequent DMAP-catalyzed treatment of the
obtained alcohols with acetic anhydride involved a skeletal rearrangement which afforded the
corresponding oxasilacyclopentenes exclusively (Scheme 15).
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Scheme 15. Three-steps protocol for the synthesis of 5-(2-acetoxyalkyl)-2-oxa-1-silacyclopentenes.

Moreover, the authors observed that when O-dimethylsilylethynylcyclohexanol was submitted
to the same transformations, (2-(2,2-dimethyl-2,5-dihydro-1,2-oxasilol-3-yl)cyclohexyl acetate was
isolated in 76% yield (Scheme 16). The rearrangement products containing an acylated moiety together
with an oxasilacyclopentene nucleus could be employed as useful polyfunctionalized intermediates in
organic chemistry.

 

he corresponding α,β

–

–

Scheme 16. Skeletal rearrangement of O-dimethylsilylethynylcyclohexanol.

Another interesting application of oxa-silacyclopentanes was reported in 2003 by Denmark and
Kobayashi [60]. First, intramolecular silylformylation of alkynyloxyhydrosilanes was carried out under
CO pressure (10 atm) at 70 ◦C. (t-BuNC)4RhCo(CO)4 showed the best catalytic efficiency, affording the
five-membered cyclic silyl ethers in 72% yield. (Scheme 17, step 1). With the (1-formylalkylidene)oxa-
silacycloalkanes in hands, authors investigated the possible cross-coupling of heterocyclic compounds.
Initially, a deep investigation on the experimental conditions was performed: DMF resulted as the best
solvent, the combination of [(allyl)PdCl]2 and CuI the optimal catalytic species and KF was chosen as a
fluoride source. Then, oxa-silacyclopentanes were reacted with several aromatic iodides affording the
corresponding α,β-unsaturated aldehydes (Scheme 17, step 2). Electrophiles with electron donating
groups reacted more slowly than those bearing electron-withdrawing moieties, and the reaction of the
cyclic silylether possessing a methyl group on the alkene was slower than the reaction of the terminal
derivative. Nevertheless, cross-coupling products were achieved in good to excellent yields (57–93%).

he corresponding α,β

–

 

–

Scheme 17. Tandem intramolecular silylformylation/cross-coupling reactions of alkynyloxyhydrosilanes.

Finally, Leighton and co-workers developed several sequential approaches to polyol derivatives
via oxa-silacyclanes intermediates, which were generated in situ and then converted into polyketides
fragments by means of Tamao oxidations (Scheme 18) [61–67].
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Scheme 18. Tandem intramolecular silylformylation/crotylsilylation reactions.

3. Heterocycles Synthesis via Metal-Catalyzed Silylcarbocyclization of Alkynes

As well shown in the previous section, intramolecular hydrosilylation and silylformylation
reactions of alkynes represent a valid route to several types of highly functionalized silacycles.
Silylcarbocyclization (SiCAC) protocols are instead a different synthetic approach to heterocyclic
compounds: these transition metal-catalyzed tandem addition/cyclization reactions of alkynes with
hydrosilanes, often performed under carbonylative atmosphere, are very useful for obtaining highly
functionalized heterocycles bearing exocyclic silyl moieties, sometimes amenable for further one-pot

synthetic transformations.
The first silylcarbocyclization was serendipitously discovered by Ojima et al. in 1991: during

their studies on the silylformylation of 1-hexyne with triethylsilane, carried out in the presence of
Co2Rh2(CO)12 as catalyst, in addition to the usual hydrosilylation and silylformylation products
they observed a small amount of 2,4-dibutyl-3-(triethylsilyl)-cyclopent-2-en-1-one (Scheme 19) [25].
However, only mechanistic studies performed in a following paper better clarified the origin of this cyclic
product: a metal-promoted silylcarbonylation of 1-hexyne gave the β-silylacryloyl-metal intermediate
(I), which in turn then provided a carbometalation on a second 1-hexyne molecule to generate (II);
after the following carbocyclization and β-hydride elimination steps, a highly regioselective reduction
of intermediate (IV) took place at the less sterically hindered double bond; finally, a hydrogen-metal
exchange between species (V) and a further triethylsilane molecule gave the final cyclopentenone
product (Scheme 19) [26].

Several synthetic applications of silylcarbocyclization reactions have been previously treated as
part of more general reviews, focused on the transition metal-promoted cyclizations [68–70] or on
the chemistry of hydrosilanes with alkynes [27]; however, a complete and up-to-date overview of
SiCAC protocols for the preparation of heterocycles is still missing. Therefore, in the second part of
the present review we shall try to provide an exhaustive and critical account of this literature, giving
special emphasis on the adopted catalytic systems.

Silylcarbocyclization reactions applied to the synthesis of heterocyclic compounds can be divided
into three main groups, depending on the starting alkynes: (i) standard silylcarbocyclizations,
mainly involving allyl proparyl and dipropargyl ethers/amines, which gave in most cases
tetrahydrofuran and pyrrolidine derivatives (Scheme 20, path a); (ii) cascade silylcarbocyclizations,
involving instead enediynes and triynes with a suitable chemical structure, which led to the formation of
fused tricyclic structures (Scheme 20, path b); (iii) heteroatom-promoted silylcarbocyclizations, involving
ethynyl alcohols and amines, where lactones and lactames were obtained (Scheme 20, path c).
The literature will be organized below following this systematic approach.
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Scheme 19. First example of silylcarbocyclization reaction reported by Ojima and co-workers (a) and
related reaction mechanism (b).

–

 

Scheme 20. Classification of SiCAC reactions: (a) standard silylcarbocyclizations, involving allyl
propargyl and dipropargyl ethers/amines (Section 3.1); (b) cascade silylcarbocyclizations, involving
enediynes and triynes (Section 3.2); (c) heteroatom-promoted silylcarbocyclizations, involving ethynyl
alcohols/amines (Section 3.3).

3.1. Synthesis of Heterocycles via Metal-Catalyzed Standard Silylcarbocyclizations of Alkynes

Transition metal-catalyzed standard silylcarbocyclizations of alkynes represent the most
common synthetic approach to heterocycles based on SiCAC protocols and involve two main
classes of substrates: enynes (i.e., allyl propargyl ethers/amines) and diynes (i.e., dipropargyl
ethers/amines). In particular, SiCAC of allyl propargyl ethers and amines allow the formation

93



Catalysts 2020, 10, 1012

of 3-((triorganosilyl)methylene)tetrahydrofuran and 3-((triorganosilyl)methylene)pyrrolidine scaffolds,
respectively; instead, SiCAC of dipropargyl ethers and amines often lead to more complicated
cyclopentafuranone and cyclopentapyrrolone derivatives, although in some cases functionalized
tetrahydrofurans/pyrrolidines or piperidinones were also obtained. In general, standard SiCACs
proceed successfully with both alkyl and aryl silanes, often performed under CO (at atmospheric or
high pressure) and using rhodium or rhodium-cobalt complexes as catalysts.

3.1.1. Standard Silylcarbocyclizations of Allyl Propargyl Ethers/Amines

The first investigation on standard silylcarbocyclization of allyl propargyl ethers and amines was
reported in 1992 by Ojima and co-workers [71]. They described the reaction of allyl propargyl ether with
dimethylphenylsilane, performed in toluene at 70 ◦C and under CO pressure (1 atm), in the presence
of Rh4(CO)12 as catalyst: 3-(silylmethylene)-4-methyltetrahydrofuran was obtained in 61% yield after
18 h. Interestingly, the same product was obtained in higher yields (85%) using Rh(acac)(CO)2 as the
catalytic system and under N2 atmosphere, thus demonstrating that standard SiCAC reactions do not
strictly require carbon monoxide. A three-step mechanism was hypothesized for this transformation,
consisting of silylmetalation of the triple bond, carbocyclization and H-shift (Scheme 21). In the same
paper, the authors also described a similar SiCAC reaction for diallyl propargyl amine with PhMe2SiH
(Rh(acac)(CO)2, CO 1 atm, 70 ◦C), which gave the corresponding pyrrolidine as the only product in
almost quantitative yield.

 

Scheme 21. SiCAC of allyl propargyl ether with Me2PhSiH: 3-(silylmethylene)-4- ethyltetrahydrofuran
was obtained through a three-steps mechanism, i.e., silylmetalation, carbocyclization and H-shift.

In a following paper, the same group extended standard SiCAC to a more structurally complex
allyl propargyl ether [72]. Working under the same conditions of their previous work (1.0 equiv. of
Me2PhSiH, 1 mol% of Rh(acac)(CO)2, 1 atm of CO, at 50 ◦C in toluene), the expected SiCAC product was
recovered as a mixture with the corresponding carbonylative SiCAC (namely, CO-SiCAC) derivative,
arising from a carbon monoxide insertion between the carbocyclization and H-shift steps. Interestingly,
a fine tuning of the experimental conditions may influence the product selectivity: when the reaction
was run in n-hexane 1 M under 1 atm of CO, the only SiCAC product was isolated in 60% yield; instead,
in THF 0.07 M with 2.6 atm of CO, the CO-SiCAC product was found the most predominant compound
in 95% yield (Scheme 22).

In 2002 Ojima et al. reported a more detailed investigation on Rh-catalyzed SiCAC of enynes, with
special focus on allyl propargyl amines for the synthesis of pyrrolidine derivatives [73]. Analogous
to their previous work on hepta-1,6-dien-4-yl propargyl ether [72], the selectivity toward SiCAC
or CO-SiCAC products can be controlled depending on the experimental conditions, while always
working with 0.5 mol% of Rh4(CO)12 as catalyst: with an excess (1.5 equiv.) of hydrosilane at 0.4 M
concentration in n-hexane, at 22 ◦C under atmospheric pressure of CO, the corresponding SiCAC
products were surprisingly obtained in less than 1 min (yields: 74–89%).
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Scheme 22. Standard silylcarbocyclization of hepta-1,6-dien-4-yl propargyl ether with Me2PhSiH.

The exclusive formation of CO-SiCAC pyrrolidines (56–85% yields) was instead found by using an
almost equimolar amount of silane (1.05 equiv.) at 0.02 M concentration in 1,4-dioxane, under 20 atm
of CO at 105 ◦C, in the presence of 10 mol% of P(OEt)3 as ligand (Scheme 23). Since high reactants
dilution is not advantageous in organic synthesis, authors also investigated a further optimization of
the protocol for obtaining CO-SiCaC products: the amine solution in 1,4-dioxane was cooled before
the addition of Rh4(CO)12, hydrosilane and P(OEt)3; then, the frozen reaction mixture was placed in
autoclave and pressurized with CO (20 atm). This “freeze and CO” protocol was able to block the
SiCaC reaction by freezing the reaction to start until the whole system is under high carbon monoxide
pressure, thus favoring the formation of the CO-SiCaC product.
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Scheme 23. Synthesis of pyrrolidine derivatives via standard silylcarbocyclization of allyl propargyl amines.

Matsuda et al. also reported an interesting study on rhodium-catalyzed standard silylcarbocyclization
of 1,6-enynes derivatives, including allyl propargyl ethers and amines [74]. As previously observed by
Ojima and coll. [72,73], working with Rh4(CO)12 or Rh(acac)(CO)2 catalysts under high CO pressure
(20 kg/cm2) they usually obtained the selective formation of the CO-SiCAC product; however, in the
case of allyl propargyl benzylamine the SiCAC pyrrolidine compound was obtained as the sole product
under the same experimental conditions. Although the authors did not provide any explanation for
this result, they believe that the role of benzyl substituent on the nitrogen atom is crucial for explaining
this different reactivity.

In 2003, Chung and collaborators proposed the first application of a supported and recoverable
catalyst in silylcarbocyclization reactions, i.e., bimetallic Co/Rh nanoparticles immobilized on
charcoal [75]. The supported catalyst was very easily prepared by refluxing Co2Rh2(CO)12 with
charcoal in THF, giving the final material with a fixed 2:2 cobalt-rhodium stoichiometry. It was
then successfully employed in the standard SiCAC of a large family of 1,6-enynes, including allyl
propargyl ethers bearing internal acetylene and/or alkene moieties: in particular, working with a
large excess (5.0 equiv.) of hydrosilane at 105 ◦C in 1,4-dioxane under atmospheric pressure of CO,
the corresponding CO-SiCAC products were obtained (23–87% yields) after 12 h; instead, SiCAC THF
derivatives were recovered in satisfactory yields after only 2 h by using the same excess of hydrosilane,
in n-hexane as solvent at 22 ◦C and without carbon monoxide atmosphere (Scheme 24). Therefore,
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the present standard silylcarbocyclization protocol appears quite interesting, both for milder reaction
conditions of CO-SiCAC pathways (often requiring high CO pressure and reagents concentration) and
for catalyst recyclability.
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Scheme 24. Standard silylcarbocyclization of allyl propargyl ethers bearing internal acetylene and/or
alkene moieties, catalyzed by Co/Rh nanoparticles immobilized on charcoal.

In the last fifteen years, standard silylcarbocyclization protocols have been mostly applied
as a key step for the synthesis of more complex heterocyclic compounds, including biologically
active products. In 2006, Murai et al. reported an extended investigation on the synthesis of
1,2,2′-trisubstituted pyrrolidines and piperidines through the reaction of thioiminium salts (derived
from the addition of lithium acetylides to γ-and δ-thiolactams) with proper Grignard reagents [76].
In order to show the synthetic applicability of the obtained compounds, N-allyl-2-ethynyl-2-substituted
pyrrolidines and piperidines were then also subjected to standard silylcarbocyclization: reactions were
performed with Rh4(CO)12 (0.5 mol%) as catalyst and Me2PhSiH (1.5 equiv.) as silane, in n-hexane
under CO atmosphere and at room temperature. In the case of pyrrolidines, SiCAC afforded
1,2,7a-trisubstituted hexahydro-1H-pyrrolizines as a mixture of four diastereomers, the stereochemistry
of which was identified by NOESY spectroscopy; instead, standard SiCAC of piperidine reagents gave
1,2,8a-trisubstituted octahydroindolizines as a mixture of only two diastereomers (Scheme 25).

2′

to γ and δ

 

– –

Scheme 25. Standard silylcarbocyclization of N-allyl-2-ethynyl-2-substituted pyrrolidines and
piperidines: synthesis of hexahydro-1H-pyrrolizines and octahydroindolizines.

In 2007, Denmark et al. developed a sequential Rh-catalyzed silylcarbocyclization/Pd-catalyzed
Hiyama cross-coupling protocol for the synthesis of highly functionalized tetrahydrofuran and
pyrrolidine derivatives [77]. The first step was applied to 1,6-enynes, including allyl propargyl
ethers and amines, under typical SiCAC conditions: Rh4(CO)12 (0.5–5 mol%) as catalyst, an excess
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(1.5–2.0 equiv.) of silane, under atmospheric CO pressure at the selected temperature. Interestingly,
the triorganosilyl moiety of the corresponding heterocyclic products can be then subjected to
a Hiyama cross-coupling reaction with aryl iodides in the presence of a suitable palladium
catalyst. The best performance was observed with 2.5 mol% of Pd2(dba)3·CHCl3 and 2.0 equiv.
of TBAF·3 H2O as additive, in THF at room temperature: both electron rich and electron poor aryl
iodides gave the coupling products in good yields (Scheme 26). More recently, the same research
group applied standard silylcarbocyclization to a highly functionalized allyl propargyl amine, i.e.,
N-tosyl-N-methylpropargyl-(L)-vinylglycine methyl ester, as a key step for the total synthesis of
isodomoic acids G and H, two kainoid amino acid derivatives isolated from red alga Chondria armata

with well recognized properties as neuroexcitatory agents [78,79].

 

Mostly investigated by the Ojima’s group,

carbocyclization steps, followed by β

Scheme 26. Sequential Rh-catalyzed standard silylcarbocyclization/Pd-catalyzed Hiyama cross-coupling
of allyl propargyl ethers and amines.

3.1.2. Standard Silylcarbocyclizations of Dipropargyl Ethers/Amines

Mostly investigated by the Ojima’s group, standard silylcarbocyclizations of dipropargyl ethers
and amines represent a useful and rapid tool for obtaining O- and N-containing bicyclic compounds
(especially cyclopentafuranone and cyclopentapyrrolone derivatives).

In 1992, they reported the first attempt of SiCAC on allyldipropargylamine as starting substrate [71].
The reaction was performed with HSiEt3 (3.0 equiv.) in the presence of bimetallic (t-BuNC)4RhCo(CO)4

(0.25 mol%) as catalyst, in toluene at 65 ◦C and 50 atm of carbon monoxide: after 48 h, a bicyclic
compound incorporating two CO units was obtained as a predominant product (62% yield),
together with a small amount (<2% yield) of a piperidone derivative arising from a single CO
incorporation. Interestingly, when the same reaction was performed with the more common Rh4(CO)12

catalyst and under atmospheric CO, the same piperidone was found as the sole product in good
yields (81%). The proposed mechanism involved the silylmetalation of an alkynyl moiety of starting
allyldipropargylamine, followed by CO insertion and carbocyclization steps; the obtained intermediate
may then follow two different pathways: (i) second CO insertion and carbocyclization steps, followed
by β-hydride elimination of [M]H, regioselective addition of [M]H and regeneration of Et3Si[M],
affording a final bicyclic SiCAC product; (ii) hydrosilylation of a second molecule of silane, followed
by Et3Si[M] regeneration to give the final piperidone derivative (Scheme 27).

In a following paper, authors used very similar experimental conditions for the (t-BuNC)4RhCo(CO)4

or Co2Rh2(CO)12 catalyzed SiCAC of benzyldipropargylamine with t-butyldimethylsilane [80]:
surprisingly, 7-azabicyclo[3.3.0]oct-1-ene was found (60% yield), together with small amounts of
its ∆

1,5-isomer, which can be easily converted into 7-azabicyclo[3.3.0]oct-1-ene by in situ treatment
with RhCl3·3 H2O at 50 ◦C. A plausible mechanism involved the starting silylmetalation of a triple
bond with t-BuMe2SiH, followed by a sequence of carbocyclization, CO insertion and carbocyclization
to give the bicyclic intermediate A, from which both final products can be obtained: (i) though
a sequential β-hydride elimination, regioselective hydrometalation and β-hydride elimination,
7-azabicyclo[3.3.0]oct-1-ene was obtained; (ii) its ∆

,5-isomer was instead obtained with a 1,3-[M]
shift step, followed by the regeneration of Et3Si[M] (Scheme 28) [81].
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Scheme 27. First report of standard SiCAC of dipropargyl amines: two different mechanicistic pathways
afforded a bicyclic compound incorporating two CO units (i) or a piperidone derivative incorporating
a single CO unit (ii).
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Scheme 28. Standard silylcarbocyclization of benzyldipropargylamine with t-butyldimethylsilane and
proposed reaction mechanism.
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However, a more extensive and detailed investigation on standard SiCAC of dipropargyl ether and
amines was reported in 1998 by the same research group, performed by testing different substrates,
Rh catalysts and experimental conditions [82]. Interestingly, they found that carbon monoxide
pressure is a very critical parameter: working under high CO pressure (15–50 atm), SiCAC reactions
proceeded as previously described [80,81] to afford heterobicyclo[3.3.0]octenones in good yields;
instead, under ambient carbon monoxide pressure reactions occurred in a different way, affording
tetrahydrofuran or pyrrolidine derivatives as final products (Scheme 29). In this last case, the CO
insertion does not occur after the silylmetalation and carbocyclization steps, therefore a hydride shift
and a subsequent 1,2- and/or 1,4-hydrosilylation can give final heterocyclic products.
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Scheme 29. Ojima’s investigation on standard SiCAC of dipropargyl ether and amines.

In addition to the extensive studies performed by the Ojima’s research group, standard SiCAC of
dipropargyl ethers/amines were also investigated by Matsuda et al. [83]: reactions were performed
with 0.5 mol% of Rh4(CO)12 as catalyst and tBuMe2SiH (2.0 equiv.) as silane, under high CO
pressure (20 atm) at 95 ◦C and using benzene or CH3CN as solvent, to give the corresponding
heterobicyclo[3.3.0]octenones as a mixture of regioisomers.

To conclude this section on standard silylcarbocyclizations, it is worth spending a few words
on allenynes, showing a reactivity very similar to diynes. In 2004, Shibata and co-workers studied
rhodium catalyzed SiCAC of propargyl homoallenyl ethers and amines under atmospheric CO pressure,
providing cyclic (tetrahydrofuran or pyrrolidine) 1,4-dienes [84]. Reactions proceeded smoothly on a
wide range of substrates, with both trialkylsilanes and trialkoxysilanes, using Rh(acac)CO2 complex
(5 mol%) as the most efficient catalyst (Scheme 30). The proposed mechanism, supported by deuterium
labeling experiment, involved a regioselective silylmetalation on the double bond of the allene moiety
closer to the heteroatom, followed by carbometalation on the alkynyl group to give the corresponding
cyclic vinyl rhodium complex; finally, reductive elimination provided the heterocyclic product with
regeneration of the Rh catalyst.

3.2. Synthesis of Heterocycles via Metal-Catalyzed Cascade Silylcarbocyclizations of Alkynes

Transition metal-catalyzed cascade silylcarbocyclizations of alkynes have been less studied
than standard SiCAC as they involved more complex substrates, i.e., enediynes and triynes
with a suitable chemical structure. However, cascade SiCAC represent very elegant synthetic
protocols for the selective synthesis of fused tricyclic structures: heteroatom congeners
of hexahydro-1H-cyclopenta[e]azulen-5(6H)-one and hexahydro-as-indacene using, respectively,
enediynes and triynes as starting alkynes. If standard SiCAC can be performed under atmospheric or
high CO pressure (in few cases even without CO), all the reported cascade SiCAC protocols always
used 1 atm of carbon monoxide. Concerning catalysts, rhodium or rhodium-cobalt complexes have
been successfully tested also for these reactions.
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Scheme 30. Standard SiCAC of proparyl homoallenyl ethers and amines under atmospheric CO
pressure: synthesis of cyclic (tetrahydrofuran or pyrrolidine) 1,4-dienes.

3.2.1. Cascade Silylcarbocyclizations of Enediynes

The first study on cascade silylcarbocyclization reactions of enediynes was reported in
2000 by Ojima’s research group [85]. Starting from the excellent results of their previous
investigations on standard SiCAC of enynes and diynes, they tried to extend a similar protocol
to enediynes. Interestingly, when dodec-11-ene-1,6-diyne was treated with PhMe2SiH (2.0 equiv.) in
the presence of Rh(acac)(CO)2 (1 mol%), at 70 ◦C in toluene as solvent and under atmospheric CO,
hexahydro-1H-cyclopenta[e]azulen-5(6H)-one was obtained as the main product after only 1 h, together
with small amounts of two bis(cyclopentylidene) derivatives. However, a fine tuning of the experimental
conditions allowed to improve selectivity: in fact, hexahydro-1H-cyclopenta[e]azulen-5(6H)-one
was obtained as the only product when SiCAC reaction was performed in THF at lower reagents
concentration and at room temperature. This optimized protocol was then applied to other enediynes,
including their oxygen or nitrogen congeners, to give the corresponding O- or N-containing fused
tricyclic structures. The proposed reaction mechanism provides three sequential carbocyclization steps
(hence the name “cascade SiCAC”): after starting silylmetalation of the terminal alkyne moiety, the first
carbocyclization took place; because of the steric hindrance between vinylsilane and vinyl-rhodium
moieties in the resulting intermediate, it was then subjected to an isomerization via the “Ojima-Crabtree
mechanism”, followed by the second carbocyclization step; the subsequent CO insertion step gave
an acyl-rhodium intermediate, which was then subjected to the last carbocyclization, and a β-silyl
elimination step afforded the final tricyclic product (Scheme 31).

More recently, Ojima and co-workers extended their studies on the scope and limitation of cascade

SiCAC to 1-substituted dodec-11-ene-1,6-diynes and their heteroatom congeners [86]. When 1-methyl
substituted dodec-11-ene-1,6-diyne was treated with PhMe2SiH (0.5 equiv.) in the presence of
[Rh(COD)Cl]2 or Rh(acac)(CO)2 as catalyst (1 mol%), at 70 ◦C in toluene and under atmospheric
CO pressure, they did not find the expected hexahydro-1H-cyclopenta[e]azulen-5(6H)-one but the
corresponding 5-6-5 fused tricyclic compound (i.e., incorporating no CO unit) as the only product
(70% yield in the case of [Rh(COD)Cl]2; 96% yield by using Rh(acac)(CO)2). However, the authors
serendipitously discovered that working under similar conditions but in the absence of hydrosilane,
the hexahydro-1H-cyclopenta[e]azulen-5(6H)-one was instead obtained in good yield (Scheme 32).
This last Rh-catalyzed reaction in the absence of hydrosilane is actually an intramolecular [2 + 2 + 2 +
1] cycloaddition, occurring through a mechanism totally different from cascade SiCAC, although the
same type of products is formed. We will not take into account this reaction, which is beyond the
scope of the present review, but it is worth emphasizing that it has been successfully applied to several
1-substituted dodec-11-ene-1,6-diynes, including their oxygen and nitrogen congeners [87].
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Scheme 31. First investigation of cascade SiCAC of enediynes: the proposed reaction mechanism
involved three sequential carbocyclization steps, hence the name “cascade SiCAC”.
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Scheme 32. Rhodium-catalyzed cascade SiCAC vs. intramolecular [2 + 2 + 2 + 1] cycloaddition of
1-substituted dodec-11-ene-1,6-diynes and their heteroatom congeners.

3.2.2. Cascade Silylcarbocyclizations of Triynes

Although less investigated than diynes, also triynes were successfully tested as starting substrates
for cascade silylcarbocyclization reactions. In 1999, Ojima and collaborators treated dodec-1,6,11-triynes
and some oxygen- and nitrogen-containing analogs with several hydrosilanes (1.0–2.0 equiv.), in toluene
under atmospheric carbon monoxide pressure, using different Rh complexes (0.5–1.0 mol%) as
catalyst, including Rh4(CO)12, Rh(acac)(CO)2, [Rh(COD)Cl]2 and [Rh(NBD)Cl]2. SiCAC reactions
afforded 1,3,6,8-tetrahydrobenzo[1,2-c:3,4-c’]difurans or 1,2,3,6,7,8-hexahydropyrrolo[3,4-e]isoindoles
as a mixture of two products: the 4-triorganosilyl-substituted compound and the corresponding
desilylated product (Scheme 33) [88].
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Scheme 33. Rh-catalyzed cascade SiCAC of oxygen- and nitrogen-containing analogs of dodec-1,6,11-triynes:
synthesis of 1,3,6,8-tetrahydrobenzo[1,2-c:3,4-c’]difurans and 1,2,3,6,7,8-hexahydropyrrolo[3,4-e]isoindoles.

The most plausible mechanism starts with a silicon-initiated cascade carbometalation to give a
3,3′-bifuranylidene/3,3′-bipyrrolylidene intermediate, which can then follow two different pathways:
(a) carbocyclization followed by β-hydride elimination, affording the 4-triorganosilyl-substituted
product; (b) a Z-E isomerization favored by high temperatures, followed by a similar carbocyclization
step and subsequent β-silyl elimination, giving the corresponding desilylated product.

3.3. Synthesis of Heterocycles Via Metal-Catalyzed Heteroatom-Promoted Silylcarbocyclizations of Alkynes

As already stressed, carbocyclizations of alkynes are extremely important reactions in the synthesis
of numerous carbonyl and heterocyclic compounds of pharmaceutical and theoretical interest.

During the studies on the mechanism and the synthetic potential of silylformylation reactions
of acetylenes, new and interesting reactions of heteroatom-promoted silylcarbocyclization were
discovered [89,90]. Reactions of propargyl alcohols or amides with a hydrosilane, catalyzed
by Rh4(CO)12, and in the presence of a base (e.g., Et3N, DBU) provided as main products
(triorganosilyl)methylene- β-lactones and β-lactams respectively, which are important scaffolds
present in many natural compounds.

3.3.1. Heteroatom-Promoted Silylcarbocyclizations of Ethynyl Alcohols

The first example of heteroatom-promoted silylcarbocyclizations of propargyl alcohols was described
by Matsuda and co-workers in 1990 [89]. Based on a previous study on the silylformylation reactions of
functionalized alkynes [16], they decided to investigate the possible cyclization of acetylenic alcohols
under the silylformylation reactions conditions (R3SiH, Et3N, CO, 100 ◦C, Rh4(CO)12) (Scheme 34).
Linear and branched alcohols were tested in the presence of different silanes (Me2PhSiH, t-BuMe2SiH,
Et3SiH, (i-Pr)3SiH) and bases (Et3N, DBU, pyridine, DABCO, DBU). Chemoselectivity of the reaction
(i.e., β-lactone vs. aldehyde) depended strongly on the steric hindrance of silane and on the strength of
the base. Indeed, while the reaction between 2-propynol (Scheme 34, R1, R2 = H) and Me2PhSiH in the
presence of Et3N and Rh4(CO)12 gave exclusively the corresponding alkenal, the use of t-BuMe2SiH
and DBU afforded the expected methylene-β-lactones in very high yields (79–86%) and selectivity.

The formation of two different products, the alkenal and β-lactones ring, was explained by
Matsuda and co-workers with the hypothesis of a Rh-acyl species (Figure 1), which could be the
common intermediate to give both products. Indeed, an experiment performed under carbonylation
conditions of the alkenal did not afford the corresponding lactone derivatives, thus suggesting that the
two products are formed competitively.
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Scheme 34. First example of heteroatom-promoted silylcarbocyclization of ethynyl alcohols.
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Figure 1. Rhodium-acyl intermediate hypothesized by Matsuda and co-workers in the heteroatom-

promoted SiCAC of propargyl alcohols.

Heteroatom-promoted SiCAC was then applied to the synthesis of spiro-type β-lactones,
which required DBU as the base (Scheme 35) to generate the desired compounds in good yields
(68–86%) [89,91].
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Scheme 35. Synthesis of spiro-type β-lactones via heteroatom-promoted SiCAC of ethynylcycloalkanols.

Moreover, the same SiCAC reaction was also extended to butynol and pentynols derivatives,
affording the corresponding γ- and δ-lactones in very high yields (84–90%) even if Et3N was used,
thus indicating that the formation of both five- and six-membered heterocyclic compounds is extremely
favored (Scheme 36) [89].
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Scheme 36. Synthesis of γ- and δ-lactones via heteroatom-promoted SiCAC reactions.

Similarly, complete chemoselectivity towards the lactone formation was observed by the same
research group in the silylcarbocyclization reactions of cyclohexanol containing a propynyl or butynyl
group connected to alcohol carbon atom (Scheme 37) [4]. Once more, the use of DBU together with
t-BuMe2SiH and Rh4(CO)12 yielded the corresponding γ- and δ-spirolactones, selectively.
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Scheme 37. Synthesis of γ- and δ-spirolactones via heteroatom-promoted SiCAC reactions.

However, γ-lactones can also be obtained via SiCAC reaction of trans-2-ethynylcyclopentanol
and cyclohexanol, as depicted in Scheme 38 [4]. DBU and t-BuMe2SiH, together with Rh4(CO)12 as
catalyst, resulted in being the best reagents for the selective formation of the lactone nucleus fused to a
cyclopentane and cyclohexane ring in high yields (83–84%).
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Scheme 38. Heteroatom-promoted SiCAC reaction applied to the synthesis of γ-lactones.

A few years later, Aronica and co-workers reported a detailed study on the heteroatom-promoted

SiCAC reaction of several propargyl alcohols characterized by different steric and electronic
requirements [92]. All reactions were performed in CH2Cl2, at 100 ◦C, under 30 atm of CO, with 0.1 mol%
of Rh4(CO)12 as catalyst and DBU as base. As previously observed by Matsuda, the chemoselectivity of
the process was clearly influenced by steric hindrance: the presence of a tert-butyl, ethyl or cyclohexyl
group on the propargyl carbon atom determined a nearly total chemoselectivity towards β-lactones,
while the reaction involving 3-propynol generated the corresponding β-silylalkenal predominantly
(Scheme 39).
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Scheme 39. Heteroatom-promoted SiCAC of propargyl alcohols.

In order to improve the formation of the lactone ring, arylsilanes containing a hindered substituent
(MePh2SiH, Ph3SiH, o-CH3-(C6H4)Me2SiH, p-Ph-(C6H4)Me2SiH) were tested in the heteroatom-promoted

silylcarbocyclization of 1-hexynol performed with Rh4(CO)12 as catalyst (Scheme 40) [92].

104



Catalysts 2020, 10, 1012

action applied to the synthesis of γ

propargyl carbon atom determined a nearly total chemoselectivity towards β
propynol generated the corresponding β

 

(dimethylphenylsilyl)methylene β and γ

Scheme 40. Heteroatom-promoted SiCAC protocol applied to 1-hexyn-3-ol involving arylsilanes with a
hindered substituent.

The obtained results clearly indicated that the choice of hydrosilane plays a crucial role.
Indeed, the best chemo-selectivity was observed in the reaction with o-tolyldimethylsilane and
diphenylmethylsilane; on the contrary, Ph3SiH and (t-Bu)2PhSiH were totally inactive. Finally moving
from dichloromethane to toluene as solvent and operating at lower temperature (70 ◦C), a significant
improvement of the lactone selectivity was detected. The same results were obtained when two
homopropargyl alcohols were considered. In these cases, the cyclization process was definitely
favored (Scheme 41). All (dimethylphenylsilyl)methylene β- and γ-lactones can be submitted to a
TBAF-promoted phenyl migration without a ring opening, affording useful building blocks for the
synthesis of pharmaceutical compounds.
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Scheme 41. Heteroatom-promoted SiCAC of homopropargyl alcohols: synthesis of γ-lactones.

The same authors then investigated the heteroatom-promoted silylcarbocyclization of propargyl
alcohols promoted by different catalytic species [93]. Initially, a preliminary study on Rh/mesitylene
co-condensate, prepared according to the MVS technique [35,51–53] and consisting of small rhodium
nanoclusters, was carried out. With respect to commercial Rh4(CO)12, Rh/mesitylene catalyst showed
excellent performance in the SiCAC process of 1-hexyn-3-ol with t-BuMe2SiH, in CH2Cl2 and DBU,
at 100 ◦C and under 30 atm of carbon monoxide. The β-lactone ring was obtained with 87% of
selectivity (Scheme 42).
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Scheme 42. Heteroatom-promoted SiCAC reaction of 1-hexyn-3-ol promoted by different catalytic species.

When the same rhodium co-condensate was deposited on several matrices (charcoal, γ-alumina,
Fe2O3 and polybenzoimidazole), supported Rh/C, Rh/γ-Al2O3, Rh/Fe2O3 and Rh/PBI were prepared
and tested in the heteroatom-promoted silylcarbocyclization reactions [93]. Among them, Rh/C showed
the best results in terms of conversion (87%) and selectivity (92%), even compared with a commercial
Rh/C species. As a consequence, Rh/C (MVS) was used in the SiCAC processes of 3-dialkylpropargyl
alcohols with Me2PhSiH, in CH2Cl2 as solvent and DBU as base (Scheme 43): the reactions afforded
β-lactone derivatives with almost complete chemoselectivity (92–97%). High resolution transmission
electron microscopy (HR-TEM) analysis of Rh/C (MVS) indicated the presence of very small Rh
nanoparticles (2.4 nm mean diameter) on the support, which could be the reason of its high catalytic
activity. Unfortunately, preliminary investigations evidenced a relevant metal leaching into solution
during the reactions, thus indicating that Rh/C (MVS) acted as a reservoir of soluble active nanoparticles.
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Scheme 43. Heteroatom-promoted SiCAC of 3-dialkylpropargyl alcohols catalyzed by Rh/C (MVS).

In 2017, the Aronica’s research group developed a new protocol for the synthesis of
3-isochromanone derivatives based on heteroatom-promoted silylcarbocyclization reactions of
2-ethynylbenzyl alcohol [94]. Initially, the SiCAC process was performed with Me2PhSiH as hydrosilane
and Rh4(CO)12 as catalyst, in CH2Cl2 as solvent and DBU as base, under 30 atm of CO at 100 ◦C.
Surprisingly, together with the expected product, relevant amounts of the corresponding hydrogenated
by-product were obtained, regardless of catalyst loading, temperature and CO pressure (Scheme 44),
probably due to the formation of hydrogen during the SiCAC reaction [89]. Only a slight improvement
in chemoselectivity (33% isochromanone) was observed when (η6-C6H6BPh3)−Rh+(1,5-COD) (Rhsw)
catalyst was employed instead of Rh4(CO)12.
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Scheme 44. Heteroatom-promoted SiCAC of 2-ethynylbenzyl alcohol with Me2PhSiH for the synthesis of
3-isochromanone derivatives.

Unexpectedly, working without DBU, the selectivity towards methyleneisochromanone increased.
As a consequence, the optimized experimental conditions (Rhsw 0.1–0.2 mol%, 100 ◦C, 30–50 atm of CO,
2–6 h), were used for the SiCAC reactions of ethynylbenzyl alcohol with different aryldimethylsilanes.
All reactions afforded the expected products with good yields and total stereoselectivity, since only (Z)
isochromanones were formed (Scheme 45).
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Scheme 45. Heteroatom-promoted SiCAC of 2-ethynylbenzyl alcohol with different aryldimethylsilanes
for the synthesis of (Z)-isochromanones.

3.3.2. Heteroatom-Promoted Silylcarbocyclizations of Ethynyl Amines

The β-lactam moiety is the key of one of the most widely employed class of antibiotics [95–97], i.e.,
β-lactam antibiotics such as penicillins and cephalosporins, which are distinguished by good tolerance
and therapeutic safety. In particular, the α-methylene-β-lactam unit is a very common structural
feature included in potent β-lactamase inhibitors [98], such as asparenomycins [99,100] and penicillanic
acids [101,102]. Therefore, the synthesis of α-methylene-β-lactams (3-methylene-2-azetidinones) has
received great attention in the literature [103–106].

In 1991, Matsuda et al. described the first example of heteroatom-promoted SiCAC reactions of
ethynyl amines, applied to the formation of α-silylmethylene-β-lactams [90]. On the base of the results
previously obtained in the silylcarbocyclizations of propargyl alcohols, they started their investigation
with the reaction of N-(1-ethynylcyclohexyl)-p-toluensulfonamide with RMe2SiH (R = Ph or t-Bu),
Rh4(CO)12, a suitable base, at 100 ◦C and under 20 atm of CO. In particular, the best result (81% lactam)
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was obtained by the combined use of a bulky silane (t-BuMe2SiH) and DBU as the base (Scheme 46).
Under the same experimental conditions, other sulfonamides afforded the corresponding β-lactams
with good selectivity; instead, the less hindered toluensulfonamide and N-propargylcarbamates
generated the corresponding silylformylation product predominantly.
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Scheme 46. First example of heteroatom-promoted silylcarbocyclization of propargyl amides: synthesis
of α-silylmethylene-β-lactams.

Better results were described by the same research group when alkynylbenzylamines were used
as substrates for heteroatom-promoted silylcarbocyclizations, which generated the corresponding γ- and
δ-lactams [4]. The reactions were carried out with Rh4(CO)12 (0.25 mol%), DBU, 20 atm of CO, 100 ◦C
and t-BuMe2SiH, which was fundamental for the cyclization reaction to occur (Scheme 47).

 

SiCAC of benzylamines applied to the synthesis of γ and δScheme 47. Heteroatom-promoted SiCAC of benzylamines applied to the synthesis of γ- and δ-lactams.

Ethynylpiperidine derivatives were also tested in the heteroatom-promoted SiCAC reaction under
the same experimental conditions, affording the corresponding ring-fused lactam compounds in good
yields (Scheme 48) [4]. SiCAC of benzylamines applied to the synthesis of γ and δ

 

Scheme 48. Heteroatom-promoted SiCAC reactions of ethynylpiperidines.

Isoquinoline-based substrates were deeply investigated in heteroatom-promoted silylcarbocyclizations.
Matsuda et al. worked under the above-mentioned optimized conditions (i.e., t-BuMe2SiH, Rh4(CO)12
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0.25 mol%, DBU, CO 20 atm, 100 ◦C), affording selectively the corresponding benzoindolizidinone as
the Z-isomer (Scheme 49, path A) [4].

SiCAC of benzylamines applied to the synthesis of γ and δ

 

Scheme 49. Heteroatom-promoted SiCAC reactions applied to the synthesis of benzoindolizidinones.

Ojima and co-workers used different conditions: PhMe2SiH, Rh(acac)(CO)2 1 mol%, in toluene
under 50 atm of carbon monoxide, at 60 ◦C but without DBU. In this case, SiCAC took place with
different stereoselectivity, giving the E-isomer of benzoindolizidinone in poor yield (21%), probably
due to the absence of the base (Scheme 49, path B) [107]. The authors suggested that the isomerization
of silylvinyl group took place during the reaction (Scheme 50), after the addition of H[Rh]SiMe2Ph
to the triple bond, according to what was previously observed in the hydrosilylation reaction of
1-alkynes [108].

 

The presence of DBU and a quaternary α
reaction to occur with complete chemoselectivity towards the β

Scheme 50. Mechanism hypothesized by Ojima and co-workers for their heteroatom-promoted SiCAC
protocol of isoquinoline-based substrates.

Prompted from this result, the same group investigated the formation of an indolizidine skeleton by
means of heteroatom-promoted SiCAC of butynylpyrrolidine and hydrosilanes [107]. Both Rh(acac)(CO)2

and Rh2Co2(CO)12 (2 mol%) were an effective catalyst for the silylcarbocyclization reaction, which was
found to be very sensitive to the nature of the silane (Scheme 51).
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The presence of DBU and a quaternary α
reaction to occur with complete chemoselectivity towards the β

Scheme 51. Heteroatom-promoted SiCAC reactions applied to the synthesis of indolizidinones.

On the contrary, when Matsuda et al. investigated the reactivity of 5-(prop-2-yn-1-yl)pyrrolidin-
2-one in silylcarbocyclization reaction, the corresponding Z-pyrrolizine-3,5(2H,6H)-dione was
exclusively found, thus confirming again the central role of the base (Scheme 52).

 

The presence of DBU and a quaternary α
reaction to occur with complete chemoselectivity towards the β

Scheme 52. Heteroatom-promoted SiCAC applied to the synthesis of pyrrolizine-3,5(2H,6H)-dione.

More recently, Aronica et al. applied the heteroatom-promoted SiCAC transformation to some
propargyl tosylamides, using Rh4(CO)12 (0.1 mol%) as catalyst, DBU as base, under CO pressure
(30 atm), at 100 ◦C [36]. The presence of DBU and a quaternary α-carbon on the substrate were essential
for the SiCAC reaction to occur with complete chemoselectivity towards the β-lactam ring, regardless
the steric and electronic requirements of the silanes. Moreover, (Z)-stereoisomers were exclusively
obtained (Scheme 53).
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Scheme 53. Heteroatom-promoted SiCAC of propargyl tosylamides for the synthesis of β-lactams.

Taking into account the same tosylamides, Aronica and co-workers tested different supported Rh
catalysts prepared according to the MVS technique in the SiCAC reactions [93]. As already observed
for the reactions performed with propargyl alcohols, among MVS Rh/C, Rh/γ-Al2O3, Rh/ Fe2O3 and
Rh/PBI, the first species showed a specific activity even higher than homogeneous Rh4(CO)12 used as a
reference catalyst. When Rh/C was used in the heteroatom-promoted SiCAC, the expected β-lactams
were achieved with 90–100% selectivity after 4 h, at 100 ◦C and 30 atm CO (Scheme 54). Moreover,
the same batch of Rh/C could be reused without loss of activity.
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Scheme 54. Synthesis of β-lactams through heteroatom-promoted SiCAC reactions of propargyl
tosylamides catalyzed by Rh/C (MVS).

In 2019, Albano and co-workers described the first synthesis of indolines and tetrahydroisoquinolines
via heteroatom-promoted SiCAC of suitable tosylamides [109]. The (2-ethynylphenyl)-4-tosylamide was
first tested in the reaction with dimethylphenylsilane, promoted by Rhsw (0.3 mol%), under 30 atm of
CO, at 30 ◦C (Scheme 55). The formation of the corresponding five-membered heterocyclic compound
took place without the need of a base as previously observed in the silylcarbocyclization applied to the
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synthesis of isochromanones [94]. Together with tosylindolinone, the corresponding hydrogenated
derivative tosylindolinol was surprisingly generated too. In order to improve the chemoselectivity of the
SiCAC process, reactions at higher temperature (50–100 ◦C) were performed. However, tosylindolynol
was obtained as the sole product.

β

the reactions performed with propargyl alcohols, among MVS Rh/C, Rh/γ

SiCAC, the expected β
–

Synthesis of β

–

 

Scheme 55. Synthesis of tosylindolinol via heteroatom-promoted SiCAC of (2-ethynylphenyl)-4-tosylamide.

The silylcarbocyclization was then extended to the synthesis of tetrahydroisoquinolines but,
again, tosyltetrahydroisoquinolinols were selectively obtained regardless the temperature employed
and the nature of the catalyst (i.e., Rhsw, Rh(acac)(CO)2, Rh6(CO)16), as depicted in Scheme 56 [109].
The formation of the reduced compounds was ascribed to the presence of molecular H2, which is
formed as a by-product in the reaction vessel.
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Scheme 56. Heteroatom-promoted SiCAC applied to the synthesis of tosyltetrahydroisoquinolinols.

With the optimal reaction conditions in hand, the authors investigated the reactivity of hydrosilanes
possessing different steric requirements with both tosylamides. The optimized SiCAC procedure
afforded the corresponding products in very good yields (51–75%) [109]. Moreover, the ring formation
took place with complete stereoselectivity of the exocyclic double bond (Z isomer exclusively), not only
in reactions involving aryl silanes but also for benzyl derivative (Scheme 57). The obtained silylated
tosylindolinols and tosyltetrahydroisoquinolinols could be easily desilylated by means of TBAF,
which promoted aryl rearrangements from silicon to the adjacent carbon atom, generating new
polyfunctionalized N-heterocycles.

–

 

–
– –

—

–
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–

–

–
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Scheme 57. Synthesis of tosylindolinols and tosyltetrahydroisoquinolinols via heteroatom-promoted

SiCAC with several ArMe2SiH.

4. Conclusions

In summary, intramolecular silylformylation and silylcarbocyclization processes provide efficient
and versatile methods for the construction of monocyclic, bicyclic and polycyclic heterocycles.

We really hope that the present review may stimulate further research in the field of silylformylation
and silylcarbocyclization reactions, and in particular for the preparation of new biologically relevant O-
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and N-heterocycles, as a valid alternative to the most common cycloaddition [110–112] or cross-coupling
reactions [113–116]. Moreover, the recent studies on CO surrogates [117–119] may be a strong stimulus
for innovative and safer development of new silylcarbonylation processes.
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