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The importance of catalysis is obvious and unquestionable, especially bearing in mind
that about 90% of all commercially produced chemical products involve catalysts at some
step of their manufacture [1]. The history of the catalysis study has been presented in many
fruitful review papers [1–7]. Considering the keywords “catalysis” and “history”, more
than one thousand papers could be found (e.g., 1300 in the Web of Science on 16 April
2024). Interestingly, the special aspects on the development of catalysis research have been
presented in respect not only to the different research fields of catalysis (e.g., organotextile
catalysis [8], heterogeneous catalysis [9,10], homogeneous catalysis [11,12], electrocataly-
sis [13], single-atom catalysis [14], phase transfer [15], solid hydrogen storage [16], plasma
catalysis [17], catalytic combustion [18], minerals [19], small molecules [20], transition
metals [21], computational study/machine learning [22,23], enzyme [24], polymeriza-
tion [25], water oxidation [26], photoredox catalysis [27,28], photocatalysis [29], artificial
photosynthesis [30], fluid catalytic cracking [31], gasoline automobile catalysis [32,33],
nanozymes [34], “the origin of life” [35], applied/industrial catalysis [1,36,37], etc.) and
particular catalysts (e.g., Ziegler–Natta catalysts [38]), but also to the specific countries
(e.g., Korea [39], Brazil [40–42], Portugal [43], Italy [44], and India [45]), companies (e.g.,
Ciba–Geigy [46], Roche [47], CF-industries [48], Dow Chemical Company [49], Eastman
Chemical Company [50], Leuna Factory [51], and Volkswagen [52]), world regions (Latin
America [53]), institutes and consortiums (e.g., Dalian Institute of Chemical Physics [54]
and CIRCC in Italy [55]), catalysis societies and their meetings (e.g., The Catalysis Society of
Japan (CATSJ) [56], The Swiss Industrial Biocatalysis Consortium (SIBC) [57], and “50 Years
of German Catalysis Meetings” [58]), and even the collaboration and friendships between
countries (Japan–China [59] and France–Venezuela [60]), etc.

Among various papers, the development of catalysis research in the field of organic
chemistry has been well documented [61], as shown by a significant increase in the number
of published papers (Figure 1). Many different aspects of organic chemistry have been dis-
cussed, including single-atom catalysis [62], hydrogenation [63], C-H functionalization [64],
enantioselective catalysis [65], methylation [66], nucleophilic phosphinocatalysis [67], chem-
istry of alkynes [12], isocyanide-based multicomponent reactions [28], aldol reaction [68],
Fischer–Tropsch (FT) synthesis [69,70] (and even the reactors [71]), microwave-assisted
synthesis [42], Diels–Alder reaction [72], Suzuki–Miyaura cross-couplings [73], synthesis
of nitrile [74], formose reaction [75], π-allylpalladium chemistry [76], palladium-based
catalysts [77–80], and nickel catalysts [79].

Obviously the studies on catalysis by famous scientists, including the works by
Lavlavel G. lonescu [81], Nikolai Zelinsky [82,83], Heinz Heinemann [84], Paul Sabatier [85],
Jean Baptiste Senderens [85], Mikhail Kucherov [86], William Crowell Bray [87], Slobodan
Anic [88], Luigi Casale [89], and Gilbert Stork [90,91], have also been acknowledged.

This Special Issue of Catalysts is dedicated to Professor Jiro Tsuji, who passed away on
1 April 2022. Jiro Tsuji was born on 11 May 1927, in Shiga, Japan. He received a Bachelor of
Science degree from Kyoto University, Japan, in 1951, a M.Sc. degree from Baylor University,
USA, in 1957, and a Ph.D. from Columbia University, USA, in 1960 under the supervision
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of Gilbert Stork. Tsuji returned to Japan in 1962 to work as a research associate at Toray
Industries, where he began his career in transition metal-catalyzed reactions. In 1974, he
moved to the Tokyo Institute of Technology and served as a professor until retirement age
of 60 in 1988. Thereafter, he was a professor at Okayama University of Science, Japan, from
1988 to 1996, and then at Kurashiki University of Science and the Arts from 1996 to 1999.
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Figure 1. Number of papers published annually on catalysis and organocatalysis (searched in the
Web of Science using “catalysis” and “organocatalysis”/“organic catalysis”, 27 March 2024).

Professor Jiro Tsuji pioneered the discovery of many transition metal-catalyzed reac-
tions and showed a general idea of developing and applying these reactions in organic
synthesis. Among the well-known reactions are several types of Pd-catalyzed ones, such
as (i) the substitution of allylic substrates based on the reaction of π-allyl palladium with
carbon nucleophiles, discovered in 1965; (ii) reactions of allyl β-keto esters, resulting in
allylation, olefin formation, and reduction; (iii) reactions of propargylic substrates; and
(iv) the formation of methyl ketones from 1-olefins, based on the Wacker process of ethylene.
It is noteworthy that the olefin formation is used as the key step in the industrial synthesis
of jasmonate [92]. Other reactions catalyzed by Pd, Ru, and Cu are carbonylation of olefins,
dienes, acetylenes, and allyl compounds; decarbonylation of acid chloride and aldehydes;
oxidative decomposition of catechol to muconic acid; etc.

Professor Jiro Tsuji focused on the carbon–carbon bond-forming reaction from the
very beginning of his research. According to Tsuji, the importance of organic synthesis
was taught by professor Gilbert Stork (who he acknowledged in two review papers [90,91])
when he was in the doctoral program at Columbia University.

The significance of the reactions found by Tsuji has been proven by their widespread
adoption in academic and industrial laboratories. Consequently, it is not surprising that
Tsuji has been honored with the Chemical Society of Japan Award in 1981, the Japanese
Medal of Honor with Purple Ribbon in 1994, the Japan Academy Prize in 2004, and the
Tetrahedron Prize in 2014. He received the title of honorary professor at Tokyo Institute of
Technology on 21 July 2011.

It must be underlined that two reactions were named after him, i.e., the Tsuji–Trost
reaction and the Tsuji–Wilkinson decarbonylation reaction. The former (also called the Trost
allylic alkylation or allylic alkylation) is a substitution reaction with a palladium catalyst,
involving a substrate that contains a leaving group in an allylic position. This work (already
mentioned above) was first pioneered by professor Tsuji in 1965 [93] and, then, continued
by professor Barry Trost in 1973 with the introduction of phosphine ligands [94]. The latter
is a method for the decarbonylation of aldehydes and some acyl chlorides. The name has
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recognized professor Tsuji, whose team reported as first the use of RhCl(PPh3)3) catalyst
(Wilkinson) for these reactions.

The scientific achievements of professor Jiro Tsuji have resulted in more than 250 scien-
tific papers, cited in more than 8,000 works, and reaching almost 13,000 citations (according
to the Web of Science, on 23 April 2024). Obviously, the papers with the highest interests of
the scientific community present palladium catalysts in organic synthesis [95–101]. How-
ever, also other catalysts have been successfully applied, and the data reported have been
highly cited, including osmium tetroxide [102], metal complexes (e.g., rhodium, ruthenium,
molybdenum, nickel, palladium, cuprous, titanium, and aluminum [103–108]), and other
metals (copper [109,110], bismuth [111], and iron [110]).

This Special Issue of Catalysts, in memory of prof. Jiro Tsuji, was announced to ac-
knowledge the magnificent impact of his study on others. In total, eleven papers were
published, including three reviews, six research papers, and two communications. It
must be pointed out that six of them have been selected as feature papers. The review
papers focus on (i) the construction of structurally intriguing π-extended polycyclic het-
eroaromatics through catalytic coupling reactions [112]; (ii) the coupling reactions using
organoborates/Ni and RMgX/Cu reagents [113]; and (iii) the transition metal-catalyzed
ring-closing metathesis and coupling reactions [114].

The communications by Sieger et al. and Cusumano et al. present their findings on the
Rh-catalyzed addition reaction of nitrogen-containing heterocycles to internal allenes [115]
and the origins of enantioselectivity in the Pd-catalyzed decarboxylative allylic alkylation
of N-benzoyl lactams [116], respectively.

Among research papers, besides classical organic synthesis approaches, other so-called
“green” methods have also been discussed, i.e., using photocatalysis and electrochemistry.
The photocatalytic formation of (2S,3S)-S-[(Z)-aminovinyl]-3-methyl-D-cysteine (AviMe-
Cys) has been proposed by Kumashiro et al. [117]. In the case of electrochemistry, oxidative
cyclization of ortho-vinyl aniline has been proposed by Hu et al. [118].

The favorite topic of professor Tsuji, i.e., palladium catalysis, has been discussed by Bao
et al. [119], presenting a three-component cross-coupling reaction of 2-(trimethylsilyl)phenyl
trifluoromethanesulfonate, benzylic/allylic bromides, and 1,1-bis[(pinacolato)boryl]methane.
An interesting approach has been proposed by Ito et al. for the preparation of poly-
substituted 3-hydroxypyridines from amino acids, propargyl alcohols, and arylboronic
acids [120]. Ostrowska et al. proposed the synthetic protocol for palladacycle complexes
using a mild base and an environmentally desirable solvent [121]. Finally, the substitution
of secondary propargylic phosphates has been carried out by Kobayashi et al. with the use
of aryl-lithium-based copper reagents [122].

To conclude, the significant contribution of professor Jiro Tsuji in the fields of organic
chemistry and catalysis is unquestionable. It is thought that the research started by Tsuji
will inspire others further in the development of new, environmentally friendly synthesis
methods for world sustainability.

Finally, guest editors of this Special Issue thank all authors for their valuable contri-
butions, without which this Special Issue would not have been possible. Moreover, we
would like to express our sincerest thanks also to the editorial team of Catalysts for their
kind support, advice, and fast responses.

Acknowledgments: The fruitful comments from Yuichi Kobayashi (guest editor of this Special Issue)
are highly acknowledged.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: We explore the origins of the marked improvement in enantioselectivity in the inner-sphere
(PHOX)Pd-catalyzed allylic alkylation of N-benzoyl lactam nucleophiles over their carbocyclic coun-
terparts. We employ density functional theory calculations to aid in the interpretation of experimental
results. Ultimately, we propose that the enhancement in enantioselectivity arises primarily from
noncovalent interactions between the substrate and ligand rather than secondary substrate chelation,
as previously hypothesized.

Keywords: C(sp3)–C(sp3) cross-coupling; asymmetric catalysis; computation; allylic alkylation

1. Introduction

The Pd-catalyzed decarboxylative asymmetric allylic alkylation of hard enolate nucle-
ophiles is a proven tactic for the formation of all-carbon quaternary stereogenic centers [1,2].
Employing chiral tert-butyl phosphinooxazoline (t-BuPHOX) ligands renders the transfor-
mation asymmetric, with an enantiodetermining inner-sphere reductive elimination [3–9]
(Figure 1A). Despite extensive ligand optimization efforts, enantioenrichment of carbocyclic
ketone products (2), derived from b-ketoesters (1) or enol carbonates, are generally limited
to 80–90% ee. In contrast, N-benzoyl lactams (3) undergo the analogous transformation
with markedly higher levels of enantioselectivity, often ≥99% ee (4) [10]. This represents
a substantial increase in the effective difference in barrier height between diastereomeric
enantiodetermining transition states (∆∆G‡), from ca. 1.6 to >3.3 kcal/mol (Effective ∆∆G‡

calculated from Eyring equation at 40 ◦C. Note the effective ∆∆G‡ may not directly corre-
spond to the free energy difference between only the two lowest diastereomeric transition
states if multiple low energy conformeric transition states are present) (Figure 1B). Com-
pared to their carbocyclic counterparts, the lactam substrate class would afford a potentially
more electron-rich Pd-enolate, which may serve to reinforce a highly selective inner-sphere
mechanism over a poorly selective outer-sphere process [7]. However, we also posited that
the presence of an adjacent Lewis basic carbonyl group may enable additional interactions
with the metal center. To independently examine each of these variables, we explored
the a- and b-enaminone substrate classes (Figure 1C). Of note, a-enaminones (5) with
a-heteroatom chelating groups retain the high levels of enantioselectivity of the N-benzoyl
lactam substrate class [11], while b-enaminones (6) featuring more electron-rich enolates
but lacking the ability to engage in hypothesized secondary interactions afford products
in <90% ee [12]. These results suggest that the a-heteroatom-containing fragment of the
substrate appears to play a key part in improving enantioselectivity. Here, we employ

Catalysts 2023, 13, 1258. https://doi.org/10.3390/catal13091258 https://www.mdpi.com/journal/catalysts8
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computational tools to elucidate this role, ultimately deepening our understanding of the
origins of enantioselectivity in the inner-sphere allylic alkylation reaction.
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substrate classes.

2. Results and Discussion

The enantiodetermining C–C bond formation in the (PHOX)Pd-catalyzed asymmetric
allylic alkylation occurs via a seven-centered pericyclic transition state [7,13]. Enantioselec-
tivity arises from preferential exposure of the Re face of the prochiral enolate ligand to the
h1-allyl terminus (TS1) (Figure 2A). Bond formation from the Si face (TS2) is disfavored
due to steric incursions between the carbocyclic enolate backbone and the ligand scaffold.
The dramatic improvement in enantioenrichment of N-benzoyl lactam products suggests
an enhanced favorability of the analogous Re transition states over their Si counterparts.
As similar levels of enantioselectivity were observed with a-enaminones (Figure 1C), we
posited that such a-heteroatom-containing motifs may reinforce the Re facial preference
through axial chelation with the PdII center in the reductive elimination transition state
(Figure 2B, right). To further probe this hypothesis, we turned to computations.

Beginning with enolate 7, derived from carbocyclic substrate 1, we find a 2.0 kcal/mol
preference for TS1 over TS2 at the revDOD-PBEP86-NL/def2-TZVPP/SMD(PhMe)//r2SCAN-
D4/def2-TZVP[Pd], def2-SVP level of theory—in accord with our prior studies (Figure 3) [7].
Maintaining a similar steric profile while perturbing enolate electronics with N–H lactam-
derived enolate 8 did not significantly alter ∆∆G‡. Accounting for distribution across all
conformers, enantiomeric excesses of 89% and 90% are computed, respectively (experimen-
tally, the corresponding N–H lactam is not compatible in the transformation).

We then explored the effect of N-substitution on the relative free energies. N-benzoyl
substitution affords two low-energy transition states from the favored Si face—one con-
former with the flanking carbonyl of the benzoyl group oriented away from (TS5) and
another toward (TS6) the metal center (Figure 4). TS6 is reminiscent of our chelating het-
eroatom hypothesis (Figure 2B). However, TS5 is computed to be favored over TS6 by 5.2
and 4.7 kcal/mol with (S)-t-BuPHOX and (S)-(CF3)3-t-BuPHOX ligands, respectively. With
regard to enantioselectivity, TS5 is favored over the lowest energy Si face transition states
(TS7) by 2.3 and 3.2 kcal/mol with the (S)-t-BuPHOX and (S)-(CF3)3-t-BuPHOX ligands,
respectively. Computed enantiomeric excesses of 95% and 99% are found when accounting
for all transition state conformers. The additional increase in ∆∆G‡ of 0.9 kcal/mol with
incorporation of p-CF3 groups may arise from increasing favorable electrostatic interactions
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between the benzoyl and PHOX ligand arene quadrupoles in TS5b. We note the electron-
poor (S)-(CF3)3-t-BuPHOX ligand is also crucial in promoting the inner-sphere mechanism
discussed herein over less selective outer-sphere pathways.
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While the computed trends in enantiomeric excess are in accord with experimental
values, the energetic preference for TS5 over TS6 mandates a re-evaluation of our initial
hypothesis regarding axial chelation. TS6a and TS6b feature axial Pd–O distances of 2.64
and 2.63 Å (compared to equatorial Pd–O distances of 2.20 and 2.19 Å), highlighting the
lack of strong axial binding of the carbonyl oxygen. While the s-donating oxygen lone
pair is repelled by the occupied axially-oriented 4d(z2) orbital of the d8 PdII center, mixing
with the empty 5p(z) orbital may contribute to a partial s bonding interaction (for further
discussion on such 3-center 4-electron bonding arrays in d8 complexes, see [14]). Geometric
constraints inhibit π bonding interactions with the carbonyl group. We also suspect an
electrostatic contribution to the weak Pd–O axial binding. However, four-coordinate TS5a
and TS5b are the favored conformation of the Si transition states by a considerable margin.
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Figure 4. C–C bond-forming transition states for the N-benzoyl lactam substrates.

A similar trend is observed with N-acetyl lactam transition states (TS5c and TS6c),
highlighting that the preference for four-coordinate transition states is not a conformational
artifact of the benzoyl arene (Figure 5). Additionally, N-carbamate groups (Boc, CBz, and
Fmoc) that are more Lewis basic lead to reduced enantioselectivities of 73–87% ee. Hence,
axial chelation to the square planar Pd center in the reductive elimination does not appear
to enhance enantioselectivity.
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Figure 5. Comparison of relative barriers between diastereomeric C–C bond-forming transition states
in both N-Bz and N-Ac lactams.

In lieu of secondary substrate chelation to Pd, we posit that the success of the benzoyl
group lies in its ability to adopt a parallel orientation to the open face of the PHOX backbone
in TS5. However, the tert-butyl group occupies this site in the Si transition state (TS7).
Hence, this low-energy orientation is not accessible, and a large energetic penalty is incurred
in C–C bond formation from the Si face. The results presented herein suggest that the
improved enantioselectivity observed in the N-Bz class of substrates is noncovalent in
nature. While no evidence of secondary substrate chelation is found for N-Bz lactams,
such interactions may prevail in other substrate classes. The detailed investigation of these
systems will be reported in due course.

3. Computational Details

All quantum mechanics calculations were carried out with the ORCA program (ver-
sion 5) [15]. The r2SCAN functional [16] paired with D4 dispersion corrections [17], hence-
forth referred to as r2SCAN-D4, was employed for geometry optimizations and harmonic
frequency calculations. Similar geometries were obtained across a variety of density func-
tionals. For geometry optimization and harmonic frequency calculations, Pd is described by
the def2-TZVP basis set [18] and the ECP28MWB small-core (18 explicit valence electrons)
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quasi-relativistic pseudopotential [19], while C, H, and P are assigned the def2-SVP basis.
Diffuse functions are added to O, N, and F (ma-def2-SVP). All Hessians were computed
analytically. Stationary points are characterized by the correct number of imaginary vi-
brational modes (zero for minima and one for saddle points). Cartesian coordinates of all
optimized structures are included as “.xyz” files and are available online in a compressed
zip file format (see Supplementary Materials).

Electronic energies are further refined with single-point calculations employing the
revDOD-PBEP86-NL double hybrid functional with non-local dispersion corrections [20]
and the def2-TZVPP basis set on all atoms (with the ECP28MWB pseudopotential for
Pd) with additional diffuse functions on O, N, and F (ma-def2-TZVPP). Solvation was
accounted for with the SMD solvation model for toluene. Similar results were obtained from
single-point calculations employing the range-separated hybrid wB97M-V functional [21].
To check for basis set superposition error, single-point calculations of select transition states
(TS5, TS6, and TS7) were carried out with revDOD-PBEP86-NL and wB97M-V functionals
paired with the quadruple-z quality (ma-)def2-QZVPP basis set. Similar results are obtained;
hence, we recommend the more computationally tractable triple-z quality basis set for
this application. Final Gibbs free energies were obtained by applying thermodynamic
corrections obtained at the optimization level of theory to these refined electronic energies.
Thermodynamic corrections from harmonic frequency calculations employ the quasi-rigid
rotor harmonic oscillator approach to correct the breakdown of the harmonic oscillator
approximation at low vibrational frequencies [22].

All stereochemical perturbations (Re/Si, chair/boat, axial/equatorial) and confor-
mations (carbonyl distal, carbonyl proximal) are considered for each reaction pathway.
Computed enantiomeric excess accounts for contributions from all considered transition
states weighted by their final relative Gibbs free energies at 40 ◦C. All quantum mechanical
data are included online in the supplementary Excel file (see Supplementary Materials).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13091258/s1, all computed quantum mechanics energies and
coordinates of computed transition states.
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Abstract: The substitution of secondary propargylic phosphates ROP(O)(OEt)2 where R = [Ph(CH2)2]
C(H)(C≡CTMS)] Ph(CH2)2CH(OP(O)(OEt)2)(C≡CTMS) with copper reagents derived from PhLi
and copper salts such as CuCl, CuCN, and Cu(acac)2 was studied to establish an ArLi-based reagent
system. Among the reagents prepared, PhLi/CuCl (2:1) showed 98% α regioselectivity (rs), while
PhLi/Cu(acac)2 was γ selective (>99% rs). PhLi prepared in situ from PhI and PhBr by Li-halogen
exchange with t-BuLi was also used for the α selective substitution. A study using the (S)-phosphate
disclosed 99% enantiospecificity (es) and the inversion of the stereochemistry. The substitution of
five phosphates with substituted aryl reagents produced the corresponding propargylic products
with high rs and es values. Similar reactivity and selectivity were observed with 2-furyl and 2-thienyl
reagents, which were prepared via direct lithiation with n-BuLi.

Keywords: aryl lithium; substitution; coupling; secondary carbon; propargylic; regioselectivity;
enantiospecificity; copper

1. Introduction

Coupling reaction of secondary alcohol derivatives with organometallic reagents is a
promising method to construct chiral centers on secondary carbons. Thus far, alkyl, allylic,
and propargylic alcohol derivatives have been investigated as substrates [1–3]. Among
them, alkyl substrates are less reactive than the other substrates that are activated by the
double or triple bond. Consequently, only a few reagent/catalyst/leaving group systems
have been published [4–7]. Among these, the highly reactive system developed by us
consists of the PySO3 leaving group, Grignard reagents, and Cu(OTf)2 as a catalyst [7]. In
contrast, various reagents/catalyst systems have been developed for the allylic coupling
at secondary carbons [8–10]. For organic synthesis, regiocontrol between α and γ carbons
and stereocontrol in it, as well as convenience in reagent/catalyst preparation, are highly
important. The copper-catalyzed allylic substitution of allylic picolinates with alkyl and
aryl Grignard reagents developed by us meets these requirements and proceeds with high
SN2’ selectivity, furnishing tertiary carbons [11,12] and quaternary carbons [13,14].

The α-substitution using enantioenriched secondary propargylic alcohol derivatives has
also been studied to develop ammonium salt/ArMgBr/Cu cat. [15], salicylate/ArMgCl/Cu
cat. [16], bromide/heteroaryl cuprate [17], and sulfonate/TMSCF3/Cu cat./KF [18]. The
α-substitution using racemic substrates was reported as well [19–22]. Furthermore, asym-
metric version using chiral ligands was developed by Fu [23–25] and Nishibayashi [26,27].
Propargylic reactions have been studied by Professor Tsuji after his palladium-catalyzed
reactions using allylic alcohol derivatives [28]. In consideration of his way of the re-
search development and the experimental convenience mentioned above, we explored
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Cu-catalyzed propargylic substitution with aryl Grignard reagents on the basis of our
allylic substitution. We found the α selective substitution of phosphate 1 with ArMgBr
by using CuCN and CuBr·Me2S to give acetylenes 2 (Scheme 1) and the γ regioselective
reaction with Cu(acac)2 [29]. The substitution was successfully applied for the synthesis
of biologically active compounds [29–32]. With these results in mind, we focused our
attention on aryl lithium compounds (ArLi), with the expectation that several preparations
of ArLi would expand the scope of the reagents. Herein, we present the results along this
line (Scheme 1).

Catalysts 2023, 13, x  2 of 14 
 

 

palladium-catalyzed reactions using allylic alcohol derivatives [28]. In consideration of his 
way of the research development and the experimental convenience mentioned above, we 
explored Cu-catalyzed propargylic substitution with aryl Grignard reagents on the basis 
of our allylic substitution. We found the α selective substitution of phosphate 1 with 
ArMgBr by using CuCN and CuBr·Me2S to give acetylenes 2 (Scheme 1) and the γ regi-
oselective reaction with Cu(acac)2 [29]. The substitution was successfully applied for the 
synthesis of biologically active compounds [29–32]. With these results in mind, we focused 
our attention on aryl lithium compounds (ArLi), with the expectation that several prepa-
rations of ArLi would expand the scope of the reagents. Herein, we present the results 
along this line (Scheme 1). 

 
Scheme 1. Propargylic substitution with aryl copper reagents. 

2. Results and Discussion 
Racemic phosphates 1a–1c and 7 and enantiomerically enriched phosphates (S)-1, -7, 

and -8 were prepared according to the previous methods [29]. The substitution of racemic 
propargylic phosphate 1a with copper reagents derived from PhLi and copper salts was 
studied first (Table 1). Ratios of acetylene 2aa, the regioisomer 3aa, and 1a (if recovered) 
were determined by 1H NMR spectroscopy and are summarized in entries. Alcohol 4a was 
not formed. The reaction of 1a with PhLi, without any copper salt, gave a mixture of uni-
dentified products and recovered 1a (Entry 1). The reaction with a phenylcopper reagent 
prepared from PhLi and CuCN (formal structure PhCu·LiCN) was slow, and a roughly 
1:1 mixture of 2aa and regioisomer 3aa was produced after 17 h (Entry 2). In contrast, α 
selective reaction was realized with phenyl cuprate, and the desired product, 2aa, was 
obtained with 94% regioselectivity (rs) (Entry 3), whereas the catalytic use of CuCN re-
tarded the reaction. Moderate γ selectivity was observed using reagents derived with 
CuBr·Me2S and with CuBr2 (Entries 4 and 5). Phenyl copper derived from CuCl was also 
γ selective (Entry 6). Fortunately, phenyl cuprate derived from CuCl disclosed high α se-
lectivity, which was higher than that achieved using the CuCN-derived phenyl cuprate 
(Entry 7 vs. Entry 3). Products 2aa and 3aa, in a 98:2 ratio, were isolated in a 76% yield 
after chromatography on silica gel (Entry 7). 

The substitution conditions used in Entry 7 were applied to PhLi, which was pre-
pared from iodo- and bromobenzene by Li-halogen exchange with t-BuLi. An X-shape 
flask [33] with two bottoms was used for our convenience. Briefly, CuCl was placed in one 
bottom, and lithiation of PhI in Et2O was carried out in the other bottom at 0 °C for 30 min. 
The solution was diluted with THF and mixed with CuCl by tilting the flask. Racemic 
phosphate 1a was added to the resulting reagent, and the mixture was stirred at 0 °C for 
1 h to afford 2aa in an 80% yield with 98% rs (Entry 8). Bromobenzene was converted to 
the phenyl reagent in a similar way, and 2aa was obtained in a 73% yield with 97% rs 
(Entry 9). These results indicate that LiI and LiBr produced by the lithiation affected nei-
ther the reactivity nor the rs. 

In addition, a reagent derived from PhLi, Cu(acac)2, and MgBr2 was found to be γ 
regioselective (Entry 10). Without MgBr2, a mixture of unidentified products and the un-
reacted phosphate was obtained. 

  

Scheme 1. Propargylic substitution with aryl copper reagents.

2. Results and Discussion

Racemic phosphates 1a–1c and 7 and enantiomerically enriched phosphates (S)-1, -7,
and -8 were prepared according to the previous methods [29]. The substitution of racemic
propargylic phosphate 1a with copper reagents derived from PhLi and copper salts was
studied first (Table 1). Ratios of acetylene 2aa, the regioisomer 3aa, and 1a (if recovered)
were determined by 1H NMR spectroscopy and are summarized in entries. Alcohol 4a
was not formed. The reaction of 1a with PhLi, without any copper salt, gave a mixture
of unidentified products and recovered 1a (Entry 1). The reaction with a phenylcopper
reagent prepared from PhLi and CuCN (formal structure PhCu·LiCN) was slow, and a
roughly 1:1 mixture of 2aa and regioisomer 3aa was produced after 17 h (Entry 2). In
contrast, α selective reaction was realized with phenyl cuprate, and the desired product,
2aa, was obtained with 94% regioselectivity (rs) (Entry 3), whereas the catalytic use of
CuCN retarded the reaction. Moderate γ selectivity was observed using reagents derived
with CuBr·Me2S and with CuBr2 (Entries 4 and 5). Phenyl copper derived from CuCl was
also γ selective (Entry 6). Fortunately, phenyl cuprate derived from CuCl disclosed high α

selectivity, which was higher than that achieved using the CuCN-derived phenyl cuprate
(Entry 7 vs. Entry 3). Products 2aa and 3aa, in a 98:2 ratio, were isolated in a 76% yield after
chromatography on silica gel (Entry 7).

The substitution conditions used in Entry 7 were applied to PhLi, which was prepared
from iodo- and bromobenzene by Li-halogen exchange with t-BuLi. An X-shape flask [33]
with two bottoms was used for our convenience. Briefly, CuCl was placed in one bottom,
and lithiation of PhI in Et2O was carried out in the other bottom at 0 ◦C for 30 min. The
solution was diluted with THF and mixed with CuCl by tilting the flask. Racemic phosphate
1a was added to the resulting reagent, and the mixture was stirred at 0 ◦C for 1 h to afford
2aa in an 80% yield with 98% rs (Entry 8). Bromobenzene was converted to the phenyl
reagent in a similar way, and 2aa was obtained in a 73% yield with 97% rs (Entry 9). These
results indicate that LiI and LiBr produced by the lithiation affected neither the reactivity
nor the rs.

In addition, a reagent derived from PhLi, Cu(acac)2, and MgBr2 was found to be
γ regioselective (Entry 10). Without MgBr2, a mixture of unidentified products and the
unreacted phosphate was obtained.
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Table 1. Substitution of phosphate 1a with PhLi-based reagents.
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Entry Ph Reagent Cu Salt PhLi 1/Cu Salt Temp. Time 2aa/3aa/1a 2 Yield (%)

1 PhLi – – rt 6 h – 3 –
2 PhLi CuCN 2.5:3 rt 17 h 44:56:0 nd 4

3 PhLi CuCN 3:1.5 rt 2 h 94:6:0 nd 4

4 PhLi, MgBr2
5 CuBr·Me2S 3:3 0 ◦C 2 h 13:87:0 nd 4

5 PhLi CuBr2 3:1.5 0 ◦C 2 h 7:45:48 nd 4

6 PhLi CuCl 2.5:3 0 ◦C 7 h 17:83:0 nd 4

7 PhLi CuCl 3:1.5 0 ◦C 2 h 98:2:0 76%
8 PhI, t-BuLi 6 CuCl 3:1.5 0 ◦C 1 h 98:2:0 80%
9 PhBr, t-BuLi 6 CuCl 3:1.5 0 ◦C 2 h 97:3:0 73%
10 PhLi, MgBr2

5 Cu(acac)2 3.6:2:5 0 ◦C 4 h 1:>99:0 85%
1 PhLi in c-hexane and Et2O from Kanto, Japan, was used in Entries 1–7 and 10. 2 Determined by 1H NMR. 3 A
mixture of 1a and unidentified products. 4 nd: not determined. 5 Added MgBr2 in Entries 4 (6 equiv.) and 10
(5 equiv.), respectively. 6 Lithiation in Et2O.

The reaction conditions used in Entry 7 were applied to enantiomerically enriched
phosphate (S)-1a of 98% ee to determine enantiospecificity (es) [34] and a stereochemical
course (Scheme 2). A slightly higher equiv. of PhLi (3.2 equiv.) was used to ensure the
formation of the cuprate. The reaction gave (S)-2aa in a 70% yield, and the HPLC analysis
of the product on chiral stationary (abbreviated as chiral HPLC) disclosed 97% ee, which
was calculated to be 99% es. Furthermore, the (S) configuration was assigned to the product
by comparing the retention times of the derived phenylacetylene (S)-5aa with the reported
data [29] (Scheme 3). These results indicate the inversion of the stereochemistry with
marginal racemization.
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Scheme 3. Conversion to phenylacetylenes for determination of es and the absolute configuration. Ar
for substrates and products: aa, Ph; ab, 4-MeC6H4; ac, 2-MeC6H4; ad, 4-MeOC6H4; ae, 2-MeOC6H4;
af, 2-furyl; ag, 2-thienyl.

Several reagents prepared via the Li-Br exchange with t-BuLi or the direct lithiation
with n-BuLi were subjected to the substitution with (S)-1a (97–98% ee) at 0 ◦C for 1 h. The
isolated yields, rs, and es are delineated in Scheme 4.
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Scheme 4. Propargylic substitution with ArLi-based copper reagents.

The products were converted to phenylacetylenes by the method shown in Scheme 3,
and each es of the phenyl derivatives was determined by chiral HPLC analysis. The
configurations of (S)-2ab–(S)-2ae were established by comparing the retention times with
those reported [29]. The same configuration was assigned to the products derived from
furan and thiophene by analogy. The (R) stereochemistry was assigned by the priority
rule. Two tolyl reagents prepared from 4- and 2-bromotoluenes via lithiation afforded
(S)-2ab and -2ac in 72% and 86% yields, respectively, with 98% es for both. Similarly, 4-
and 2-bromoanisoles produced (S)-2ad and -2ae, respectively, in good yields with high
es values. Notably, the 2-substituted reagents afforded a higher rs than the 4-substituted
reagents. A similar increase in the rs is presented later (2be vs. 2ba in Scheme 5). The
substitution of (S)-1a with the 2-furyl reagent prepared via the direct lithiation with n-BuLi
resulted in high selectivity in rs and es, affording (R)-2af in a 79% yield. In combination
with the oxidative conversion of the furan ring to the 2-butene-1,4-dione moiety, the present
coupling would be useful in organic synthesis [35–37]. Similarly, the 2-thienyl reagent
prepared by the direct lithiation gave (R)-2ag with high selectivity. Previously, furyl and
thienyl copper reagents have been reported to be less nucleophilic for 1,4-addition [38–40],
whereas high reactivity is reported for the propargylic substitution [17]. The reactivity of
furyl and thienyl reagents in this study was sufficiently high and comparable to that of the
aryl reagents shown in Scheme 4.
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Scheme 5. Further study of propargylic substitution.

Substrates 1b and 1c were next subjected to the substitution (Scheme 5). Despite
the high steric congestion in 1b, the reaction proceeded well, although the rs decreased
slightly to 93%. In contrast, a high rs (97% rs) was recorded with the 2-MeOC6H4 reagent to
produce 2be in an 84% yield. A similar ortho effect is mentioned above in the substitution
reactions, giving (S)-2ac and -2ae (Scheme 4).

The reaction of 1c to produce 2ch was examined next (Scheme 5) to demonstrate the
advantage of the present reaction using the ArLi over the previous method, which used
the Grignard reagent [29]. 4-Bromo-1,3-benzodioxole (6) was converted to the copper
reagent via the Li-Br exchange, and the reaction with phosphate 1c proceeded smoothly
to afford 2ch in a 76% yield. No signal for the allenylic regioisomer was identified in
the 1H NMR spectrum probably due to the ortho effect observed above. Bromide 6 is
convertible to the corresponding Grignard reagent [41], which would produce 2ch by using
the original method [29]. However, a part of the Grignard solution will be lost by titration,
and the remaining solution after the use will be discarded; thus, the usage efficiency of
bromide 6 via the Grignard reagent would not be high. In contrast, bromide 6 is converted
quantitatively to the lithium reagent by the Li-Br exchange. This reaction would be an
example to show that the exchange would especially be convenient for the substitution
reaction using bromide and iodide that are prepared by a multistep procedure.

To evaluate the contribution of the TMS group on the regioselectivity, propargylic
phosphates possessing phenylacetylenic and pentylacetylenic moieties were subjected to
the substitution reaction (Scheme 6). The reaction of phenylacetylenic phosphate 7 with the
PhLi-base reagent afforded 5aa with a 92% rs. The rs was somewhat low compared to that
of the reaction using TMS-acetylenic phosphate 1a (98% rs in Table 1, Entry 7). In contrast,
a high rs of >99% was observed for the substitution with the 2-MeOC6H4 reagent, giving
(R)-5ae from (S)-7. Pentylacetylenic phosphate (S)-8 produced (S)-9 with an 83% rs. These
results suggested that the rs of pentylacetylenic and other alkyl acetylenic phosphates
would be low compared to that of TMS-acetylenic phosphates; thus, no further studies
were examined.
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with EtOAc twice. The combined extracts were washed with brine, dried over MgSO4, and 
concentrated to leave an oil, which was purified by chromatography on silica gel to afford 
acetylene 2aa (33.1 mg, 76% yield, 98% rs by 1H NMR analysis). 

Scheme 6. Propargylic substitution of phenyl and alkyl acetylenic phosphates.

3. Materials and Methods
3.1. General

The 1H (300 or 400 MHz) and 13C NMR (75 or 100 MHz) spectroscopic data were
recorded in CDCl3, using Me4Si (δ = 0 ppm) and the centerline of the triplet (δ = 77.1 ppm),
respectively, as internal standards. Signal patterns are indicated as br s (broad singlet),
s (singlet), d (doublet), t (triplet), q (quartet), and m (multiplet). Coupling constants
(J) are given in Hertz (Hz). The 13C–APT data (APT: attached proton test) are added
to 13C chemical shifts with minus (for C and CH2) and plus (for CH and CH3) signs.
The solvents that were distilled prior to use are THF (from Na/benzophenone), Et2O
(from Na/benzophenone), and CH2Cl2 (from CaH2). After the reaction was quenched,
the organic extracts were concentrated by using an evaporator. The silica gel used for
chromatography was purchased (Merck (Tokyo, Japan), silica gel 60; KANTO, silica gel
60N). PhLi in c-hexane/Et2O, t-BuLi in n-pentane, and n-BuLi in hexane were purchased
from Kanto, Japan, while CuCl and Cu(acac)2 were obtained from Tokyo Chemical Industry
(TCI) (Tokyo, Japan) and used without purification.

According to the previous method [29], racemic phosphates 1a–c and 7 and enan-
tiomerically enriched phosphates (S)-1a (97–98% ee), (S)-7 (96% ee), and (S)-8 (95% ee) were
synthesized. The synthesis of (S)-1a, -7, and -8 is described in the Supplementary Materials.
4-Bromo-1,3-benzodioxole (6) was prepared according to the literature method [41,42].

Ratios of acetylenes and allenes produced by the coupling reactions were determined
by integration of the diagnostic signals in 1H NMR spectra and converted to the regioselec-
tivity (rs). HPLC analyses of the derived phenylacetylenes were performed using chiral
stationary columns (abbreviated as chiral HPLC) to determine the enantiomeric ratios
and absolute configurations. The enantiomer ratios were converted to the enantiospeci-
ficity (es) according to the following equation: (% ee of the product) × 100/(% ee of the
phosphate) [34].

3.2. Representative Procedures of the Coupling Reaction
3.2.1. Method A Using Commercial PhLi (Table 1, Entry 7)

To an ice-cold suspension of CuCl (21.9 mg, 0.221 mmol) in Et2O (1 mL) and THF
(0.5 mL) was added PhLi (1.13 M in c-hexane/Et2O, 0.40 mL, 0.452 mmol) dropwise. The
mixture was stirred at 0 ◦C for 30 min, and then a solution of racemic phosphate 1a (54.5 mg,
0.148 mmol) in THF (1 mL) was added. The mixture was stirred for 2 h and diluted with
saturated NH4Cl and a small amount of 28% NH4OH. The resulting mixture was extracted
with EtOAc twice. The combined extracts were washed with brine, dried over MgSO4, and
concentrated to leave an oil, which was purified by chromatography on silica gel to afford
acetylene 2aa (33.1 mg, 76% yield, 98% rs by 1H NMR analysis).
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3.2.2. Method B Using PhLi Derived from PhI and t-BuLi (Table 1, Entry 8)

To an ice-cold solution of PhI (0.060 mL, 0.538 mmol) in Et2O (0.7 mL) was added
t-BuLi (1.59 M in pentane, 0.56 mL, 0.89 mmol). After 30 min, THF (0.7 mL) and CuCl
(21.1 mg, 0.213 mmol) were added to the solution. The mixture was stirred for 30 min at
0 ◦C, and then a solution of racemic phosphate 1a (54.2 mg, 0.147 mmol) in THF (0.7 mL)
was added. The resulting mixture was stirred at 0 ◦C for 1 h and diluted with saturated
NH4Cl and a small amount of 28% NH4OH. Extraction of the products and purification
were carried out as described in Method A to afford 2aa (34.6 mg, 80% yield, 98% rs by 1H
NMR analysis).

3.2.3. Method C Using PhLi Derived from PhBr and t-BuLi (Table 1, Entry 9)

To a solution of PhBr (0.050 mL, 0.478 mmol) in Et2O (1.5 mL) at −15 ◦C was added
t-BuLi (1.59 M in pentane, 0.61 mL, 0.97 mmol). After 30 min, THF (0.4 mL) and CuCl
(21.6 mg, 0.218 mmol) were added to the solution. The mixture was stirred at 0 ◦C for 1 h,
and then a THF solution of racemic phosphate 1a (59.1 mg, 0.160 mmol) was added. The
resulting mixture was stirred at 0 ◦C for 2 h and diluted with saturated NH4Cl and a small
amount of 28% NH4OH. Extraction of the products and purification were carried out as
described in Method A to afford 2aa (34.2 mg, 73% yield, 97% rs by 1H NMR analysis).

3.3. Representative Procedure for the Conversion of TMS-Acetylenes to Phenylacetylenes

To a solution of acetylene (S)-2aa (184 mg, 0.630 mmol) in MeOH (1.3 mL) was added
K2CO3 (104 mg, 0.753 mmol). The mixture was stirred at room temperature for 2 h, diluted
with Et2O, and filtered through a pad of Celite. The filtrate was concentrated to afford an
oil, which was purified by chromatography on silica gel with hexane/EtOAc for the next
reaction.

To a solution of the above acetylene, PhI (0.084 mL, 0.753 mmol), t-BuNH2 (0.66 mL,
6.23 mmol), and Pd(PPh3)4 (73.0 mg, 0.0632 mmol) in benzene (6 mL) was added CuI
(36.0 mg, 0.189 mmol). The mixture was stirred at room temperature for 14 h and diluted
with saturated NH4Cl. The resulting mixture was extracted with EtOAc twice. The
combined organic layers were washed with brine, dried over MgSO4, and concentrated to
afford an oil, which was purified by chromatography on silica gel with hexane/EtOAc to
afford acetylene (S)-5aa (146 mg, 78% yield).

3.4. Experiments and Characterization of the Products
3.4.1. Synthesis of (S)-(3,5-Diphenylpent-1-yn-1-yl)trimethylsilane [(S)-2aa], Its Conversion
to Ph-Acetylene (S)-5aa, and Chiral HPLC Analysis

According to Method A, PhLi (1.13 M in c-hexane/Et2O, 0.46 mL, 0.52 mmol) was
mixed with CuCl (23.9 mg, 0.241 mmol) in Et2O (0.8 mL) and THF (0.4 mL) at 0 ◦C for 30 min.
A solution of (S)-1a (98% ee, 60.0 mg, 0.163 mmol) in THF (0.5 mL) was added to the copper
reagent, and the mixture was stirred at 0 ◦C for 1 h to afford (S)-2aa (33.5 mg, 70% yield):
95% rs; 99% es by chiral HPLC analysis using Chiralcel OJ-H, hexane/i-PrOH (99.9:0.1),
0.2 mL/min, 25 ◦C, and tR/min = 37.3 (minor) and 44.3 (major); 1H NMR (300 MHz, CDCl3)
δ 0.21 (s, 9 H), 1.99–2.08 (m, 2 H), 2.76 (dt, J = 3.3, 8.5 Hz, 2 H), 3.65 (t, J = 7.2 Hz, 1 H), and
7.16–7.37 (m, 10 H); and 13C NMR (75 MHz, CDCl3) δ 0.3 (+), 33.5 (−), 38.2 (+), 40.3 (−),
87.9 (−), 108.1 (−), 126.0 (+), 126.8 (+), 127.5 (+), 128.4 (+), 128.5 (+), 128.6 (+), 141.6 (−), and
141.8 (−). The 1H, 13C, and 13C-APT NMR spectra were consistent with those reported [29].
The absolute configuration of (S)-2aa was determined by the chiral HPLC analysis of the
derived phenylacetylene (S)-5aa (see below).

The procedure was described as a representative example (vide supra): 1H NMR
(300 MHz, CDCl3) δ 2.08–2.22 (m, 2 H), 2.85 (dt, J = 3.0, 7.4, 2 H), 3.84 (t, J = 7.4 Hz, 1 H), and
7.15–7.51 (m, 15 H); and 13C NMR (75 MHz, CDCl3) δ 33.7 (−), 37.9 (+), 40.2 (−), 83.9 (−),
91.2 (−), 123.8 (−), 126.0 (+), 126.9 (+), 127.6 (+), 127.9 (+), 128.3 (+), 128.5 (+), 128.6 (+),
131.7 (+), 141.7 (−), and 141.9 (−). The spectra were consistent with those reported [29].
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Chiral HPLC analysis using Chiralcel OD-H, hexane/i-PrOH (99.5:0.5), 0.3 mL/min,
25 ◦C, tR/min = 23.2 (major), and 25.5 (minor): 98% es; (S)-configuration by comparing the
relative tR values with the published values [29]: tR/min = 35.3 for (S)-isomer and 38.7 for
(R)-isomer.

3.4.2. Synthesis of (S)-Trimethyl[5-phenyl-3-(p-tolyl)pent-1-yn-1-yl]silane [(S)-2ab], Its
Conversion to Ph-Acetylene (S)-5ab, and Chiral HPLC Analysis

According to Method C, lithiation of 4-bromotoluene (0.060 mL, 0.490 mmol) in Et2O
(0.7 mL) with t-BuLi (1.59 M, 0.56 mL, 0.890 mmol) (0 ◦C for 30 min) was followed by the
addition of THF (0.35 mL) and a reaction with CuCl (19.9 mg, 0.201 mmol) (0 ◦C for 15 min).
A solution of (S)-1a (98% ee, 50.2 mg, 0.136 mmol) in THF (0.35 mL) was added to the
copper reagent, and the mixture was stirred at 0 ◦C for 1 h to give (S)-2ab (30.2 mg, 72%
yield): 96% rs; 98% es by chiral HPLC analysis of the corresponding Ph-acetylene (S)-5ab
(vide infra); 1H NMR (300 MHz, CDCl3) δ 0.20 (s, 9 H), 1.97–2.07 (m, 2 H), 2.33 (s, 3 H),
2.75 (dt, J = 2.7, 7.5 Hz, 2 H), 3.61 (t, J = 7.5 Hz, 1 H), and 7.10–7.32 (m, 9 H); and 13C NMR
(75 MHz, CDCl3) δ 0.3 (+), 21.1 (+), 33.5 (−), 37.8 (+), 40.2 (−), 87.6 (−), 108.4 (−), 125.9 (+),
127.4 (+), 128.4 (+), 128.6 (+), 129.2 (+), 136.3 (−), 138.6 (−), and 141.8 (−). The 1H, 13C, and
13C-APT NMR spectra were consistent with those reported [29].

According to the representative procedure, the reaction of (S)-2ab (39.7 mg, 0.130 mmol)
with K2CO3 (25.0 mg, 0.181 mmol) in MeOH (1.3 mL) at rt for 3 h afforded the desilylated
acetylene, and the subsequent coupling reaction with PhI (0.020 mL, 0.179 mmol) in ben-
zene (1.1 mL), using t-BuNH2 (0.130 mL, 1.23 mmol), Pd(PPh3)4 (18.8 mg, 0.0163 mmol),
and CuI (22.5 mg, 0.118 mmol), at rt for 14 h gave acetylene (S)-5ab (31.9 mg, 79% yield):
1H NMR (300 MHz, CDCl3) δ 2.04–2.22 (m, 2 H), 2.34 (s, 3 H), 2.80–2.87 (m, 2 H), 3.81 (dd,
J = 7.8, 6.6 Hz, 1 H), 7.13–7.48 (m, 12 H), and 7.45–7.50 (m, 2 H). The 1H spectrum was
consistent with that reported [29].

Chiral HPLC analysis using Chiralcel OD-H, hexane/i-PrOH (99.8:0.2), 0.3 mL/min,
25 ◦C, tR/min = 28.5 (major), and 35.0 (minor): 98% es; (S)-configuration by comparing the
relative tR values with the published data [29]: tR/min = 32.6 for (S)-isomer and 40.9 for
(R)-isomer.

3.4.3. Synthesis of (S)-Trimethyl[5-phenyl-3-(o-tolyl)pent-1-yn-1-yl]silane [(S)-2ac], Its
Conversion to Ph-Acetylene (S)-5ac, and Chiral HPLC Analysis

According to Method C, lithiation of 2-bromotoluene (0.080 mL, 0.664 mmol) in Et2O
(1 mL) with t-BuLi (1.59 M, 0.84 mL, 1.34 mmol) (0 ◦C for 30 min) was followed by the
addition of THF (0.5 mL) and a reaction with CuCl (29.3 mg, 0.296 mmol) (0 ◦C for 15 min).
A solution of (S)-1a (98% ee, 76.3 mg, 0.207 mmol) in THF (1 mL) was added to the copper
reagent, and the mixture was stirred at 0 ◦C for 1 h to afford (S)-2ac (54.4 mg, 86% yield):
99% rs; 98% es by chiral HPLC analysis of the corresponding Ph-acetylene (R)-5ac (vide
infra); 1H NMR (300 MHz, CDCl3) δ 0.21 (s, 9 H), 1.89–2.04 (m, 2 H), 2.18 (s, 3 H), 2.72–2.94
(m, 2 H), 3.79 (dd, J = 8.8, 5.8 Hz, 1 H), 7.07–7.34 (m, 8 H), and 7.52 (d, J = 7.5 Hz, 1 H); 13C
NMR (75 MHz, CDCl3) δ 0.3 (+), 19.0 (+), 33.8 (−), 34.7 (+), 38.7 (−), 87.3 (−), 108.4 (−),
126.0 (+), 126.3 (+), 126.7 (+), 127.6 (+), 128.4 (+), 128.6 (+), 130.5 (+), 134.9 (−), 139.8 (−), and
141.7 (−). The 1H, 13C, and 13C-APT NMR spectra were consistent with those reported [29].

According to the representative procedure, the reaction of (S)-2ac (54.4 mg, 0.177 mmol)
with K2CO3 (34.6 mg, 0.250 mmol) in MeOH (1.8 mL) at rt for 3 h gave the desilylated
acetylene, and the subsequent coupling reaction with PhI (0.030 mL, 0.269 mmol) in benzene
(1.5 mL), using t-BuNH2 (0.260 mL, 2.45 mmol), Pd(PPh3)4 (23.1 mg, 0.020 mmol), and CuI
(41.7 mg, 0.219 mmol), at rt for 14 h afforded acetylene (R)-5ac (47.0 mg, 85% yield): 1H
NMR (300 MHz, CDCl3) δ 1.97–2.18 (m, 2 H), 2.24 (s, 3 H), 2.81–3.03 (m, 2 H), 3.99 (dd,
J = 9.3, 5.1 Hz, 1 H), 7.11–7.35 (m, 11 H), 7.43–7.50 (m, 2 H), and 7.59 (d, J = 6.9 Hz, 1 H).
The 1H spectrum was consistent with the reported data [29].

Chiral HPLC analysis using Chiralcel OD-H, hexane/i-PrOH (99.8:0.2), 0.3 mL/min,
25 ◦C, and tR/min = 31.6 (minor) and 35.5 (major): 98% es; (R)-configuration by comparing
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the relative tR values with the published data [29]: tR/min = 33.5 for (S)-isomer and 39.6
for (R)-isomer.

3.4.4. Synthesis of (S)-[3-(4-Methoxyphenyl)-5-phenylpent-1-yn-1-yl]trimethylsilane
[(S)-2ad], Its Conversion to Ph-Acetylene (S)-5ad, and Chiral HPLC Analysis

According to Method C, the lithiation of 4-bromoanisole (0.060 mL, 0.479 mmol) in
Et2O (0.7 mL) with t-BuLi (1.59 M in pentane, 0.58 mL, 0.922 mmol) (0 ◦C for 30 min) was
followed by the addition of THF (0.4 mL) and a reaction with CuCl (21.6 mg, 0.218 mmol)
(0 ◦C for 30 min). A solution of (S)-1a (98% ee, 53.2 mg, 0.144 mmol) in THF (0.4 mL)
was added to the copper reagent, and the mixture was stirred at 0 ◦C for 1 h to give (S)-
2ad (45.9 mg, 86% yield): 97% rs; 98% es by chiral HPLC analysis of the corresponding
Ph-acetylene (vide infra); 1H NMR (300 MHz, CDCl3) δ 0.20 (s, 9 H), 1.96–2.06 (m, 2 H),
2.70–2.78 (m, 2 H), 3.60 (t, J = 7.1 Hz, 1 H), 3.79 (s, 3 H), 6.85 (d, J = 9.0 Hz, 2 H), and
7.16–7.32 (m, 7 H); 13C NMR (75 MHz, CDCl3) δ 0.3 (+), 33.5 (−), 37.4 (+), 40.3 (−), 55.4 (+),
87.6 (−), 108.5 (−), 113.9 (+), 125.9 (+), 128.4 (+), 128.5 (+), 128.6 (+), 133.7 (−), 141.8 (−), and
158.5 (−). The 1H, 13C, and 13C-APT NMR spectra were consistent with those reported [29].

According to the representative procedure, the reaction of (S)-2ad (40.8 mg, 0.127 mmol)
with K2CO3 (26.5 mg, 0.192 mmol) in MeOH (1.3 mL) at rt for 3 h gave the desilylated
acetylene, and the subsequent coupling reaction with PhI (0.020 mL, 0.179 mmol) in benzene
(1.1 mL), using t-BuNH2 (0.140 mL, 1.32 mmol), Pd(PPh3)4 (27.4 mg, 0.0237 mmol), and CuI
(16.4 mg, 0.0861 mmol), at rt for 14 h afforded acetylene (S)-5ad (29.4 mg, 71% yield): 1H
NMR (300 MHz, CDCl3) δ 2.05–2.21 (m, 2 H), 2.78–2.87 (m, 2 H), 3.80 (s, 3 H), 3.74–3.87 (m,
1 H), 6.88 (d, J = 9.0 Hz, 2 H), 7.16–7.36 (m, 10 H), and 7.43–7.50 (m, 2 H). The 1H spectrum
was consistent with that reported [29].

Chiral HPLC analysis using Chiralcel OD-H, hexane/i-PrOH (99.5:0.5), 0.3 mL/min,
25 ◦C, and tR/min = 34.2 (major) and 44.9 (minor): 98% es; (S)-configuration by comparing
the relative tR values with the published data [29]: tR/min = 38.5 for (S)-isomer and 51.2
for (R)-isomer.

3.4.5. Synthesis of (S)-[3-(2-Methoxyphenyl)-5-phenylpent-1-yn-1-yl]trimethylsilane
[(S)-2ae], Its Conversion to Ph-Acetylene (S)-5ae, and Chiral HPLC Analysis

According to Method C, lithiation of 2-bromoanisole (0.070 mL, 0.569 mmol) in Et2O
(0.9 mL) with t-BuLi (1.59 M, 0.69 mL, 1.10 mmol) (0 ◦C for 30 min) was followed by the
addition of THF (0.4 mL) and a reaction with CuCl (24.9 mg, 0.252 mmol) (0 ◦C for 30 min).
A solution of (S)-1a (98% ee, 62.9 mg, 0.171 mmol) in THF (0.5 mL) was added to the copper
reagent, and the mixture was stirred at 0 ◦C for 1 h to produce (S)-2ae (45.8 mg, 83% yield):
99% rs; >99% es by chiral HPLC analysis of the corresponding Ph-acetylene (R)-5ae (vide
infra); 1H NMR (300 MHz, CDCl3) δ 0.21 (s, 9 H), 1.83–2.11 (m, 2 H), 2.68–2.88 (m, 2 H),
3.76 (s, 3 H), 4.13 (dd, J = 8.7, 5.1 Hz, 1 H), 6.82 (d, J = 8.1 Hz, 1 H), 6.96 (t, J = 7.4 Hz, 1 H),
7.13–7.30 (m, 6 H), and 7.60 (dd, J = 7.6, 1.6 Hz, 1 H); and 13C NMR (75 MHz, CDCl3) δ
0.3 (+), 31.9 (+), 33.7 (−), 38.2 (−), 55.4 (+), 87.1 (−), 108.7 (−), 110.4 (+), 120.7 (+), 125.8 (+),
127.9 (+), 128.3 (+), 128.6 (+), 129.9 (−), 142.2 (−), and 156.2 (−). The 1H, 13C, and 13C-APT
NMR spectra were consistent with those reported [29].

According to the representative procedure, the reaction of (S)-2ae (37.1 mg, 0.0983 mmol)
with K2CO3 (27.3 mg, 0.198 mmol) in MeOH (1.3 mL) at rt for 3 h afforded the desilylated
acetylene, and the subsequent coupling reaction with PhI (0.020 mL, 0.179 mmol) in benzene
(1.1 mL), using t-BuNH2 (0.14 mL, 1.32 mmol), Pd(PPh3)4 (24.1 mg, 0.021 mmol), and CuI
(11.5 mg, 0.060 mmol), at rt for 14 h gave acetylene (R)-5ae (22.1 mg, 69% yield): 1H NMR
(300 MHz, CDCl3) δ 1.96–2.21 (m, 2 H), 2.77–2.97 (m, 2 H), 3.80 (s, 3 H), 4.33 (dd, J = 8.8,
5.3 Hz, 1 H), 6.85 (dd, J = 8.1, 1.2 Hz, 1 H), 6.97 (dt, J = 1.1, 7.2 Hz, 1 H), 7.13–7.35 (m, 9 H),
7.45–7.51 (m, 2 H), and 7.64 (dd, J = 7.8, 1.5 Hz, 1 H); 13C NMR (75 MHz, CDCl3) δ 31.4 (+),
33.8 (−), 38.2 (−), 55.4 (+), 83.1 (−), 91.8 (−), 110.5 (+), 120.7 (+), 124.0 (−), 125.8 (+), 127.7
(+), 127.9 (+), 128.29 (+), 128.31 (+), 128.59 (+), 128.62 (+), 130.2 (−), 131.8 (+), 142.1 (−), and
156.2 (−). The 1H, 13C, and 13C-APT NMR spectra were consistent with those reported [29].
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Chiral HPLC analysis using Chiralcel OD-H, hexane/i-PrOH (99.5:0.5), 0.3 mL/min,
25 ◦C, and tR/min = 24.2 (major) and 28.0 (minor): >99% es; (R)-configuration by comparing
the relative tR values with the published data [29]: tR/min = 35.1 for (R)-isomer and 40.0
for (S)-isomer.

3.4.6. Synthesis of (R)-[3-(Furan-2-yl)-5-phenylpent-1-yn-1-yl]trimethylsilane [(R)-2af], Its
Conversion to Ph-Acetylene (S)-5af, and Chiral HPLC Analysis

To an ice-cold solution of furan (0.040 mL, 0.552 mmol) in THF (0.4 mL) was added
n-BuLi (1.65 M, 0.29 mL, 0.479 mmol) dropwise. The solution was stirred at 0 ◦C for 30 min.
According to Method C, CuCl (20.5 mg, 0.207 mmol) was added to the solution, and, after
15 min of stirring at 0 ◦C, a solution of phosphate (S)-1a (97% ee, 54.7 mg, 0.148 mmol)
in THF (0.4 mL) was then added. The mixture was stirred at 0 ◦C for 1 h to afford (R)-
2af (33.0 mg, 79% yield): 99% rs; 95% es by chiral HPLC analysis of the corresponding
Ph-acetylene (R)-5af (vide infra); 1H NMR (400 MHz, CDCl3) δ 0.20 (s, 9 H), 2.02–2.22 (m,
2 H), 2.77 (t, J = 8.0 Hz, 2 H), 3.75 (dd, J = 8.2, 5.8 Hz, 1 H), 6.21 (d, J = 3.2 Hz, 1 H), 6.30
(dd, J = 3.0, 2.2 Hz, 1 H), and 7.16–7.35 (m, 5 H); 13C NMR (100 MHz, CDCl3) δ 0.2 (+), 32.0
(+), 33.1 (−), 36.3 (−), 87.4 (−), 105.2 (−), 106.0 (+), 110.3 (+), 126.0 (+), 128.5 (+), 128.6 (+),
141.6 (−), 141.7 (+), and 154.1 (−); and HRMS (FD) calcd for C18H26OSi [M]+ 282.14399,
found 282.14264.

According to the representative procedure, the reaction of (R)-2af (24.8 mg, 0.0878 mmol)
with K2CO3 (22.7 mg, 0.164 mmol) in MeOH (0.9 mL) at rt for 3 h gave the desilylated
acetylene, and the subsequent coupling reaction with PhI (0.020 mL, 0.179 mmol) in benzene
(0.8 mL), using t-BuNH2 (0.10 mL, 0.94 mmol), Pd(PPh3)4 (13.5 mg, 0.0117 mmol), and
CuI (8.6 mg, 0.045 mmol), at rt for 16 h afforded Ph-acetylene (R)-5af (18.0 mg, 73% yield):
1H NMR (300 MHz, CDCl3) δ 2.12–2.33 (m, 2 H), 2.85 (t, J = 7.8 Hz, 2 H), 3.86 (dd, J = 8.2,
5.8 Hz, 1 H), 6.28 (dt, J = 3.3, 0.8 Hz, 1 H), 6.33 (dd, J = 3.3, 2.1 Hz, 1 H), 7.16–7.34 (m, 8 H),
7.36 (dd, J = 2.1, 0.9 Hz, 1 H), and 7.43–7.50 (m, 2 H).

Chiral HPLC analysis using Chiralpak AD-H, hexane/i-PrOH (99.5:0.5), 0.3 mL/min,
25 ◦C, and tR/min = 22.9 (minor) and 26.5 (major): 95% es; (R)-configuration was assigned
by analogy with that shown in Scheme 4.

3.4.7. Synthesis of (R)-Trimethyl[5-phenyl-3-(thiophen-2-yl)pent-1-yn-1-yl]silane [(R)-2ag],
Its Conversion to Ph-Acetylene (S)-5ag, and Chiral HPLC Analysis

To an ice-cold solution of thiophene (0.050 mL, 0.636 mmol) in THF (0.4 mL) was added
n-BuLi (1.65 M, 0.31 mL, 0.51 mmol) dropwise. The solution was stirred at 0 ◦C for 30 min.
According to Method C, CuCl (22.9 mg, 0.231 mmol) was added to the solution, and, after
15 min of stirring at 0 ◦C, a solution of phosphate (S)-1a (98% ee, 57.4 mg, 0.156 mmol) in
THF (0.4 mL) was added. The mixture was stirred at 0 ◦C for 1 h to afford (R)-2ag (34.8 mg,
75% yield): >99% rs; 99% es by chiral HPLC analysis of the corresponding Ph-acetylene
(vide infra); 1H NMR (300 MHz, CDCl3) δ 0.21 (s, 9 H), 2.09–2.17 (m, 2 H), 2.77–2.83 (m, 2 H),
3.93 (t, J = 7.2 Hz, 1 H), 6.93 (dd, J = 5.0, 3.8 Hz, 1 H), 6.96–6.98 (m, 1 H), and 7.16–7.32 (m,
6 H); 13C NMR (100 MHz, CDCl3) δ 0.2 (+), 33.3 (−), 33.5 (+), 40.2 (−), 87.9 (−), 107.1 (−),
124.0 (+), 124.6 (+), 126.1 (+), 126.7 (+), 128.6 (+), 128.7 (+), 141.6 (−), and 145.2 (−); and
HRMS (FD) calcd for C18H22SSi [M]+ 298.12115, found 298.11989.

According to the representative procedure, the reaction of (R)-2ag (34.8 mg, 0.117 mmol)
with K2CO3 (26.1 mg, 0.189 mmol) in MeOH (1.3 mL) at rt for 3 h afforded the desilylated
acetylene, and the subsequent coupling reaction with PhI (0.020 mL, 0.179 mmol) in benzene
(1 mL), using t-BuNH2 (0.13 mL, 1.23 mmol), Pd(PPh3)4 (15.8 mg, 0.0137 mmol), and CuI
(7.1 mg, 0.0373 mmol), at rt for 16 h produced Ph-acetylene (R)-5ag (23.5 mg, 67% yield):
1H NMR (400 MHz, CDCl3) δ 2.24 (dt, J = 8.4, 7.2, 2 H), 2.88 (dd, J = 9.3, 6.6 Hz, 2 H), 4.13
(t, J = 7.2 Hz, 1 H), 6.96 (dd, J = 5.0, 3.4 Hz, 1 H), 7.02–7.05 (m, 1 H), 7.17–7.36 (m, 9 H), and
7.44–7.52 (m, 2 H).

Chiral HPLC analysis using Chiralpak AD-H, hexane/i-PrOH (99.5:0.5), 0.3 mL/min,
and 25 ◦C, tR/min = 26.1 (minor) and 28.7 (major): 99% es; (R)-configuration was assigned
by analogy with that shown in Scheme 4.
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3.4.8. Synthesis of Trimethyl(4-methyl-3-phenylpent-1-yn-1-yl)silane (2ba)

According to Method A, PhLi (1.13 M, 0.57, mL, 0.644 mmol) and, after 15 min at
0 ◦C, a solution of 1b (56.4 mg, 0.184 mmol) in THF (0.5 mL) was added to CuCl (25.7 mg,
0.260 mmol) in THF (0.4 mL) and Et2O (0.9 mL). The mixture was stirred at 0 ◦C for 1 h to
produce 2ba (35.0 mg, 83% yield): 93% rs; and 1H NMR (300 MHz, CDCl3) δ 0.19 (s, 9 H),
0.90 (d, J = 6.6 Hz, 3 H), 0.98 (d, J = 6.9 Hz, 3 H), 1.88–2.00 (m, 1 H), 3.54 (d, J = 5.7 Hz, 1 H),
and 7.18–7.33 (m, 5 H). The 1H NMR spectrum was consistent with that reported [29].

3.4.9. Synthesis of [3-(2-Methoxyphenyl)-4-methylpent-1-yn-1-yl]trimethylsilane (2be)

According to Method C, lithiation of 2-bromoanisole (0.080 mL, 0.650 mmol) in Et2O
(1 mL) with t-BuLi (1.59 M, 0.77 mL, 1.22 mmol) (0 ◦C for 30 min) was followed by the
addition of THF (0.5 mL) and a reaction with CuCl (27.1 mg, 0.274 mmol) (0 ◦C for 15 min).
A solution of 1b (58.1 mg, 0.190 mmol) in THF (0.5 mL) was added to the copper reagent,
and the mixture was stirred at 0 ◦C for 1 h to produce 2be (41.3 mg, 84% yield): 97% rs;
1H NMR (300 MHz, CDCl3) δ 0.18 (s, 9 H), 0.86 (d, J = 6.9 Hz, 3 H), 1.01 (d, J = 6.9 Hz, 3 H),
1.89–2.02 (m, 1 H), 3.80 (s, 3 H), 4.06 (d, J = 5.1 Hz, 1 H), 6.83 (d, J = 7.6 Hz, 1 H), 6.94
(t, J = 7.6 Hz, 1 H), 7.20 (dt, J = 1.8, 7.6 Hz, 1 H), and 7.49 (dd, J = 7.6, 1.8 Hz, 1 H); and
13C NMR (75 MHz, CDCl3) δ 0.3 (+), 18.1 (+), 21.5 (+), 32.6 (+), 39.0 (+), 55.4 (+), 87.5 (−),
107.5 (−), 110.3 (+), 120.3 (+), 127.6 (+), 129.4 (−), 129.5 (+), and 156.4 (−). The 1H, 13C, and
13C–APT NMR spectra were consistent with the reported data [29].

3.4.10. Synthesis of [3-(Benzo[d][1,3]dioxol-4-yl)oct-1-yn-1-yl]trimethylsilane (2ch)

According to Method C, lithiation of 2-bromocatechol derivative 6 (139.0 mg, 0.691 mmol)
in Et2O (1 mL) with t-BuLi (1.59 M, 0.82 mL, 1.30 mmol) (0 ◦C for 30 min) was followed
by the addition of THF (0.5 mL) and a reaction with CuCl (28.5 mg, 0.288 mmol) (0 ◦C for
15 min). A solution of 1c (68.1 mg, 0.204 mmol) in THF (0.5 mL) was added to the copper
reagent, and the mixture was stirred at 0 ◦C for 1 h to afford 2ch (51.3 mg, 76% yield): 1H
NMR (400 MHz, CDCl3) δ 0.17 (s, 9 H), 0.88 (t, J = 6.8, 3 H), 1.23–1.52 (m, 6 H), 1.65–1.79
(m, 2 H), 3.81 (dd, J = 7.6, 6.4 Hz, 1 H), 5.905 (d, J = 1.4 Hz, 1 H), 5.940 (d, J = 1.4 Hz, 1 H),
6.71 (dd, J = 8.0, 1.4 Hz, 1 H), 6.81 (t, J = 8.0 Hz, 1 H), and 6.98 (dd, J = 8.0, 0.8 Hz, 1 H); 13C
NMR (100 MHz, CDCl3) δ 0.2 (+), 14.1 (+), 22.6 (−), 26.9 (−), 31.4 (−), 32.8 (+), 36.4 (−),
86.9 (−), 100.7 (−), 107.1 (+), 107.5 (−), 121.1 (+), 121.6 (+), 123.7 (−), 144.5 (−), and 147.1
(−); and HRMS (FD) calcd for C18H26O2Si [M]+ 302.17021, found 302.17080.

3.4.11. Synthesis of Pent-1-yne-1,3,5-triyltribenzene (5aa)

According to Method A, PhLi (1.13 M, 0.48 mL, 0.542 mmol) and, after 15 min at
0 ◦C, a solution of 7 (57.6 mg, 0.155 mmol) in THF (0.4 mL) were added to CuCl (20.5 mg,
0.207 mmol) in THF (0.4 mL) and Et2O (0.8 mL). The mixture was stirred at 0 ◦C for 1 h to
produce 5aa (27.9 mg, 62% yield, 92% rs). The 1H NMR spectrum was consistent with that
derived from TMS-acetylene 2aa.

3.4.12. Synthesis of (R)-[3-(2-Methoxyphenyl)pent-1-yne-1,5-diyl]dibenzene [(R)-5ae]

According to Method C, lithiation of 2-bromoanisole (0.060 mL, 0.488 mmol) in Et2O
(0.7 mL) with t-BuLi (1.59 M, 0.57 mL, 0.906 mmol) (0 ◦C for 30 min) was followed by the
addition of THF (0.35 mL) and a reaction with CuCl (19.8 mg, 0.200 mmol) (0 ◦C for 15 min).
A solution of (S)-7 (96% ee, 52.2 mg, 0.140 mmol) in THF (0.35 mL) was added to the copper
reagent, and the mixture was stirred at 0 ◦C for 1 h to afford (R)-5ae (41.1 mg, 90% yield,
>99% rs, 98% es by chiral HPLC analysis). The 1H NMR spectrum was consistent with that
reported [29]. (R)-Configuration was determined by comparing the relative tR values with
those of (R)-5ae, which was derived from (S)-2ae (vide supra).

3.4.13. Synthesis of (S)-Dec-4-yne-1,3-diyldibenzene [(S)-9]

According to Method A, PhLi (1.13 M, 0.54 mL, 0.61 mmol) and, after 15 min at 0 ◦C,
a solution of (S)-8 (95% ee, 64.3 mg, 0.175 mmol) in THF (0.45 mL) were added to CuCl
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(25.4 mg, 0.257 mmol) in THF (0.45 mL) and Et2O (0.9 mL). The mixture was stirred at
0 ◦C for 1 h to give (S)-9 (42.5 mg, 83% yield): 83% rs; 98% es by chiral HPLC analysis,
using Chiralcel OJ-H, hexane/i-PrOH (99.9:0.1), 0.3 mL/min, 25 ◦C, tR/min = 38.1 (minor),
and 44.7 (major); 1H NMR (300 MHz, CDCl3) δ 0.91 (t, J = 7.0 Hz, 3 H), 1.24–1.52 (m, 4 H),
1.52–1.63 (m, 2 H), 2.01 (q, J = 8.0 Hz, 2 H), 2.26 (dt, J = 2.3, 6.6 Hz, 2 H), 2.68–2.86 (m, 2 H),
3.60 (tt, J = 6.9, 2.1 Hz, 1 H), and 7.14–7.39 (m, 10 H); and 13C NMR (75 MHz, CDCl3) δ 14.1
(+), 18.9 (−), 22.3 (−), 28.9 (−), 31.2 (−), 33.7 (−), 37.4 (+), 40.6 (−), 81.4 (−), 83.9 (−), 125.9
(+), 126.6 (+), 127.5 (+), 128.40 (+), 128.45 (+), 128.6 (+), 142.0 (−), and 142.8 (−). The 1H, 13C,
and 13C–APT NMR spectra were consistent with the reported data [29]. (S)-Configuration
was assigned by analogy with that shown in Scheme 4.

3.5. Synthesis of (1,5-Diphenylpenta-1,2-dien-1-yl)trimethylsilane (3aa) (Table 1, Entry 10)

To an ice-cold mixture of Cu(acac)2 (87.3 mg, 0.334 mmol) and MgBr2 in THF (0.20 M,
4.2 mL, 0.84 mmol) was added PhLi (1.13 M, 0.54 mL, 0.61 mmol) dropwise. The mixture
was stirred at 0 ◦C for 1 h, and phosphate 1a (61.5 mg, 0.167 mmol) in THF (1.7 mL) was
added. The reaction was carried out at 0 ◦C for 4 h and diluted with saturated NH4Cl and
28% NH4OH. The product was extracted with EtOAc twice. The combined extracts were
dried over MgSO4 and concentrated. The residual oil was purified by chromatography on
silica gel with hexane/EtOAc to afford allene 3aa (41.6 mg, 85% yield): >99% rs; 1H NMR
(300 MHz, CDCl3) δ 0.22 (s, 9 H), 2.33–2.50 (m, 2 H), 2.68–2.86 (m, 2 H), 5.19 (t, J = 6.8 Hz,
1 H), and 7.12–7.32 (m, 10 H); and 13C NMR (75 MHz, CDCl3) δ –0.2 (+), 30.3 (−), 36.0 (−),
86.7 (+), 100.6 (−), 126.0 (+), 126.1 (+), 127.7 (+), 128.43 (+), 128.45 (+), 128.6 (+), 137.9 (−),
141.9 (−), and 208.3 (−). The 1H, 13C, and 13C–APT NMR spectra were consistent with
those reported [29].

4. Conclusions

Aryl-lithium-based copper reagents were developed for the propargylic substitution
of TMS-acetylenic phosphates. Aryl lithium compounds prepared in situ by the lithium-
halogen exchange with t-BuLi were converted to highly regioselective and enantiospecific
aryl reagents. 2-Furyl and 2-thienyl reagents prepared via the direct lithiation with n-BuLi
were successful as well. The present propargylic substitution with several preparations of
aryl lithiums would be a useful reaction in organic synthesis.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/catal13071084/s1, general information of experiments, remaining
procedures, 1H, 13C, and 13C-APT NMR spectra [29].
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Abstract: Due to the importance of SCN-containing heteroarenes, developing novel and green
synthetic protocols for the synthesis of SCN-containing compounds has drawn much attention over
the last decades. We reported here an electrochemical oxidative cyclization of ortho-vinyl aniline to
access various SCN-containing benzoxazines. Mild conditions, an extra catalyst-free and oxidant-free
system, and good tolerance for air highlight the application potential of this method.

Keywords: electrochemistry; cascade cyclization; thiocyanation; difunctionalization

1. Introduction

Due to the unique physiological activities of heteroarenes, heterocyclic compounds are
widely present in natural products, pharmaceuticals, pesticides, and materials [1–4]. Among
these valuable heterocycles, benzoxazine has also served as a key skeleton in polymers, con-
tributing to their outstanding characteristics [5,6]. Therefore, the construction and modification
of benzoxazines have drawn much attention from synthetic chemists and material scientists.

To date, the flourishing development of radical chemistry has provided attractive proto-
cols to access heterocycles via cascade routes [7–13]. Utilizing radicals as functional reagents, the
complicated heterocycles could be effectively obtained under mild conditions. In this context,
the radical-induced cyclization cascade process is a considerable path for synthesizing benzox-
azines (Scheme 1A). Recently, several breakthroughs have been achieved in such processes. In
2015, Ji and co-workers developed a Cu-catalyzed system for cascade cyclization using nitrile
as radical precursors [14]. Two years later, Zhao reported a similar catalytic condition in which
alkane was used as radical precursors [15]. Additionally, the radical cascade cyclization was
also tolerated with S-centered radicals. In 2019, Li developed an Ag-induced reaction to obtain
benzoxazines in which sulfonyl radicals served as a key [16]. Recently, Liang discovered a
Mn(OAc)3-promoted sulfonation-cyclization cascade via the SO3

– radical [17]. Without the
assistance of transition-metal, Guo developed a K2S2O8-induced strategy to achieve radical
thiocyanooxygenation [18]. Despite of these advances, the heat condition, the use of transition-
metal and/or sacrificial oxidant promote the development of alternative methods. Photoredox
chemistry provide a mild route to radical cyclization [19,20]. Xiao and colleagues developed
an oxytrifluoromethylation of N-allylamides to access CF3-containing oxazolines and ben-
zoxazines with Ru-photocatalysts [21]. In 2016, Fu and co-authors reported a photo-induced
oxydifluoromethylation of olefinic amides via a difluoromethyl radical method [22]. Three years
later, Sun used bromomethyl cyanides as radical precursors to synthesize 4-cyanoethylated
benzoxazines by photo-induction [23]. However, the using of expensive catalysts may limit
their further application. Overall, developing a practical and green method with bulk radical
precursors is in demand for cascade cyclization to synthesize benzoxazines.
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access thiocyanato-containing benzoxazines.

Over the last decade, electrochemical organic synthesis has been regarded as a sustain-
able technology in which electrons serve as redox reagents [24–27]. Especially, benefiting
from diverse derivatizations of the thiocyanic group, electrochemical alkene thiocyanation
has undergone vigorous development [28]. For example, the aryl thiocyanate generated
by electrochemistry can be effectively transformed to other valuable chemicals, including
trifluoromethyl thioether, alkyl thioethers, and tetrazole [29]. Since the wide application
of ammonium thiocyanates [30–32], constructing thiocyanato-containing benzoxazines
via an S-centered radical process is a considerable route [33]. Recently, we have devel-
oped an efficient electrochemical method to oxidize the olefinic amides to construct the
derivatives of benzoxazines and iminoisobenzofurans [34,35]. Based on these advances,
we reported here an electrochemical thiocyanation/cyclization cascade to construct ben-
zoxazine under mild conditions (Scheme 1B). The merit of this method was demonstrated
by its extra catalyst-free and oxidant-free conditions. While we were preparing this paper,
Huang and coworkers reported a similar work that an electrochemical oxythiocyanation of
ortho-olefinic amides enables the synthesis of thiocyanated benzoxazines [36].

2. Results
2.1. Condition Optimization

Initial condition optimization was examined with N-(2-(prop-1-en-2-yl)phenyl)benzamide
1a as radical acceptor and ammonium thiocyanate 2 as radical precursor (Table 1). After a
series of efforts, the optimized condition was established with a carbon rod as the anode, Pt
as the cathode, 0.5 M CH3CN as the solvent, and 1 equivalent H2SO4 as the acid. Under
a 15 mA electrolysis with 3 h, the desired product 3a was obtained in 91% isolated yield
(entry 1). Without H2SO4, this organic transformation was realized in a low yield (entry 2).
When trifluoroacetic acid (TFA) was used as the acid, the desired transformation was achieved
smoothly in 74% GC yield (entry 3). Using H2O or 2,2,2-trifluoroethanol (TFE) instead of
H2SO4, reaction yields obviously decreased (entries 4–5). Moreover, this electrochemical
transformation performed worse with other solvents, such as THF, DMSO, and EtOH (entries
6–8). The yields of 3a were slightly decreased with SS (stainless steel) or Ni plates as the cathode
(entries 9–10). Control experiments provide the electrolysis essential for this electrochemical
cascade cyclization (entry 11).
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5 TFE instead of H2SO4 10
6 THF instead of MeCN 10
7 DMSO instead of MeCN 28
8 EtOH instead of MeCN 36
9 SS plate instead of Pt plate 70
10 Ni plate instead of Pt plate 59
11 Without electrolysis N.d.

Reaction conditions: carbon rod anode, platinum plate cathode, constant current = 15 mA, 1a (0.3 mmol), 2
(0.9 mmol), H2SO4 (0.3 mmol), CH3CN (6.0 mL), air, 3 h. a Yields of 3a were determined by gas chromatography
(GC) analysis by using biphenyl as the internal standard. b Isolated yield. N.d. = not detected.

2.2. Scope of Substrates

Next, the scope of the substrates was examined (Scheme 2). Various olefinic benzamide
derivatives were compatible radical acceptors for achieving the desired transformation.
Both electron-donating and electron-withdrawing substitutions on the para-position of
the phenyl group were well tolerated, producing corresponding products in moderate
to high yields (3a to 3g). It is notable that substrates with a redox-sensitive functional
groups smoothly completed this electrochemical reaction, for example, N-dimethylamino
3h. Moreover, ortho-, meta-, and even multi-substituted aryl amides were successfully
transformed to corresponding products in moderate yields (3i to 3l). In addition, other
(hetero)aryl -modified substrates also performed well in this system (3n to 3p). Additionally,
this electrochemical cascade cyclization was suitable for stilbene to offer the product in
moderate yield (3m). Furthermore, a set of alkyl amides realized the desired transformation,
forming target products in moderate yields (3q to 3w).

2.3. Mechanistic Studies

Subsequently, radical inhibition experiments were carried out to determine the
existence of radical processes (Scheme 3A). With the addition of 2 equivalents 2,2,6,6-
tetramethyl-1-piperidinyloxy, the desired transformation was totally inhibited, support-
ing a radical process involved in this transformation. Moreover, the thiocyanate radical
was trapped by 1,1-diphenylethylene under standard conditions. Then, cyclic voltam-
metry experiments were carried out to investigate the mechanism (Scheme 3B and
Supplementary Materials). Without the acid, the oxidation peak of 1a is not observed.
In contrast, the oxidation peak potential of 1a is detected at 2.27 V in the existence of
acid. Notably, the oxidation peak potential of 2 appears at 1.48 V. With the addition
of acid, two oxidation peaks of 2 are observed, promoting the secondary oxidation of
thiocyanate which is similar to the halogen property {SCN−-(SCN)3

−-(SCN)2
−}. These

CV studies disclosed ammonium thiocyanate was preferentially oxidized over 1a.
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Based on the above results, a plausible mechanism was proposed (Scheme 4). In
the anode, the thiocyanate anion was oxidized to form thiocyanate radical, which could
react with 1a to offer C-centered radical intermediate I. Then, I transformed to carbon
cation II via SET in the anode. Next, the final product 3a was generated, followed by an
intramolecular nucleophilic attack and deprotonation. In the cathode, two protons were
reduced to furnish hydrogen.
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3. Materials and Methods

General procedure for the preparation of substrates: A round-bottom flask was
charged with methyltriphenylphosphonium bromide (5.36 g, 15.00 mmol) and dry THF
(20.00 mL) under N2 atmosphere, followed by the addition of potassiumtert-butoxide
(1.68 g, 15.00 mmol) at 0 ◦C. The reaction mixture was allowed to warm to ambient
temperature and stir for 0.50 h. Next, 2-aminoacetophenone (1–1) (1.35 g, 10.00 mmol)
was added. The reaction mixture was stirred at room temperature overnight. After
completion, the reaction was quenched with saturated NaHCO3 solution and extracted
with EtOAc (100.00 mL). The organic phase was dried over anhydrous MgSO4 and
concentrated under reduced pressure. The reaction mixture was purified via column
chromatography to give 1–2. To a solution of 1–2 (0.99 g, 7.40 mmol) and Et3N (1.53 g,
11.10 mmol) in CH2Cl2 (15.00 mL) was added the solution of benzoylchloride (1.00 mL,
8.90 mmol) in dichloromethane (5.00 mL) dropwise at 0 ◦C. After completion, the
reaction mixture was purified via column chromatography to give 1a. Analogues 1a–1w
were synthesized by using similar procedures.

General procedure for electrochemical thiocyanation/cyclization cascade: In an oven-
dried, undivided three-necked bottle (10 mL) equipped with a stir bar, N-(2-(prop-1-en-2-
yl)phenyl)benzamide 1a (0.30 mmol), ammonium thiocyanate 2 (0.90 mmol) was added to
the mixture of acetonitrile (6 mL) and sulfuric acid (0.30 mmol). The bottle was equipped
with a graphite rod (φ 6 mm, about 15 mm immersion depth in solution) as the anode and
platinum plate (15 mm × 15 mm × 0.3 mm) as the cathode. The reaction mixture was stirred
and electrolyzed at a constant current of 15 mA under air atmosphere at room temperature
for 3 h. After completion of the reaction, as indicated by TLC and GC-MS, the pure product
was obtained by flash column chromatography on silica gel.

CV experiments: Cyclic voltammetry experiments were performed in a three-electrode
cell connected to a Schlenk line under air at room temperature. The working electrode was
a glassy carbon electrode, the counter electrode was a platinum wire. The reference was
an Ag/AgCl electrode submerged in saturated aqueous KCl solution, and 6 mL of CH3CN
containing 0.03 M H2SO4 was poured into the electrochemical cell in all experiments. The
scan rate was 0.1 V/s, ranging from 0 V to 2.5 V. The peak potentials vs. Ag/AgCl were used.

Characterization of products: 4-methyl-2-phenyl-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazine
(3a). White solid was obtained in 91% isolated yield, 79.9 mg, 0.3 mmol scale, Rf = 0.35
(petroleum ether/ethyl acetate = 10:1). 1H NMR (400 MHz, CDCl3) δ 8.16 (dd, J = 8.0, 1.7 Hz,
2H), 7.58–7.42 (m, 3H), 7.41–7.33 (m, 2H), 7.29–7.22 (m, 1H), 7.14 (d, J = 7.6 Hz, 1H), 3.58 (d,
J = 13.8 Hz, 1H), 3.45 (d, J = 13.9 Hz, 1H), 1.91 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 155.3,
138.6, 131.8, 131.8, 129.9, 128.3, 127.9, 127.2, 126.3, 125.9, 122.8, 112.2, 78.9, 44.4, 25.8. HRMS (ESI)
m/z: [M + H]+ Calcd for C17H15N2OS+ 295.0899; found 295.09245.
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4-methyl-4-(thiocyanatomethyl)-2-(p-tolyl)-4H-benzo[d][1,3]oxazine (3b). Colorless oil was ob-
tained in 74% isolated yield, 68.1 mg, 0.3 mmol scale, Rf = 0.35 (petroleum ether/ethyl
acetate = 10:1). 1H NMR (400 MHz, CDCl3) δ 8.11–7.96 (m, 2H), 7.40–7.30 (m, 2H), 7.28–7.19
(m, 3H), 7.11 (dd, J = 7.4, 1.2 Hz, 1H), 3.54 (d, J = 13.8 Hz, 1H), 3.41 (d, J = 13.8 Hz, 1H), 2.40
(s, 3H), 1.88 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 155.4, 142.3, 138.7, 129.8, 129.0, 128.9,
127.9, 126.9, 126.2, 125.7, 122.8, 112.2, 78.6, 44.2, 25.6, 21.5. HRMS (ESI) m/z: [M + H]+ Calcd
for C18H17N2OS+ 309.1056; found 309.1062.
2-(4-methoxyphenyl)-4-methyl-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazine (3c). Colorless
oil was obtained in 86% isolated yield, 83.8 mg, 0.3 mmol scale, Rf = 0.32 (petroleum
ether/ethyl acetate = 10:1). 1H NMR (400 MHz, CDCl3) δ 8.14–8.07 (m, 2H), 7.38–7.29 (m,
2H), 7.21 (td, J = 7.3, 1.7 Hz, 1H), 7.10 (dd, J = 7.6, 1.4 Hz, 1H), 6.97–6.91 (m, 2H), 3.84 (s, 3H),
3.55 (d, J = 13.8 Hz, 1H), 3.40 (d, J = 13.8 Hz, 1H), 1.87 (s, 3H). 13C NMR (101 MHz, CDCl3)
δ 162.5, 155.1, 138.8, 129.72, 129.69, 126.6, 126.1, 125.4, 124.0, 122.7, 113.6, 112.2, 78.5, 55.3,
44.1, 25.4. HRMS (ESI) m/z: [M + H]+ Calcd for C18H17N2O2S+ 325.1005; found 325.1013.
2-(4-(tert-butyl)phenyl)-4-methyl-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazine (3d). White
solid was obtained in 76% isolated yield, 79.8 mg, 0.5 mmol scale, Rf = 0.39 (petroleum
ether/ethyl acetate = 10:1). 1H NMR (400 MHz, CDCl3) δ 8.12–8.05 (m, 2H), 7.53–7.45 (m,
2H), 7.41–7.33 (m, 2H), 7.29–7.21 (m, 1H), 7.14 (dd, J = 7.6, 1.3 Hz, 1H), 3.59 (d, J = 13.7 Hz,
1H), 3.45 (d, J = 13.8 Hz, 1H), 1.91 (s, 3H), 1.35 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 155.4,
138.8, 129.9, 129.0, 127.8, 127.0, 126.4, 125.83, 125.79, 125.4, 122.8, 112.3, 78.7, 44.3, 34.9, 31.1,
25.7. HRMS (ESI) m/z: [M + H]+ Calcd for C21H23N2OS+ 351.1525; found 351.1547.
2-(4-fluorophenyl)-4-methyl-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazine (3e). White solid
was obtained in 79% isolated yield, 73.7 mg, 0.3 mmol scale, Rf = 0.30 (petroleum ether/ethyl
acetate = 10:1). 1H NMR (400 MHz, CDCl3) δ 8.22–8.12 (m, 2H), 7.40–7.30 (m, 2H), 7.24 (td,
J = 7.4, 1.7 Hz, 1H), 7.17–7.08 (m, 3H), 3.56 (d, J = 13.9 Hz, 1H), 3.42 (d, J = 14.0 Hz, 1H), 1.89
(s, 3H). 13C NMR (101 MHz, CDCl3) δ 166.2, 163.7, 154.3, 138.4, 130.2, 130.1, 129.9, 127.89,
127.86, 127.2, 126.1, 125.8, 122.8, 115.5, 115.3, 112.1, 79.0, 44.3, 25.8. 19F NMR (376 MHz,
CDCl3) δ −107.52. HRMS (ESI) m/z: [M + H]+ Calcd for C17H14FN2OS+ 313.0803;
found 313.0805.
4-(4-methyl-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazin-2-yl)benzonitrile (3f). White solid
was obtained in 84% isolated yield, 79.7 mg, 0.3 mmol scale, Rf = 0.20 (petroleum ether/ethyl
acetate = 5:1). 1H NMR (400 MHz, CDCl3) δ 8.33–8.23 (m, 2H), 7.77–7.69 (m, 2H), 7.45–7.34
(m, 2H), 7.34–7.25 (m, 1H), 7.14 (dd, J = 7.6, 1.4 Hz, 1H), 3.58 (d, J = 14.1 Hz, 1H), 3.46 (d,
J = 14.1 Hz, 1H), 1.91 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 153.2, 137.8, 135.8, 131.9,
130.0, 128.2, 128.0, 126.2, 126.0, 122.8, 118.3, 114.6, 111.8, 79.6, 44.4, 26.2. HRMS (ESI) m/z:
[M + H]+ Calcd for C18H14FN3OS+ 320.0852; found 320.0863.
4-methyl-4-(thiocyanatomethyl)-2-(4-(trifluoromethyl)phenyl)-4H-benzo[d][1,3]oxazine (3g). White
solid was obtained in 75% isolated yield, 81.3 mg, 0.3 mmol scale, Rf = 0.21 (petroleum
ether/ethyl acetate = 5:1). 1H NMR (400 MHz, CDCl3) δ 8.28 (d, J = 8.1 Hz, 2H), 7.71 (d,
J = 8.3 Hz, 2H), 7.43–7.34 (m, 2H), 7.32–7.25 (m, 1H), 7.13 (dd, J = 7.6, 1.3 Hz, 1H), 3.57 (d,
J = 14.0 Hz, 1H), 3.45 (d, J = 14.0 Hz, 1H), 1.91 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 153.8,
138.1, 135.1 (d, J = 1.5 Hz), 133.0 (q, J = 32.7 Hz), 130.0, 128.2, 127.8, 126.1 (d, J = 1.8 Hz), 125.2 (q,
J = 3.8 Hz),125.1, 123.8 (q, J = 273.7 Hz) 122.9, 112.0, 79.4, 44.4, 26.1. 19F NMR (376 MHz, CDCl3)
δ -62.76. HRMS (ESI) m/z: [M + H]+ Calcd for C18H14F3N2OS+ 363.0772; found 363.0773.
4-(4-(isothiocyanatomethyl)-4-methyl-4H-benzo[d][1,3]oxazin-2-yl)-N,N-dimethylaniline (3h). White
solid was obtained in 31% isolated yield, 31.3 mg, 0.3 mmol scale, Rf = 0.39 (petroleum
ether/ethyl acetate = 10:1). 1H NMR (400 MHz, CDCl3) δ 8.40 (d, J = 2.0 Hz, 1H), 8.11 (dd,
J = 8.4, 2.0 Hz, 1H), 7.44–7.33 (m, 2H), 7.28–7.22 (m, 3H), 7.13 (dd, J = 7.4, 1.2 Hz, 1H), 3.58 (d,
J = 13.9 Hz, 1H), 3.45 (d, J = 13.9 Hz, 1H), 2.78 (s, 6H), 1.92 (s, 3H). 13C NMR (101 MHz,
CDCl3) δ 154.2, 153.8, 138.4, 130.0, 129.1, 128.9, 128.0, 127.4, 126.2, 126.0, 122.9, 122.8, 120.6,
112.1, 111.1, 78.8, 44.4, 44.3, 25.9. HRMS (ESI) m/z: [M + H]+ Calcd for C19H20N3OS+ 395.0095;
found 395.1007.
4-methyl-4-(thiocyanatomethyl)-2-(o-tolyl)-4H-benzo[d][1,3]oxazine (3i). Colorless oil was ob-
tained in 77% isolated yield, 70.5 mg, 0.3 mmol scale, Rf = 0.35 (petroleum ether/ethyl
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acetate = 10:1). 1H NMR (400 MHz, CDCl3) δ 7.86–7.80 (m, 1H), 7.41–7.30 (m, 3H), 7.30–7.22
(m, 3H), 7.12 (dd, J = 7.7, 1.4 Hz, 1H), 3.60 (d, J = 13.7 Hz, 1H), 3.47 (d, J = 13.7 Hz, 1H), 2.65
(s, 3H), 1.88 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 156.8, 138.4, 138.3, 131.6, 131.5, 130.6,
129.8, 129.5, 127.3, 125.8, 125.7, 125.4, 122.8, 112.0, 79.2, 44.4, 26.4, 21.8. HRMS (ESI) m/z:
[M + H]+ Calcd for C18H17N2OS+ 309.1056; found 309.1071.
2-mesityl-4-methyl-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazine (3j). White solid was ob-
tained in 86% isolated yield, 86.3 mg, 0.3 mmol scale, Rf = 0.36 (petroleum ether/ethyl
acetate = 10:1). 1H NMR (400 MHz, CDCl3) δ 7.40–7.33 (m, 1H), 7.31–7.25 (m, 2H), 7.11 (dd,
J = 8.0, 1.4 Hz, 1H), 6.89 (s, 2H), 3.69 (d, J = 13.7 Hz, 1H), 3.48 (d, J = 13.6 Hz, 1H), 2.36 (s,
6H), 2.28 (s, 3H), 1.85 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 157.4, 139.1, 137.8, 135.7, 130.5,
129.9, 128.3, 127.5, 125.9, 124.6, 123.0, 111.9, 79.8, 45.2, 28.4, 21.1, 19.5. HRMS (ESI) m/z:
[M + H]+ Calcd for C20H21N2OS+ 337.1369; found 337.1380.
2-(3-chlorophenyl)-4-methyl-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazine (3k). White solid
was obtained in 62% isolated yield, 60.7 mg, 0.3 mmol scale, Rf = 0.35 (petroleum ether/ethyl
acetate = 10:1). 1H NMR (400 MHz, CDCl3) δ 8.06 (t, J = 1.9 Hz, 1H), 7.99–7.94 (m, 1H),
7.43–7.37 (m, 1H), 7.34–7.24 (m, 3H), 7.22–7.16 (m, 1H), 7.05 (dd, J = 7.6, 1.4 Hz, 1H), 3.48 (d,
J = 13.9 Hz, 1H), 3.36 (d, J = 13.9 Hz, 1H), 1.82 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 153.9,
138.2, 134.4, 133.6, 131.7, 129.9, 129.6, 127.8, 127.6, 126.1, 126.0, 125.8, 122.8, 111.9, 79.3, 44.4,
26.0. HRMS (ESI) m/z: [M + H]+ Calcd for C17H14ClN2OS+ 329.0510; found 329.0519.
2-(2,4-dichlorophenyl)-4-methyl-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazine (3l). White solid
was obtained in 82% isolated yield, 88.4 mg, 0.3 mmol scale, Rf = 0.29 (petroleum ether/ethyl
acetate = 10:1). 1H NMR (400 MHz, CDCl3) δ 7.68 (d, J = 8.4 Hz, 1H), 7.38 (d, J = 2.1 Hz,
1H), 7.31 (ddd, J = 8.5, 7.2, 1.4 Hz, 1H), 7.27–7.19 (m, 3H), 7.04 (dd, J = 7.6, 1.4 Hz, 1H),
3.54 (d, J = 13.9 Hz, 1H), 3.43 (d, J = 13.9 Hz, 1H), 1.82 (s, 3H). 13C NMR (101 MHz,
CDCl3) δ 154.8, 137.9, 137.0, 133.9, 132.2, 130.5, 130.3, 130.0, 128.0, 127.1, 126.0, 125.3, 123.0,
111.9, 80.5, 44.6, 26.8. HRMS (ESI) m/z: [M + H]+ Calcd for C17H13N2Cl2OS+ 363.0120;
found 363.0129.
2,4-diphenyl-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazine (3m). Colorless oil was obtained in
64% isolated yield, 68.4 mg, 0.3 mmol scale, Rf = 0.27 (petroleum ether/ethyl acetate = 5:1). 1H
NMR (400 MHz, CDCl3) δ 8.30–8.21 (m, 2H), 7.54–7.43 (m, 3H), 7.42–7.37 (m, 2H), 7.36–7.24 (m,
6H), 7.20–7.14 (m, 1H), 4.05–3.88 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 155.4, 140.0, 139.5,
131.8, 131.6, 130.1, 129.0, 128.8, 128.4, 127.9, 126.9, 126.1, 125.6, 124.7, 124.0, 112.1, 82.3, 43.6.
HRMS (ESI) m/z: [M + H]+ Calcd for C22H17N2OS+ 357.1056; found 357.1084.
4-methyl-2-(naphthalen-2-yl)-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazine (3n). Colorless oil was
obtained in 88% isolated yield, 90.3 mg, 0.3 mmol scale, Rf = 0.31 (petroleum ether/ethyl
acetate = 5:1). 1H NMR (400 MHz, CDCl3) δ 8.63 (d, J = 1.7 Hz, 1H), 8.26 (dd, J = 8.7, 1.8 Hz,
1H), 7.98–7.94 (m, 1H), 7.90–7.81 (m, 2H), 7.58–7.47 (m, 2H), 7.42–7.34 (m, 2H), 7.27–7.19 (m,
1H), 7.12–7.07 (m, 1H), 3.55 (d, J = 13.9 Hz, 1H), 3.42 (d, J = 13.9 Hz, 1H), 1.91 (s, 3H). 13C NMR
(101 MHz, CDCl3) δ 155.3, 138.6, 134.9, 132.6, 129.8, 129.04, 129.02, 128.6, 128.0, 127.7, 127.2,
126.5, 126.3, 125.8, 124.3, 122.8, 112.2, 78.9, 44.2, 25.7. HRMS (ESI) m/z: [M + H]+ Calcd for
C21H17N2OS+ 345.1056; found 345.1060.
2-(furan-2-yl)-4-methyl-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazine (3o). Yellow oil was
obtained in 76% isolated yield, 64.8 mg, 0.3 mmol scale, Rf = 0.22 (petroleum ether/ethyl
acetate = 5:1). 1H NMR (400 MHz, CDCl3) δ 7.62 (dd, J = 1.7, 0.8 Hz, 1H), 7.42–7.33 (m, 2H),
7.27–7.21 (m, 1H), 7.15 (dd, J = 3.5, 0.8 Hz, 1H), 7.14–7.09 (m, 1H), 6.54 (dd, J = 3.5, 1.8 Hz,
1H), 3.58 (d, J = 14.0 Hz, 1H), 3.39 (d, J = 13.9 Hz, 1H), 1.89 (s, 3H). 13C NMR (101 MHz,
CDCl3) δ 148.2, 145.9, 145.7, 137.9, 129.9, 127.2, 126.2, 125.8, 122.8, 115.5, 112.0, 111.9, 78.8,
43.9, 25.5. HRMS (ESI) m/z: [M + H]+ Calcd for C15H13N2O2S+ 285.0692; found 285.0721.
2-(2-chloropyridin-3-yl)-4-methyl-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazine (3p). White
solid was obtained in 84% isolated yield, 82.9 mg, 0.3 mmol scale, Rf = 0.21 (petroleum
ether/ethyl acetate = 5:1). 1H NMR (400 MHz, CDCl3) δ 8.49 (dd, J = 4.8, 2.0 Hz, 1H), 8.17
(dd, J = 7.6, 2.0 Hz, 1H), 7.45–7.30 (m, 4H), 7.14 (dd, J = 7.9, 1.3 Hz, 1H), 3.65 (d, J = 14.0 Hz,
1H), 3.55 (d, J = 14.0 Hz, 1H), 1.94 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 154.2, 150.8, 149.3,

34



Catalysts 2023, 13, 631

140.0, 137.7, 130.0, 128.8, 128.2, 126.0, 125.2, 123.1, 122.2, 111.8, 80.8, 44.7, 27.1. HRMS (ESI)
m/z: [M + H]+ Calcd for C16H13N3ClOS+ 330.0462; found 330.0471.
2,4-dimethyl-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazine (3q). Colorless oil was obtained in
46% isolated yield, 32.1 mg, 0.3 mmol scale, Rf = 0.32 (petroleum ether/ethyl acetate = 5:1).
1H NMR (400 MHz, CDCl3) δ 7.32 (td, J = 7.6, 1.5 Hz, 1H), 7.25–7.13 (m, 2H), 7.03 (dd,
J = 7.7, 1.4 Hz, 1H), 3.48 (d, J = 13.9 Hz, 1H), 3.27 (d, J = 14.0 Hz, 1H), 2.19 (s, 3H), 1.80 (s, 3H).
13C NMR (101 MHz, CDCl3) δ 159.0, 138.0, 129.8, 127.0, 125.3, 125.0, 122.8, 112.2, 78.7, 45.0,
26.5, 21.4. HRMS (ESI) m/z: [M + H]+ Calcd for C12H13N2OS+ 233.0743; found 233.0743.
2-isopropyl-4-methyl-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazine (3r). Colorless oil was
obtained in 66% isolated yield, 51.5 mg, 0.3 mmol scale, Rf = 0.33 (petroleum ether/ethyl
acetate = 2:1). 1H NMR (400 MHz, CDCl3) δ 7.39–7.34 (td, J = 7.6, 1.5 Hz, 1H), 7.32–7.24 (m,
2H), 7.06 (dd, J = 7.6, 1.5 Hz, 1H), 3.63–3.42 (m, 2H), 1.86 (s, 6H), 1.83 (s, 3H). 13C NMR
(101 MHz, CDCl3) δ 158.8, 137.0, 130.0, 128.2, 126.2, 125.4, 122.9, 111.8, 111.6, 80.6, 55.5, 44.2,
26.7, 26.6. HRMS (ESI) m/z: [M + H]+ Calcd for C14H16N2OS+ 260.1055; found 260.1056.
2-(tert-butyl)-4-methyl-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazine (3s). Colorless oil was
obtained in 50% isolated yield, 41.2 mg, 0.3 mmol scale, Rf = 0.35 (petroleum ether/ethyl
acetate =10:1). 1H NMR (400 MHz, CDCl3) δ 7.32 (t, J = 7.3 Hz, 1H), 7.21 (d, J = 8.0 Hz, 2H),
7.04 (d, J = 8.1 Hz, 1H), 3.53 (d, J = 13.6 Hz, 1H), 3.42 (d, J = 13.7 Hz, 1H), 1.74 (s, 3H), 1.28
(s, 9H). 13C NMR (101 MHz, CDCl3) δ 166.3, 138.3, 129.6, 126.8, 125.6, 125.5, 122.5, 112.3,
78.0, 44.1, 37.2, 27.4, 26.0. HRMS (ESI) m/z: [M + H]+ Calcd for C15H18N2OS+ 275.1212;
found 275.1213.
4-methyl-4-(thiocyanatomethyl)-2-(2,4,4-trimethylpentyl)-4H-benzo[d][1,3]oxazine (3t). Colorless oil
was obtained in 45% isolated yield, 44.6 mg, 0.3 mmol scale, Rf = 0.35 (petroleum ether/ethyl
acetate = 10:1). 1H NMR (400 MHz, CDCl3) δ 7.35–7.29 (m, 1H), 7.23–7.17 (m, 2H), 7.06–7.01
(m, 1H), 3.52 (dd, J = 13.8, 8.3 Hz, 1H), 3.34 (t, J = 14.1 Hz, 1H), 2.52–2.34 (m, 1H), 2.30–2.16 (m,
1H), 2.15–2.06 (m, 1H), 1.79 (d, J = 6.5 Hz, 3H), 1.39–1.28 (m, 1H), 1.20–1.09 (m, 1H), 1.04 (dd,
J = 6.6, 3.4 Hz, 3H), 0.92 (d, J = 4.8 Hz, 9H). 13C NMR (101 MHz, CDCl3) δ 160.8 (d, J = 5.8 Hz),
138.0 (d, J = 5.3 Hz), 129.8 (d, J = 4.0 Hz), 126.8 (d, J = 3.6 Hz), 125.5 (d, J = 6.3 Hz), 125.2, 122.7
(d, J = 10.6 Hz), 112.1 (d, J = 1.8 Hz), 78.4 (d, J = 3.9 Hz), 50.5 (d, J = 25.3 Hz), 44.7 (dd, J = 39.5,
19.6 Hz), 31.0 (d, J = 2.9 Hz), 30.0, 27.5 (d, J = 10.3 Hz), 26.8, 26.5, 22.5 (d, J = 19.5 Hz). HRMS
(ESI) m/z: [M + H]+ Calcd for C19H27N2OS+ 331.1839; found 331.1843.
2-cyclopropyl-4-methyl-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazine (3u). Colorless oil was
obtained in 73% isolated yield, 56.6 mg, 0.3 mmol scale, Rf = 0.22 (petroleum ether/ethyl
acetate = 5:1). 1H NMR (400 MHz, CDCl3) δ 7.33–7.27 (td, J = 7.6, 1.4 Hz, 1H), 7.21–7.12
(m, 2H), 7.02 (dd, J = 7.9, 1.3 Hz, 1H), 3.48 (d, J = 13.8 Hz, 1H), 3.32 (d, J = 13.9 Hz, 1H),
1.80–1.67 (m, 4H), 1.16–1.04 (m, 2H), 0.97–0.85 (m, 2H). 13C NMR (101 MHz, CDCl3) δ
162.0, 138.4, 129.7, 126.3, 125.6, 124.6, 122.6, 112.1, 78.4, 44.2, 25.8, 14.4, 7.4, 6.9. HRMS (ESI)
m/z: [M + H]+ Calcd for C14H15N2OS+ 259.0900; found 259.0906.
2-cyclohexyl-4-methyl-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazine (3v). White solid was
obtained in 51% isolated yield, 45.5 mg by 1H NMR, 0.3 mmol scale, Rf = 0.39 (petroleum
ether/ethyl acetate = 5:1). 1H NMR (400 MHz, CDCl3) δ 7.35–7.29 (m, 1H), 7.23–7.17 (m,
2H), 7.07–7.02 (m, 1H), 3.51 (d, J = 13.7 Hz, 1H), 3.36 (d, J = 13.7 Hz, 1H), 2.42–2.29 (m,
1H), 2.00–1.91 (m, 2H), 1.87–1.78 (m, 2H), 1.76 (s, 3H), 1.74–1.65 (m, 1H), 1.57–1.45 (m, 2H),
1.38–1.19 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 164.3, 138.2, 129.8, 126.8, 125.7, 125.2,
122.7, 112.2, 78.1, 44.5, 43.6, 26.1, 25.7, 25.7, 25.6. HRMS (ESI) m/z: [M + H]+ Calcd for
C17H21N2OS+ 301.1369; found 301.1379.
2-(adamantan-1-yl)-4-methyl-4-(thiocyanatomethyl)-4H-benzo[d][1,3]oxazine (3w). Colorless oil was
obtained in 53% isolated yield, 46.7 mg, 0.3 mmol scale, Rf = 0.44 (petroleum ether/ethyl
acetate = 5:1). 1H NMR (400 MHz, CDCl3) δ 7.34–7.29 (m, 1H), 7.23–7.17 (m, 2H), 7.04 (dd,
J = 7.6, 1.4 Hz, 1H), 3.51 (d, J = 13.6 Hz, 1H), 3.40 (d, J = 13.6 Hz, 1H), 2.11–2.02 (m, 3H), 1.95
(d, J = 2.9 Hz, 6H), 1.74 (d, J = 2.7 Hz, 9H). 13C NMR (101 MHz, CDCl3) δ 165.9, 138.5, 129.6,
126.7, 125.9, 125.5, 122.6, 112.4, 77.8, 44.2, 39.03, 38.98, 36.5, 28.0, 25.9. HRMS (ESI) m/z: [M + H]+
Calcd for C21H25N2OS+ 353.1682; found 3531694.
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4. Conclusions

We have developed an electrochemical method to produce various benzoxazines un-
der extra catalyst-free and oxidant-free conditions. The good functional group tolerance,
excellent performance under air, and scalability demonstrated the application potential
of this method. We believe this method not only provides a synthetic route towards
thiocyanato-containing benzoxazines but also has a potential to inspire other electrochemi-
cal thiocyanations.
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Abstract: Palladacyclic architectures have been shown as versatile motifs in cross-coupling reactions.
NHC-ligated palladacycles possessing unique electronic and steric properties have helped to stabilize
the catalytically active species and provide additional control over reaction selectivity. Here, we report
on a synthetic protocol leading to palladacycle complexes using a mild base and an environmentally
desirable solvent, with a focus on complexes bearing backbone-substituted N-heterocyclic carbene
ligands. The readily accessible complexes exhibit high catalytic activity in the Buchwald–Hartwig
amination. This is achieved using low catalyst loading and mild reaction conditions in a green solvent.

Keywords: palladacycle; weak base route; NHC; green solvent; C-C and C-heteroatom bonds
formation; cross-couplings

1. Introduction

The use of palladium in cross-coupling reaction catalysis has seen huge growth in
the last 50 years since its discovery in the 1970s [1–4]. Various transition metal complexes
are easily prepared from palladium and most of them have shown high catalytic activity
compatible with most functional groups [5]. Although monoligated Pd(0) species constitute
active catalytic species in cross-coupling reactions [6], such complexes are often unstable in
air and difficult to synthesize [7]. The use of Pd(II) precatalysts is in most cases the solution
to this problem, requiring an additional activation step from Pd(II) to Pd(0) species that then
enters the catalytic cycle. The activation or reduction occurs in situ, can be promoted by
reaction conditions, and usually involves a reductive elimination leading to a monoligated
Pd(0)-L complex. Several types of Pd(II) precatalysts are nowadays widely used in organic
synthesis, among which palladacyclic compounds occupy a prominent position [3,8–17].

Palladacycles are compounds that have at least one Pd–C bond in their molecular
architectures, which are further intramolecularly stabilized by a dative bond between the
metal and a built-in donor heteroatom Y (typically Y = N, P, S, or O) yielding a five- or
six-membered chelate ring [8]. Since the seminal research of Cope and Siekman in 1965 on
the isolation of stable cyclopalladated azobenzenes [18,19] and the subsequent pioneering
contributions from Herrmann and Beller that showed the capacity of cyclopalladated
ligand 1 (Figure 1) to catalyze the Heck coupling with an unprecedented catalytic activity,
(due to easily formed palladium nanoparticles, in this instance), there have been significant
developments in the design of new palladacyclic frameworks [20]. Various cyclopalladated
ligand systems have been reported that have been successfully used in C–C and C–N
cross-couplings [16,17]. However, almost all precatalysts required an exogenous additive
or, in some cases, one single catalytic cycle to be activated. Another category of precatalysts
that has emerged as a powerful catalytic system is the recently developed Buchwald
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palladacycles 2–3 (Figure 1) [21]. These are formed from Pd and a hemilabile ligand that
subsequently dissociates during the initial catalytic cycle.
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The first and second generation (G1 and G2) (Figure 1) precatalysts have shown ex-
cellent activity in Suzuki–Miyaura [21,22] and Sonogashira [23] couplings, amination [24],
and C–H arylation [25] reactions. For example, with the G2 precatalyst, Suzuki–Miyaura
coupling reactions of five-membered 2-heterocyclic boronic acids with (hetero)aryl halides
were achieved under extremely mild reaction conditions in a short reaction time [22]. How-
ever, these precatalysts still possess some drawbacks. The G1 displays a short lifetime in
solution and cannot be activated with a weak base at room temperature, and its preparation
involves the handling of unstable organometallic intermediates. For the second generation
G2, in addition to being poorly soluble in organic solvents, it is also not stable in solution
for extended periods of time, and bulkier phosphines such as BrettPhos, an important
ligand in C–N bond formation, tBuXPhos, tBuBrettPhos, and RockPhos could not been
incorporated to lead to well-defined and isolable complexes.

Historically, tertiary phosphines have dominated the area as supporting ligands of first-
choice [26]. During the past two decades, N-heterocyclic carbenes (NHCs) have seen interest
grow exponentially, as ligands in Pd-mediated cross-coupling reactions and the develop-
ment of well-defined complexes have played vital roles in their now ubiquitous use [1–3,5].
The synthesis of such stable, well-defined complexes has been made possible thanks to
the high Pd–NHC bond stability that prevents active catalyst decomposition [1,3,27]. In
particular, considering the unique higher σ-donating and weaker π-accepting abilities
compared to phosphine relatives, NHCs [3,14,27] form stronger metal–ligand bonds. This
characteristic of NHCs has been deployed in the formation of new types of palladacycles,
coined NHC–C,N-Pdcycles [1,28]. It is worthy of note that NHCs not only endow the
Pd center with increased electronic density facilitating the oxidative addition step, but
also contribute to the structural stability of active LPd(0) species, rather than the forma-
tion of Pd nanoparticles [13,15,29] throughout the catalytic cycle. Therefore, researchers
have focused on this interesting field of palladacycles and intensively explored their po-
tential applications [12,30]. Today, many examples of palladacycles exist that show high
catalytic activity in Suzuki–Miyaura [31–42], Sonogashira [41–43], Heck [44–46], Buchwald–
Hartwig [47–50] coupling reactions, and carbonylation reactions [51–55].

We have previously reported on the synthesis of amino-palladacycles 4a and 4b
(Figure 1) [56] which build on the palladacyclic architecture bearing secondary phosphine
ligands (3 in Figure 1) reported by a group at Solvias [57].

The activity of the most efficient IPr-containing palladacycle 4a, was investigated in the
Buchwald–Hartwig, α-ketone arylation, reductive dehalogenation, and Suzuki−Miyaura
reactions [56,58]. The reactions could be performed at low catalyst loadings (1−0.05 mol%)
and under mild conditions (rt to 65 ◦C). Precatalyst 4a proved to be quite versatile and
displayed a wide reaction scope in numerous cross-coupling reactions. In the Buchwald–
Hartwig amination, primary and secondary alkyl and aryl amines were coupled in high
yields [56]. Similarly, in the α-ketone arylation, aryl and alkyl ketones reacted well [59,60].
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In general, the known design strategies for NHC-C, Y-Pdcycles include two synthetic
methods. The first makes use of stable precursors of N-heterocyclic carbene ligands, a
simple palladium salt and a suitable organic compound as a donor source which, under the
influence of a strong base present in the system, lead to the production of the palladacycle.
The second method uses palladacycle dimers possessing bridging halides which are cleaved
by free N-heterocyclic carbenes, giving a monomeric palladacycle (Figure 2a).
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Palladacycles of the latter generations bearing N-heterocyclic carbenes (NHCs) as
supporting ligands have not been studied. To our knowledge, no examples of G2-like
precatalyst bearing NHCs as ligands are reported in the literature. We now report on such
a study dealing with the synthesis of this type of palladacycle via a weak base route using
environmentally safe solvents (Figure 2b). Furthermore, their role as precatalysts in the
Buchwald–Hartwig aryl amination reaction has been examined.

2. Results and Discussion
2.1. Synthesis of [Pd(NHC)(NH2)(CC)Cl] Palladacycles

Analyzing previous reports on the use of the weak base route in the synthesis of metal
complexes of transition metals [60–63], we began our study by examining the reaction
of 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride (IPr·HCl) with the palladacycle
dimer 5 using K2CO3 as a base and acetone as a solvent (Table 1, entry 1). Gratifyingly, the
targeted [Pd(IPr)(NH2)(CC)Cl] complex 7 was obtained at a very good yield (91%) after
2 h when the reaction was heated in acetone at 60 ◦C (Table 1, entry 1). Then, wanting
to optimize reaction parameters for the synthesis of 7, we conducted experiments where
solvents, bases, and temperatures were modified. As shown in Table 1, after lowering the
temperature to 40 ◦C, the reaction time required to reach full conversion had to be extended
to 12 h, and the pure complex was only obtained in an 82% yield (Table 1, entry 2). Next, the
effects of the base on the reaction yield was examined. When NEt3 was used, no product
was observed, even when reaction times were extended to 24 h (Table 1, entry 3). The use
of sodium acetate led to product 7 at a 66% yield after 6 h.

Replacing acetone with toluene, a 52% yield of the product was obtained with reactions
being conducted at 40 ◦C and 60 ◦C for 18 h (Table 1, entries 5–6). When the system was
heated to 80 ◦C, a 77% efficiency was obtained after 6 h of reaction, while heating the
system to 100 ◦C allowed a 90% yield after 1 h (Table 1, entry 7–8). The use of ethyl acetate
as a solvent led to a 71% yield when the reaction was carried out at 40 ◦C, an 82% yield
when the reaction was conducted at 50 ◦C, and a 75% yield was obtained when the reaction
was performed at 60 ◦C (Table 1, entries 9–11). Ethanol proved to be a totally ineffective
solvent, producing a <5% yield after 3 h (Table 1, entry 12); moreover, decomposition of the
complex and precipitation of palladium black were observed under these conditions.
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With optimal reaction conditions in hand, which coincidentally happen to be the
initial conditions examined, an attempt was made to synthesize complexes bearing other
NHC ligands. Palladacycles with 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (IPr)
and 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene (IMes) ligands were synthesized in
very good isolated yields of 82% and 95%, respectively, (Figure 3). In both cases, excel-
lent yields and purities were obtained with a simple work-up procedure. Unfortunately,
attempts to synthesize a complex bearing the sterically much more demanding 1,3-bis
[2,6-bis(diphenylmethyl)-4-methylphenyl] imidazol-2-ylidene (IPr*) ligand proved unsuc-
cessful. Furthermore, [Pd(IPr)(NH2)(CC)Cl] and [Pd(IMes)(NH2)(CC)Cl] complexes were
synthesized on a gram-scale with high isolated yields (Figure 3), highlighting the scalability
of this simple procedure. It should be noted that when carrying out the reaction to obtain 7
on a gram scale, acetone was used to give complete conversion after 16 h; however, the yield
of the pure complex was only 46%, an issue that emerges on larger scale reactions because
of the moderate solubility of both the base and the IPr.HCl salt in this solvent. Using
toluene instead leads to improved solubility, as well as greatly reduced decomposition and
by-product formation. In toluene, the pure product is obtained at a 74% yield.

Table 1. Selected entries for the optimization of reaction conditions leading to palladacycle 7.
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Entry Solvent Base T
(◦C)

Time
(h)

Conv. a

(%) Yield a (%)

1 Acetone K2CO3 60 2 >99 91
2 Acetone K2CO3 40 12 >99 82
3 Acetone Et3N 60 24 0 0
4 Acetone NaOAc 60 6 >99 66
5 Toluene K2CO3 40 18 >99 52
6 Toluene K2CO3 60 18 >99 52
7 Toluene K2CO3 80 6 >99 58
8 Toluene K2CO3 100 1 >99 90
9 EtOAc K2CO3 40 3 >99 71

10 EtOAc K2CO3 50 3 >99 82
11 EtOAc K2CO3 60 3 >99 75
12 EtOH K2CO3 40 3 >99 3

Reaction condition: Pd dimer = 1eq; (IPr·HCl) = 2.1 eq; base = 3 eq; Pd dimer loading = 50 mg; a All conversions
and yields were determined by 1H NMR, using 1,3,5-trimethoxybenzene as internal standard.

Catalysts 2023, 13, x 5 of 14 
 

 

 

Figure 3. Scheme of the synthesis of palladacycle [Pd(NHC)(NH2)(CC)Cl] complexes. 

All synthesized palladium complexes were fully characterized using NMR spectroscopy 

and elemental analysis. In particular, the disappearance of the imidazolium proton in the 
1H NMR spectra and the presence of the carbene carbon signal at ca. 160 ppm in the 13C 

NMR spectra are clearly indicative of the formation of the complexes of interest. Moreo-

ver, crystals of 7 and 8, suitable for X-ray diffraction study on single crystals, were grown 

with the slow diffusion of pentane into a saturated CH2Cl2 solution of the complexes; the 

corresponding molecular structures are showed in Figure 4. 

  
            7             8 

Figure 4. (Left) X-ray structure of palladacycle 7; selected bond distances (Å ) and angles (deg): Pd1-

Cl5 2.4146(9), Pd1-N3 2.095(3), Pd1-C1 1.996(3), Pd1 C67 2.004(4), CCDC 2241786; (Right) X-ray 

structure of palladacycle 8; selected bond distances (Å ) and angles (deg): Pd1-Cl1 2.4331 (8), Pd1-C1 

2.001 (3), Pd1-N3 2.109 (2), Pd1-C22 1.996 (3), C1-Pd1-N3 173.63 (12), CCDC 2225057. Ellipsoids are 

drawn at the 30% probability level, and hydrogen atoms have been omitted for clarity. 

2.2. [Pd(NHC)(NH2)(CC)Cl] Palladacycles as Catalysts in the Buchwald–Hartwig Amination 

Reaction 

To test the catalytic activity of the synthesized complexes, we selected the Buchwald–

Hartwig amination reaction as a test reaction. The coupling of 4-chloroanisole with mor-

pholine in THF and 2-MeTHF with KOtBu, 1 mol% of 7 at 80°C was chosen as a model 

reaction [64]. A very high yield (91%) of the product was achieved after 4 h in 2-MeTHF 

(Table 2, entries 1–2). The role and identity of the solvent was examined; moving from 

Me-THF to dioxane does affect the efficiency of the reaction. Indeed, the use of 1,4-dioxane 

allowed a 98% conversion to be obtained when the reaction was carried out at 80°C, and 

100% when the reaction was carried out at 100°C (Table 2, entries 3–4). 

 

Figure 3. Scheme of the synthesis of palladacycle [Pd(NHC)(NH2)(CC)Cl] complexes.

All synthesized palladium complexes were fully characterized using NMR spec-
troscopy and elemental analysis. In particular, the disappearance of the imidazolium

41



Catalysts 2023, 13, 559

proton in the 1H NMR spectra and the presence of the carbene carbon signal at ca. 160 ppm
in the 13C NMR spectra are clearly indicative of the formation of the complexes of inter-
est. Moreover, crystals of 7 and 8, suitable for X-ray diffraction study on single crystals,
were grown with the slow diffusion of pentane into a saturated CH2Cl2 solution of the
complexes; the corresponding molecular structures are showed in Figure 4.
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2.2. [Pd(NHC)(NH2)(CC)Cl] Palladacycles as Catalysts in the Buchwald–Hartwig
Amination Reaction

To test the catalytic activity of the synthesized complexes, we selected the Buchwald–
Hartwig amination reaction as a test reaction. The coupling of 4-chloroanisole with mor-
pholine in THF and 2-MeTHF with KOtBu, 1 mol% of 7 at 80 ◦C was chosen as a model
reaction [64]. A very high yield (91%) of the product was achieved after 4 h in 2-MeTHF
(Table 2, entries 1–2). The role and identity of the solvent was examined; moving from
Me-THF to dioxane does affect the efficiency of the reaction. Indeed, the use of 1,4-dioxane
allowed a 98% conversion to be obtained when the reaction was carried out at 80 ◦C, and
100% when the reaction was carried out at 100 ◦C (Table 2, entries 3–4).

Searching for a greener solvent allowed us to make use of cyclopentyl methyl ether
(CPME). The use of CPME over other commonly employed ether solvents, such as THF,
diethyl ether, or 1,4-dioxane, is preferred in view of its stability under acidic and basic
conditions; it also does not lead to the formation of peroxides, thereby decreasing risks
associated with this reaction [65]. The model reaction in this solvent in the presence of
KOtBu gave an excellent conversion after 1 h when the reaction was carried out at 80 ◦C
(Table 2, entries 5–8). Conducting this reaction at a lower temperature, i.e., 60 ◦C or 70 ◦C,
led to no conversion (Table 2, entries 9–10). The ideal activation temperature appears to
be 80 ◦C, as increasing the temperature does not affect conversion. The use of K2CO3 and
Cs2CO3 as weak bases in the reaction did not lead to catalyst activation (Table 2, entries
11, 13), while the use of NaOAc gave only moderate conversion (Table 2, entry 10). The
possibility of reducing the catalyst loading was also examined (Table 2, entries 14–18). The
reaction proceeds using a 0.5 mol% catalyst loading. The last optimization step examined
the activity of palladacycle dimer 5 and palladacycle 8. The starting palladacycle dimer 5
proved inactive in the control experiment and complex 8 yielded an 88% conversion under
optimized reaction conditions (Table 2, entries 19–20).
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Table 2. Buchwald–Hartwig amination; selection of optimal conditions.
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[%] a

1 1 THF KOtBu 80 4 83
2 1 Me-THF KOtBu 80 4 91
3 1 1,4-dioxane KOtBu 80 4 98
4 1 1,4-dioxane KOtBu 100 4 100
5 1 CPME KOtBu 100 4 99
6 1 CPME KOtBu 80 4 100
7 1 CPME KOtBu 80 2 100
8 1 CPME KOtBu 80 1 94
9 1 CPME KOtBu 60 24 NR

10 1 CPME KOtBu 70 24 NR
11 1 CPME K2CO3 80 24 NR
12 1 CPME NaOAc 80 2 62 (63) b

13 1 CPME Cs2CO3 80 2 NR
14 0.5 CPME KOtBu 80 2 100
15 0.5 CPME KOtBu 80 1 98
16 0.2 CPME KOtBu 80 2 8 (8) b

17 0.3 CPME KOtBu 80 2 14 (15) b

18 0.4 CPME KOtBu 80 2 33 (54) b

19 c 0.5 CPME KOtBu 80 24 NR
20 d 0.5 CPME KOtBu 80 2 84 (84) b

Reaction conditions: 4-chloroanisole (1.0 mmol); morpholine (1.2 mmol); base (1.2 mmol); cat. Pd (7); solvent
(2.0 mL); N2;

a GC yield, dodecane as internal standard; b 24 h; c complex 5 was used; d complex 8 was used.

With the optimal reaction conditions in hand (Table 2, entry 14) Buchwald–Hartwig
amination reactions were carried out between various (hetero)aryl chlorides and amines in
the presence of 0.5 mol% of 7 (Figure 5).

Aryl chlorides were used as effective coupling partners in these reactions. Despite the
unreactive nature of the C−Cl bond, these reactions required low catalyst loading and reac-
tion times, ranging from 1 h to a maximum of 4 h. It was interesting to observe that varying
the nature of the aryl group substituents had a minimal influence on reaction rates. Steri-
cally hindered aryl chlorides, such as 2-methoxychlorobenzene or 2-methylchlorobenzene,
have rates slightly lower than unhindered relatives. We were pleased to find that a large
variety of substrates, such as heterocyclic alkylamines, dialkylamines, aryl−alkylamines,
and primary amines are all efficient coupling partners. Aryl chlorides bearing electron
donating and withdrawing functional groups reacted smoothly with secondary alkyl and
arylalkyl amines. A series of secondary amines (aliphatic and aromatic) was also suc-
cessfully coupled using this methodology. Various anilines, including sterically hindered
di-ortho-substituted examples, were well-tolerated and typically produced excellent yields
with these as nucleophiles. The only exception found was for the less-active and very bulky
derivatives, where lower yields were obtained.

This catalytic system proved less efficient for more challenging coupling partners, such
as heteroaryl chlorides and primary amines. Heteroaryl chlorides are known for possible
catalyst deactivation and poor solubility that cause significant difficulties in C−N coupling.
The use of a long-chain halide turned out to be equally ineffective under these conditions,
even after extending the reaction time to 24 h. The comparison of the catalytic activity of
known palladacycles in the Buchwald–Hartwig reaction is presented in Table S1.

The mechanism of the Buchwald–Hartwig amination reaction was first described
more than 20 years ago [66–68]. It is generally assumed to proceed through steps similar
to those known for palladium-catalyzed C–C coupling reactions. These steps include
oxidative addition of the aryl halide to the Pd (0) groupings, addition of an amine to the
oxidative addition complex, deprotonation of the amine, and then reductive elimination.
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Based on our previous studies [56] and those of the Indolese group [57,69], we propose a
mechanism (Figure 6) in which the activation of the palladacyclic catalyst is initiated by the
attack of the alkoxide on the palladium, resulting in the formation of palladium alkoxide.
Subsequently, this electron-rich palladium type (0), stabilized by the presence of the NHC
ligand, enters the catalytic cycle where oxidative addition of aryl halides takes place. The
reaction proceeds in the classical manner.
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Figure 5. Scope of the Buchwald–Hartwig amination catalyzed by 7. Reaction conditions: aryl
chlorides (1.0 mmol); amine (1.2 mmol); base (1.2 mmol); cat. Pd (7); solvent (2.0 mL); N2; Isolated
yield; * GC yield, 24 h.

The palladacycle activation step proposed in the mechanism is supported by experi-
ments. Specifically, we performed a reaction in which 1 eq. palladacycle 7 was treated with
1.1 eq. KOtBu in CPME by heating this mixture at 80 ◦C for 1 h. After completion of the
reaction, the 1H NMR spectrum (CDCl3) revealed the formation of a new complex at a 28%
yield. Moreover, decomposition compounds of the palladium complex that are difficult to
identify were also observed. Due to the overlap of signals relevant to the interpretation of
the tert-butyl group, we were unable to determine unequivocally whether the new complex
we obtained is the alkoxide form of palladium. We therefore repeated this reaction in
deuterated benzene as a solvent to facilitate the spectroscopic analysis.

The 1H NMR spectrum after 5 min of heating revealed the disappearance of a signal
from the CH3 groups in KOtBu (1.04 ppm) and the formation of a new signal from the
CH3 groups in -OtBu (1.05 ppm), shifted slightly towards a higher field. All other signals
characteristic of the starting material had also shifted. For example, the signal for CH(CH3)2
was shifted from 1.43 ppm to 1.48 ppm. We additionally performed a reaction in which
1 eq. palladacycle 7 was reacted with 1 eq. 1-chloro-4-methoxybenzene and 1.1 eq. KOtBu
in CPME by heating this mixture at 80 ◦C for 1 hr. After completion of the reaction, we
observed a signal at 11.2 min on the gas chromatogram which suggested the presence
of an aminobiphenyl fragment of the palladacycle released under these conditions. This
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retention time was confirmed by comparison with an authentic sample. These experiments
strongly support the “activation” of the Pd(II) precatalyst by an alkoxide base as the key
event leading to an in-cycle catalytically active species.
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3. Materials and Methods
3.1. Materials

All reactions were performed under N2 unless otherwise mentioned. All solvents and
other reagents were purchased from commercial sources (ChemLab (Zedelgem, Belgium),
Sigma-Aldrich (Overijse, Belgium), Umicore (Brussels, Belgium)), and used as received
without further purification unless otherwise stated. 1H NMR and 13C-{1H} NMR spectra
were recorded on Bruker Avance-400 or 300 (Billerica, United States) instruments at 298 K.
Chemical shifts (ppm) in 1H and 13C NMR spectra are referenced to the residual solvent
peak (CDCl3: δ H = 7.26 ppm, δ C = 77.2 ppm). Coupling constants (J) are given in
hertz. Abbreviations used in the designation of the signals are: s = singlet, d = doublet,
t = triplet, m = multiplet, q = quartet. All GC analyses were performed on an Agilent 7890 A
Gas Chromatograph (Santa Clara, United States) with an FID detector using J&W HP-5
column (30 m, 0.32 mm). Elemental analyses were recorded on elementar Analysensysteme
GmbH—vario EL III Element Analyzer, (Langenselbold, Germany).

3.2. Methods
3.2.1. General Procedure for Synthesis of [Pd(NHC)(NH2)(CC)Cl] Complexes (Small Scale)

A 4 mL scintillation vial equipped with a septum cap and a stirring bar was charged
with Di-µ-chlorobis[2′-(amino-N)[1,1′-biphenyl]-2-yl-C]dipalladium(II) (1 eq., 50 or 100 mg
scale), NHC·HCl (2.1 eq.), K2CO3 (3 eq.), and acetone (1 mL). The reaction mixture was
stirred at 60 ◦C for 1–2 h. The solvent was removed under vacuum and purification of
the product was carried out with filtration through a Millipore membrane filter with ethyl

45



Catalysts 2023, 13, 559

acetate (3 mL). Evaporation of the solvent, washing with pentane (3 × 3 mL), and drying
under high vacuum afforded the products as microcrystalline powders.

3.2.2. General Procedure for Synthesis of [Pd(NHC)(NH2)(CC)Cl] Complexes
(Larger Scale)

A 15 mL scintillation vial equipped with a septum cap and a stirring bar was charged
with Di-µ-chlorobis[2′-(amino-N)[1,1′-biphenyl]-2-yl-C]dipalladium(II) (1.00 g, 1.51 mmol),
IPr·HCl (1.35 g, 3.17 mmol), K2CO3 (0.626 g, 4.53 mmol), and acetone (3 mL). The reaction
mixture was stirred at 60 ◦C for 16 h. The solvent was removed under vacuum and purifi-
cation of the product was carried out with filtration through a Millipore membrane filter
with ethyl acetate (6 mL). Evaporation of the solvent, washing with pentane (5 × 5 mL),
and drying under high vacuum afforded the product 7 as microcrystalline yellow powder
(1.71 g, 74%).

A 15 mL scintillation vial equipped with a septum cap and a stirring bar was charged
with Di-µ-chlorobis[2′-(amino-N)[1,1′-biphenyl]-2-yl-C]dipalladium(II) (1.00 g, 1.51 mmol),
IMes·HCl (1.08 g, 3.17 mmol), K2CO3 (0.626 g, 4.53 mmol), and acetone or toluene (3 mL).
The reaction mixture was stirred at 60 ◦C for 4 h. The solvent was removed under vacuum
and purification of the product was carried out with filtration through a Millipore mem-
brane filter with ethyl acetate (6 mL). Evaporation of the solvent, washing with pentane
(5 × 5 mL), and drying under high vacuum afforded the product 8 as microcrystalline
yellow powder (1.59 g, 81%).

3.2.3. Procedures for the Catalytic Tests Buchwald–Hartwig Reaction

The appropriate amount of palladium complex (0.2–1 mol%), base (1.2 mmol), and a
stirring bar were charged into a 4 mL scintillation vial. If the base was sensitive to air and
moisture, it was weighed inside a glovebox. Under an argon atmosphere, 4-chloroanisole
(1.0 mmol), morpholine (1.2 mmol), and an appropriate degassed solvent (2.0 mL) were
added to the vial at room temperature. The reaction mixture was stirred at the indicated
temperature for the indicated time. The course of the reaction was monitored with gas
chromatography using dodecane as an internal standard.

3.2.4. General Procedure for the Buchwald–Hartwig Reaction

[Pd(IPr)(NH2)(CC)Cl] (0.5 mol%), aryl chloride (1.0 mmol), amine (1.2 mmol) (if the
substrate was solid), and a stirring bar were charged into a 4 mL scintillation vial. The
vial was charged with KOtBu (1.2 mmol) under inert atmosphere (in the glovebox as a
standard procedure), the vial was closed with a cap, and the vial was taken outside of the
glovebox. Under argon atmosphere, aryl chloride (1.0 mmol), amine (1.2 mmol) (if the
substrate was liquid), and degassed dry cyclopentyl methyl ether (2.0 mL) were added
at room temperature and the reaction mixture was stirred at 80 ◦C for the indicated time.
After the indicated time, the crude mixture was purified with filtration through silica gel
and the product was isolated by the removal of volatiles under reduced pressure.

4. Conclusions

In summary, a new class of catalysts with a potentially broad spectrum of activity
in cross-coupling chemistry has been synthesized and fully characterized. The catalysts
consist of a palladacycle scaffold stabilized by the presence of a highly donating, sterically
demanding NHC ligand. The catalysts are well-defined, air stable, and very active in the
cross-coupling of aryl chlorides with amines. Their synthesis is simple and is achieved by
mixing NHC.HCl with a palladacycle and K2CO3 in acetone at 60 ◦C in air. The proposed
mechanism of activation is based on the generation of aryl-alkoxy palladium species. The
palladium (0) species formed upon elimination of the ether is stabilized by coordination to
an electron-rich, sterically demanding NHC.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13030559/s1, screening tables, preparation of palladacycles,
analytical data palladacycles, biaryls, amino aryls, 1H and 13C NMR spectra, elemental analysis,
more detailed materials and methods; Figure S1: Molecular structure of compound 7 and atoms
numbering scheme. The hydrogen atoms omitted for clarity. Displacement ellipsoids shown at
the 30% probability level; Figure S2: Molecular structure of compound 8 and atoms numbering
scheme. The hydrogen atoms omitted for clarity. Displacement ellipsoids shown at the 30% proba-
bility level; Table S1: Buchwald-Hartwig amination catalyzed by NHC-Pdcycles; Table S2: Selected
crystal data and structure refinement details (7); Table S3: Selected geometric parameters (Å, ◦) (7);
Table S4: Selected crystal data and structure refinement details (8); Table S5: Selected geometric
parameters (Å, ◦) (8) [14,50,56,64,65,70–86].
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Abstract: We report an efficient method to prepare polysubstituted 3-hydroxypyridines from amino
acids, propargyl alcohols, and arylboronic acids. The process involves Pd(0)-catalyzed anti-selective
arylative cyclizations of N-propargyl-N-tosyl-aminoaldehydes with arylboronic acids (“anti-Wacker”-
type cyclization), oxidation of the resulting 5-substituted-3-hydroxy-1,2,3,6-tetrahydropyridines to
3-oxo derivatives, and elimination of p-toluenesulfinic acid. This method provides diverse polysub-
stituted 3-hydroxypyridines, whose hydroxy group can be further substituted by a cross-coupling
reaction via a triflate.

Keywords: “anti-Wacker”-type cyclization; 3-hydroxypyridine; arylboronic acids; palladium; amino
acids; propargyl alcohols

1. Introduction

Pyridines are important motifs found in natural products, pharmaceutical molecules,
and agricultural chemicals [1–7]. Therefore, a wide variety of methods for the synthe-
sis of pyridine and its derivatives have been developed; the proposed strategies rely on
the modification of a pre-existing aromatic core [8–26] or the implementation of de novo
synthetic technologies [27–43]. However, it is still difficult to introduce multiple sub-
stituents into the pyridine skeleton in a perfectly regioselective manner. For example,
3-hydroxypyridines [27–31] have been identified as not only bioactive compounds [1–7]
but also useful intermediates for transformation into more functionalized pyridines [30].
In contrast to 2- and 4-hydroxypyridines, which readily tautomerize to the correspond-
ing pyridones, 3-hydroxypyridines cannot form keto tautomers and are transformed into
3-subsituted pyridines through a cross-coupling reaction of their triflates under palladium
catalysis [44–49]. Donohoe [50] and Yanagisawa [51] independently reported de novo
syntheses of 3-hydroxypyridines by the ring-closing metathesis of N-allyl-N-(2-oxobut-
3-en-1-yl)amino derivative 1 (Scheme 1, top equation). However, the synthesis of each
of the 3-hydroxypyridines 3 requires the preparation of the respective precursors from
building blocks that are difficult to obtain, including polysubstituted allylic alcohols and
alkenylmetal species. Alkylative cyclization to convert a single precursor into multiple
cyclized products with a wide variety of substituents could be more desirable for the
diversity-oriented synthesis of 3-hydroxypyridines. Herein, we describe a practical and re-
gioselective synthesis of 3-hydroxypyridines by the Pd(0)-catalyzed anti-selective arylative-,
alkylative, or alkynylative cyclizations (“anti-Wacker”-type cyclization [52–54]) of alky-
nals 4, which can be easily prepared from available amino acid derivatives and propargyl
alcohols (Scheme 1, bottom equation). Polysubstituted 3-hydroxypyridines are obtained
with a simple two-step sequence: oxidation of cyclization products 5 and subsequent
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desulfinative aromatization developed by Boger [50,51,55]. The “anti-Wacker”-type cy-
clization proceeds through the newly proposed “anti-Wacker”-type oxidative addition of
alkynyl electrophiles that do not form oxapalladacycles, transmetalation with organometal-
lic reagents, and reductive elimination [52,53]. Both substituents at the alkyne terminus and
phosphine ligands affect the regioselectivity of the cyclization reaction, with a combination
of terminal alkynes and triphenylphosphine and that of aryl- and 1-alkynyl substituents
and tricyclohexylphosphine favoring the formation of endocyclic products over exocyclic
products. However, the effect of substituents at the α-positions of the alkyne and carbonyl
on the diastereoselectivity and how many substituents are allowed are poorly under-
stood [54]. N-Tosyl-tethered aldehyde 4 with an α-substituent of the carbonyl group can
be readily prepared from amino acids. The tosyl-protecting group promotes not only the
N-propargylation step of the substrate preparation but also the cyclization step by the
electron-withdrawing inductive effect and the Thorpe–Ingold effect, which is eliminated
after oxidation of the resulting allylic alcohols 5 to afford 3-hydroxypyridines 3. Through
the synthesis of multisubstituted 3-hydroxypyidines, we explored the scope and limita-
tions of the “anti-Wacker”-type cyclization and established the structures of six-membered
endocyclic products.
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2. Results and Discussion

The preparation of alkyne-aldehydes 4a–o for the “anti-Wacker”-type cyclization
was commenced with the N-alkylation of N-tosyl amino acid methyl esters via the SN2
reaction with propargyl bromides or the Mitsunobu reaction with propargyl alcohols
(Scheme 2). The terminal alkyne in methyl esters 6a·b was also able to be substituted with
aryl, 1-alkenyl, and 1-alkynyl groups by the Sonogashira or Cadiot–Chodkiewicz coupling
reactions [56,57]. The ester intermediates were subsequently reduced with DIBAL to give
aldehydes 4a–o.
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The terminal alkyne 4a (R1=R2=R4=H) derived from glycine underwent the Pd(PPh3)4-
catalyzed “anti-Wacker”-type cyclization with arylboronic acids 7A–C upon heating at
80 ◦C in methanol to afford 5-substituted-3-hydroxy-1,2,3,6-tetrahydropyridines 5aA–C in
good to moderate yields (Scheme 3). In addition to the aryl group, the alkyl and alkynyl
groups were also effectively introduced into products 5aD and 5aE using the triethylborane
7D and alkynylcopper species generated in situ from phenylacetylene 7E along with a
catalytic amount of copper iodide, respectively [52,53]. The α-substituted aldehydes 4b–e
derived from alanine, leucine, phenylalanine, and valine also participated in the arylative
cyclization with 7A to furnish 5b–eA with cis-disubstituents as the predominant products in
high yields [54]. The stereochemical outcome observed herein provides useful information
about the transition states. The observed cis-diastereoselectivity would result from the
steric effect of the substituent at the pseudoequatorial position of the twist boat transition
state shown in Figure 1, where there is maximum overlap between the π-orbital of the
incoming alkyne and the π*-orbital of the carbonyl [58,59]. The bulky isopropyl group in
4e would increase the gauche interaction with the N-Ts group and be partially oriented in
the pseudoaxial position, leading to lower cis-diastereoselectivity.
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Figure 1. Diastereoselective cyclizations of 4b–e with a substituent at the α-position to the car-
bonyl group.
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On the other hand, a substituent (R2) at the α-position of the alkyne functionalities in
glycine-derived terminal alkyne-aldehydes 4f–h dramatically affected the yield of prod-
ucts 5f–hA, with the sterically demanding phenyl group resulting in much lower yields
(Scheme 3). Interestingly, cis-diastereoselectivity was consistently high, regardless of the
steric bulkiness of the substituents. The nucleophilic attack of a Pd(0) species would be
hindered more significantly by the propargyl substituent at the pseudoequatorial position
than by the substituent at the pseudoaxial position (Figure 2). The favored transition
state with the substituent at the pseudoaxial position leads to cis-disubstituted products.
Surprisingly, the introduction of two cis-oriented substituents at both the α-positions of the
aldehyde and alkyne moieties led to the formation of not only the endocyclic product 5iA
but also the exocyclic product 8iA. To the best of our knowledge, this is the only example
of the formation of both endocyclic and exocyclic products during the arylative cyclization
of terminal alkyne-aldehydes under Pd(PPh3)4 catalysis.
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Figure 2. Diastereoselective cyclizations of 4f–h with a substituent at the propargyl position.

The arylative cyclizations of internal alkyne-aldehydes 4j–o with p-methoxyphenylboronic
acid 7A under the catalysis of the strongly σ-donating tricyclohexylphosphine-ligated
palladium also provided 4,5-disubstituted-3-hydroxy-1,2,3,6-tetrahydropyridines 5j–oA,
along with 8j–oA, in good to moderate yields (Scheme 4). For the predominant endocyclic
closure that affords the tetrahydropyridines, the alkyl, aryl, 1-alkynyl, or polysubstituted
1-alkenyl groups at the alkyne terminus were necessary [53]. The arylative cyclization of
alkyl-substituted alkyne-aldehyde 4j was relatively slow and gave an inseparable mix-
ture of 5jA and 8jA. The former tetrahydropyridine 5jA can be alternatively prepared
with a two-step sequence: arylative cyclization of conjugated diyne-aldehyde 4m, fol-
lowed by chemoselective hydrogenation of the internal alkyne 5mA in the presence of a
tetra-substituted alkene [53]. Further substitution at the α-position of the carbonyl group
in 4o preserves the high yield of product 5oA with two cis-oriented substituents, which
would also result from the similar transition state shown in Figure 1.

The 5-substituted 3-hydroxy-1,2,3,6-tetrahydropyridines were transformed into the
corresponding 3-hydroxypyridines through the following two steps (Scheme 5). The
Dess–Martin oxidation of the hydroxy group in 5 afforded enone 2, although that of the
acid-sensitive 5eA required the addition of sodium bicarbonate to prevent acid-mediated
dehydration. Subsequent elimination of the p-toluenesulfinic acid moiety in 2 was achieved
using 1,8-diazabicyclo [5.4.0]undec-7-ene (DBU) to furnish the desired multiply substituted
3-hydroxypyridines 3 in good yields. For reasons unknown, the eliminated product was
not formed in the case of 2mA with the 1-alkynyl group at the C4 position.

Finally, the hydroxyl group at the C3 position of 3cA was substituted with an aryl
group via triflate 9cA. After a brief screening of the Suzuki–Miyaura cross-coupling reaction,
we found that the use of lithium chloride [60] successfully transformed triflate 9cA into
2-substituted 3,5-diarylpyridine 10 in excellent yield (Scheme 6).
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Scheme 6. Suzuki–Miyaura cross-coupling of triflate 9cA derived from 3cA.

3. Materials and Methods
3.1. General Techniques

All commercially available reagents and anhydrous solvents including tetrahydrofu-
ran (THF), dichloromethane (DCM), and 1,2-dimethoxyethane (DME) were purchased and
used without further purification. Anhydrous methanol (MeOH), N,N-dimethylformamide
(DMF), and toluene were obtained using distillation from magnesium, calcium hydride,
and sodium, respectively. All reactions were monitored using thin-layer chromatography
(TLC) performed using 0.25 mm silica gel glass plates (60 F254) using UV light and ethanolic
p-anisaldehyde-sulfuric acid, ethanolic molybdatophosphoric acid, aqueous cerium sulfate-
hexaammonium heptamolybdate-sulfuric acid, or aqueous potassium permanganate-
potassium carbonate-sodium hydroxide solutions as visualizing agents. Flash column
chromatography was carried out with silica gel (spherical, neutral, 100–210 µm grade).
Preparative thin-layer chromatography was performed using 0.75 mm Wakogel® B-5F PLC
plates. Yields refer to chromatographically and spectroscopically homogenous materials.
Melting points were measured with a melting point apparatus and were uncorrected.
Only the strongest and/or structurally important absorptions of infrared (IR) spectra are
reported in reciprocal centimeters (cm−1). The 1H-NMR spectra (400 MHz or 600 MHz)
and 13C{1H}NMR spectra (100 MHz or 151 MHz) were recorded in the indicated solvent.
Chemical shifts (δ) are reported in delta (δ) units, parts per million (ppm). Chemical shifts
for the 1H-NMR spectra are given relative to signals for internal tetramethylsilane (0 ppm)
or residual nondeuterated solvents, i.e., chloroform (7.26 ppm). Chemical shifts for the
13C-NMR spectra are given relative to the signal for chloroform-d (77.0 ppm). Multiplicities
are reported as the following abbreviations: s (singlet), d (doublet), t (triplet), q (quartet),
m (multiplet), and br (broad). Coupling constants (J) are represented in hertz (Hz). The
1H and 13C-NMR chemical shifts were assigned using a combination of COSY, NOESY,
HMQC, and HMBC. Low- and high-resolution mass spectra were measured using TOF-MS
with EI, FAB, or ESI probes.

3.2. Materials

Ynals 4a, 4b, 4d, 4j, 4k, 4m, and 4n were prepared according to the literature pro-
cedure [61–63]. Ynals 4c and 4e were prepared from N-tosyl amino acid methyl es-
ter [64] and propargyl bromide. Ynals 4f, 4g, and 4i were prepared from N-tosyl amino
acid methyl ester and propargyl alcohols. Ynal 4h was prepared from N-benzylidene-p-
toluenesulfonamide [65], ethynylmagnesium bromide, and methyl bromoacetate. Ynals 4l
and 4o were prepared through Sonogashira reaction of terminal alkyne 6a·b with 1-iodo-
4-nitrobenzene. The details of procedures for the preparation of ynals are described in
Supplementary Materials.

3.3. Methods
3.3.1. General Procedure for the Pd(PPh3)4-Catalyzed Arylative Cyclizations of Terminal
Alkyne-Aldehyde 4a–i with Arylboronic Acid 7A–C

To a test tube containing 4a–i (1 equiv), arylboronic acid 7A–C (1.5 equiv), and
Pd(PPh3)4 (5 mol%) was added anhydrous MeOH (0.1 M) under argon. The resulting
mixture was sealed with a screw cap and agitated at 80 ◦C for the time described in
Scheme 3. The reaction mixture was cooled down to room temperature and then treated
with polymer-supported diethanolamine (PL-DEAMTM, 1.72 mmol/g, 3 equiv, X g) and
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THF (10 × X mL) to remove an excess of 7A–C. The mixture was agitated at room tempera-
ture for 2 h. The mixture was filtered, and the resin was thoroughly rinsed with CHCl3.
The filtrate was concentrated in vacuo and the residue was purified with preparative TLC
or silica gel column chromatography to give endocyclic products 5(a–i)(A–C) in the yield
described in Scheme 3.

Procedure for 5-(4-methoxyphenyl)-1-tosyl-1,2,3,6-tetrahydropyridin-3-ol (5aA)

Method: 5aA (16.6 mg, 90%) was obtained from 4a (12.9 mg, 0.0513 mmol), 7A
(11.4 mg), and Pd(PPh3)4 (2.9 mg) and isolated with silica gel column chromatography elut-
ing with 15% EtOAc/hexane. Spectra data of 5aA were in agreement with those reported
in the literature [52].

Procedure for 1-(4-(5-hydroxy-1-tosyl-1,2,5,6-tetrahydropyridin-3-yl)phenyl)ethan-1-one (5aB)

Method: 5aB (12.3 mg, 70%) was obtained from 4a (11.9 mg, 0.0474 mmol), 7B
(12.3 mg), and Pd(PPh3)4 (2.9 mg) and isolated with preparative TLC eluting with 20%
EtOAc/toluene. Spectra data of 5aB were in agreement with those reported in the litera-
ture [53].

Procedure for 5-(4-nitrophenyl)-1-tosyl-1,2,3,6-tetrahydropyridin-3-ol (5aC)

Method: 5aC (28.2 mg, 51%) was obtained from 4a (37.7 mg, 0.150 mmol), 7C (37.6 mg),
and Pd(PPh3)4 (8.6 mg) and isolated with preparative TLC eluting with 20% EtOAc/toluene.

Pale-brown oil. IR (neat): 3620–3200, 1681, 1604, 1344, 1271, 1167, 1094, 819, 755,
660 cm−1; 1H-NMR (400 MHz, CDCl3): δ 7.19 (d, J = 8.8 Hz, 2H), 7.73 (d, J = 8.0 Hz, 2H),
7.49 (d, J = 8.8 Hz, 2H), 7.37 (d, J = 8.0 Hz, 2H), 6.35 (s, 1H), 4.45 (ddd, J = 4.8, 4.0, 5.6 Hz,
1H), 4.09 (d, J = 16.0 Hz, 1H), 3.76 (d, J = 16.0 Hz, 1H), 3.37 (dd, J = 12.0, 4.8 Hz, 1H), 3.24
(dd, J = 12.0, 4.0 Hz, 1H), 2.60 (d, J = 5.6 Hz, 1H), 2.44 (s, 3H); 13C-NMR (151 MHz, CDCl3):
δ 147.7, 144.3, 143.7, 135.0, 132.9, 130.0, 128.1, 127.7, 126.3, 124.0, 63.7, 49.7, 46.2, 21.6. LRMS
(EI) m/z (relative intensity) 374 ([M]+, 2), 356 (3), 184 (100), 155 (61). HRMS (EI, [M]+): m/z
calcd for C18H18N2O5S, 374.0936; found, 374.0956.

Procedure for (2S,3S)-5-(4-methoxyphenyl)-2-methyl-1-tosyl-1,2,3,6-tetrahydropyridin-3-ol (5bA)

Method: 5bA (33.1 mg, 87%, dr >95:<5) was obtained from 4b (27.1 mg, 0.102 mmol),
7A (22.8 mg), and Pd(PPh3)4 (5.8 mg) and isolated with preparative TLC eluting with 10%
EtOAc/toluene.

Colorless oil. Rf 0.40 (50% EtOAc/hexane). [α]D
23 −5.8 (c 0.60, CHCl3). IR (neat):

3497, 1608, 1335, 1515, 1160, 1030, 816, 752, 659 cm−1; 1H-NMR (400 MHz, CDCl3): δ 7.73
(d, J = 8.0 Hz, 2H) 7.32–7.28 (m, 4H), 6.87 (d, J = 8.8 Hz, 2H), 5.82 (s, 1H), 4.49 (m, 1H), 4.47
(d, J = 16.0 Hz, 1H), 4.34 (m, 1H), 3.81 (s, 3H), 3.74 (d, J = 16.0 Hz, 1H), 2.42 (s, 3H), 1.88
(br-s, 1H), 0.91 (d, J = 6.8 Hz, 3H); 13C-NMR (100 MHz, CDCl3): δ 159.9, 143.5, 137.0, 133.5,
129.8, 129.5, 127.0, 126.3, 123.2, 114.0, 67.0, 55.3, 50.8, 41.5, 21.5, 9.4. HRMS (ESI, [M + Na]+)
m/z calcd for C20H23NNaO4S 396.1240, found 396.1242.

Procedure for 2-isobutyl-5-(4-methoxyphenyl)-1-tosyl-1,2,3,6-tetrahydropyridin-3-ol (5cA)

Method: 5cA (19.1 mg, 92%, dr 91:9) was obtained from 4c (15.4 mg, 0.0501 mmol),
7A (11.5 mg), and Pd(PPh3)4 (3.0 mg) and isolated with preparative TLC eluting with 10%
EtOAc/toluene.

For (2S,3S)-5cA as a major diastereomer: Colorless oil. Rf 0.38 (10% EtOAc/toluene).
[α]D

22 −131 (c 0.52, CHCl3). IR (neat): 3505, 2955, 1608, 1514, 1331, 1158, 817, 745, 660 cm−1;
1H-NMR (400 MHz, CDCl3): δ 7.69 (d, J = 8.4 Hz, 2H), 7.28 (d, J = 8.4 Hz, 2H), 7.24 (d,
J = 8.4 Hz, 2H), 6.88 (d, J = 8.4 Hz, 2H), 5.76 (s, 1H), 4.52 (d, J = 18.0 Hz, 1H), 4.33–4.20 (m,
2H), 3.83 (d, J = 18.0 Hz, 1H), 3.82 (s, 3H), 2.34 (s, 3H), 1.80–1.64 (m, 2H), 1.36 (m, 2H), 0.94
(d, J = 6.4 Hz, 3H), 0.91 (d, J = 6.8 Hz, 3H); 13C-NMR (100 MHz, CDCl3): δ 159.6, 143.3, 138.0,
129.7, 129.3, 126.8, 126.5, 126.2, 123.4, 114.0, 65.7, 55.3, 52.7, 41.5, 33.0, 24.3, 23.9, 21.5 (one
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signal missing due to an overlap). HRMS (ESI, [M + Na]+) m/z calcd for C23H29NNaO4S
438.1710, found 438.1707.

For (2S,3R)-5cA as a minor diastereomer: Colorless oil. Rf 0.42 (10% EtOAc/toluene).
IR (neat): 3600–3200, 2926, 2869, 1607, 1515, 1335, 1247, 1158, 1093, 1031, 827, 754, 655 cm−1;
1H-NMR (600 MHz, CDCl3): δ 7.79 (d, J = 8.2 Hz, 2H), 7.33–7.28 (m, 4H), 6.89 (d, J = 8.8 Hz,
2H), 6.12 (d, J = 6.1 Hz, 1H), 4.51 (d, J = 17.5 Hz, 1H), 4.19 (t, J = 7.2 Hz, 1H), 3.99 (dd,
J = 10.5, 6.1 Hz, 1H), 3.82 (s, 3H), 3.76 (d, J = 17.5 Hz, 1H), 2.43 (s, 3H), 1.96 (d, J = 10.5,
1H), 1.61–1.51 (m, 1H), 1.20–1.14 (m, 2H), 0.88 (d, J = 6.5 Hz, 3H), 0.83 (d, J = 6.5 Hz, 3H);
13C-NMR (151 MHz, CDCl3): δ 160.0, 143.6, 137.2, 136.4, 129.74, 129.70, 127.4, 126.5, 120.6,
114.1, 66.7, 56.8, 55.4, 41.7, 37.6, 25.1, 22.7, 22.6, 21.5. HRMS (ESI, [M + Na]+) m/z calcd for
C23H29NNaO4S 438.1710, found 438.1707.

Procedure for (2R*, 3R*)-2-benzyl-5-(4-methoxyphenyl)-1-tosyl-1,2,3,6-tetrahydro-pyridin-3-ol (5dA)

Method: 5dA (42.5 mg, 95%, dr >95:<5) was obtained from 4d (33.0 mg, 0.100 mmol),
7A (22.8 mg), and Pd(PPh3)4 (5.8 mg) and isolated with preparative TLC eluting with 50%
EtOAc/hexane.

Pale-yellow oil. Rf 0.50 (50% EtOAc/hexane). IR (neat): 3492, 1607, 1514, 1248, 1157,
1096, 752, 660 cm−1; 1H-NMR (400 MHz, CDCl3): δ 7.34 (d, J = 6.8 Hz, 2H), 7.27–7.13 (m,
7H), 7.08 (d, J = 8.4 Hz, 2H), 6.90 (d, J = 8.8 Hz, 2H), 5.94 (s, 1H), 4.64 (dd, J = 5.4, 6.0 Hz,
1H), 4.57 (ddd, J = 4.8, 5.4, 9.6 Hz, 1H), 4.47 (d, J = 18.0 Hz, 1H), 3.86 (d, J = 18.0 Hz, 1H),
3.11 (dd, J = 4.8, 14.2 Hz, 1H), 2.56 (dd, J = 9.6, 14.2 Hz, 1H), 2.36 (s, 3H), 1.77 (d, J = 6.0 Hz,
1H); 13C-NMR (100 MHz, CDCl3): δ 159.6, 143.0, 138.6, 137.1, 133.4, 129.5, 129.4, 129.1, 128.4,
126.9, 126.3, 126.2, 123.6, 114.0, 66.7, 56.4, 55.3, 41.6, 31.2, 21.4. HRMS (ESI, [M + Na]+) m/z
calcd for C26H27NNaO4S 472.1553, found 472.1548.

Procedure for 2-isopropyl-5-(4-methoxyphenyl)-1-tosyl-1,2,3,6-tetrahydropyridin-3-ol (5eA)

Method: 5eA (33.8 mg, 86%, dr 70: 30) was obtained from 4e (15.4 mg, 0.525 mmol),
7A (11.5 mg), and Pd(PPh3)4 (3.0 mg) and isolated with preparative TLC eluting with 15%
EtOAc/toluene.

For (2S,3S)-5eA as a major diastereomer: Colorless oil. Rf 0.39 (15% EtOAc/toluene).
[α]D

23 −82 (c 0.58, CHCl3). IR (neat): 3509, 2962, 1608, 1515, 1464, 1333, 1251, 1159, 1090,
1046, 816, 758, 663 cm−1; 1H-NMR (400 MHz, CDCl3): δ 7.69 (d, J = 8.4 Hz, 2H), 7.31–7.20
(m, 4H), 6.87 (d, J = 6.8 Hz, 2H), 5.88 (s, 1H), 4.44 (d, J = 18.0 Hz, 1H), 4.35 (m, 1H), 3.98–3.90
(m, 2H), 3.80 (s, 3H), 2.39 (s, 3H), 2.00 (m, 2H), 1.14 (d, J = 6.8 Hz, 3H), 0.94 (d, J = 6.8 Hz,
3H); 13C-NMR (100 MHz, CDCl3): δ 159.6, 143.2, 138.0, 133.0, 129.7, 129.4, 126.7, 126.2,
124.2, 114.0, 67.3, 60.2, 55.3, 43.5, 27.0, 21.5, 20.9 (one signal missing due to an overlap).
HRMS (ESI, [M + Na]+) m/z calcd for C15H19NNaO4S 424.1553, found 424.1551.

For (2S,3R)-5eA as a minor diastereomer: Colorless oil. Rf 0.44 (15% EtOAc/toluene).
[α]23

D –122 (c 2.25 in CHCl3). IR (neat): 3600–3260, 2964, 1607, 1515, 1457, 1326, 1250, 1156,
1093, 1033, 826, 760, 657 cm−1; 1H-NMR (400 MHz, CDCl3): δ 7.81 (d, J = 8.4 Hz, 2H),
7.31–7.20 (m, 4H), 6.87 (d, J = 8.8 Hz, 2H), 6.11 (d, J = 5.5 Hz, 1H), 4.46 (d, J = 18.3 Hz, 1H),
4.32–4.20 (m, 1H), 3.89–3.73 (m, 5H), 2.40 (s, 3H), 1.84 (d, J = 9.3 Hz, 1H), 1.76–1.61 (m, 1H),
1.01 (d, J = 6.3 Hz, 3H), 0.94 (d, J = 6.6 Hz, 3H); 13C-NMR (100 MHz, CDCl3): δ 159.9, 143.4,
137.7, 136.3, 129.6, 129.5, 127.3, 126.3, 120.5, 114.0, 64.7, 64.5, 55.3, 41.9, 27.5, 21.5, 20.8, 20.3.
HRMS (ESI, [M + Na]+) m/z calcd for C15H19NNaO4S 424.1553, found 424.1551.

Procedure for 5-(4-methoxyphenyl)-6-methyl-1-tosyl-1,2,3,6-tetrahydropyridin-3-ol (5fA)

Method: 5fA (17.0 mg, 90%, dr 94: 6) was obtained from 4f (13.3 mg, 0.0507 mmol),
7A (11.4 mg), and Pd(PPh3)4 (2.9 mg) and isolated with preparative TLC eluting with 10%
EtOAc/toluene (developed six times).

For (3R*,6S*)-5fA as a major diastereomer: Colorless oil. Rf 0.37 (17% EtOAc/toluene).
IR (neat): 3492, 1607, 1514, 1248, 1157, 252, 660 cm−1; 1H-NMR (400 MHz, CDCl3): δ 7.73
(d, J = 7.2 Hz, 2H) 7.27–2.22 (m, 4H), 6.87 (d, J = 8.8 Hz, 2H), 6.29 (s, 1H), 4.96 (q, J = 6.8 Hz,
1H), 4.18 (dd, J = 6.4, 10.0 Hz, 1H), 4.07 (dd, J = 6.4, 13.6 Hz, 1H), 3.81 (s, 3H), 2.90 (dd,
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J = 10.0 Hz, 13.6 Hz, 1H), 2.39 (s, 3H), 2.15 (br-s, 1H), 1.16 (d, J = 6.8 Hz, 3H); 13C-NMR
(100 MHz, CDCl3): δ 159.5, 143.4, 142.0, 137.9, 130.4, 129.7, 127.5, 126.7, 125.2, 114.0, 63.1,
55.3, 50.6, 43.5, 21.4, 18.3. HRMS (ESI, [M + Na]+) m/z calcd for C20H23NNaO4S 396.1240,
found 396.1239.

For (3R*,6R*)-5fA as a minor diastereomer: Colorless oil. Rf 0.38 (17% EtOAc/toluene).
IR (neat): 3600–3160 (br), 2979, 2934, 2838, 1607, 1513, 1335, 1247, 1155, 1122, 1088, 1013, 815,
741, 654 cm−1; 1H-NMR (600 MHz, CDCl3): δ 7.81 (d, J = 8.6 Hz, 2H) 7.33–7.24 (m, 4H), 6.89
(d, J = 8.8 Hz, 2H), 5.93 (d, J = 4.1 Hz, 1H), 5.05 (q, J = 6.9 Hz, 1H), 4.18–4.12 (m, 1H), 3.90
(d, J = 14.4 Hz, 1H), 3.82 (s, 3H), 3.33 (d, J = 14.4 Hz, 1H), 2.42 (s, 3H), 1.95 (d, J = 10.3 Hz,
1H), 1.06 (d, J = 6.9 Hz, 3H); 13C-NMR (151 MHz, CDCl3): δ 159.9, 144.1, 143.5, 137.6, 130.5,
129.8, 127.7, 127.3, 122.2, 114.1, 63.6, 55.3, 50.5, 45.1, 21.5, 16.6. HRMS (ESI, [M + Na]+) m/z
calcd for C20H23NNaO4S 396.1240, found 396.1238.

Procedure for (3R*,6S*)-5-(4-methoxyphenyl)-6-propyl-1-tosyl-1,2,3,6-tetrahydropyridin-3-ol (5gA)

Method: 5gA (21.6 mg, 78%, dr >95:<5) was obtained from 4g (20.2 mg, 0.0689 mmol),
7A (15.7 mg), and Pd(PPh3)4 (4.0 mg) and isolated with preparative TLC eluting with 10%
EtOAc/toluene.

Pale-yellow oil. Rf 0.30 (33% EtOAc/hexane). IR (neat): 3494, 2959, 2934, 1606, 1513,
1336, 1248, 825, 761, 661 cm−1; 1H-NMR (400 MHz, CDCl3): δ 7.72 (d, J = 8.0 Hz, 2H) 7.25
(d, J = 8.0 Hz, 2H), 7.21 (d, J = 8.0 Hz, 2H), 6.89 (d, J = 8.0 Hz, 2H), 5.55 (s, 1H), 4.82 (t,
J = 10.0 Hz, 1H), 4.08 (dd, J = 6.8 Hz, 14.0 Hz, 1H), 3.90 (dd, J = 6.8, 10.0 Hz, 1H), 3.83 (s,
3H), 2.96 (dd, J = 10.0 Hz, 14.0 Hz, 1H), 2.41 (s, 3H), 1.77 (br-s, 1H), 1.61–1,30 (m, 4H), 0.84
(t, J = 7.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3): δ 159.5, 143.4, 141.7, 138.1, 130.8, 129.6,
127.3, 126.8, 124.8, 114.1, 62.0, 55.3, 43.8, 43.8, 34.6, 21.5, 19.9, 13.6. HRMS (ESI, [M + Na]+)
m/z calcd for C22H27NNaO4S 424.1553, found 424.1550.

Procedure for (3R*,6S*)-5-(4-methoxyphenyl)-6-phenyl-1-tosyl-1,2,3,6-tetrahydropyridin-3-ol (5hA)

Method: 5hA (2.9 mg, 36%, dr >95:<5) was obtained from 4h (16.4 mg, 0.0501 mmol),
7A (11.4 mg), and Pd(PPh3)4 (2.9 mg) and isolated with preparative TLC eluting with 15%
EtOAc/toluene.

Pale-yellow oil. Rf 0.40 (50% EtOAc/hexane). IR (neat): 3491, 1606, 1513, 1335, 1250,
1160, 1034, 815, 744, 704, 661 cm−1; 1H-NMR (400 MHz, CDCl3): δ 7.63 (d, J = 8.4 Hz, 2H)
7.39 (d, J = 6.8 Hz, 2H), 7.30–7.15 (m, 7H), 6.77 (d, J = 8.8 Hz, 2H), 6.05 (s, 1H), 6.02 (s, 1H),
4.18 (dd, J = 7.6, 10.3 Hz, 1H), 3.88 (dd, J = 7.6 Hz, 14.1 Hz, 1H), 3.74 (s, 3H), 2.84 (dd, J = 10.3,
14.1 Hz, 1H), 2.37 (s, 3H), 1.82 (br-s, 1H); 13C-NMR (100 MHz, CDCl3): δ 159.4, 143.4, 137.8,
137.68, 137.66, 130.0, 129.6, 129.0, 128.5, 128.0, 127.2, 127.0, 126.5, 113.9, 62.8, 57.5, 55.2, 43.6,
21.5. HRMS (ESI, [M + Na]+) m/z calcd for C25H25NNaO4S 458.1397, found 458.1398.

Procedure for (2S,6R)-5-(4-methoxyphenyl)-2,6-dimethyl-1-tosyl-1,2,3,6-tetrahydropyridin-3-ol
(5iA) and (2S,5R)-4-((E)-4–methoxybenzylidene)-2,5-dimethyl-1-tosylpyrrolidin-3-ol (8iA)

Method: 5iA (98 mg, 45%, dr >95:<5) and 8iA (44 mg, 20%, dr >95:<5) were obtained
from 4i (158 mg, 0.566 mmol), 7A (129 mg), and Pd(PPh3)4 (49.0 mg) and isolated with
preparative TLC eluting with 40% EtOAc/hexane.

For 5iA: Pale-yellow oil. Rf 0.30 (40% EtOAc/hexane). [α]D
21 –163 (c 0.55, CHCl3). IR

(neat): 3492, 1607, 1514, 1248, 1157, 752, 660 cm−1; 1H-NMR (400 MHz, CDCl3): δ 7.74 (d,
J = 8.0 Hz, 2H) 7.32–7.20 (m, 4H), 6.88 (d, J = 8.8 Hz, 2H), 5.56 (s, 1H), 4.97 (q, J = 7.2 Hz,
1H), 4.26 (m, 1H), 4.13 (m, 1H), 3.82 (s, 3H), 2.40 (s, 3H), 1.78 (br-s, 1H), 1.31 (d, J = 7.2 Hz,
3H), 1.23 (d, J = 7.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3): δ 159.4, 143.3, 142.0, 138.4, 130.9,
129.8, 127.9, 126.8, 123.8, 113.9, 65.8, 55.3, 49.8, 49.7, 22.1, 21.5, 14.8. HRMS (ESI, [M + Na]+)
m/z calcd for C21H25NNaO4S 410.1397, found 410.1396.

For 8iA: Pale-yellow oil. Rf 0.33 (40% EtOAc/hexane). IR (neat): 3491, 1606, 1513,
1250, 1160, 744, 661 cm−1; 1H-NMR (600 MHz, CDCl3): δ 7.63 (d, J = 8.0 Hz, 2H), 7.19
(d, J = 8.0 Hz, 2H), 7.12 (d, J = 8.8 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H), 6.35 (s, 1H), 4.77 (q,
J = 6.9 Hz, 1H), 4.22 (dd, J = 5.5, 6.5 Hz, 1H), 3.84 (s, 3H), 3.66 (dq, J = 5.5, 6.5 Hz, 1H), 2.37
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(s, 3H), 1.65 (d, J = 5.5 Hz, 1H), 1.56 (d, J = 6.5 Hz, 3H), 1.38 (d, J = 6.9 Hz, 3H); 13C-NMR
(151 MHz, CDCl3): δ 159.1, 143.3, 141.3, 135.3, 129.9, 129.6, 128.0, 127.2, 125.1, 113.9, 76.9,
58.2, 56.9, 55.3, 23.5, 21.5, 16.5. HRMS (ESI, [M + Na]+) m/z calcd for C21H25NNaO4S
410.1397, found 410.1396.

3.3.2. Procedure for 5-ethyl-1-tosyl-1,2,3,6-tetrahydropyridin-3-ol (5aD)

To a test tube containing 4a (50.3 mg, 0.200 mmol) and Pd(PPh3)4 (11.6 mg, 5 mol%)
were added anhydrous MeOH (2.0 mL) and 1.0 M Et3B solution in THF (0.30 mL, 1.5 equiv)
under argon. The resulting mixture was sealed with a screw cap and agitated at 80 ◦C for
1 h. The reaction mixture was cooled down to room temperature and then concentrated in
vacuo. The residue was purified with preparative TLC eluting with 20% EtOAc/toluene
to give 5aD (42.8 mg, 76%) as a colorless oil. Spectra data of 5aD were in agreement with
those reported in the literature [52].

3.3.3. Procedure for 5-(phenylethynyl)-1-tosyl-1,2,3,6-tetrahydropyridin-3-ol (5aE)

To a test tube containing 4a (25.1 mg, 0.100 mmol), CuI (1.2 mg, 6 mol%), PhCCH
(22 µL, 2.0 equiv), and Pd(PPh3)4 (5.8 mg, 5 mol%) was added anhydrous MeOH (1.0 mL)
under argon. The resulting mixture was sealed with a screw cap and agitated at 80 ◦C for
1.5 h. The reaction mixture was cooled down to room temperature and then concentrated
in vacuo. The residue was purified with preparative TLC eluting with 20% EtOAc/toluene
to give 5aE (27.3 mg, 77%) as a pale-yellow oil. Spectra data of 5aE were in agreement with
those reported in the literature [53].

3.3.4. General Procedure for the Pd/PCy3-Catalyzed Arylative Cyclizations of Internal
Alkyne-Aldehyde 4j–o with 7A

To a test tube containing 4j–o (1 equiv), p-methoxyphenylboronic acid (7A, 1.5 equiv),
(η3-allyl)CpPd (10 mol%), and PCy3 (30 mol%) was added anhydrous MeOH (0.10 M) under
argon. The resulting mixture was sealed with a screw cap and agitated at 80 ◦C for the time
described in Scheme 4. The reaction mixture was cooled down to room temperature and
then treated with PL-DEAMTM (1.72 mmol/g, 2 equiv, X g) and THF (10 × X mL) to remove
an excess of 7A. The mixture was agitated at room temperature for 2 h. The mixture was
filtered, and the resin was thoroughly rinsed with CHCl3. The filtrate was concentrated
in vacuo and the residue was purified with preparative TLC to give 5(j–o)A along with a
small amount of 8(j–o)A in the yield described in Scheme 4.

Procedure for 4-hexyl-5-(4-methoxyphenyl)-1-tosyl-1,2,3,6-tetrahydropyridin-3-ol (5jA)
and (E)-4-(1-(4-methoxyphenyl)heptyli–dene)-1-tosylpyrrolidin-3-ol (8jA)

Method: 5jA (28.4 mg, 65%) and 8jA (3.6 mg, 8%) were obtained from 4j (33.5 mg,
0.0999 mmol), 7A (23.0 mg), (η3-allyl)CpPd (1.1 mg), and PCy3 (4.2 mg) and isolated with
preparative TLC eluting with 15% EtOAc/toluene (developed four times). Spectra data of
5jA and 8jA were in agreement with those reported in the literature [53].

Procedure for 5-(4-methoxyphenyl)-4-phenyl-1-tosyl-1,2,3,6-tetrahydropyridin-3-ol (5kA)

Method: 5kA (32.5 mg, 98%) was obtained from 4k (24.6 mg, 0.0751 mmol), 7A
(17.1 mg), (η3-allyl)CpPd (1.5 mg), and PCy3 (5.7 mg) and isolated with preparative TLC
eluting with 20% EtOAc/toluene. Spectra data of 5kA were in agreement with those
reported in the literature [53].

Procedure for 5-(4-methoxyphenyl)-4-(4-nitrophenyl)-1-tosyl-1,2,3,6-tetrahydropyridin-3-ol (5lA)

Method: 5lA (15.8 mg, 80%) was obtained from 4l (15.3 mg, 0.0411 mmol), 7A (11.4 mg),
(η3-allyl)CpPd (1.0 mg), and PCy3 (3.8 mg) and isolated with preparative TLC eluting with
20% EtOAc/toluene.

Pale-yellow oil. Rf 0.40 (50% EtOAc/hexane). IR (neat): 3600–3160 (br), 2925, 1598,
1514, 1449, 1344, 1250, 1166, 1092, 1032, 760, 661 cm−1; 1H NMR (400 MHz, CDCl3): δ 8.00
(d, J = 8.8 Hz, 2H) 7.73 (d, J = 8.6 Hz, 2H), 7.37 (d, J = 8.8 Hz, 2H), 7.22 (d, J = 8.6 Hz, 2H),
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6.88 (d, J = 8.8 Hz, 2H), 6.70 (d, J = 8.8 Hz, 2H), 4.59–4.51 (m, 1H), 4.39 (d, J = 17.1 Hz, 1H),
3.97 (dd, J = 12.1, 2.4 Hz, 1H), 3.74 (s, 3H), 3.37 (d, J = 17.1 Hz, 1H), 2.92 (dd, J = 12.1, 2.7 Hz,
1H), 2.45 (s, 3H), 2.46–2.36 (m, 1H); 13C-NMR (100 MHz, CDCl3): δ 159.4, 146.48, 146.45,
144.3, 136.8, 133.7, 132.4, 130.2, 130.1, 130.0, 129.1, 127.9, 123.3, 114.0, 67.1, 55.2, 50.8, 49.6,
21.5. HRMS (ESI, [M + Na]+) m/z calcd for C25H24N2NaO6S 503.1247, found 503.1246.

Procedure for 4-(hex-1-ynyl)-5-(4-methoxyphenyl)-1-(toluene-4-sulfonyl)-1,2,3,6-tetrahydropyridin-3-ol
(5mA)

Method: 5mA (12.0 mg, 70%) was obtained from 4m (14.0 mg, 0.0422 mmol), 7A
(9.6 mg), (η3-allyl)CpPd (0.8 mg), and PCy3 (3.2 mg) and isolated with preparative TLC
eluting with 25% EtOAc/toluene. Spectra data of 5mA were in agreement with those
reported in the literature [53].

Procedure for 4-(cyclohex-1-en-1-yl)-5-(4-methoxyphenyl)-1-tosyl-1,2,3,6-tetrahydropyridin-3-ol (5nA)
and (E)-4-(cyclohex-1–en-1-yl(4-methoxyphenyl)methylene)-1-tosylpyrrolidin-3-ol (8nA)

Method: 5nA (13.0 mg, 53%) and 8nA (1.6 mg, 7%) were obtained from 4n (18.5 mg,
0.0558 mmol), 7A (12.7 mg), (η3-allyl)CpPd (1.2 mg), and PCy3 (4.7 mg) and isolated with
preparative TLC eluting with 40% EtOAc/hexane. Spectra data of 5nA and 8nA were in
agreement with those reported in the literature [53].

Procedure for (2S,3S)-5-(4-methoxyphenyl)-2-methyl-4-(4-nitrophenyl)-1-tosyl-1,2,3,6-
tetrahydropyridin-3-ol (5oA)

Method: 5oA (21.0 mg, 90%, dr >95:<5) was obtained from 4o (18.2 mg, 0.0471 mmol),
7A (11.4 mg), (η3-allyl)CpPd (1.0 mg), and PCy3 (3.8 mg) and isolated with preparative
TLC eluting with 20% EtOAc/toluene.

Pale-yellow oil. Rf 0.40 (50% EtOAc/hexane). [α]D
22 −29 (c 0.22, CHCl3). IR (neat):

2932, 1607, 1596, 1512, 1344, 1248, 1160, 1031, 757, 662 cm−1; 1H-NMR (400 MHz, CDCl3):
δ 7.97 (d, J = 8.8 Hz, 2H) 7.74 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 7.6 Hz, 2H), 7.10 (d, J = 8.4
Hz, 2H), 6.82 (d, J = 8.8 Hz, 2H), 6.67 (d, J = 7.6 Hz, 2H), 4.79 (m, 1H), 4.46 (m, 1H), 4.28 (d,
J = 18.0 Hz, 1H), 3.89 (d, J = 18.0 Hz, 1H), 3.72 (s, 3H), 2.45 (3H, s), 1.09 (d, J = 6.8 Hz, 3H);
13C-NMR (100 MHz, CDCl3): δ 158.9, 146.3, 144.9, 143.6, 143.6, 136.8, 134.5, 133.7, 130.9,
129.9, 129.5, 127.1, 122.9, 113.8, 68.1, 55.1, 51.0, 45.2, 21.5, 9.8. HRMS (ESI, [M + Na]+) m/z
calcd for C26H26N2NaO6S 517.1404, found 517.1401.

3.3.5. General Procedure for the Transformations of Tetrahydropyridine 5 into
3-Hydroxypyridine 3

To a solution of tetrahydropyridine 5 (1 equiv) in anhydrous DCM (0.2 M) was
added Dess–Martin periodinane (1.5 equiv) at room temperature. In the oxidation of
5eA, sodium bicarbonate (2 equiv) was added prior to Dess–Martin periodinane to prevent
acid-mediated dehydration. After being stirred at the same temperature for 1 h, the reaction
mixture was diluted with Et2O and treated with saturated aqueous sodium thiosulfate and
saturated aqueous NaHCO3. The resulting mixture was stirred for 1 h and then extracted
with Et2O. The organic layer was washed with brine, dried over MgSO4, and concentrated
in vacuo to give enone, which was used for the next step without further purification.

To a solution of the crude enone (1 equiv) in anhydrous toluene (0.33 M) was added
DBU (2.0 equiv) at room temperature under argon. After being stirred at the same tempera-
ture for 4 h, the reaction mixture was concentrated in vacuo. The residue was purified by
preparative TLC eluting with 10% MeOH/CHCl3 to give 3-hydroxypyridine 3.

Procedure for 5-(4-methoxyphenyl)pyridin-3-ol (3aA)

Method: 3aA (2.3 mg, 80%) was obtained from 5aA (5.0 mg, 0.0139 mmol), DMPI
(8.3 mg), and DBU (4.2 µL).

Pale-yellow oil. Rf 0.61 (10% MeOH/CHCl3). IR (neat): 2929, 2853, 1609, 1583, 1518, 1440,
1290, 1251, 1221, 1180, 1149, 1031, 828, 755 cm−1; 1H-NMR (400 MHz, CDCl3:CD3OD = 3:1):
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δ 8.24 (s, 1H), 8.06 (s, 1H), 7.51 (d, J = 8.8 Hz, 2H), 7.37 (s, 1H), 7.01 (d, J = 8.8 Hz, 2H),
3.87 (s, 3H); 13C-NMR (100 MHz, CDCl3:CD3OD = 3:1): δ 159.6, 153.9, 138.0, 135.1, 129.6,
128.0, 120.9, 114.3, 109.2, 55.1. HRMS (ESI, [M + H]+) m/z calcd for C12H12NO2 202.0863,
found 202.0862.

Procedure for 1-(4-(5-hydroxypyridin-3-yl)phenyl)ethan-1-one (3aB)

Method: 3aB (10.2 mg, 73%) was obtained from 5aB (25.0 mg, 0.0673 mmol), DMPI
(40.0 mg), and DBU (20.0 µL).

Pale-yellow oil. Rf 0.55 (10% MeOH/CHCl3). IR (neat): 2925, 1684, 1604, 1267, 1162,
755, 668 cm−1; 1H-NMR (400 MHz, CDCl3:CD3OD = 3:1): δ 8.33 (s, 1H), 8.17 (s, 1H), 8.05
(d, J = 8.4 Hz, 2H), 7.67 (d, J = 8.4 Hz, 2H), 7.42 (s, 1H), 2.66 (s, 3H); 13C-NMR (100 MHz,
CDCl3:CD3OD = 3:1): δ 198.4, 154.0, 142.1, 138.5, 136.9, 136.5, 136.3, 128.9, 127.2, 121.5, 26.4.
HRMS (ESI, [M + H]+) m/z calcd for C13H12NO2 214.0863, found 214.0858.

Procedure for 5-(4-nitrophenyl)pyridin-3-ol (3aC)

Method: 3aC (6.5 mg, 65%) was obtained from 5aC (17.3 mg, 0.0462 mmol), DMPI
(27.5 mg), and DBU (14.0 µL).

Pale-yellow oil. Rf 0.53 (10% MeOH/CHCl3). IR (neat): 2923, 1598, 1521, 1345, 1159,
795 cm−1; 1H-NMR (400 MHz, CDCl3:CD3OD = 3:1): δ 8.34 (s, 1H), 8.33 (d, J = 8.0 Hz, 2H),
8.21 (s, 1H), 7.74 (d, J = 8.0 Hz, 2H), 7.42 (s, 1H); 13C-NMR (100 MHz, CDCl3:CD3OD = 3:1):
δ 154.1, 147.5, 143.9, 138.4, 137.6, 135.4, 127.8, 124.1, 121.5. HRMS (ESI, [M + H]+) m/z calcd
for C11H9N2O3 217.0608, found 217.0607.

Procedure for 5-ethylpyridin-3-ol (3aD)

Method: 3aD (15.2 mg, 86%) was obtained from 5aD (40.5 mg, 0.144 mmol), DMPI
(91.6 mg), and DBU (43.0 µL).

Pale-yellow oil. Rf 0.55 (10% MeOH/CHCl3). IR (neat): 2968, 1585, 1438, 1225, 756,
707 cm−1; 1H-NMR (400 MHz, CDCl3): δ 8.10 (s, 1H), 7.94 (s, 1H), 7.16 (s, 1H), 2.63 (q,
J = 7.8 Hz, 2H), 1.24 (t, J = 7.8 Hz, 3H); 13C-NMR (100 MHz, CDCl3): δ 155.2, 141.6, 138.8,
133.6, 124.6, 25.9, 15.0. LRMS (EI) m/z (relative intensity) 123 ([M]+, 100), 108 (70), 95 (12).
HRMS (EI, [M]+): m/z calcd for C7H9NO, 123.0684; found, 123.0684.

Procedure for 5-(phenylethynyl)pyridin-3-ol (3aE)

Method: 3aE (4.2 mg, 50%) was obtained from 5aE (14.5 mg, 0.0410 mmol), DMPI
(24.2 mg), and DBU (12.8 µL).

Pale-yellow oil. Rf 0.57 (10% MeOH/CHCl3). IR (neat): 2924, 2644, 2568, 2216, 1579, 1425,
1325, 1248, 1150, 1124, 1022, 868, 754, 688 cm−1; 1H-NMR (600 MHz, CDCl3:CD3OD = 3:1):
δ 8.19 (s, 1H), 8.08 (s, 1H), 7.57–7.48 (m, 2H), 7.44–7.35 (m, 3H), 7.33 (s, 1H); 13C-NMR
(151 MHz, CDCl3:CD3OD = 3:1): δ 153.2, 142.1, 136.5, 131.2, 128.4, 128.0, 124.8, 122.0, 120.8,
91.9, 85.5. LRMS (EI) m/z (relative intensity) 195 ([M]+, 100), 139 (25), 69 (11). HRMS (EI,
[M]+): m/z calcd for C13H9NO, 195.0684; found, 195.0700.

Procedure for 5-(4-methoxyphenyl)-2-methylpyridin-3-ol (3bA)

Method: 3bA (8.7 mg, 67%) was obtained from 5bA (22.6 mg, 0.0605 mmol), DMPI
(35.9 mg), and DBU (18.1 µL).

Pale-yellow oil. Rf 0.50 (10% MeOH/CHCl3). IR (neat): 2922, 1604, 1515, 1444, 1287,
1220, 1163, 773 cm−1; 1H-NMR (400 MHz, CDCl3:CD3OD = 3:1): δ 8.03 (s, 1H), 7.43 (d,
J = 7.2 Hz, 2H), 7.24 (s, 1H), 6.93 (d, J = 7.2 Hz, 2H), 3.80 (s, 3H), 2.40 (s, 3H); 13C-NMR
(100 MHz, CDCl3:CD3OD = 3:1): δ 159.3, 144.5, 136.7, 135.3, 129.9, 127.7, 126.7, 119.7, 114.2,
55.1, 17.1. HRMS (ESI, [M + H]+) m/z calcd for C13H14NO2 216.1019, found 216.1015.

Procedure for 2-isobutyl-5-(4-methoxyphenyl)pyridin-3-ol (3cA)

Method: 3cA (7.8 mg, 59%) was obtained from 5cA (21.5 mg, 0.0517 mmol), DMPI
(30.7 mg), and DBU (15.5 µL).
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Pale-yellow oil. Rf 0.55 (10% MeOH/CHCl3). IR (neat): 2955, 1608, 1608, 1521,
1393, 1252, 1165, 1033, 830, 772 cm−1; 1H-NMR (400 MHz, CDCl3:CD3OD = 3:1): δ 8.14
(s, 1H), 7.50 (d, J = 8.8 Hz, 2H), 7.30 (s, 1H), 6.99 (d, J = 8.8 Hz, 2H), 3.86 (s, 3H), 2.71 (d,
J = 7.8 Hz, 2H), 2.15 (t–sept, J = 7.8, 6.8 Hz, 1H), 0.96 (d, J = 6.8 Hz, 6H); 13C-NMR (100 MHz,
CDCl3:CD3OD = 3:1): δ 159.3, 151.7, 147.7, 136.6, 135.0, 129.9, 127.7, 119.9, 114.1, 55.0, 40.4,
27.9, 22.1. HRMS (ESI, [M + H]+) m/z calcd for C16H20NO2 258.1489, found 258.1487.

Procedure for 2-benzyl-5-(4-methoxyphenyl)pyridin-3-ol (3dA)

Method: 3dA (82.2 mg, 95%) was obtained from 5dA (133 mg, 0.296 mmol), DMPI
(176 mg), and DBU (88.4 µL).

Pale-yellow oil. Rf 0.55 (10% MeOH/CHCl3). IR (neat): 1600, 1522, 1433, 1392, 1257,
1176, 1027, 827 cm−1; 1H-NMR (400 MHz, CDCl3:CD3OD = 3:1): δ 8.16 (d, J = 2.0 Hz, 1H),
7.47 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 7.2 Hz, 2H), 7.30 (d, J = 2.0 Hz, 1H), 7.25 (dd, J = 7.2, 7.2
Hz, 2H), 7.15 (t, J = 7.2 Hz, 1H), 6.97 (d, J = 8.4 Hz, 2H), 4.19 (s, 2H), 3.85 (s, 3H); 13C-NMR
(100 MHz, CDCl3:CD3OD = 3:1): δ 159.3, 151.5, 146.7, 139.3, 137.1, 135.7, 129.8, 128.6, 128.0,
127.8, 125.7, 120.4, 114.2, 55.0, 37.7. LRMS (EI) m/z (relative intensity) 291 ([M]+, 100), 274
(12). HRMS (EI, [M]+): m/z calcd for C19H17NO2, 291.1259; found, 291.1248.

Procedure for 2-isopropyl-5-(4-methoxyphenyl)pyridin-3-ol (3eA)

Method: 3eA (6.8 mg, 64%) was obtained from 5eA (16.3 mg, 0.0406 mmol), DMPI
(26.3 mg), NaHCO3 (6.9 mg), and DBU (12.4 µL).

Pale-yellow oil. Rf 0.55 (10% MeOH/CHCl3). IR (neat): 2969, 2932, 1610, 1518, 1290,
1251, 1229, 1176, 1033, 830, 756 cm−1; 1H-NMR (400 MHz, CDCl3:CD3OD = 3:1): δ 8.33 (s,
1H), 7.43 (d, J = 8.8 Hz, 2H), 7.26 (s, 1H), 6.95 (d, J = 8.8 Hz, 2H), 3.83 (s, 3H), 3.47 (sept,
J = 7.2 Hz, 1H), 1.35 (d, J = 7.2 Hz, 6H); 13C-NMR (100 MHz, CDCl3:CD3OD = 3:1): δ 159.6,
152.6, 149.8, 138.5, 135.1, 130.0, 128.0, 120.5, 114.4, 53.3, 29.1, 21.1. HRMS (ESI, [M + H]+)
m/z calcd for C15H18NO2 244.1332, found 244.1330.

Procedure for 5-(4-methoxyphenyl)-6-methylpyridin-3-ol (3fA)

Method: 3fA (9.3 mg, 67%) was obtained from 5fA (24.2 mg, 0.0648 mmol), DMPI
(38.5 mg), and DBU (19.4 µL).

Pale-yellow oil. Rf 0.55 (10% MeOH/CHCl3). IR (neat): 2931, 1610, 1515, 1453, 1290,
1248, 1176, 1031, 834, 771, 707 cm−1; 1H-NMR (400 MHz, CDCl3:CD3OD = 3:1): δ 7.97
(s, 1H), 7.24 (d, J = 8.0 Hz, 2H), 7.08 (s, 1H), 6.98 (d, J = 8.0 Hz, 2H), 3.87 (s, 3H), 2.38 (s,
3H); 13C-NMR (100 MHz, CDCl3:CD3OD = 3:1): δ 158.8, 151.7, 145.9, 137.5, 134.4, 131.7,
129.8, 124.7, 113.6, 55.0, 21.2. HRMS (ESI, [M + H]+) m/z calcd for C13H14NO2 216.1019,
found 216.1015.

Procedure for 5-(4-methoxyphenyl)-6-propylpyridin-3-ol (3gA)

Method: 3gA (7.2 mg, 74%) was obtained from 5gA (16.0 mg, 0.0398 mmol), DMPI
(23.7 mg), and DBU (12.0 µL).

Pale-yellow oil. Rf 0.55 (10% MeOH/CHCl3). IR (neat): 2960, 2931, 1610, 1516, 1452,
1288, 1248, 1175, 1032, 835, 755, 705 cm−1; 1H-NMR (400 MHz, CDCl3:CD3OD = 3:1): δ 8.27
(d, J = 2.4 Hz, 1H), 7.23 (d, J = 8.8 Hz, 2H), 7.17 (d, J = 2.4 Hz, 1H), 6.96 (d, J = 8.8 Hz, 2H),
3.68 (s, 3H), 2.71 (t, J = 7.8 Hz, 2H), 1.57 (tq, J = 7.8, 7.2 Hz, 2H), 0.81 (t, J = 7.2 Hz, 3H);
13C-NMR (100 MHz, CDCl3:CD3OD = 3:1): δ 159.0, 152.6, 150.6, 138.4, 134.5, 131.8, 130.1,
126.9, 113.8, 55.3, 35.6, 23.7, 14.0. HRMS (ESI, [M + Na]+) m/z calcd for C15H17NNaO2
266.1152, found 266.1151.

Procedure for 5-(4-methoxyphenyl)-6-phenylpyridin-3-ol (3hA)

Method: 3hA (6.6 mg, 80%) was obtained from 5hA (12.8 mg, 0.0294 mmol), DMPI
(17.5 mg), and DBU (8.8 µL).

Pale-yellow oil. Rf 0.55 (10% MeOH/CHCl3). IR (neat): 2917, 1610, 1514, 1447, 1290,
1249, 1177, 1030, 833, 752, 702 cm−1; 1H-NMR (400 MHz, CDCl3:CD3OD = 3:1): δ 8.14 (s,
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1H), 7.44 (s, 1H), 7.25–7.18 (m, 5H), 7.06 (d, J = 6.8 Hz, 2H), 6.79 (d, J = 6.8 Hz, 2H), 3.78
(s, 3H); 13C-NMR (100 MHz, CDCl3:CD3OD = 3:1): δ 158.8, 151.5, 141.3, 137.2, 135.7, 135.4,
133.6, 130.9, 130.3, 129.4, 128.5, 127.9, 113.4, 54.8. HRMS (ESI, [M + H]+) m/z calcd for
C18H16NO2 278.1176, found 278.1170.

Procedure for 5-(4-methoxyphenyl)-2,6-dimethylpyridin-3-ol (3iA)

Method: 3iA (23.8 mg, 73%) was obtained from 5iA (55.2 mg, 0.142 mmol), DMPI
(90.7 mg), and DBU (44.5 µL).

Pale-yellow oil. Rf 0.55 (10% MeOH/CHCl3). IR (neat): 2924, 1516, 1289, 1249, 1161,
1033, 840, 812, 719, 668 cm−1; 1H-NMR (400 MHz, CDCl3:CD3OD = 3:1): δ 7.36 (s, 1H), 7.22
(d, J = 8.8 Hz, 2H), 6.96 (d, J = 8.8 Hz, 2H), 3.86 (s, 3H), 2.46 (s, 3H), 2.38 (s, 3H); 13C-NMR
(100 MHz, CDCl3:CD3OD = 3:1): δ 158.7, 149.2, 144.8, 144.0, 135.0, 132.0, 129.9, 123.7, 113.6,
55.1, 21.1, 17.6. HRMS (ESI, [M + H]+) m/z calcd for C14H16NO2 230.1176, found 230.1171.

Procedure for 4-hexyl-5-(4-methoxyphenyl)pyridin-3-ol (3jA)

Method: 3jA (9.3 mg, 48%) was obtained from 5jA (30.8 mg, 0.0694 mmol), DMPI
(41.2 mg), and DBU (20.7 µL).

Pale-yellow oil. Rf 0.50 (10% MeOH/CHCl3). IR (neat): 2955, 1611, 1517, 1501, 1425,
1289, 1244, 1176, 1036, 831 cm−1; 1H-NMR (400 MHz, CDCl3): δ 8.33 (s, 1H), 7.96 (s, 1H),
7.24 (d, J = 8.0 Hz, 2H), 6.97 (d, J = 8.0 Hz, 2H), 3.87 (s, 3H), 2.64 (t, J = 2.8 Hz, 2H), 1.60–1.48
(m, 2H), 1.30–1.10 (m, 6H), 0.81 (t, J = 6.8 Hz, 3H); 13C-NMR (100 MHz, CDCl3): δ 159.1,
153.8, 140.1, 139.0, 138.9, 134.1, 130.4, 130.1, 113.7, 55.3, 31.4, 29.4, 28.8, 26.8, 22.5, 14.0.
HRMS (ESI, [M + H]+) m/z calcd for C18H24NO2 286.1802, found 286.1801.

Procedure for 5-(4-methoxyphenyl)-4-phenylpyridin-3-ol (3kA)

Method: 3kA (22.3 mg, 80%) was obtained from 5kA (43.6 mg, 0.100 mmol), DMPI
(59.4 mg), and DBU (29.9 µL).

Pale-yellow oil. Rf 0.55 (10% MeOH/CHCl3). IR (neat): 2933, 1609, 1425, 1290, 1249,
1178, 1033, 831, 750, 699 cm−1; 1H-NMR (400 MHz, CDCl3): δ 8.43 (s, 1H), 8.16 (s, 1H),
7.35–7.25 (m, 3H), 7.20 (d, J = 6.8 Hz, 2H), 6.99 (d, J = 8.0 Hz, 2H), 6.73 (d, J = 8.0 Hz, 2H),
3.75 (s, 3H); 13C-NMR (100 MHz, CDCl3): δ 158.8, 151.5, 141.3, 137.2, 135.7, 135.4, 133.6,
130.9, 130.3, 129.4, 128.5, 127.9, 113.5, 55.1. HRMS (ESI, [M + H]+) m/z calcd for C18H16NO2
278.1176, found 278.1173.

Procedure for 5-(4-methoxyphenyl)-4-(4-nitrophenyl)pyridin-3-ol (3lA)

Method: 3lA (25.9 mg, 77%) was obtained from 5lA (50.2 mg, 0.104 mmol), DMPI
(62.1 mg), and DBU (33.1 µL).

Pale-yellow oil. Rf 0.51 (10% MeOH/CHCl3). IR (neat): 2933, 1515, 1247, 1176, 1110,
1033, 830, 753 cm−1; 1H-NMR (600 MHz, CDCl3:CD3OD = 1:1): δ 8.21 (s, 1H), 8.16–8.09
(m, 3H), 7.39 (d, J = 8.6 Hz, 2H), 6.99 (d, J = 8.6 Hz, 2H), 6.79 (d, J = 8.6 Hz, 2H), 3.78 (s,
3H); 13C-NMR (151 MHz, CDCl3:CD3OD = 1:1): δ 158.7, 146.5, 141.4, 140.7, 135.5, 132.6,
131.3, 130.4, 128.4, 122.4, 113.3, 54.5. (two signals missing due to an overlap). HRMS (ESI,
[M + H]+) m/z calcd for C18H15N2O4 323.1026, found 323.1025.

Procedure for 4-(cyclohex-1-en-1-yl)-5-(4-methoxyphenyl)pyridin-3-ol (3nA)

Method: 3nA (26.4 mg, 58%) was obtained from 5nA (71.2 mg, 0.162 mmol), DMPI
(96.2 mg), and DBU (49.0 µL).

Pale-yellow oil. Rf 0.55 (10% MeOH/CHCl3). IR (neat): 2931, 1610, 1511, 1452, 1246,
1170, 1032, 832, 758, 664 cm−1; 1H-NMR (600 MHz, CDCl3): δ 8.30 (s, 1H), 8.12 (s, 1H), 7.34
(d, J = 8.9 Hz, 2H), 6.93 (d, J = 8.9 Hz, 2H), 5.98–5.94 (m, 1H), 3.85 (s, 3H), 2.24–2.19 (m, 2H),
2.73–2.69 (m, 2H), 2.61–2.54 (m, 2H), 2.52–2.44 (m, 2H)’ 13C-NMR (151 MHz, CDCl3): δ
159.3, 148.7, 142.1, 136.2, 135.4, 135.0, 132.6, 131.5, 130.0, 129.9, 113.7, 55.3, 28.1, 25.4, 22.5,
21.6. HRMS (ESI, [M + H]+) m/z calcd for C18H20NO2 282.1489, found 282.1486.
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Procedure for 5-(4-methoxyphenyl)-2-methyl-4-(4-nitrophenyl)pyridin-3-ol (3oA)

Method: 3oA (9.3 mg, 72%) was obtained from 5oA (20.5 mg, 0.0415 mmol), DMPI
(24.6 mg), and DBU (12.4 µL).

Pale-yellow oil. Rf 0.55 (10% MeOH/CHCl3). IR (neat): 2923, 1513, 1343, 1241, 1219,
1176, 1128, 1106, 1033, 829, 755 cm−1; 1H-NMR (400 MHz, CDCl3): δ 8.14 (d, J = 8.8 Hz, 2H),
8.03 (s, 1H), 7.35 (d, J = 8.8 Hz, 2H), 6.93 (d, J = 8.8 Hz, 2H), 6.75 (d, J = 8.8 Hz, 2H), 3.77
(s, 3H), 2.56 (s, 3H); 13C-NMR (100 MHz, CDCl3): δ 158.7, 146.8, 145.8, 141.9, 134.9, 131.47,
131.45, 130.59, 130.56, 128.8, 123.02, 122.99, 113.6, 54.9, 18.5. HRMS (ESI, [M + H]+) m/z
calcd for C19H17N2O4 337.1183, found 337.1179.

3.3.6. Procedure for 2-benzyl-3-(3-methoxyphenyl)-5-(4-methoxyphenyl)pyridine (10)

To a solution of 3cA (40.0 mg, 0.137 mmol) and Et3N (38.2 µL, 0.274 mmol) in anhy-
drous DCM (1.0 mL) was added Tf2O (38.2 µL, 0.164 mmol) at 0 ◦C under argon. After being
stirred at the same temperature for 4 h, the reaction mixture was treated with saturated
aqueous NaHCO3. The resulting mixture was extracted with EtOAc, washed with brine,
dried over MgSO4, and concentrated in vacuo. The residue was purified with preparative
TLC eluting with 10% EtOAc/toluene to give triflate (46.6 mg, 80%).

To a test tube containing the above triflate (8.7 mg, 0.021 mmol), m–methoxyphenylboronic
acid (6.2 mg, 2 equiv), Pd(PPh3)4 (1.2 mg, 5 mol%), and LiCl (2.6 mg, 3 equiv) in DME
(0.3 mL) was added 2.0 M aqueous Na2CO3 (31 µL) under argon. The resulting mixture
was sealed with a screw cap and stirred at 80 ◦C for 8 h. The reaction mixture was cooled
down to room temperature, diluted with EtOAc, washed with water and brine, dried over
MgSO4, and concentrated in vacuo. The residue was purified with preparative TLC eluting
with 20% EtOAc/toluene to give 10 (7.2 mg, 93%) as a brown solid.

Rf 0.70 (20% EtOAc/toluene). IR (neat): 1609, 1516, 1455, 1440, 1288, 1248, 1179,
1148, 1035, 830, 701 cm−1; 1H-NMR (400 MHz, CDCl3): δ 8.80 (s, 1H), 7.71 (s, 1H), 7.54 (d,
J = 8.8 Hz, 2H), 7.32 (t, J = 8.4 Hz, 1H), 7.24–7.10 (m, 3H), 7.06 (d, J = 8.4 Hz, 2H), 6.99 (d,
J = 8.8 Hz, 2H), 6.93 (d, J = 8.0 Hz, 1H), 6.87 (d, J = 8.0 Hz, 1H), 6.75 (s, 1H), 4.18 (s, 2H), 3.85
(s, 3H), 3.72 (s, 3H); 13C-NMR (100 MHz, CDCl3): δ 159.7, 159.4, 155.8, 146.3, 140.9, 140.1,
137.3, 135.6, 133.9, 130.0, 129.8, 129.4, 128.8, 128.2, 128.1, 125.9, 121.5, 114.5, 113.6, 55.3, 55.2,
41.3. HRMS (ESI, [M + H]+) m/z calcd for C26H24NO2 382.1802, found 382.1796.

4. Conclusions

In summary, we have developed a new synthetic method for polysubstituted
3-hydroxypyridines. The starting alkynals, which were readily prepared from N-tosyl
amino acid esters and propargyl alcohols, were effectively converted to a wide range
of 3-hydroxy-1,2,3,6-tetrahydropyridines with various organometallic reagents in the
“anti-Wacker”-type cyclization. The 5-Monosubstituted 3-hydroxypyridnes, 2,5-, 4,5-, and
5,6-disubstituted 3-hydroxypyridnes, and 2,4,5- and 2,5,6-trisubstituted 3-hydroxypyridnes
were obtained by the oxidation and elimination of toluenesufinic acid. This approach
enables the introduction of substituents into 3-hydroxypyridines one by one in a highly
regioselective manner. The hydroxy group at the C3 position can be further substituted
with cross-coupling reactions via the corresponding triflate.
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https://www.mdpi.com/article/10.3390/catal13020319/s1, preparation of substrates, analytical
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are cited in Supplementary Materials.
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Abstract: We report herein a palladium-catalyzed three-component cross-coupling reaction
of 2-(trimethylsilyl)phenyl trifluoromethanesulfonate, benzylic/allylic bromides and 1,1-
bis[(pinacolato)boryl]methane. The reaction, which affords benzyl boronates as the products, rep-
resents the first example of using 1,1-bis[(pinacolato)boryl]methane in a cross-coupling reaction
involving benzyne species.

Keywords: palladium; catalysis; benzyne; 1,1-bis[(pinacolato)boryl]methane; three-component coupling

1. Introduction

Multicomponent reactions (MCRs) have been established as an efficient strategy to
rapidly build up molecular complexities [1]. MCRs have found wide applications in
many areas, including organic synthesis [2–9], chemical biology [10,11], drug develop-
ments [12,13] and polymer synthesis [14–16]. Thus, it is highly desirable to develop novel
MCRs for further expanding the scope of this type of reaction. In this regard, one of the
major challenging issues lies in the arrangement of each component in a proper order to
react one by one, especially when these components may react with each other. Arynes, as
highly reactive components typically generated in situ, have been utilized as one of the
reaction partners and inserted into ordinary reactions [17–19]. For example, to expand the
two-component reaction of Suzuki–Miyaura coupling, Cheng and coworkers developed
an π-allylpalladium-involved three-component coupling reaction using arylboronic acids
as the terminating reagents (Scheme 1a) [20]. In this transformation, the π-allylpalladium
species first react with highly reactive aryne intermediate. Upon carbopalladation of the
aryne, the newly formed aryl palladium intermediate reacts with arylboronic acid to afford
the three-component product, o-allylbiaryls. In another report, Cheng and co-workers
developed a Ni(0)-catalyzed coupling of arynes, alkenes and boronic acids, in which a
nickelacycle intermediate is formed through the reaction of Ni(0) with enone and aryne
(Scheme 1b) [21]. The same group also developed a series of other three-component reac-
tions based on palladium-catalyzed reactions involving aryne species [22–25]. Furthermore,
Dong and coworkers reported a similar coupling process using a Pd(II)−Pb(II) bimetallic
metal−organic framework (MOF) as an active heterogeneous catalyst [26].

On the other hand, 1,1-bis[(pinacolato)boryl]methane, as a readily available gem-
diboronate reagent, has attracted considerable attention in recent years [27–33]. The gem-
diboronates can be successfully employed in transition-metal-catalyzed cross-coupling
reactions. In particular, Endo, Shibata and coworkers developed a palladium-catalyzed
cross-coupling with 1,1-diborylalkanes with organohalides to afford alkyl boronates [34–37].
In connection to our interest in the chemistry of 1,1-diborylalkanes [38–40], we conceived
to apply bis(boryl) methane as one of the substrates in the palladium-catalyzed three-
component coupling reaction of arynes and halides (Scheme 1c). To the best of our knowl-

Catalysts 2023, 13, 126. https://doi.org/10.3390/catal13010126 https://www.mdpi.com/journal/catalysts69



Catalysts 2023, 13, 126

edge, gem-diboronates have not been utilized as substrates in transition-metal-catalyzed
reactions involving arynes. The reaction would generate substituted benzyl boronates,
which are highly useful, but their preparation is not trivial [41].
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tions. (a) Pd(0)-catalyzed coupling with allyl halides and arylboronic acids [7]; (b) Ni(0)-catalyzed
coupling with vinyl ketones and arylboronic acids [8]; (c) Pd(0)-catalyzed reaction with 1,1-
bis[(pinacolato)boryl]methane (this work).

2. Results

The preliminary study commenced with 2-(trimethylsilyl)phenyl trifluoromethanesul-
fonate 1a, (bromomethyl)benzene 2a and 1,1-bis[(pinacolato)boryl]methane 3a as the model
substrates. Carefully screening the reaction conditions revealed that DCE was the most suit-
able solvent (Tables S1 and S2). However, further reaction condition optimization showed
no obvious improvements, which was attributed to the low solubility of the reaction sub-
strates in DCE. To circumvent the solubility problem, we then focused on a mixed solvent.
While mixing DCE with various solvents failed to improve the reaction, a 1:1 mixture of
toluene and acetonitrile afforded a better yield (Table 1, entry 1). With this mixed solvent,
we then inspected the influence of catalysts and ligands (Table 1, entries 2–6). The results
indicated that the combination of Pd(OAc)2/PPh3 gave the highest yields (Table 1, entry 6).
The triarylphosphine ligand was further tuned by introducing substituents onto the para
position of the aryl ring (Table 1, entries 7–9). With tris(p-fluorophenyl) phosphine as the
ligand, the reaction was further improved. Furthermore, we found that increasing the
loading of 2a from 1 equiv to 1.4 equiv led to the optimal yield of 77% after stirring the
reaction mixture for 10 h (Table 1, entry 10). Finally, it was observed that the base had a
significant effect on the reaction. When the loading of CsF was reduced from 4 equiv to
3 equiv, the yield was diminished (Table 1, entry 11). No desired product could be detected
when CsF was replaced by KF (Table 1, entry 12). A combination of KF and 18-crown-6
gave a trace amount of the product (Table 1, entry 13). These results suggested that the
countercations had a significant effect on the reaction.
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Table 1. Reaction condition optimization [a].
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Entry [Pd] [P] Base Yield (%) [b]

1 PdCl2 dppe CsF 47
2 Pd(MeCN)2Cl2 dppe CsF 56
3 Pd2(dba)3 dppe CsF 39
4 Pd(OAc)2 dppe CsF 61
5 Pd(OAc)2 dppe CsF 53
6 Pd(OAc)2 PPh3 CsF 65
7 Pd(OAc)2 (p-MeOC6H4)3P CsF 61
8 Pd(OAc)2 (p-CF3C6H4)3P CsF 64
9 Pd(OAc)2 (p-FC6H4)3P CsF 69

10 [c] Pd(OAc)2 (p-FC6H4)3P CsF 77 [d]

11 [e] Pd(OAc)2 (p-FC6H4)3P CsF 43
12 Pd(OAc)2 (p-FC6H4)3P KF 0
13 Pd(OAc)2 (p-FC6H4)3P KF/18-Crown-6 6

[a] If not otherwise noted, the reaction conditions are as follows: a solution of 3a (0.1 mmol), 2a (1.0 equiv), 1a
(2.0 equiv), [Pd] (5 mol), [P] (10 mol%) and base (4 equiv) in PhMe/MeCN (1:1) was stirred at 85 ◦C for 12 h.
[b] Yields were determined by 1H NMR spectroscopy analysis of the crude reaction mixture using CH2Br2 as the
internal standard. [c] A total of 1.4 equiv benzyl bromide was used. [d] The reaction time was 10 h. [e] A total of
3 equiv CsF was used.

With optimized reaction conditions (Table 1, entry 10) in hand, we proceeded to study
the substrate scope (Scheme 2). First, we investigated the substrate scope with regard to
the substituents of benzyl bromides. For the model reaction with 2a, the corresponding
product 4a could be isolated in a 75% yield. Notably, the side product due to direct coupling
between 2a and 3a was not detected. Various substituents in the para position of benzyl
bromides could be tolerant, including electron-withdrawing substituents (CN, F, CO2Me)
and electron-donating groups (Me, tBu), affording the corresponding products 4a-h in
58–75% yields. Similarly, the ortho- and meta-substituted benzyl bromides could also be
utilized in the reaction, providing the corresponding products 4i–m in moderate yields.
Both 1-(bromomethyl)naphthalene and 1-(bromomethyl)naphthalene could participate
in this coupling reaction. However, the yields of the products 4n and 4o were low to
moderate, which is presumably attributed to the steric effect. 3-Bromomethylthiophene
was tolerated well to afford a moderate yield (4p). When (1-bromoethyl)benzene was used
as the substrate, none of products were produced, which might be attributed to the steric
effects and the possible β-H elimination.

Subsequently, we turned our attention to allylic bromides. In the cases when the
structure of π-allylpalladium was symmetrical, a single product was obtained in each case
(4q–s). However, if an unsymmetrical π-allylpalladium was generated, a pair of isomers
were obtained with essentially no selectivity (4t and 4t’). Moreover, we also investigated
the reaction with iodobenzene as the electrophilic reagent. The reaction worked, but only
giving the product 4u in a low yield. Other electrophiles, including ethyl bromoacetate and
alkyl iodide, were found unsuitable for this coupling reaction.

For the scope of the aryne precursor, a MeO-substituted substrate was examined. The
reaction gave a mixture of isomeric products 4v and 4v’ in low yields, and the reaction was
essentially nonselective. Finally, a series of substituted gem-diboronates were examined.
However, the substituted diboronates did not participate in the coupling reaction, which
was consistent with the above-mentioned observations, namely that the reaction was quite
sensitive to steric hindrance.
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Scheme 2. Substrate scope of the three-component coupling. [a] The yield in the bracket refers to
the reaction in which allyl iodide was used instead of allyl bromide. [b] 1-Bromo-3-methylbut-2-ene
was used as substrate 2. [c] 2-Methoxy-6-(trimethylsilyl)phenyl trifluoromethanesulfinate was used
as substrate 1.

The proposed mechanism is shown in Scheme 3. The reaction is initiated by the
oxidative addition of benzylic bromides to Pd(0), affording benzylic-Pd(II) complex A.
Subsequently, insertion of A to the in situ-generated benzyne occurs, to afford aryl-Pd(II)
complex B. Then, transmetalation with diborylmethane generates intermediate C, from
which reductive elimination is followed to provide the final product and regenerate the
Pd(0) catalyst to restart a new catalytic cycle. In this reaction, cesium fluoride played
two roles: (1) for the in situ generation of aryne; (2) for the transmetalation of diboryl-
methane 3. It is worth mentioning that this mechanistic proposal is tentative. Other possible
pathways—for example, the formation of a benzyne-Pd(0) first and then followed by oxida-
tion addition to generate intermediate B—cannot be ruled out. Further solid studies are
needed to firmly establish the reaction mechanism for this three-component reaction.
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Scheme 3. Proposed mechanism of the three-component coupling reaction.

The three-component coupling reaction could provide a comparable yield of 4a when
the reaction was carried out in 4 mmol scale (Scheme 4). Given the versatility of benzyl
boronates in synthetic chemistry, we further proceeded to explore some transformations
with 4a. Thus, as shown in Scheme 4, oxidation of 4a afforded benzyl alcohol 5 [42], and
fluorination gave benzyl fluoride 6 [43]. Palladium-catalyzed cross-coupling of 4a with
phenyl bromide generated 1,2-dibenzyl benzene 7 [44].
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3. Materials and Methods
3.1. Materials

All the reactions were performed under nitrogen atmosphere in an oven-dried reaction
tube. The solvents were distilled under nitrogen atmosphere prior to use. Toluene, dioxane
and THF were dried over Na with benzophenone ketyl intermediate as the indicator. MeCN
was dried over CaH2. The boiling point of petroleum ether was between 60 and 70 ◦C.
Unless otherwise noted, commercially available reagents were used as received. For chro-
matography, 200–300 mesh silica gel (Qingdao, China) was used. Bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl) methane 3 was prepared according to reported procedure [45].

3.2. Methods

An oven-dried 10 mL Schlenk flask with magnetic stir bar was charged with gem-
diboronates 3 (0.3 mmol), Pd(OAc)2 (5 mol%) and tris (p-fluorophenyl) phosphine (10 mol%).
The flask was sealed with a rubber stopper, evacuated and filled with nitrogen three times,
followed by the addition of toluene (1.5 mL), MeCN (1.5 mL), 2-(trimethylsilyl)phenyl
trifluoromethanesulfonate (2 equiv) and benzyl bromide (1.4 equiv). The reaction mixture
was stirred at 85 ◦C for 10 h. Upon completion, the mixture was cooled to room temperature
and filtered through a short plug of silica gel, rinsed with ethyl acetate. The filtrate was
evaporated by rotary evaporation and the crude product was purified by silica gel column
chromatography to afford the pure product (petroleum ether: EtOAc = 10:1).

4. Conclusions

In summary, we developed a three-component coupling of benzyne, benzylic/allylic
bromide and 1,1-bis[(pinacolato)boryl]methane to afford benzyl boronates. The reaction
represents the first example of using 1,1-bis[(pinacolato)boryl]methane in the palladium-
catalyzed cross-coupling involving benzyne intermediate.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal13010126/s1, screening tables, preparation of sub-
strates, analytical data, 1H and 13C NMR spectra, more detailed materials and methods. Table
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Abstract: The formation of (2S,3S)-S-[(Z)-aminovinyl]-3-methyl-D-cysteine (AviMeCys) substruc-
tures was developed based on the photocatalyzed-oxidative decarboxylation of lanthionine-bearing
peptides. The decarboxylative selenoetherification of the N-hydroxyphthalimide ester, generated
in situ, proceeded under mild conditions at −40 ◦C in the presence of 1 mol% of eosin Y-Na2 as a
photocatalyst and the Hantzsch ester. The following β-elimination of the corresponding N,Se-acetal
was operated in a one-pot operation, led to AviMeCys substructures found in natural products in
moderate to good yields. The sulfide-bridged motif, and also the carbamate-type protecting groups,
such as Cbz, Teoc, Boc and Fmoc groups, were tolerant under the reaction conditions.

Keywords: (2S,3S)-S-[(Z)-aminovinyl]-3-methyl-D-cysteine (AviMeCys); photocatalytic reaction;
oxidative decarboxylation; ribosomally synthesized and post-translationally modified peptides
(RiPPs); β-thioenamide; N-hydroxyphthalimide (NHPI) ester; Eosin Y

1. Introduction

Ribosomally synthesized and post-translationally modified peptides (RiPPs) are one
of the largest classes of natural products that exhibit various biological properties [1–3].
Among the diverse substructures found in RiPPs, cross-linked sulfides between two amino
acid residues have been identified as an important chemical functionality for constrained
conformation in the peptide backbone, providing high target specificity and biological
stability [4–7]. The major components of RiPPs with thioether bonds are (2S,6R)-lanthionine
(Lan) and (2S,3S,6R)-3-methyllanthionine (β-MeLan). Thioether-bridged units in Lan/β-
MeLan are biosynthetically constructed through a conjugated addition of thiols of cys-
teine residues to dehydroalanine (Dha)/dehydrobutyrine (Dhb) [8,9]. Intriguingly, (Z)-
thioenolates, which are generated by the oxidative decarboxylation of cysteine residues
positioned at the C-terminal, also attack Dhb/Dha residues to produce S-[(Z)-aminovinyl]-
D-cysteine (AviCys) and (2S,3S)-S-[(Z)-aminovinyl]-3-methyl-D-cysteine (AviMeCys), re-
spectively. Owing to β-thioenamide units including sp2 α-carbons in the peptide backbone,
AviCys/AviMeCys are attractive substructures for improving the structural rigidity and
drug-like properties of cyclopeptides [10–12].

Biosynthesis-inspired approaches to obtain lanthionines have been accomplished
through the stereoselective conjugated addition of thiols of cysteine derivatives to Dha/Dhb
derivatives [13–15], whereas the synthesis of AviCys/AviMeCys motifs in a similar man-
ner is a difficult task due to the chemical instability of thioenolates [16]. Thus, alternative
methodologies for constructing AviCys/AviMeCys have been developed to date. There have
been several reports on the synthesis of AviCys substructures by condensation using primary
amides and α-thioaldehyde/acetals [17,18] and the β-addition of thiyl radicals to terminal
ynamides [19]. However, the methodologies for constructing AviMeCys substructures in
complex natural products are limited. One of the efficient approaches is a decarboxylative
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olefination of carboxylic acid derivatives, as in the palladium-catalyzed reaction of allyl
β-ketoesters reported by Tsuji [20]. Recently, oxidative decarboxylation/decarbonylation
using lanthionine units has been reported for the AviMeCys formation. VanNieuwenhze
et al. reported Z-selective AviMeCys formation via nickel(0)-promoted decarbonylation of
activated thioesters in short peptide fragments during the synthesis of D-ring in mersacidin
(Scheme 1a) [21]. Furthermore, they realized the direct conversion from carboxylic acids
through two procedures: (i) Curtius rearrangement using diphenylphosphoryl azide (DPPA),
followed by the collapse of the resulting isocyanate, and (ii) oxidative decarboxylation using
lead tetraacetate, followed by the elimination of the resulting acetate (Scheme 1b) [22]. Never-
theless, there is no report on the total synthesis of any AviMeCys-containing natural peptides,
due to harsh conditions and an excess amount of toxic oxidants during oxidative decarboxy-
lation/decarbonylation steps in the late-stages of the synthesis. Considering the tolerance
to functional groups in RiPPs, we focused on photocatalytic reactions mediated by visible
light, which have been widely used in the modification of amino acids and peptides [23–
25]. We envisioned that a radical species, generated from a N-hydroxyphthalimide (NHPI)
ester of the corresponding lanthionine by oxidative decarboxylation [26], can be readily
trapped in the presence of oxidation-sensitive sulfides under mild conditions. The following
β-elimination with a weak base would yield the desired β-thioenamide motifs, suppressing
the retro-thio-Michael reaction (Scheme 1c). Herein, we report the β-thioenamide forma-
tion through the photocatalyzed oxidative decarboxylation of lanthionine derivatives. A
series of reactions were conducted in a one-pot operation under mild conditions, providing
AviMeCys units with functional group compatibility.
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2. Results and Discussion

Our study began with the preparation of the lanthionine-containing peptides 1, as
shown in Scheme 2. According to the procedure reported by VanNieuwenhze [27], the
regioselective ring-opening of the N-{2-(trimethylsilyl)ethoxycarbonyl} (Teoc)-protected
aziridine 2, which was prepared from D-threonine, with Fmoc-Cys-OH (3) was performed
in the presence of indium(III) chloride, providing the lanthionine derivative 4 in a 54% yield.
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The subsequent protection of the carboxylic acid group with a methoxymethyl (MOM)
group provided the MOM ester 5 in a 99% yield. The removal of the Fmoc group in 5
with 20% diethylamine/acetonitrile, followed by the coupling of the resulting amine with
N-protected amino acids afforded the peptides 6a–f over two steps. Finally, the MOM
group in 5 was removed under acidic conditions, yielding the carboxylic acids 1a–f.
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Next, we surveyed the formation of the AviMeCys unit using 1a as the model lanthionine-
bearing peptide as shown in Scheme 3. Given the immediate capture of the resulting radical
species during the oxidative decarboxylation [28–30], diphenyl diselenide was selected
as a radical trapping agent [31,32]. In addition, we envisioned that the resulting N,Se-
acetal would be converted into the corresponding β-thioenamide without losing the β-
methylcysteine unit due to high leaving activity of phenylselenolates [33–35]. According to
the reported procedures [32,36,37], the NHPI ester 7a, prepared from 1a in situ, was treated
with 1 mol% of [Ru(bpy)3](PF6)2 as the photocatalyst in the presence of the Hantzsch
ester and diphenyl diselenide under 40 W blue light-emiting diode (LED) irradiation. The
following β-elimination of the obtained selenoether 8a by treatment with triethylamine
furnished the β-thioenamieds (Z)-9a and (E)-9a in 23% and 13% yields, respectively. The
geometry of olefins in (Z)-9a and (E)-9a was determined by 1H nuclear magnetic resonance
(NMR) spectroscopy through the coupling constants (3JH,H = 7.2 Hz for (Z)-9a, and 13.8 Hz
for (E)-9a) of isolated compounds [19].
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As a moderate yield was observed, we conducted the screening of photocatalysts, as
shown in Table 1. When selenoetherification, followed by β-elimination was conducted
in a one-pot operation, the combined yields of (Z)-9a and (E)-9a were slightly up to 49%
(entry 1). After the optimization of metal and organic photosensitizers, eosin Y-Na2 [38]
promoted the transformation to increase the yields by up to 59% (entries 2–4). Intriguingly,
selenoetherification of 7a proceeded without eosin Y-Na2, albeit with slightly lower yields,
suggesting that the formation of the electron donor-acceptor (EDA) complex between the
NHPI and Hantzsch esters should promote the reaction (entry 5) [39,40]. No product was
obtained in the absence of the blue light (entry 6).

Table 1. Preliminary screening of photocatalysts for selenoetherification/β-elimination a.
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methylformamide (DMF) was fruitless (entry 1 vs, entries 2–5). As reductants, 1-benzyl-
1,4-dihydronicotinamide and γ-terpinene decreased the yield (entry 1 vs, entries 6 and 7). 
Notably, N,N-diisopropylethylamine (DIEA), widely used for photocatalytic reactions, in-
volved the decomposition of the NHPI ester 7a because of its strong basicity (entry 8). The 
yield increased to 68% when the amount of the Hantzsch ester was reduced to 1.0 equiv 
(entry 9). Excess amounts of the Hantzsch ester may interfere with the capture of the re-
sulting radical species by diphenyl diselenide [41,42]. Further reduction of the Hantzsch 
ester decreased the yield (entries 10 and 11). With a decrease in the reaction temperature 
at −40 °C, the yield was up to 74% (entry 12). In contrast, selenoetherification did not com-
plete at −78 °C (entry 13). Thus, we determined that the optimized condition is observed 
in entry 12. Our developed methodology was performed on a 1.0 mmol scale, giving 9a in 
a moderate yield (51%, entry 14). 

Entry Photocatalyst Yield b

1 [Ru(bpy)3](PF6)2 49% (Z: 28%, E: 21%)
2 [Ir(dtbbpy)(ppy)2]PF6 48% (Z: 28%, E: 20%)
3 Rose bengal-Na2 52% (Z: 30%, E: 22%)
4 Eosin Y-Na2 59% (Z: 34%, E: 25%)
5 none 53% (Z: 31%, E: 22%)

6 c Eosin Y-Na2 -
a All reactions were conducted on a 0.1 mmol scale. b Isolated yield based on 1a. c No reaction was performed in
the absence of the blue light.

To further improve the yield, we optimized the reaction conditions using eosin Y-
Na2, and the results are summarized in Table 2. Using other solvents, such as CH2Cl2,
MeCN, N,N-dimethylaniline (DMA) and dimethyl sulfoxide (DMSO), instead of N,N-
dimethylformamide (DMF) was fruitless (entry 1 vs, entries 2–5). As reductants, 1-benzyl-
1,4-dihydronicotinamide and γ-terpinene decreased the yield (entry 1 vs, entries 6 and
7). Notably, N,N-diisopropylethylamine (DIEA), widely used for photocatalytic reactions,
involved the decomposition of the NHPI ester 7a because of its strong basicity (entry 8).
The yield increased to 68% when the amount of the Hantzsch ester was reduced to 1.0
equiv (entry 9). Excess amounts of the Hantzsch ester may interfere with the capture
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of the resulting radical species by diphenyl diselenide [41,42]. Further reduction of the
Hantzsch ester decreased the yield (entries 10 and 11). With a decrease in the reaction
temperature at −40 ◦C, the yield was up to 74% (entry 12). In contrast, selenoetherification
did not complete at −78 ◦C (entry 13). Thus, we determined that the optimized condition
is observed in entry 12. Our developed methodology was performed on a 1.0 mmol scale,
giving 9a in a moderate yield (51%, entry 14).

Table 2. Optimization of reaction conditions a.
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moderate to good yields (37–74%). AviMeCys substructures in natural products, such as 
9d for cacaodin [43], 9e for mersacidin [44], and 9f for lexapeptide [45], were obtained 
from lanthionines 1d–1f in 58–68% yields. 

Entry Reductant (Equiv) Solvent Temp. (◦C) Yield b

1 Hantzsch ester (2.0) DMF 0 59% (Z: 34%, E: 25%)
2 Hantzsch ester (2.0) CH2Cl2 0 33% (Z: 20%, E: 13%)
3 Hantzsch ester (2.0) MeCN 0 52% (Z: 33%, E: 19%)
4 Hantzsch ester (2.0) DMA 0 53% (Z: 30%, E: 23%)
5 Hantzsch ester (2.0) DMSO 0 45% (Z: 26%, E: 19%)
6 1-benzyl-1,4-dihydronicotinamide (2.0) DMF 0 38% (Z: 22%, E: 16%)
7 γ-terpinene (2.0) DMF 0 6% (Z: 3%, E: 3%)
8 DIEA (2.0) DMF 0 16% (Z: 9%, E: 7%)
9 Hantzsch ester (1.0) DMF 0 68% (Z: 36%, E: 32%)

10 Hantzsch ester (0.5) DMF 0 51% (Z: 28%, E: 23%)
11 c none DMF 0 22% (Z: 13%, E: 9%)
12 Hantzsch ester (1.0) DMF −40 74% (Z: 42%, E: 32%)
13 Hantzsch ester (1.0) DMF −78 34% (Z: 19%, E: 15%)

14 d Hantzsch ester (1.0) DMF −40 51% (Z/E = 57:43) e

a All reactions were conducted on a 0.1 mmol scale. b Isolated yield based on 1a. c Selenoetherification was
conducted for 2 h. d 1.0 mmol scale. e The product was obtained as a Z/E mixture. The ratio was determined
by 1H NMR.

The substrate scope for our developed AviMeCys formation is shown in Scheme 4.
Carbamate-type protecting groups, such as Cbz, Teoc, Boc and Fmoc groups, were tolerant
under the reaction conditions, providing the corresponding β-thioenamides 9a–c in mod-
erate to good yields (37–74%). AviMeCys substructures in natural products, such as 9d
for cacaodin [43], 9e for mersacidin [44], and 9f for lexapeptide [45], were obtained from
lanthionines 1d–1f in 58–68% yields.
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Scheme 4. Scope of lanthionine-bearing peptides in the AviMeCys formation. a 3.0 equiv of Et3N
was used.

A plausible reaction mechanism of the photocatalytic synthesis of AviMeCys is de-
picted in Scheme 5 according to the above results and previous reports on decarboxylative
selenoetherification [31,46]. Given that the reaction proceeded without photocatalysts, we
assumed the formation of an EDA complex between the NHPI and Hantzsch esters [39,40].
Photoirradiation induces intramolecular single-electron transfer, generating a phthalim-
ide radical anion B with a dihydropyridine radical cation A. The resulting B undergoes
decarboxylation to form a radical species D and a phthalimide anion C. The radical D is
then captured by diphenyl diselenide to form a N,Se-acetal F with a seleno radical E. The
β-elimination with the N,Se-acetal F in the presence of Et3N affords the corresponding
AviMeCys (G) (Scheme 5a). A (Z)-isomer will be obtained with slight priority because of
the electrostatic attraction between a sulfur atom and the amide moiety [17]. The result-
ing A, C, and E are converted into phthalimide, pyridine derivative and phenylselenol,
respectively, through two possible pathways. Although the radical-quenching of A and
E automatically occurs (Scheme 5c), photocatalysts may mediate this step to improve the
yields (Scheme 5b).
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3. Materials and Methods
3.1. General Techniques

All commercially available reagents were purchased from commercial suppliers and
used as received. Dry THF and CH2Cl2 (Kanto Chemical Co., Inc., Tokyo, Japan) were
obtained by passing commercially available pre-dried, oxygen-free formulations. DMF (for
peptide synthesis) was purchased from Watanabe Chemical Industries, Ltd. (Hiroshima,
Japan). Photocatalyzed oxidative decarboxylation was performed with a Kessil A160WE
Tuna Blue (Dicon Fiberoptic Inc., Richmond, CA, USA), as shown in Figure S1.

All reactions were monitored by TLC carried out on Merck silica gel plates (0.2 mm,
60F-254) with UV light, and visualized by p-anisaldehyde/H2SO4/EtOH solution, phospho-
molybdic acid–EtOH solution or ninhydrin/AcOH/BuOH solution. Column chromatogra-
phy was carried out with silica gel 60 N (Kanto Chemical Co. 100–210 µm). Preparative TLC
was performed on 0.75 mm Wakogel® B-5F PLC plates (FUJIFILM Wako Pure Chemical Co.,
Ltd., Osaka, Japan). 1H NMR spectra (400 and 600 MHz) and 13C{1H} NMR spectra (100
and 150 MHz) were recorded on JEOL JNM-AL400 and JEOL JNM-ECA600 spectrometers
(JEOL Ltd., Tokyo, Japan) in the indicated solvent. Chemical shifts (δ) are reported in
unit parts per million (ppm) relative to the signal for internal TMS (0.00 ppm for 1H) for
solutions in CDCl3. NMR spectral data are reported as follows: CHCl3 (7.26 ppm for 1H)
or CDCl3 (77.0 ppm for 13C), and DMSO (2.49 ppm for 1H) or DMSO-d6 (39.5 ppm for
13C), when internal standard is not indicated. Multiplicities are reported by using standard
abbreviations, and coupling constants are given in hertz.

High-resolution mass spectra (HRMS) were recorded on Thermo Scientific Exactive
Plus Orbitrap Mass Spectrometer (Thermo Fisher Scientific K.K., Tokyo, Japan) for ESI or
JEOL JMS-AX500 (JEOL Ltd., Tokyo, Japan) for FAB. IR spectra were recorded on a JASCO
FTIR-4100 spectrophotometer (JASCO Co., Tokyo, Japan). Only the strongest and/or
structurally important absorption are reported as the IR data afforded in wavenumbers
(cm−1). Optical rotations were measured on a JASCO P-1010 polarimeter (JASCO Co.,

83



Catalysts 2022, 12, 1615

Tokyo, Japan). Melting points were measured with Round Science Inc. RFS-10 (J-SCIENCE
LAB Co., Ltd., Kyoto, Japan), and are not corrected.

3.2. Synthesis of the Lanthionine 5
3.2.1. 2-Methyl 1-(2-(Trimethylsilyl)ethyl) (2R,3R)-3-methylaziridine-1,2-dicarboxylate (2)

To a solution of D-threonine (5.00 g, 42.0 mmol, 1.0 equiv) in MeOH (150 mL) was
added SOCl2 (15.3 mL, 210 mmol, 5.0 equiv) dropwise at 0 ◦C, and the mixture was stirred
at the same temperature for 30 min. After being stirred at reflux in an oil bath for 12 h,
the reaction mixture was cooled to room temperature, and concentrated in vacuo. The
resulting crude methyl ester was used for the next reaction without further purification.

To a solution of the crude amine in dry CH2Cl2 (150 mL) were added Et3N (14.6 mL,
105 mmol, 2.5 equiv) and TrtCl (11.7 g, 42.0 mmol, 1.0 equiv) at 0 ◦C under an argon
atmosphere. After being stirred at room temperature for 43 h, the reaction mixture was
washed with 10% aqueous citric acid, saturated aqueous NaHCO3 and brine, dried over
MgSO4, and filtered. The filtrate was concentrated in vacuo, and the resulting crude N-Trt
amine was used for the next reaction without further purification.

To a solution of the crude alcohol in dry THF (120 mL) were added Et3N (14.6 mL,
105 mmol, 2.5 equiv) and MsCl (3.6 mL, 46.2 mmol, 1.1 equiv) at 0 ◦C under an argon
atmosphere, and the mixture was stirred at the same temperature for 30 min. After being
stirred at reflux in an oil bath for 72 h, the reaction mixture was concentrated in vacuo to
remove THF. The resulting residue was diluted with EtOAc, and the organic layer was
washed with 10% aqueous citric acid and saturated aqueous NaHCO3, dried over MgSO4,
and filtered. The filtrate was concentrated in vacuo, and the resulting crude aziridine was
used for next reaction without further purification.

To a solution of the crude N-Trt aziridine in dry CH2Cl2 (150 mL) were added dry
MeOH (2.6 mL, 63.0 mmol, 1.5 equiv) and TFA (6.5 mL, 84.0 mmol, 2.0 equiv) at 0 ◦C
under an argon atmosphere. After being stirred at the same temperature for 1 h, the
reaction mixture was basified by Et3N (20.5 mL, 147 mmol, 3.5 equiv). TeocOSu (10.9 g,
42.0 mmol, 1.0 equiv) was then added to the above mixture at 0 ◦C. After being stirred
at room temperature for 19 h, the reaction mixture was washed with 10% aqueous citric
acid and saturated aqueous NaHCO3, dried over MgSO4, and filtered. The filtrate was
concentrated in vacuo, and the resulting residue was suspended in CH2Cl2/MeOH. The
suspension was filtered through a pad of Celite®, and the filtrate was concentrated in vacuo.
The resulting residue was purified by column chromatography on silica gel (eluted with
hexane/EtOAc = 4:1) to afford the N-Teoc aziridine 2 (5.98 g, 23.0 mmol, 55% in 4 steps) as
a colorless oil. [α]22

D +64 (c 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) δ 4.18–4.22 (m, 2H),
3.79 (s, 3H), 3.15 (d, 1H, J = 6.8 Hz), 2.77–2.82 (m, 1H), 1.35 (d, 3H, J = 6.4 Hz), 1.00–1.04 (m,
2H), 0.00 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 167.7, 161.8, 65.3, 52.2, 39.7, 38.7, 17.4,
12.9, −1.5; IR (neat) 2955, 1756, 1729, 1442, 1425, 1285, 1252, 1201, 1181, 1081, 1038, 860, 838
cm−1; HRMS [ESI] m/z calcd for C11H21NO4SiNa [M+Na]+ 282.1132, found 282.1131.

3.2.2. Fmoc-Cys-OH (3)

To a solution of L-cystine (5.00 g, 20.8 mmol, 1.0 equiv) in 1,4-dioxane (90 mL) were
added a solution of Na2CO3 (6.62 g, 62.4 mmol, 3.0 equiv) in water (60 mL) and a solution
of FmocOSu (14.0 g, 41.6 mmol, 2.0 equiv) in 1,4-dioxane (90 mL) at 0 ◦C. After being
stirred at the room temperature for 15 h, the reaction mixture was concentrated in vacuo to
remove 1,4-dioxane. The aqueous layer was acidified with 6 M aqueous HCl until pH1,
and extracted three times with CH2Cl2. The combined organic layers were dried over
Na2SO4, and filtered. The filtrate was concentrated in vacuo, and the resulting residue
was suspended in Et2O. The white precipitate was filtered, and dried under vacuum to
afford the N-Fmoc amine (12.7 g, 18.5 mmol, 89%) as a white solid. The spectral data of
synthetic compound were in good agreement with those of reported [47]. Mp 153–154 ◦C
[lit. 149–151 ◦C]; [α]20

D −89 (c 1.2, MeOH) [lit. [α]24
D −87.1 (c 1.0, MeOH)]; 1H NMR

(400 MHz, DMSO-d6, rotamer mixture) δ 13.0 (s, 1H), 7.87 (d, 2H, J = 7.5 Hz), 7.78 (d, 1H,
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J = 7.5 Hz), 7.69 (d, 2H, J = 7.5 Hz), 7.37–7.41 (m, 2H), 7.30 (t, 2H, J = 7.5 Hz), 4.26–4.31 (m,
3H), 4.21 (dd, 1H, J = 12.6, 5.6 Hz), 3.16 (dd, 1H, J = 13.5, 3.9 Hz), 2.94 (dd, 1H, J = 13.5,
10.3 Hz); 13C{1H} NMR (100 MHz, DMSO-d6, rotamer mixture) δ 172.2, 156.0, 143.8, 143.7,
140.7, 127.6, 127.1, 125.3, 125.2, 120.1, 65.8, 53.0, 46.6, 39.1; IR (neat) 1696, 1515, 1448, 1331,
1228, 1049, 758, 739 cm−1; HRMS [FAB] m/z calcd for C36H33N2O8S2 [M+H]+ 685.1673,
found 685.1690.

To a solution of the disulfide (14.0 g, 20.4 mmol, 1.0 equiv) in dry THF (70 mL) were
added 1 M aqueous HCl (70 mL) and activated zinc dust (4.00 g, 61.2 mmol, 3.0 equiv)
at 0 ◦C. After being stirred at the room temperature for 30 min, the reaction mixture was
filtered through of a pad of Celite®. The filtrate was concentrated in vacuo, and the resulting
residue was diluted with 1 M aqueous HCl. The aqueous layer was extracted with CH2Cl2.
The organic layer was dried over Na2SO4, and filtered. The filtrate was concentrated in
vacuo, and the resulting residue was suspended in CH2Cl2/hexane. The precipitate was
filtered and dried under vacuum to afford the thiol 3 (10.7 g, 31.3 mmol, 77%) as a white
solid. The spectral data of synthetic compound were in good agreement with those of
reported [48]. Mp 119–123 ◦C; [α]20

D −5.7 (c 0.93, MeOH); 1H NMR (400 MHz, DMSO-d6)
δ 12.9 (s, 1H), 7.88 (d, 2H, J = 7.5 Hz), 7.69–7.73 (m, 3H), 7.41 (t, 2H, J = 7.5 Hz), 7.32 (t,
2H, J = 7.5 Hz), 4.29–4.31 (m, 2H), 4.23 (t, 1H, J = 7.0 Hz), 4.14 (dt, 1H, J = 8.3, 4.3 Hz),
2.89–2.92 (m, 1H), 2.71–2.78 (m, 1H); 13C{1H} NMR (100 MHz, DMSO-d6) δ 171.8, 156.0,
143.8, 140.7, 127.6, 127.1, 125.2, 120.1, 65.7, 56.5, 46.6, 25.4; IR (neat) 3314, 1694, 1536, 1476,
1447, 1418, 1230, 1103, 1047, 756, 736, 620 cm−1; HRMS [FAB] m/z calcd for C18H18NO4S
[M+H]+ 344.0951, found 344.0942.

3.2.3. The Lanthionine 4

To a solution of the aziridine 2 (4.62 g, 17.8 mmol, 2.0 equiv) in dry Et2O (90 mL)
were added Fmoc-Cys-OH (3) (3.06 g, 8.91 mmol, 1.0 equiv) and InCl3 (788 mg, 3.56 mmol,
0.4 equiv) at room temperature under an argon atmosphere. After being stirred at the same
temperature for 18 h, the reaction mixture was quenched with water. The organic layer
was separated, and aqueous layer was extracted three times with EtOAc. The combined
organic layers were dried over Na2SO4, and filtered. The filtrate was concentrated in vacuo,
and the resulting residue was purified by column chromatography on silica gel (eluted
with CH2Cl2/MeCN = 1:1) to afford the lanthionine 4 (2.89 g, 4.79 mmol, 54%) as a white
amorphous solid. [α]24

D +2.3 (c 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6) δ 7.89 (d, 2H,
J = 7.5 Hz), 7.71–7.73 (m, 3H), 7.41 (t, 2H, J = 7.5 Hz), 7.31–7.33 (m, 3H), 4.21–4.34 (m, 4H),
4.09–4.15 (m, 1H), 4.04–4.06 (m, 2H), 3.65 (s, 3H), 3.21–3.24 (m, 1H), 2.95 (dd, 1H, J = 13.6,
4.7 Hz), 2.74 (dd, 1H, J = 13.5, 9.4 Hz), 1.21 (d, 3H, J = 7.0 Hz), 0.91–0.93 (m, 2H), 0.00 (s, 9H);
13C{1H} NMR (100 MHz, DMSO-d6) δ 172.0, 170.8, 156.2, 155.9, 143.7, 140.7, 127.6, 127.0,
125.2, 120.0, 65.7, 62.2, 58.4, 54.0, 51.9, 46.6, 41.6, 32.1, 18.8, 17.3, −1.6; IR (neat) 3327, 3019,
2953, 1720, 1513, 1478, 1449, 1338, 1249, 1213, 1080, 1049, 859, 837, 758, 740 cm−1; HRMS
[ESI] m/z calcd for C29H38N2O8NaSSi [M+Na]+ 625.2010, found 625.2007.

3.2.4. The MOM Ester 5

To a solution of the carboxylic acid 4 (2.89 g, 4.79 mmol, 1.0 equiv) in dry acetone
(90 mL) were added KHCO3 (1.20 g, 12.0 mmol, 2.5 equiv) and MOMCl (437 µL, 5.75 mmol,
1.2 equiv) at room temperature under an argon atmosphere. After being stirred at the
same temperature for 15 h, the reaction mixture was concentrated in vacuo to remove
acetone. The resulting residue was diluted with EtOAc. The organic layer was washed with
saturated aqueous NaHCO3, dried over Na2SO4, and filtered. The filtrate was concentrated
in vacuo, and the resulting residue was purified by column chromatography on silica gel
(eluted with hexane/EtOAc = 1:1) to afford the MOM ester 5 (3.06 g, 4.73 mmol, 99%) as a
white amorphous solid. [α]23

D −16 (c 1.3, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.74 (d,
2H, J = 7.5 Hz), 7.57–7.59 (m, 2H), 7.38 (t, 2H, J = 7.5 Hz), 7.29 (d, 2H, J = 7.5 Hz), 5.66 (d, 1H,
J = 6.8 Hz), 5.41 (d, 1H, J = 8.5 Hz), 5.31 (d, 1H, J = 5.6 Hz), 5.27 (d, 1H, J = 5.6 Hz), 4.58–4.61
(m, 1H), 4.51 (d, 1H, J = 7.5 Hz), 4.36–4.44 (m, 2H), 4.22 (t, 1H, J = 6.9 Hz), 4.11–4.16 (m,
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2H), 3.72 (s, 3H), 3.44–3.47 (m, 4H), 3.03 (dd, 1H, J = 13.4, 3.7 Hz), 2.91 (dd, 1H, J = 13.4,
5.4 Hz), 1.31 (d, 3H, J = 7.0 Hz), 0.95–0.97 (m, 2H), −0.01 (s, 9H); 13C{1H} NMR (100 MHz,
CDCl3) δ 171.1, 170.0, 156.7, 155.7, 143.7, 141.3, 127.7, 127.0, 125.0, 120.0, 91.8, 67.2, 63.7, 58.1,
58.0, 53.8, 52.5, 47.1, 43.7, 33.5, 19.4, 17.6, −1.6; IR (neat) 3335, 2953, 1722, 1511, 1450, 1339,
1249, 1210, 1157, 1081, 1047, 994, 928, 859, 837, 759, 741 cm−1; HRMS[ESI] m/z calcd for
C31H42N2O9NaSSi [M+Na]+ 669.2272, found 669.2280.

3.3. Synthesis of the Tripeptide 1 by Solution-Phase Peptide Synthesis
3.3.1. The Tripeptide 1a

To a solution of the N-Fmoc-amine 5 (3.06 g, 4.73 mmol, 1.0 equiv) in dry MeCN
(40 mL) was added Et2NH (10 mL) at room temperature under an argon atmosphere. After
being stirred at the same temperature for 40 min, the reaction mixture was concentrated in
vacuo. The resulting residue was azeotroped three times with MeCN to remove Et2NH,
and the resulting crude amine was used for the next reaction without further purification.

To a solution of the crude amine in dry CH2Cl2 (50 mL) were added DIEA (1.7 mL,
9.46 mmol, 2.0 equiv), Cbz-Phe-OH (1.70 g, 5.68 mmol, 1.2 equiv), HOBt (773 mg, 5.68 mmol,
1.2 equiv) and EDCI·HCl (1.09 g, 5.68 mmol, 1.2 equiv) at 0 ◦C under an argon atmosphere.
After being stirred at room temperature for 13 h, the reaction mixture was diluted with
CH2Cl2. The organic layer was washed with 10% aqueous citric acid and saturated aqueous
NaHCO3, dried over Na2SO4, and filtered. The filtrate was concentrated in vacuo, and
the resulting residue was purified by column chromatography on silica gel (eluted with
hexane/EtOAc = 1:1) to afford the tripeptide 6a (2.88 g, 4.08 mmol, 86% in 2 steps) as a
white amorphous solid. [α]23

D −25 (c 0.90, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.20–7.27
(m, 10H), 6.73 (d, 1H, J = 6.5 Hz), 5.45 (d, 1H, J = 9.2 Hz), 5.38 (d, 1H, J = 5.8 Hz), 5.29 (d,
1H, J = 5.8 Hz), 5.26 (d, 1H, J = 5.8 Hz), 5.08 (s, 2H), 4.72–4.74 (m, 1H), 4.48–4.50 (m, 2H),
4.15–4.17 (m, 2H), 3.75 (s, 3H), 3.48 (s, 3H), 3.37–3.41 (m, 1H), 3.00–3.18 (m, 3H), 2.84 (dd, 1H,
J =13.9, 5.9 Hz), 1.27 (d, 3H, J = 7.0 Hz), 0.96–1.01 (m, 2H), 0.02 (s, 9H); 13C{1H} NMR (100
MHz, CDCl3) δ 171.1, 171.0, 169.5, 156.6, 155.9, 136.2, 136.1, 129.3, 128.6, 128.4, 128.1, 127.9,
127.0, 91.7, 67.0, 63.7, 58.1, 57.9, 56.0, 52.5, 52.2, 43.3, 38.1, 32.8, 19.2, 17.6, −1.6; IR (neat) 3314,
3030, 2953, 1721, 1519, 1454, 1338, 1249, 1215, 1155, 1083, 1048, 931, 860, 837, 750, 699 cm−1;
HRMS [ESI] m/z calcd for C33H47N3O10NaSSi [M+Na]+ 728.2644, found 728.2650.

To a solution of the MOM ester 6a (2.88 g, 4.08 mmol, 1.0 equiv) in 1,4-dioxane
(30 mL) was added 4 M HCl/1,4-dioxane (10 mL) at 0 ◦C under argon atmosphere. After
being stirred at room temperature for 1 h, the reaction mixture was concentrated in vacuo.
The resulting residue was purified by column chromatography on silica gel (eluted with
CH2Cl2/MeOH = 50:1) to afford the carboxylic acid 1a (2.35 g, 3.55 mmol, 87%) as a white
amorphous solid. [α]23

D −13 (c 1.1, CHCl3); 1H NMR (400 MHz, DMSO-d6) δ 12.9 (brs, 1H),
8.38 (d, 1H, J = 7.7 Hz), 7.46 (d, 1H, J = 8.7 Hz), 7.19–7.31 (m, 11 H), 4.93 (s, 2H), 4,25–4.43 (m,
3H), 4.03–4.05 (m, 2H), 3.64 (s, 3H), 3.25–3.31 (m, 1H), 2.96–3.03 (m, 2H), 2.70–2.80 (m, 2H),
1.21 (d, 3H, J = 6.8 Hz), 0.90–0.92 (m, 2H), 0.00 (s, 9H); 13C{1H} NMR (100 MHz, DMSO-d6) δ
171.7, 171.6, 170.8, 156.2, 155.7, 138.0, 136.9, 129.2, 128.2, 128.0, 127.6, 127.3, 126.2, 65.1, 62.2,
58.5, 55.9, 52.2, 51.9, 41.8, 37.4, 32.1, 18.7, 17.3, −1.5; IR (neat) 3315, 3064,3030, 2953, 1721,
1518, 1454, 1439, 1340, 1287, 1250, 1215, 1180, 1081, 1050, 860, 837, 753, 698 cm−1; HRMS
[ESI] m/z calcd for C31H43N3O9NaSSi [M+Na]+ 684.2381, found 684.2391.

3.3.2. The Tripeptide 1b

Compound 6b was prepared from the N-Fmoc-amine 5 (248 mg, 383 µmol) according
to the procedure above described for 6a, and obtained in 69% yield (178 mg, 265 µmol)
as a white amorphous solid after purification by column chromatography on silica gel
(eluted with hexane/EtOAc = 1:1). [α]22

D −17 (c 1.3, CHCl3); 1H NMR (400 MHz, CDCl3)
δ 7.18–7.28 (m, 5H), 6.75 (d, 1H, J = 7.2 Hz), 5.40 (d, 1H, J = 8.5 Hz), 5.26 (d, 1H, J = 5.8 Hz),
5.22 (d, 1H, J = 5.8 Hz), 5.01–5.03 (m, 1H), 4.69–4.71 (m, 1H), 4.39–4.46 (m, 2H), 4.13–4.15
(m, 2H), 3.74 (s, 3H), 3.44 (s, 3H), 3.35–3.37 (m, 1H), 3.11 (dd, 1H, J = 14.2, 5.8 Hz), 2.99–3.02
(m, 2H), 2.82 (dd, 1H, J = 13.8, 6.3 Hz), 1.36 (s, 9H), 1.26 (d, 3H, J = 7.2 Hz), 0.95–0.97 (m,
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2H), 0.00 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 171.4, 171.1, 169.6, 156.7, 155.3, 136.5,
129.3, 128.7, 127.0, 91.7, 80.3, 63.7, 58.1, 58.0, 55.8, 52.5, 52.3, 43.5, 38.1, 33.1, 28.2, 19.3, 17.7,
−1.5; IR (neat) 3317, 2953, 1719, 1510, 1454, 1366, 1339, 1249, 1210, 1168, 1086, 1048, 933,
860, 837, 776, 699 cm−1; HRMS[ESI] m/z calcd for C30H49N3O10NaSSi [M+Na]+ 650.2800,
found 650.2819.

To a solution of the MOM ester 6b (158 mg, 235 µmol, 1.0 equiv) in 1,4-dioxane
(4.20 mL) was added 4 M HCl/1,4-dioxane (0.6 mL) at 0 ◦C under argon atmosphere. After
being stirred at room temperature for 2.5 h, the reaction mixture was concentrated in vacuo.
The resulting residue was purified by column chromatography on silica gel (eluted with
CH2Cl2/MeOH = 10:1) to afford the carboxylic acid 1b (109 mg, 173 µmol, 74%) as a white
amorphous solid. [α]21

D −12 (c 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6) δ 8.21 (d,
1H, J = 7.2 Hz), 7.20–7.36 (m, 5H), 7.14–7.20 (m, 1H), 6.84 (d, 1H, J = 8.5 Hz), 4.36–4.45
(m, 1H), 4.16–4.35 (m, 2H), 3.99–4.09 (m, 2H), 3.64 (s, 3H), 3.19–3.28 (m, 1H), 2.90–3.06 (m,
2H), 2.66–2.83 (m, 2H), 1.27 (s, 9H), 1.21 (d, 3H, J = 6.5 Hz), 0.89–0.94 (m, 2H), 0.00 (s, 9H);
13C{1H} NMR (100 MHz, DMSO-d6) δ 171.7, 170.8, 156.2, 155.1, 138.0, 129.2, 127.9, 126.1,
78.0, 66.2, 58.4, 55.6, 52.0, 51.9, 41.8, 37.4, 32.2, 28.1, 18.7, 17.3, –1.5; IR (neat) 3320, 2954,
1721, 1512, 1453, 1367, 1339, 1249, 1170, 1080, 1049, 859, 837, 699 cm−1; HRMS[ESI] m/z
calcd for C28H45N3O9NaSSi [M+Na]+ 650.2538, found 650.2546.

3.3.3. The Tripeptide 1c

Compound 6c was prepared from the N-Fmoc-amine 5 (367 mg, 568 µmol) according
to the procedure above described for 6a, and obtained in 86% yield (388 mg, 488 µmol) as a
white amorphous solid after purification by column chromatography on silica gel (eluted
with hexane/EtOAc = 1:1). [α]20

D −28 (c 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.73 (d,
2H, J = 7.5 Hz), 7.50 (t, 2H, J = 7.5 Hz), 7.37 (t, 2H, J = 7.5 Hz), 7.21–7.29 (m, 7H), 6.70–6.82
(m, 1H), 5.44 (d, 2H, J = 8.5 Hz), 5.23–5.26 (m, 2H), 4.71–4.72 (m, 1H), 4.46–4.48 (m, 2H),
4.39–4.42 Hz (m, 1H), 4.27–4.30 (m, 1H), 4.13–4.17 (m, 3H), 3.71 (s, 3H), 3.43 (s, 3H), 3.34–3.40
(m, 1H), 2.98–3.10 Hz (m, 3H), 2.81–2.85 (m, 1H), 1.24 (d, 3H, J = 7.1 Hz), 0.95–0.97 (m, 2H),
−0.01 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 171.1, 171.0, 169.5, 156.6, 155.9, 143.71,
143.66, 141.2, 136.2, 129.3, 128.7, 127.7, 127.0, 125.0, 119.9, 91.7, 77.2, 67.1, 63.7, 58.0, 52.5, 52.2,
47.0, 43.3, 38.2, 32.8, 29.2, 19.2, 17.6, −1.6; IR (neat) 3310, 3064, 3025, 2953, 1719, 1670, 1517,
1450, 1412, 1381, 1338, 1287, 1249, 1217, 1154, 1084, 1047, 932, 860, 837, 757, 742, 700 cm−1;
HRMS[ESI] m/z calcd for C40H51N3O10NaSSi [M+Na]+ 816.2957, found 816.2960.

Compound 1c was prepared from the MOM ester 6c (340 mg, 428 µmol) according to
the procedure above described for 1a, and obtained in 85% yield (272 mg, 362 µmol) as a
white amorphous solid after purification by column chromatography on silica gel (eluted
with CH2Cl2/MeOH = 50:1). [α]24

D −14 (c 0.96, CHCl3); 1H NMR (400 MHz, DMSO-d6)
δ 8.37 (d, 1H, J = 7.5 Hz), 7.87 (d, 2H, J = 7.5 Hz), 7.60–7.64 (m, 3H), 7.16–7.42 (m, 10H),
4.25–4.40 (m, 3H), 4.09–4.16 (m, 3H), 4.03–4.05 (m, 2H), 3.64 (s, 3H), 3.25–3.26 (m, 1H),
2.95–3.03 (m, 2H), 2.78–2.80 (m, 2H), 1.19 (d, 3H, J = 7.0 Hz), 0.90–0.92 (m, 2H), 0.00 (s,
9H); 13C{1H} NMR (100 MHz, DMSO-d6) δ 171.8, 171.5, 170.8, 156.2, 155.6, 143.7, 143.6,
140.6, 138.0, 129.2, 127.9, 127.5, 127.0, 126.1, 125.23, 125.17, 120.0, 65.6, 62.2, 58.4, 56.0, 52.3,
51.8, 46.5, 41.7, 37.4, 32.2, 18.7, 17.3, −1.6; IR (neat) 3313, 3064, 3028, 2953, 1721, 1516, 1450,
1338, 1249, 1216, 1180, 1081, 1048, 859, 837, 757, 742, 699 cm−1; HRMS [ESI] m/z calcd for
C38H47N3O9NaSSi [M+Na]+ 772.2694, found 772.2715.

3.3.4. The Tripeptide 1d

Compound 6d was prepared from the N-Fmoc-amine 5 (480 mg, 742 µmol) according
to the procedure above described for 6a, and obtained in 75% yield (344 mg, 558 µmol) as a
white amorphous solid after purification by column chromatography on silica gel (eluted
with hexane/EtOAc = 1:1 to hexane/acetone = 3:1). [α]23

D −16 (c 1.1, CHCl3); 1H NMR
(400 MHz, CDCl3) δ 7.25–7.32 (m, 5H), 7.01 (s, 1H), 5.67 (s, 1H), 5.48 (d, 1H, J = 9.2 Hz), 5.28
(d, 1H, J = 5.8 Hz), 5.23 (d, 1H, J = 5.8 Hz), 5.10 (s, 2H), 4.77 (dt, 1H, J = 6.3, 5.6 Hz), 4.48
(dd, 1H, J = 8.8, 3.0 Hz), 4.12–4.15 (m, 2H), 3.92 (d, 2H, J = 5.6 Hz), 3.72 (s, 3H), 3.36–3.44 (m,
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4H), 3.03 (dd, 1H, J = 13.6, 4.0 Hz), 2.86 (dd, 1H, J = 13.9, 6.2 Hz), 1.27 (d, 3H, J = 7.2 Hz),
0.95–0.97 (m, 2H), −0.01 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 171.1, 169.8, 169.2,
156.6, 156.5, 136.1, 128.5, 128.1, 128.0, 91.7, 77.2, 67.1, 63.7, 57.9, 52.5, 52.1, 44.4, 43.3, 32.7,
19.1, 17.6, −1.6; IR (neat) 3325, 2953, 1723, 1515, 1453, 1381, 1339, 1249, 1156, 1088, 1048, 927,
860, 837, 754, 698 cm−1; HRMS[ESI] m/z calcd for C26H41N3O10NaSSi [M+Na]+ 638.2174,
found 638.2180.

Compound 1d was prepared from the MOM ester 6d (215 mg, 349 µmol) according
to the procedure above described for 1a, and obtained in 45% yield (89.6 mg, 157 µmol)
as a white amorphous solid after purification by column chromatography on silica gel
(eluted with CH2Cl2/MeOH = 50:1 to 10:1). [α]24

D +2.7 (c 0.95, CHCl3); 1H NMR (400 MHz,
DMSO-d6) δ 12.9 (brs, 1H), 8.18 (d, 1H, J = 8.0 H), 7.30–7.44 (m, 7H), 5.02 (s, 2H), 4.37–4.40
(m, 1H), 4.23 (dd, 1H, J = 8.0, 6.0 Hz), 4.03–4.05 (m, 2H), 3.66 (d, 2H, J = 6.3 Hz), 3.63 (s, 3H),
3.18–3.20 (m, 1H), 2.91 (dd, 1H, J = 13.5, 5.1 Hz), 2.72 (dd, 1H, J = 13.5, 8.1 Hz), 1.18 (d, 3H,
J = 6.8 Hz), 0.90–0.93 (m, 2H), 0.00 (s, 9H); 13C{1H} NMR (100 MHz, DMSO-d6) δ 171.7, 170.7,
169.0, 156.4, 156.2, 137.0, 128.2, 127.7, 127.6, 65.4, 62.2, 58.4, 51.9, 51.8, 43.2, 41.8, 32.3, 18.6,
17.3, −1.6; IR (neat) 3327, 2953, 1722, 1523, 1453, 1438, 1340, 1249, 1081, 1050, 860, 837, 697
cm−1; HRMS [ESI] m/z calcd for C24H37N3O9NaSSi [M+Na]+ 594.1912, found 594.1924.

3.3.5. The Tripeptide 1e

To a solution of N-Fmoc-amine 5 (359 mg, 554 µmol, 1.0 equiv) in dry MeCN (4.4 mL)
was added Et2NH (1.1 mL) at room temperature under an argon atmosphere. After being
stirred at the same temperature for 1.5 h, the reaction mixture was concentrated in vacuo.
The resulting residue was azeotroped three times with MeCN, and the resulting crude
amine was used for the next reaction without further purification.

To a solution of the crude amine in dry CH2Cl2 (5.5 mL) were added DIEA (193 µL,
1.11 mmol, 2.0 equiv), Cbz-Ile-OH (177 mg, 665 µmol, 1.2 equiv) and HATU (253 mg,
665 µmol, 1.2 equiv) at 0 ◦C under an argon atmosphere. After being stirred at room
temperature for 7 h, the reaction mixture was diluted with CH2Cl2. The organic layer
was washed with 10% aqueous citric acid and saturated aqueous NaHCO3, dried over
Na2SO4, and filtered. The filtrate was concentrated in vacuo, and the resulting residue
was purified by column chromatography on silica gel (eluted with hexane/EtOAc = 1:1)
to afford the tripeptide 6e (373 mg, 539 mmol, 97% in 2 steps) as a yellowish amorphous
solid. [α]23

D −19 (c 0.98, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.29–7.34 (m, 5H), 6.82 (d,
1H, J = 6.5 Hz), 5.51 (d, 1H, J = 9.2 Hz), 5.43 (d, 1H, J = 8.7 Hz), 5.32 (d, 1H, J = 5.8 Hz), 5.27
(d, 1H, J = 5.8 Hz), 5.11 (s, 2H), 4.78–4.80 (m, 1H), 4.52 (dd, 1H, J = 9.3, 3.0 Hz), 4.14–4.17
(m, 3H), 3.75 (s, 3H), 3.48 (s, 3H), 3.37–3.48 (m, 1H), 3.04 (dd, 1H, J = 13.8, 4.3 Hz), 2.89
(dd, 1H, J = 13.8, 6.0 Hz), 1.89–1.91 (m, 1H), 1.60–1.70 (m, 1H) 1.30 (d, 3H, J = 7.0 Hz),
1.07–1.26 (m, 1H), 0.90–1.01 (m, 8H), 0.03 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 171.4,
171.2, 169.7, 156.7, 156.2, 136.2, 128.5, 128.1, 128.0, 91.7, 67.1, 63.7, 59.6, 58.1, 58.0, 52.5, 52.0,
43.5, 37.4, 32.9, 24.6, 19.3, 17.6, 15.4, 11.3, −1.6; IR (neat) 3311, 2959, 1723, 1666, 1524, 1454,
1382, 1339, 1284, 1248, 1156, 1087, 1045, 932, 860, 837, 697 cm−1; HRMS[ESI] m/z calcd for
C30H49N3O10NaSSi [M+Na]+ 694.2800, found 694.2814.

Compound 1e was prepared from the MOM ester 6e (373 mg, 539 µmol) according
to the procedure above described for 1a, and obtained in 67% yield (228 mg, 362 µmol)
as a white amorphous solid after purification by column chromatography on silica gel
(eluted with CH2Cl2/MeCN = 3:1 to CH2Cl2/MeOH = 20:1). [α]21

D −6.5 (c 0.99, CHCl3);
1H NMR (400 MHz, DMSO-d6) δ 12.8 (brs, 1H), 8.21 (d, 1H, J = 7.7 Hz), 7.24–7.33 (m, 7H),
5.02 (s, 2H), 4.35–4.38 (m, 1H), 4.25 (dd, 1H, J = 7.4, 5.7 Hz), 4.03–4.05 (m, 2H), 3.91–3.99
(m, 1H), 3.62–3.64 (m, 3H), 3.21 (s, 1H), 2.92 (dd, 1H, J = 13.0, 5.1 Hz), 2.72 (dd, 1H, J = 13.0,
8.2 Hz), 1.63–1.82 (m, 1H), 1.31–1.49 (m, 1H), 1.03–1.23 (m, 4H), 0.72–0.96 (m, 8H), 0.00 (s,
9H); 13C{1H} NMR (100 MHz, DMSO-d6) δ 171.7, 171.2, 170.8, 156.2, 155. 9, 137.0, 128.2,
127.6, 127.5, 65.3, 62.2, 59.0, 58.4, 51.90, 51.85, 41.6, 36.6, 32.1, 24.2, 18.6, 17.3, 15.2, 10.8, −1.5;
IR (neat) 3316, 2959, 1721, 1666, 1517, 1454, 1340, 1286, 1249, 1216, 1179, 1082, 1045, 859,
837 cm−1; HRMS [ESI] m/z calcd for C28H45N3O9NaSSi [M+Na]+ 650.2538, found 650.2551.
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3.3.6. The Tripeptide 1f

Compound 6f was prepared from the N-Fmoc-amine 5 (268 mg, 414 µmol) according
to the procedure above described for 6a, and obtained in 74% yield (242 mg, 307 µmol)
as a white amorphous solid after purification by column chromatography on silica gel
(eluted with hexane/EtOAc = 1:1). [α]22

D −21 (c 1.2, CHCl3); 1H NMR (400 MHz, CDCl3)
δ 7.25–7.32 (m, 5H), 6.92–6.94 (m, 1H), 5.47–5.49 (m, 2H), 5.30 (d, 1H, J = 5.8 Hz), 5.23 (d,
1H, J = 5.8 Hz), 5.08 (s, 2H), 4.74 (dt, 1H, J = 6.8, 5.4 Hz), 4.65 (brs, 1H), 4.48 (dd, 1H, J = 8.7,
2.4 Hz), 4.21–4.22 (m, 1H), 4.13–4.15 (m, 2H), 3.73 (s, 3H), 3.37–3.43 (m, 4H), 3.02–3.04 (m,
3H), 2.86 (dd, 1H, J = 13.2, 5.9 Hz), 1.25–1.85 (m, 18H), 0.95–0.97 (m, 2H), −0.01 (s, 9H);
13C{1H} NMR (100 MHz, CDCl3) δ171.8, 171.2, 169.7, 156.7, 156.2, 156.1, 136.2, 128.4, 128.1,
128.0, 91.7, 79.0, 67.0, 63.7, 58.1, 57.9, 54.7, 52.5, 52.1, 43.3, 39.8, 32.7, 31.9, 29.6, 28.4, 22.3,
19.2, 17.6, −1.6; IR (neat) 3319. 2952, 1714, 1511, 1454, 1365, 1339, 1249, 1169, 1086, 1046, 860,
837 cm−1; HRMS[ESI] m/z calcd for C35H58N4O12NaSSi [M+Na]+ 809.3433, found 809.3434.

Compound 1f was prepared from the MOM ester 6f (215 mg, 279 µmol) according
to the procedure above described for 1b, and obtained in 87% yield (180 mg, 242 µmol)
as a white amorphous solid after purification by column chromatography on silica gel
(eluted with CH2Cl2/MeCN = 1:1 to CH2Cl2/MeOH = 10:1). [α]24

D −13 (c 1.1, CHCl3); 1H
NMR (400 MHz, DMSO-d6) δ 7.91 (d, 1H, J = 7.2 Hz), 7.28–7.32 (m, 5H), 7.11–7.12 (m, 1H),
6.90–6.91 (m, 1H), 6.47–6.48 (m, 1H), 5.02 (s, 2H), 4.32–4.37 (m, 1H), 4.23 (dd, 1H, J = 8.1,
5.9 Hz), 3.99–4.06 (m, 3H), 3.63 (s, 3H), 3.19–3.25 (m, 1H), 2.93–3.02 (m, 3H), 2,74 (dd, 1H,
J = 13.4, 7.6 Hz), 1.61–1.64 (m, 1H), 1.51–1.53 (m, 1H), 1.13–1.37 (m, 16H), 0.90–0.93 (m, 2H),
0.00 (s, 9H); 13C{1H} NMR (100 MHz, DMSO-d6) δ 171.8, 171.7, 170.7, 156.1, 155.8, 155.4,
136.9, 128.2, 127.6, 127.5, 66.2, 65.3, 62.1, 58.4, 54.5, 52.0, 51.7, 41.6, 32.2, 31.6, 29.1, 28.1, 27.8,
22.6, 18.6, 17.2, −1.6; IR (neat) 3325, 2953, 1713, 1515, 1453, 1411, 1391, 1366, 1340, 1249, 1214,
1172, 1081, 1047, 860, 837, 754, 697 cm−1; HRMS [ESI] m/z calcd for C33H54N4O11NaSSi
[M+Na]+ 765.3171, found 765.3179.

3.4. The Photocatalytic AviMeCys Formation Using 1
3.4.1. The β-Thioenamides (Z)-9a and (E)-9a

To a solution of the carboxylic acid 6a (66.6 mg, 100µmol, 1.0 equiv) and N-hydroxyphthalimide
(18.1 mg, 110 µmol, 1.1 equiv) in dry CH2Cl2 (1.0 mL) was added DIC (17.3 µL, 110 µmol,
1.1 equiv) at room temperature under an argon atmosphere, and the mixture was stirred at
the same temperature for 30 min. After complete consumption of 6a (monitored by TLC
analysis), the reaction mixture was cooled to −40 ◦C. A solution of eosin Y-Na2 (0.7 mg,
1.00 µmol, 1 mol%), Hantzsch ester (25.5 mg, 100 µmol, 1.0 equiv) and diphenyl diselenide
(62.8 mg, 200 µmol, 2.0 equiv) in dry DMF (1.5 mL, used immediately after freeze-pump-
thaw cycling) was then added to the above mixture at −40 ◦C. After being stirred at
the same temperature for 30 min under irradiated Blue LEDs, Et3N (250 µL, 1.79 mmol,
18 equiv) was added to the solution at −40 ◦C. After being stirred at room temperature
for 3 h, the reaction mixture was quenched with saturated aqueous NaHCO3, and stirred
for 12 h. The aqueous layer was extracted three times with Et2O. The combined organic
layers were dried over Na2SO4, and filtered. The filtrate was concentrated in vacuo, and
the resulting residue was purified by preparative TLC (eluted with hexane/EtOAc = 7:2) to
afford the β-thioenamide (Z)-9a (26.2 mg, 42.5 µmol, 42%) as a white amorphous solid and
the β-thioenamide (E)-9a (19.6 mg, 31.8 µmol, 32%) as a white amorphous solid. (Z)-9a:
[α]24

D −41 (c 1.1, CHCl3); 1H NMR (600 MHz, CDCl3) δ 8.42 (d, 1H, J = 10.6 Hz), 7.19–7.34
(m, 10H), 7.15 (dd, 1H, J = 10.6, 7.2 Hz), 5.49–5.50 (m, 1H), 5.40–5.41 (m, 1H), 5.32 (d, 1H,
J = 7.2 Hz), 5.07–5.09 (m, 2H), 4.56–4.58 (m, 1H), 4.51 (dd, 1H, J = 9.2, 3.9 Hz), 4.14–4.15
(m, 2H), 3.65 (s, 3H), 3.31–3.32 (m, 1H), 3.19 (dd, 1H, J = 13.9, 6.2 Hz), 3.09–3.11 (m, 1H),
1.32 (d, 3H, J = 7.2 Hz), 0.95–0.97 (m, 2H), 0.00 (s, 9H); 13C{1H} NMR (150 MHz, CDCl3)
δ 171.3, 168.9, 156.8, 156.2, 136.2, 136.1, 129.7, 129.3, 128.9, 128.6, 128.3, 128.2, 127.2, 99.7,
67.3, 63.9, 58.9, 56.4, 52.6, 45.8, 38.1, 18.3, 17.8, −1.4; IR (neat) 3310, 3064, 3031, 2952, 1697,
1628, 1498, 1455, 1380, 1337, 1248, 1178, 1080, 1046, 860, 837, 742, 698 cm−1; HRMS[ESI]
m/z calcd for C30H41N3O7NaSSi [M+Na]+ 638.2327, found 638.2330. (E)-9a: [α]23

D −3.5
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(c 0.89, CHCl3); 1H NMR (600 MHz, CDCl3) δ 8.01 (m, 1H), 7.14–7.32 (m, 10H), 6.99 (dd,
1H, J = 13.7, 6.6 Hz), 5.59 (d, 1H, J = 13.7 Hz), 5.42–5.44 (m, 2H), 5.05 (s, 2H), 4.48 (dd, 1H,
J = 5.5, 2.7 Hz), 4.40–4.42 (m, 1H), 4.13–4.17 (m, 2H), 3.64 (s, 3H), 3.34–3.38 (m, 1H), 3.06 (d,
2H, J = 6.8 Hz), 1.29 (d, 3H, J = 7.5 Hz), 1.00–1.01 (m, 2H), 0.03 (s, 9H); 13C{1H} NMR (150
MHz, CDCl3) δ 171.2, 168.3, 156.8, 156.3, 136.0, 135.9, 129.4, 129.3, 129.0, 128.7, 128.5, 128.2,
127.4, 104.1, 67.5, 63.9, 57.9, 56.4, 52.5, 45.3, 38.2, 18.6, 17.8, −1.4; IR (neat) 3303, 2953, 1725,
1688, 1669, 1629, 1505, 1454, 1341, 1288, 1261, 1246, 1209, 1176, 1079, 1046, 938, 862, 835, 750,
697 cm−1; HRMS[ESI] m/z calcd for C30H41N3O7NaSSi [M+Na]+ 638.2327, found 638.2334.

3.4.2. The β-Thioenamides (Z)-9b and (E)-9b

Compounds (Z)-9b and (E)-9b were prepared from the carboxylic acid 6b (63.7 mg,
101 µmol) according to the procedure above described for 9a, and purified by preparative
TLC (eluted with hexane/EtOAc = 7:2, hexane/IPA = 20:1) to be obtained in 32% yield
(18.6 mg, 32.0 µmol) as a white amorphous solid and 32% yield (18.9 mg, 32.5 µmol) as a
white amorphous solid, respectively. (Z)-9b: [α]24

D −49 (c 1.2, CHCl3); 1H NMR (600 MHz,
CDCl3) δ 8.42 (d, 1H, J = 10.9 Hz), 7.28–7.30 (m, 2H), 7.22–7.24 (m, 3H), 7.12–7.15 (m, 1H),
5.45–5.47 (m, 1H), 5.28–5.29 (m, 1H), 5.14–5.16 (m, 1H), 4.52 (d, 2H, J = 10.3 Hz), 4.14–4.17
(m, 2H), 3.70 (s, 3H), 3.34–3.36 (m, 1H), 3.18 (dd, 1H, J = 14.0, 5.8 Hz), 3.04–3.06 (m, 1H),
1.39 (s, 9H), 1.32 (d, 3H, J = 6.8 Hz), 0.98–0.99 (m, 2H), 0.01 (s, 9H); 13C{1H} NMR (150 MHz,
CDCl3) δ 171.3, 169.3, 156.8, 155.6, 136.5, 129.5, 129.3, 128.8, 127.1, 99.6, 80.6, 63.9, 58.7, 55.8,
52.6, 45.8, 37.9, 28.3, 18.4, 17.8, −1.4; IR (neat) 3324, 2953, 1690, 1627, 1499, 1366, 1338, 1285,
1249, 1171, 1080, 1047, 860, 837, 754, 699 cm−1; HRMS [ESI] m/z calcd for C27H43N3NaO7SSi
[M+Na]+ 604.2483, found 604.2490. (E)-9b: [α]24

D −6.8 (c 1.1, CHCl3); 1H NMR (600 MHz,
CDCl3) δ 8.04–8.05 (m, 1H), 7.28 (t, 2H, J = 7.5 Hz), 7.22 (t, 1H, J = 7.5 Hz), 7.15 (d, 2H,
J = 7.5 Hz), 7.00 (dd, 1H, J = 13.7, 10.9 Hz), 5.59 (d, 1H, J = 13.7 Hz), 5.42 (d, 1H, J = 6.0 Hz),
5.06 (d, 1H, J = 8.2 Hz), 4.47 (dd, 1H, J = 9.2, 3.1 Hz), 4.33 (s, 1H), 4.15–4.16 (m, 2H), 3.65
(s, 3H), 3.37–3.38 (m, 1H), 3.05–3.06 (m, 1H), 2.99–3.00 (m, 1H), 1.37 (s, 9H), 1.28 (d, 3H,
J = 6.8 Hz), 0.98–1.00 (m, 2H), 0.04 (s, 9H); 13C{1H} NMR (150 MHz, CDCl3) δ 171.2, 168.7,
156.8, 155.8, 136.3, 129.6, 129.3, 128.8, 127.2, 103.6, 80.8, 63.5, 57.9, 56.0, 52.5, 45.3, 38.0,
28.3, 18.5, 17.8, −1.4; IR (neat) 3310, 2954, 1723, 1681, 1628, 1513, 1454, 1391, 1367, 1339,
1289, 1248, 1211, 1169, 1079, 1047, 941, 860, 837, 754, 698 cm−1; HRMS [ESI] m/z calcd for
C27H43N3NaO7SSi [M+Na]+ 604.2483, found 604.2487.

3.4.3. The β-Thioenamides (Z)-9c and (E)-9c

To a solution of the carboxylic acid 6c (75.2 mg, 100µmol, 1.0 equiv) and N-hydroxyphthalimide
(18.0 mg, 110 µmol, 1.1 equiv) in dry CH2Cl2 (1.0 mL) was added DIC (17.3 µL, 110 µmol,
1.1 equiv) at room temperature under an argon atmosphere, and the mixture was stirred
at the same temperature for 5 h. After complete consumption of 5c (monitored by TLC
analysis), the reaction mixture was cooled to −40 ◦C. A solution of Eosin Y (696 µg, 1.00
µmol, 1 mol%), Hantzsch ester (25.4 mg, 100 µmol, 1.0 equiv) and diphenyl diselenide
(62.6 mg, 200 µmol, 2.0 equiv) in dry DMF (1.5 mL, used immediately after Freeze-Pump-
Thaw cycling) was then added to the above mixture at −40 ◦C. After being stirred at
the same temperature for 30 min under irradiated Blue LEDs, Et3N (41.9 µL, 300 µmol,
3.0 equiv) was added to the solution at −40 ◦C. After being stirred at room temperature
for 3 h, the reaction mixture was quenched with saturated aqueous NaHCO3, diluted with
Et2O, and stirred for 12 h. The organic layer was separated, and the aqueous layer was
extracted three times with Et2O. The combined organic layers were dried over Na2SO4,
and filtered. The filtrate was concentrated in vacuo, and the resulting residue was purified
by preparative TLC (eluted with hexane/EtOAc = 7:2, hexane/IPA = 10:1) to afford the
β-thioenamide (Z)-9c (14.6 mg, 20.7 µmol, 21%) as a white amorphous solid and the β-
thioenamide (E)-9c (11.1 mg, 15.8 µmol, 16%) as a white amorphous solid. (Z)-9c: [α]24

D
−25 (c 0.83, CHCl3); 1H NMR (600 MHz, CDCl3) δ 8.41–8.42 (m, 1H), 7.75 (d, 2H, J = 7.5 Hz),
7.49–7.52 (m, 2H), 7.39 (t, 2H, J = 7.5 Hz), 7.25–7.28 (m, 7H), 7.17 (dd, 1H, J = 10.8, 7.6 Hz)
5.53–5.55 (m, 1H), 5.38–5.40 (m, 1H), 5.33 (d, 1H, J = 4.6 Hz), 4.59–4.61 (m, 1H), 4.50–4.52
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(m, 1H), 4.42 (dd, 1H, J = 10.8, 7.5 Hz), 4.34–4.35 (m, 1H), 4.12–4.18 (m, 3H), 3.68 (s, 3H),
3.31–3.33 (m, 1H), 3.12–3.19 (m, 2H), 1.32 (d, 3H, J = 6.8 Hz), 0.93–0.95 (m, 2H), 0.01 (s, 9H);
13C{1H} NMR (150 MHz, CDCl3) δ 171.4, 168.9, 156.8, 156.2, 143.83, 143.80, 141.4, 136.2,
129.8, 129.4, 129.0, 127.9, 127.4, 127.2, 125.2, 120.1, 99.8, 67.4, 64.0, 59.0, 56.4, 52.7, 47.2, 45.9,
38.3, 18.3, 17.8, −1.4; IR (neat) 3308, 3064, 3028, 2952, 1696, 1628, 1499, 1451, 1336, 1248,
1178, 1080, 1045, 859, 837, 757, 740, 699 cm−1; HRMS [ESI] m/z calcd for C37H45N3O7NaSSi
[M+Na]+ 726.2640, found 726.2649. (E)-9c: [α]24

D −16 (c 0.59, CHCl3); 1H NMR (600 MHz,
CDCl3) δ 7.76 (d, 2H, J = 7.5 Hz), 7.50 (t, 2H, J = 7.5 Hz), 7.40 (t, 2H, J = 7.5 Hz), 7.25–7.29
(m, 8H), 6.95–6.99 (m, 1H), 5.58 (d, 1H, J = 13.7 Hz), 5.39 (d, 1H, J = 9.6 Hz), 5.26–5.28 (m,
1H), 4.45–4.47 (m, 2H), 4.34–4.36 (m, 2H), 4.15–4.17 (m, 3H), 3.63 (s, 3H), 3.36–3.37 (m, 1H),
3.06–3.07 (m, 2H), 1.28 (d, 3H, J = 6.8 Hz), 0.99–1.00 (m, 2H), 0.04 (s, 9H); 13C{1H} NMR
(150 MHz, CDCl3) δ 171.1, 168.0, 156.7, 156.3, 143.6, 141.4, 136.0, 129.3, 129.0, 127.9, 127.4,
127.2, 125.0, 120.1, 104.2, 67.3, 63.8, 57.9, 56.3, 52.5, 47.1, 45.2, 38.0, 18.5, 17.8, −1.4; IR (neat)
3316, 3064, 3027, 2950, 1691, 1626, 1509, 1450, 1338, 1289, 1247, 1216, 1079, 1045, 937, 859,
837, 757, 739, 700 cm−1; HRMS [ESI] m/z calcd for C37H45N3O7NaSSi [M+Na]+ 726.2640,
found 726.2643.

3.4.4. The β-Thioenamides (Z)-9d and (E)-9d

Compounds (Z)-9d and (E)-9d were prepared from the carboxylic acid 6d (57.1 mg,
99.9 µmol) according to the procedure above described for 9a, and purified by preparative
TLC (eluted with hexane/EtOAc = 7:2, toluene/acetone = 8:1, hexane/IPA = 10:1) to be
obtained in 39% yield (20.2 mg, 38.4 µmol) as a white amorphous solid and 19% yield
(9.9 mg, 19 µmol) as a white amorphous solid, respectively. (Z)-9d: [α]23

D +3.0 (c 1.0,
CHCl3); 1H NMR (600 MHz, CDCl3) δ 8.57–8.59 (m, 1H), 7.25–7.34 (m, 5H), 7.14 (dd, 1H,
J = 10.9, 7.5 Hz), 5.75–5.77 (m, 1H), 5.59–5.61 (m, 1H), 5.32 (d, 1H, J = 7.5 Hz), 5.18 (d, 1H,
J = 12.3 Hz), 5.14 (d, 1H, J = 12.3 Hz), 4.54 (dd, 1H, J = 8.9, 2.7 Hz), 4.12–4.14 (m, 2H), 3.98
(d, 2H, J = 5.5 Hz), 3.64 (s, 3H), 3.35–3.37 (m, 1H), 1.34 (d, 3H, J = 6.8 Hz), 0.93–0.95 (m,
2H), −0.01 (s, 9H); 13C{1H} NMR (150 MHz, CDCl3) δ 171.3, 167.1, 156.9, 156.8, 136.1, 129.3,
128.6, 128.4, 128.2, 100.1, 67.5, 63.9, 58.7, 52.5, 46.4, 44.9, 18.5, 17.8, −1.4; IR (neat) 3320, 2952,
1700, 1629, 1517, 1338, 1248, 1176, 1081, 1046, 860, 837, 738, 697 cm−1; HRMS [ESI] m/z
calcd for C23H35N3O7NaSSi [M+Na]+ 548.1857, found 548.1864. (E)-9d: [α]23

D +5.0 (c 0.50,
CHCl3); 1H NMR (600 MHz, CDCl3) δ 8.31–8.32 (m, 1H), 7.31–7.36 (m, 5H), 7.05 (dd, 1H,
J = 13.7, 10.9 Hz), 5.72 (d, 1H, J = 13.7 Hz), 5.55–5.56 (m, 1H), 5.45 (d, 1H, J = 8.9 Hz), 5.12 (s,
2H), 4.48 (dd, 1H, J = 8.9, 3.4 Hz), 4.15–4.16 (m, 2H), 3.87 (d, 2H, J = 5.5 Hz), 3.70 (s, 3H),
3.37–3.39 (m, 1H), 1.29 (d, 3H, J = 6.8 Hz), 0.98–1.00 (m, 2H), 0.03, (s, 9H); 13C{1H} NMR
(150 MHz, CDCl3) δ 171.3, 166.4, 156.9, 156.7, 135.9, 129.5, 128.7, 128.5, 128.2, 103.7, 67.6,
63.8, 57.9, 52.6, 45.3, 44.8, 18.4, 17.8, −1.4; IR (neat) 3311, 2953, 1696, 1627, 1512, 1454, 1338,
1248, 1174, 1080, 1047, 860, 837, 697 cm−1; HRMS [ESI] m/z calcd for C23H35N3O7NaSSi
[M+Na]+ 548.1857, found 548.1866.

3.4.5. The β-Thioenamides (Z)-9e and (E)-9e

Compounds (Z)-9e and (E)-9e were prepared from the carboxylic acid 6e (62.2 mg,
99.1 µmol) according to the procedure above described for 9a, and purified by preparative
TLC (eluted with hexane/EtOAc = 7:2) to be obtained in 36% yield (20.5 mg, 35.2 µmol) as
a white amorphous solid and 32% yield (18.3 mg, 31.5 µmol) as a white amorphous solid,
respectively. (Z)-9e: [α]24

D −45 (c 1.1, CHCl3); 1H NMR (600 MHz, CDCl3) δ 8.52 (d, 1H,
J = 10.6 Hz), 7.30–7.33 (m, 5H), 7.19 (dd, 1H, J = 10.6, 7.5 Hz), 5.66 (d, 1H, J = 8.2 Hz), 5.41 (d,
1H, J = 10.0 Hz), 5.34 (d, 1H, J = 7.5 Hz), 5.15 (d, 1H, J = 12.3 Hz), 5.10 (d, 1H, J = 12.3 Hz),
4.55 (dd, 1H, J = 10.0, 5.0 Hz), 4.26–4.27 (m, 1H), 4.11–4.15 (m, 2H), 3.61 (s, 3H), 3.33–3.34
(m, 1H), 2.03–2.04 (m, 1H), 1.48–1.49 (m, 1H), 1.37 (d, 3H, J = 6.8 Hz), 1.18–1.24 (m, 1H),
0.97 (d, 3H, J = 7.6 Hz), 0.94–0.97 (m, 2H), 0.91 (t, 3H, J = 7.6 Hz), 0.01 (s, 9H); 13C{1H} NMR
(150 MHz, CDCl3) δ 171.5, 169.3, 156.8, 156.5, 136.2, 130.0, 128.6, 128.34, 128.26, 99.1, 67.4,
63.9, 60.1, 59.2, 52.6, 45.6, 37.3, 24.6, 18.2, 17.8, 15.7, 11.6, −1.4; IR (neat) 3314, 3065, 3033,
2959, 1720, 1695, 1628, 1512, 1381, 1337, 1283, 1248, 1178, 1127, 1080, 1043, 938, 860, 837,
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773, 738, 696 cm−1; HRMS [ESI] m/z calcd for C27H43N3NaO7SSi [M+Na]+ 604.2483, found
604.2487. (E)-9e: [α]24

D +8.8 (c 0.78, CHCl3); 1H NMR (600 MHz, CDCl3) δ 8.35–8.37 (m,
1H), 7.30–7.35 (m, 5H), 7.04 (dd, 1H, J = 13.7, 10.3 Hz), 5.71 (d, 1H, J = 13.7 Hz), 5.46–5.47
(m, 2H), 5.10 (d, 1H, J = 12.0 Hz), 5.05 (d, 1H, J = 12.0 Hz), 4.48 (dd, 1H, J = 8.9, 3.4 Hz),
4.14–4.16 (m, 2H), 4.01 (t, 1H, J = 7.9 Hz), 3.65 (s, 3H), 3.40–3.41 (m, 1H), 1.85–1.93 (m, 1H),
1.48–1.50 (m, 1H), 1.29 (d, 3H, J = 6.8 Hz), 1.08–1.11 (m, 1H), 0.98–1.00 (m, 2H), 0.91 (d, 3H,
J = 6.8 Hz), 0.87 (t, 3H, J = 7.5 Hz), 0.02 (s, 9H); 13C{1H} NMR (150 MHz, CDCl3) δ 171.3,
168.8, 156.8, 156.7, 136.0, 129.5, 128.7, 128.4, 128.1, 103.9, 67.4, 63.8, 59.9, 57.9, 52.5, 45.4, 37.1,
24.8, 18.6, 17.8, 15.6, 11.3, −1.4; IR (neat) 3297, 2960, 2929, 1747, 1714, 1692, 1664, 1630, 1515,
1455, 1380, 1335, 1283, 1242, 1211, 1176, 1081, 1041, 862, 836, 697 cm−1; HRMS [ESI] m/z
calcd for C27H43N3NaO7SSi [M+Na]+ 604.2483, found 604.2485.

3.4.6. The β-Thioenamides (Z)-9f and (E)-9f

Compounds (Z)-9f and (E)-9f were prepared from the carboxylic acid 6f (74.9 mg,
101 µmol) according to the procedure above described for 9a, and purified by preparative
TLC (eluted with hexane/EtOAc = 3.5:1 to 2:1, hexane/IPA = 20:1, toluene/acetone = 20:1,
hexane/tBuOH = 9:1) to be obtained in 28% yield (19.9 mg, 28.6 µmol) as a white amorphous
solid and 16% yield (11.5 mg, 16.5 µmol) as a white amorphous solid, respectively. (Z)-9f:
[α]23

D −7.6 (c 1.0, CHCl3); 1H NMR (600 MHz, CDCl3) δ 8.58 (d, 1H, J = 10.3 Hz), 7.30–7.34
(m, 5H), 7.14 (dd, 1H, J = 10.3, 6.8 Hz), 5.63–5.65 (m, 2H), 5.31 (d, 1H, J = 6.8 Hz), 5.15 (d,
1H, J = 12.3 Hz), 5.10 (d, 1H, J = 12.3 Hz), 4.62–4.61 (m, 1H), 4.55 (dd, 1H, J = 9.6, 3.4 Hz),
4.24–4.25 (m, 1H), 4.12–4.14 (m, 2H), 3.63 (s, 3H), 3.38–3.40 (m, 1H), 3.16–3.18 (m, 1H),
3.07–3.08 (m, 1H), 1.96–1.97 (m, 1H), 1.82–1.83 (m, 1H), 1.69–1.70 (m, 1H), 1.41–1.48 (m,
12H), 1.35 (d, 3H, J = 7.5 Hz), 0.95–0.96 (m, 2H), 0.03 (s, 9H); 13C{1H} NMR (150 MHz,
CDCl3) δ 171.4, 169.7, 156.9, 156.6, 156.4, 136.2, 129.6, 128.6, 128.3, 99.9, 79.3, 67.4, 63.8, 58.8,
55.3, 52.5, 46.1, 39.7, 31.4, 29.7, 28.5, 22.5, 18.5, 17.8, −1.4; IR (neat) 3325, 2952, 1698, 1628,
1522, 1365, 1337, 1249, 1172, 1080, 1045, 860, 837, 754, 697 cm−1; HRMS [ESI] m/z calcd for
C32H52N4O9NaSSi [M+Na]+ 719.3116, found 719.3137. (E)-9f: [α]23

D +0.1 (c 0.58, CHCl3);
1H NMR (600 MHz, CDCl3) δ 8.57–8.58 (m, 1H), 7.30–7.35 (m, 5H), 7.04 (dd, 1H, J = 13.3,
10.6 Hz), 5.71 (d, 1H, J = 13.3 Hz), 5.60–5.62 (m, 1H), 5.44 (d, 1H, J = 10.6 Hz), 5.08 (s, 2H),
4.68–4.70 (m, 1H), 4.47 (dd, 1H, J = 8.9, 3.4 Hz), 4.14–4.16 (m, 3H), 3.66 (s, 3H), 3.38–3.40 (m,
1H), 3.06–3.08 (m, 2H), 1.96–1.98 (m, 1H), 1.83–1.85 (m, 1H), 1.63–1.65 (m, 1H), 1.28–1.48
(m, 3H), 1.40 (s, 9H), 1.29 (d, 3H, J = 6.8 Hz), 0.98–1.00 (m, 2H), 0.02 (s, 9H); 13C{1H} NMR
(150 MHz, CDCl3) δ 171.3, 169.3, 156.8, 156.7, 156.5, 136.0, 129.9, 128.6, 128.4, 128.2, 103.5,
79.5, 67.4, 63.8, 57.9, 54.8, 52.5, 45.4, 39.4, 31.3, 29.5, 28.5, 22.3, 18.6, 17.8, −1.4; IR (neat) 3313,
2952, 1694, 1628, 1513, 1454, 1365, 1337, 1248, 1172, 1081, 1045, 860, 837, 754 cm−1; HRMS
[ESI] m/z calcd for C32H52N4O9NaSSi [M+Na]+ 719.3116, found 719.3125.

4. Conclusions

In summary, we have demonstrated the formation of AviMeCys using lanthionine-
bearing peptides 1. The decarboxylative selenoetherification of the NHPI esters 7 smoothly
proceeded at a low temperature (−40 ◦C) in the presence of 1 mol% of eosin Y-Na2 as a
photocatalyst, and subsequent β-elimination in a one-pot operation resulted in the corre-
sponding β-thioenamides 9 in moderate to good yields without losing the sulfide-bridged
motif. The carbamate-type protecting groups, such as Cbz, Teoc, Boc and Fmoc groups,
were tolerant under the reaction conditions, suggesting that the reaction should be useful
in synthesizing structurally complicated RiPPs. The synthesis of neothioviridamide [49,50]
and its related natural products [51–54] is underway.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal12121615/s1, Figure S1: Experimental setup for photocatalyzed
oxidative decarboxylation; Figure S2. Emission spectrum for Kessil A160WE Tuna Blue; 1H and
13C{1H} NMR spectra of synthetic compounds.
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Abstract: A general Rh-catalyzed addition reaction of nitrogen containing heterocycles to internal
allenes is reported. Starting from racemic internal allenes a dynamic kinetic resolution (DKR)
provides N-allylated triazoles and tetrazoles. Simultaneous control of N1/Nx-position selectivity,
enantioselectivity and olefin geometry gives access to important building blocks of target-oriented
synthesis. The synthetic utility is demonstrated by a gram-scale reaction and a broad substrate
scope tolerating multiple functional groups. Deuterium labeling experiments and experiments with
enantioenriched allenes as starting material support a plausible reaction mechanism.

Keywords: asymmetric catalysis; dynamic kinetic resolution; internal allenes; rhodium; hydroamination

1. Introduction

5-membered nitrogen containing heterocycles are found in a variety of bioactive
compounds. Molecules containing triazoles exhibit antifungal [1], anxiolytic [2], antibac-
terial [3], and anticancerogenic [4] activity. Tetrazoles display antifungal [5], immuno-
suppressive [6], and antiviral [7] properties. In addition, the isosterism of tetrazoles to
carboxylic acids makes them a suitable motif in drug design [8]. In particular, the subclass
of α-chiral N-alkylated triazoles and tetrazoles features a broad range of biological activity
(Figure 1) [5,9–12].
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Due to the importance of these moieties, different strategies for obtaining them have
been developed in the past (Scheme 1). Zhao and coworkers published the transition metal
catalyzed allylic substitution with sodium benzotriazolide [13,14]. Despite the excellent
enantioselectivities in some cases, the method lacks regioselectivity and requires depro-
tonation of the triazole in a previous step. Khan recently reported the allylic substitution
of cyclic carbonates with tetrazoles [15]. However, allylic substitutions in general are not
in accordance with the principle of atom economy by releasing stoichiometric amounts of
waste [16]. A series of organocatalyzed aza-Michael additions overcomes this shortcoming
and in some cases convinces with high selectivities, but the scope of these transformations is
limited [17–22]. Furthermore, a three-component reaction of tetrazoles, aldehydes, and acid
anhydrides should be mentioned, which uses a Dynamic Kinetic Resolution to synthesize
α-chiral tetrazoles as hemiaminals [23,24].
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Scheme 1. Selected methods for the synthesis of α-chiral triazoles and tetrazoles [13–24].

In the last decade, our group developed the transition metal-catalyzed addition of a
variety of pronucleophiles to allenes and alkynes [25,26]. C- [27–29], N- [30–32], O- [33–35],
and S-pronucleophiles [36,37] can thus be allylated enantioselectively, which creates an
atom economic analogon to the Tsuji-Trost allylation [38–45] and allylic oxidations [46–48].
Furthermore, the synthetic utility of these reactions has already been demonstrated in
several total syntheses [49–51]. We recently reported on the rhodium-catalyzed addition
of pyrazoles to internal allenes [52]. Due to the importance of triazoles and tetrazoles, we
also wanted to extend the Rh-catalysis for these heterocycles. Hence an optimized catalytic
protocol for the synthesis of such frameworks is presented using a DKR, a powerful and
important method in asymmetric catalysis and synthesis [53–57].

2. Results and Discussion

Coupling benzotriazole (2) with our screening allene, 1, resulted in 96% yield and
perfect enantio-, regio-, and E/Z-selectivity by using [Rh(COD)Cl]2, (R,R)-DIOP, and
50 mol% of PPTS at 60 ◦C. Phenyltetrazole (4) was coupled at 40 ◦C and with 20 mol%
PPTS with ideal regio- and Z/E-selectivity and good enantiomeric excess (Scheme 2) (For
optimization and screening tables, see the Supporting Information).
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Scheme 2. Optimized reaction conditions of the Rh-catalyzed hydroamination of racemic 1,3-
disubstituted allenes. Scale: 0.25 mmol; 1.25 mL of toluene (0.2 M). Yields reported for isolated
products. Enantioselectivities were determined by HPLC analysis using a chiral stationary phase.
COD = cyclooctadien, PPTS = pyridinium p-toluenesulfonate. Gram-scale catalysis (4.03 mmol allene):
benzotriazole: 96% yield, N1/N2 96:4, E/Z > 95:5, 95% ee; phenyltetrazole: 84% yield, Z/E > 95:5,
85% ee. For determination of absolute configuration, see the Supporting Information.

After identifying optimized reaction conditions, the broad applicability is demon-
strated by several scopes. Initially we subjected a variety of triazoles to the screening allene
1 (Figure 2).
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Figure 2. Scope of the addition of Triazoles to rac-1,7-diphenyl-hepta-3,4-diene (1). Reactions were
performed at 0.25 mmol scale. Cumulative yield for all isolated isomers. E/Z-selectivities determined
by 1H-NMR. Enantioselectivities were determined by HPLC analysis using a chiral stationary phase.
Unless specified, ee-values refer to main-stereoisomer of the main-regioisomer. Shown regioisomer is
designated as an N1-product.
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The benzotriazol-derived substrates (6–12) showed up to 96% yield and enantios-
electivities up to 97% ee. While N1/N2-selectivity was consistently greater than 91:9
for symmetrically substituted triazoles (3, 6–8, 13, 14), asymmetric substrates added the
challenge of N1/N3-regioselectivity. 5-substituted benzotriazoles (10–12) provided the
corresponding products in an almost statistical N1/N3-distribution. Placing the methyl-
group in 4- position (9) and thus closer to the reactive site increased N1/N3-selectivity to
4:1. Notably, there was a decrease of E/Z-selectivity for heterosubstituted benzotriazoles
(8, 11, 12), whereas a nearly perfect E-selectivity was present in all other cases. The nitro-
substituted benzotriazole (12) even led to an inversed olefine geometry, with the Z-product
being preferred.

We subsequently tested several allenes for compatibility in the reaction with benzo-
triazole 2 (Figure 3). Dialkyl substituted allenes (16–18) yielded perfect regioselectivity
and enantiomeric excess of up to 98% ee. Even a sterically more demanding (19) and a
macrocyclic allene (20) were tolerated as well. The method has its limitations for sterically
very demanding and aryl-substituted allenes (21, 22), as well as for a trisubstituted allene
(23). For these substrates, yield and selectivity decreased. Next, we subjected several
tetrazoles to the corresponding reaction conditions (Figure 4).
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Figure 3. Scope of the addition of Benzotriazole (2) to different racemic allenes. Reactions were
performed at 0.25 mmol scale. Cumulative yield for all isolated isomers. E/Z-selectivities determined
by 1H-NMR. Enantioselectivities were determined by HPLC analysis using a chiral stationary phase.
Unless specified, ee-values refer to main-stereoisomer of the main-regioisomer. [a] Reaction was
heated for 72 h.
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Figure 4. Scope of the addition of Tetrazoles to rac-1,7-diphenyl-hepta-3,4-diene. (1) Reactions were
performed at 0.25 mmol scale. Cumulative yield for all isolated isomers. Z/E-selectivities were
determined by 1H-NMR. Enantioselectivities were determined by HPLC analysis using a chiral
stationary phase. Unless specified, ee-values refer to main-stereoisomer of the main-regioisomer.
Unless specified full N2-selectivity was obtained. [a] Reaction was performed at 60 ◦C.

Halogen-substituted phenyltetrazoles were coupled in nearly quantitative yields (25–27).
Tetrazoles containing thioethers (31, 32) were the only ones to yield products with reduced
N2/N1-regioselectivity (about 3:1); however, maintaining quantitative yield and consis-
tently high Z/E- and enantioselectivity. Eventually, we subjected several allenes to the
reaction with 5-phenyl-tetrazole (4) (Figure 5).
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Except for one sterically more challenging substrate (38), all products were obtained
in perfect Z-selectivity. Only the di-cyclohexyl substituted substrate (38) showed shares
of the E-product, indicating the limitation of the catalyst controlling the olefin geome-
try for sterically more demanding allenes. Some mechanistic control experiments were
carried out (Scheme 3).
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Scheme 3. Control experiments: Without PPTS, only the allene could be reisolated. After reactions
with deuterated pronucleophiles, the deuterium was observed exclusively at the former central atom
of the allene.

If the catalysis was performed without PPTS, no reaction occurred, revealing the
important role of the additive for the reaction. Furthermore, we prepared deuterated nucle-
ophiles, which we subjected to the respective catalysis conditions. The deuterium atoms
were found exclusively at the former central atom of the allene. This is in contrast to earlier
results with terminal allenes, where deuterium was found at several positions [58–60].
Using enantiomerically enriched allenes in the catalysis, both enantiomers of allene yielded
the (S)-product for the triazole and the (R)-product for the tetrazole regardless of the
configuration of the allene used (Table 1).

When the achiral dppb ligand was used instead of the chiral DIOP ligand in the
reactions with enantiomerically enriched allene, the racemic products were obtained,
indicating a racemization step in the catalytic cycle. These findings lead us to propose the
following reaction mechanism (Scheme 4).

A RhI-DIOP complex is first formed from [Rh(COD)Cl]2 and (R,R)-DIOP (inner box of
Scheme 4). With the help of PPTS, the pronucleophile is then added by oxidative addition to
form the Rh-hydride species A. Now, syn-hydrometallation from the sterically less demand-
ing side occurs at the respective allene enantiomers. This occurs in such a way that the
hydrogen atom results at the former central atom of the allene. Initially, two diastereomeric
Z-configured σ-complexes B and dia-B are formed, which are in equilibrium with their
corresponding syn, anti-configured π-complexes C and dia-C. Finally, a σ-π-σ-isomerization
and a bond rotation lead to the identical pseudo-meso-π-allyl complex D for both diastere-
omers. Dynamic kinetic resolution is ensured via this syn, syn-configured π-complex, since
the initial hydrometallation products B and dia-B can be converted into each other via D.
If a triazole is the pronucleophile in the catalysis, reductive elimination occurs of pseudo-
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meso-π-allyl complex D, with the chiral ligand ensuring enantioselectivity. In contrast,
when a tetrazole is used as a pronucleophile, reductive elimination preferentially occurs
from syn-anti-π-complex C. This could explain why the (S)-E product is formed for the
triazole and the (R)-Z product for the tetrazole.

Table 1. Control experiments with enantioenriched allene.

# Allene Ligand Product
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# Allene Ligand Product

4 (S)-1 99% ee (R,R)-DIOP (R)-5, 95%, N2/N1 >95:5, Z/E >95:5, 84% ee
5 (R)-1 90% ee (R,R)-DIOP (R)-5, 93%, N2/N1 >95:5, Z/E >95:5, 81% ee
6 (S)-1 99% ee dppb rac-5, 95%, N2/N1 >95:5, Z/E >95:5

Control experiments with enantiomerically enriched allenes led to the products with the same absolute configura-
tion for (R,R)-DIOP or to the racemic products for the achiral dppb ligand.
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3. Materials and Methods
3.1. Materials

Toluene was freshly distilled over Sodium/Benzophenone and degassed with argon
prior to use. Solvents employed for work-up and column chromatography were purchased
in technical grade quality and distilled by rotary evaporator before use. [Rh(COD)Cl]2 was
purchased from Sigma-Aldrich (St. Louis, MO, USA). (R,R)-DIOP was prepared according
to the procedure shown in the Supplementary Materials.

3.2. Methods

A 20 mL screw-cap Schlenk tube was dried under a vacuum, backfilled with ar-
gon (Argon 5.0 Sauerstoffwerke Friedrichshafen, Friedrichshafen, Germany), and cooled
to room temperature using a standard Schlenk line apparatus. The tube was filled with
[Rh(COD)Cl]2 (6.2 mg, 0.013 mmol, 5.0 mol%), (R,R)-DIOP (12.5 mg, 0.025 mmol, 10.0 mol%),
PPTS (31.5 mg, 0.125 mmol, 50.0 mol% or 12.6 mg, 0.05 mmol, 20.0 mol%), and triazole
(0.500 mmol, 2.0 equiv.) or tetrazole (0.30 mmol, 1.2 equiv.). The tube was put on a vacuum
and backfilled with argon again. Freshly distilled toluene (1.25 mL) and allene (0.25 mmol,
1.0 equiv.) were added by syringe under a flow of argon, and then the tube was sealed by
a screw cap. The mixture was stirred at 60 ◦C (for triazoles) or 40 ◦C (for tetrazoles) for
16 h. The tube was cooled to room temperature, the solvent was removed under reduced
pressure and the residue was purified by flash column chromatography using AcOEt and
hexanes as eluent on silica gel. In the case of the synthesis of racemic samples dppb was
used as the catalyst.

4. Conclusions

To conclude, we developed a highly selective Rh-catalysis to add triazoles and tetra-
zoles to internal allenes. In only one step, allylated triazoles and tetrazoles were constructed
in an enantio-, stereo-, and regioselective fashion. Mechanistic studies with deuterated
pronucleophiles and enantioenriched substrates led us to propose a DKR mechanism. Fur-
ther investigations in terms of compatible pronucleophiles that can be subjected to this
catalytic system is the goal of future research in our laboratories.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12101209/s1, screening tables, preparation of ligand and
substrates, analytical data, 1H and 13C NMR spectra, determination of absolute configuration, HPLC
chromatograms of products and enantioenriched allenes, more detailed materials and methods [61–66].
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Abstract: Macrocycles are commonly synthesized via late-stage macrolactamization and macro-
lactonization. Strategies involving C–C bond macrocyclization have been reported, and examples
include the transition-metal-catalyzed ring-closing metathesis and coupling reactions. In this mini-
review, we summarize the recent progress in the direct synthesis of polyketide and polypeptide
macrocycles using a transition-metal-catalyzed C–H bond activation strategy. In the first part,
rhodium-catalyzed alkene–alkene ring-closing coupling for polyketide synthesis is described. The
second part summarizes the synthesis of polypeptide macrocycles. The activation of indolyl and
aryl C(sp2)–H bonds followed by coupling with various coupling partners such as aryl halides,
arylates, and alkynyl bromide is then documented. Moreover, transition-metal-catalyzed C–C bond
macrocyclization reactions via alkyl C(sp3)–H bond activation are also included. We hope that this
mini-review will inspire more researchers to explore new and broadly applicable strategies for C–C
bond macrocyclization via intramolecular C–H activation.

Keywords: transition-metal catalysis; C–H activation; macrocyclization; polyketide macrocycles;
polypeptide macrocycles

1. Introduction

Macrocycles have been defined as cyclic molecules that contain 12 or more covalent
connected atoms, which are featured widely in numerous biologically active natural prod-
ucts and pharmaceutically relevant molecules (Figure 1) [1,2]. Among them, polypeptide
and polyketide macrocycles are the most common. For the synthesis of this important class
of compounds, one of the crucial steps is the late-stage macrocyclization reaction [3–10].
As these precursors leading to the molecules may have different conformational structures,
the key step involving intramolecular the macrocyclization reaction can been challenging.
The common strategies reported so far include macrolactonization [11–13], macrolactamiza-
tion [14–16], and macroaldolization [17–19] (Figure 2). Over the decades, transition-metal-
catalyzed intramolecular coupling and ring-closing metathesis (RCM) have also been
shown to be effective strategies for constructing large rings [20–23]. However, all of the
reported methods have some disadvantages, such as the need to use expensive catalysts,
difficulty in accessing the substrates, and difficulty in introducing alkene functionality
with high selectivity. Furthermore, many of these methods are not atom-economical and
sometimes produce substantial amounts of hazardous wastes that are difficult to treat.
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Figure 1. Representative examples of bioactive macrocyclic natural products.
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In recent years, transition-metal-catalyzed C–H activation reactions have attracted
increasing attention [24–31]. In contrast to the classical cross-coupling reactions, such as
Suzuki coupling, Negishi coupling, and Stille coupling, the C–H bond functionalization
coupling reactions do not need to use organometallic or organohalide reagents. Due to these
remarkable advantages, the C–H bond functionalization reactions have been utilized widely
in organic synthesis, and a large number of excellent reviews on this topic have also been
reported [32–43]. While the intermolecular versions of metal-catalyzed, group-controlled
C(sp2)–H for aryl groups and vinyl groups and C(sp3)–H for alkyl groups have been well
studied, the application of the intramolecular version of macrocyclization to construct
various macrocycles has remained relatively unexplored [44–47]. The lengthy synthesis
of the precursors for the risky macrocyclization step may be one of the main reasons. In
recent years, we have witnessed more activities in the polypeptide area as compared to
polyketide synthesis. In this mini-review, we will mainly focus on the direct synthesis
of polyketide and polypeptide macrocycles involving carbon–carbon-based cyclization
reactions via intramolecular C–H bond macrocyclization reactions (Figure 2) [48].

2. Polyketide Macrocycles

Macrolides containing a diene moiety are found in many bioactive natural products
such as vicenistatin [49–51], geldanamycin [52,53], and cyclamenol A [54]. Therefore, the
development of robust methods to construct structurally diverse macrocycles via C–C
bond macrocyclization containing a fixed configuration of the diene moiety can be chal-
lenging. Extending the reactions they developed for the intermolecular version [55], Loh’s
group in 2018 first reported an efficient method to construct macrolactams containing
diene functionality with high Z and E selectivity via an alkenyl sp2 C–H bond olefination
using a Cp*Rh(III) catalyst (Figure 3) [56]. This strategy provides easy access to a wide
variety of macrocodes with different ring sizes in an atom-economical manner. Mech-
anistically, this ring-closing alkene–alkene coupling reaction was proposed to proceed
via a Z-olefinic vinylrohodium(III) intermediate of the acrylamide derivative (Figure 4).
Initially, the anion exchange of the [RhCp*Cl2]2 catalyst with the NaBARF additive and
Cu(OAc)2•H2O produced the highly reactive species A, which then selectively activated
the Z-olefinic C(sp2)–H bond of acrylamides to generate the vinylrhodium(III) interme-
diate B. Subsequent coordination and further migratory insertion occurred smoothly to
afford the intermediate D, which finally underwent facile β-H elimination to give the
macrocycle product.

The intramolecular alkene–alkene ring cyclization reaction using the rhodium cata-
lyst led to various macrocycles containing a versatile dienoate moiety. The conjugated
moiety present in the resulting macrocycles is highly versatile and can be converted into
many different functional groups, thereby allowing easy access to macrolides containing
different functionalities (Figure 5). For example, the hydrogenation of the macrocy-
clization product in the presence of the Pd/C catalyst afforded the saturated alkane
product. The treatment of the product with a copper catalyst with PhMe2Si-BPin fur-
nished the 1,4-hydrosilylation product. On the other hand, reacting the product with the
bis(pinacolato)diboron reagent led to the formation of the internal alkene product. Sub-
jecting the product to nitromethane in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) led to the 1,4-Michael addition product. Overall, the versatility of the dienoate
products allowed easy access to a wide variety of useful macrocycles that were not easily
accessible using the reported methods.
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Figure 3. Macrolide synthesis via Cp*Rh(III)-catalyzed intramolecular oxidative cross-coupling
of alkenes [56].

In 2020, the Loh group further expanded their intramolecular ring-closing alkene–
alkene coupling strategy to α,β-unsaturated ketone substrates (Figure 6) [57]. Under the
same conditions, a wide variety of macrolactams of different ring sizes were synthesized
in moderate to good yields (33−72%). Of note, the intramolecular coupling of the alkene
substrate with no substitution at the α-position also proceeded smoothly to furnish the
corresponding macrolactam at a 44% yield. Moreover, this protocol could afford more
strained 12- and 13-membered ring macrolactams in satisfactory yields. The authors
proposed an analogous catalytic mechanism to elucidate this Cp*Rh(III)-catalyzed alkenyl
C(sp2)–H activation–macrocyclization pathway.
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Figure 6. Macrolactam synthesis via Cp*Rh(III)-catalyzed intramolecular ring-closing alkene−alkene
cross-couplings [57].

3. Polypeptide Macrocycles

Peptide-based macrocycles have been shown to have a wide variety of biological
activities [58]. Some important drugs such as the antibiotic vancomycin [59], anti-cancer
agent octreotide [60], and immunosuppressant cyclosporine [61] contain a peptide macro-
cycle structure. Furthermore, in contrast to linear peptides, peptide macrocycles have
improved properties in terms of cell penetration, stability, and selectivity. In recent years,
cyclic peptides have also been used as the delivery systems in peptide–drug conjugates
such as 177Lu-dotatate [62] and edotreotide gallium Ga-68 [63]. In addition to the amide
bond formation strategy, the use of C–H bond functionalization strategies has gained
tremendous attention in recent years due to their ability to construct many different stapled
cyclopeptides. In this part of the review, we will divide them into 3 different categories:
(1) in the first part, we will focus mainly on the sp2 C–H bond functionalization of indole
C–H bond macrocyclization; (2) in the second part, we will focus mainly on the C–H bond
functionalization of the aryl C(sp2)–H bond macrocyclization strategy; (3) in the final part,
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we will discuss the recent progress in the inert C(sp3)–H bond (both with and without a
directing group) functionalization macrocyclization strategy.

3.1. C(sp2)–H Bond Functionalization of Indoles

The macrocyclization reactions involving C(sp2)–H bond activation can be grouped
into 2 categories. The first group involves the sp2 C–H bond activation of the indole of
Trp residues to couple with different coupling partners. With the assistance of microwave
irradiation, James and co-workers in 2012 first developed a general palladium-catalyzed
method to activate indole C–H bonds of tryptophan derivatives bearing aromatic iodide
side chains for peptide macrocyclization through a Pd(0)/Pd(II) redox manifold, enabling
the formation of diverse indole–aryl-bridged macrocycles (Figure 7) [64]. In the presence of
2-NO2-BzOH and AgBF4 additives, the macrocyclization reaction was typically finished
within 30 min at 130 ◦C in dimethylacetamide (DMA), which could occur at a remarkably
moderate concentration (30 mM). Both para- and meta-substituted aromatic iodides could
be tolerated with the current protocol, generating a variety of 15- to 25-membered rings
macrocyclization products in yields ranging from 40% to 75%. Of note, unprotected Tyr
was also tolerated in this strategy.
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Figure 7. Synthesis of cyclic peptides via palladium-catalyzed intramolecular indole C-2 C–H
bond arylation [64].

Later, in 2015, Albericio, Lavilla, and their co-workers extended their Pd-catalyzed
C–H activation–macrocyclization protocol, and further demonstrated the intramolecular
C–H bond arylation of indoles of Trp residues at the C2 position with different aryl halides
to construct structurally more complex and constrained cyclopeptides containing unique
Trp(C4)–arene cross-links (Figure 8a) [65] This transformation was compatible with a series
of unprotected amino acid units such as Arg, Gln, Asp, and Ser, which could be applied to
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both solution-phase and solid-phase peptide synthesis processes. Using this strategy, the
authors were able to synthesize a double stapled bicyclic peptide in a 25% HPLC conversion
process, which proved extremely difficult to prepare using previously reported methods. It
should be noted that the competing intermolecular cyclodimerization associated with this
strategy selectively generated cyclodimeric peptides. In order to obtain the determining
factors in controlling the fate of the transformation, Lavilla et al. further carried out
a systematic study of the intermolecular C–H bond arylation of Trp residues bearing
iodinated aromatic side chains, and the results showed that linear peptides containing a
meta- or para-iodophenylalanine unit at adjacent positions selectively afforded cyclic dimers
instead of stapled peptides. Increasing the chain length of the residues remarkably resulted
in the generation of peptide-based macrocycles (Figure 8b) [66].
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In 2020, Liu and co-workers reported the activation of the C(sp2)–H bond of the
N-protected indole at the C2 position with the assistance of the 2-pyridyl directing group
enabled by Cp*Rh(III) catalysis. Under the typical reaction conditions of [RhCp*Cl2]2
(10 mol%), Ag2O (20 mol%), and AgOAc (1.5 equivalent) in CH3CN at 80 ◦C, the intramolec-
ular C(sp2)–H bond coupling with a tethered maleimide moiety proceeded uneventfully to
provide 3 examples of maleimide-decorated, tryptophan-based macrocyclic peptides in
moderate yields (Figure 9) [67].
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Figure 9. Synthesis of maleimide-decorated peptide macrocycles via the Cp*Rh(III)-catalyzed in-
tramolecular C(sp2)–H alkenylation of tryptophan [67].

In an effort to achieve highly regioselective late-stage peptide macrocyclization,
Wang et al. in 2020 utilized the peptide backbone as endogenous directing groups to
promote site-selective peptide macrocyclization at Trp(C2) (Figure 10a) [68]. Using the
combination of a Pd(OAc)2 (10 mol%) catalyst and AcOH (6.0 equivalent) additive un-
der an O2 (1.0 atm) atmosphere in para-xylene at 100 ◦C, 12 examples of peptide-based
macrocycles with unique Trp–alkene cross-links were documented in reasonable yields
(20–42%). Under modified conditions, the authors were able to synthesize macrocyclic
peptides containing unique Trp(C4)–alkene cross-links enabled by the palladium-catalyzed
C(sp2)–H olefination at the C4 position of Trp residues bearing a TfNH-directing group
(Figure 9a) [65]. More recently, the same group further extended this method to realize
the rhodium(I)-catalyzed regioselective intramolecular C(sp2)–H bond alkylation of Trp
residues bearing a N-PtBu2 directing group, providing efficient access to diverse peptide
macrocycles with Trp(C7)-alkyl cross-links (Figure 10b) [69].

In 2017, The Ackerman group successfully utilized alkynyl bromide as an internal
coupling partner for the cost-effective manganese(I)-catalyzed late-stage macrocyclization
of 2-pym-protected indole of indole Trp residue, giving rise to a 21-membered, peptide-
based macrocycle with aryl-alkyne cross-links at a 53% yield (Figure 11) [70].
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Figure 10. Peptide macrocyclizations via site-selective intramolecular C(sp2)–H bond functionaliza-
tion of tryptophan [68,69].
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Figure 11. Peptide macrocyclization via manganese-catalyzed intramolecular C(sp2)–H alkynylation [70].

3.2. C(sp2)–H Bond Functionalization of Arenes

Besides the above-mentioned examples of C(sp2)–H bond functionalization of indole
of tryptophan, the intramolecular macrocyclization reactions via transition-metal-catalyzed
C(sp2)–H bond functionalization of simple arenes have also been investigated in recent
years. In 2019, Wang and colleagues elaborated a general backbone-directed approach
to fabricate macrocycle peptides with biaryl cross-links via the palladium-catalyzed in-
tramolecular ortho-C(sp2)–H arylation of short peptides with tethered aromatic iodide side
chains (Figure 12) [71]. The N-terminal benzamides of the peptide backbone act as efficient
directing groups in this strategy, which significantly facilitate this site-specific arylation
process. Under the reaction conditions, biaryl-bridged cyclic peptides with different ring
sizes were synthesized in reasonable yields (20–40%). Moreover, this protocol was also ap-
plicable to the intermolecular ortho-C(sp2)–H arylation of various oligopeptides, furnishing
a series of biaryl-linked products in good yields.
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In a subsequent study, Chen and co-workers disclosed a versatile approach for the syn-
thesis of diverse cyclophane-braced macrocycle peptides through the efficient picolinamide-
directed intramolecular aromatic γ- and δ-C(sp2)–H arylation of readily accessible linear
peptide precursors with aryl iodides (Figure 13) [72]. The judicious choice of silver ad-
ditive was found to be critical for high efficiency. The intramolecular aromatic C(sp2)–H
arylation reactions occurred smoothly in the presence of the Pd(CH3CN)4(BF4)2 (10 mol%)
catalyst and 1.5 equivalent of AgOBz additive at 130 ◦C. Under modified conditions of
Pd(OAc)2 and AgOAc in hexafluoroisopropanol (HFIP), the alkenyl counterparts were
also compatible with the C–H sources for this approach, giving rise to the correspond-
ing aryl–vinyl C(sp2)-linked peptide-based macrocycles in moderate yields. However,
a remarkable 1:1 mixture of γ- and δ-arylated products was observed for the alkenyl
C(sp2)–H arylation of a smaller ring size. Mechanistically, the reaction was suggested to
occur via Pd(II)-catalyzed C(sp2)–H activation to produce a putative palladacycle species.
The subsequent oxidative addition (OA) with tethered aryl iodides generated the key
Pd(IV) intermediate, which finally underwent reductive elimination (RE) to afford the C–H
activation–macrocyclization product.

The Wang group in 2018 reported the straightforward synthesis of macrocycle pep-
tides with unique aryl–vinyl cross-links via the late-stage palladium-catalyzed δ-C(sp2)–H
olefination of phenylalanine (Phe) residues (Figure 14) [73]. The peptide backbone amides
were readily employed as internal directing groups to facilitate the macrocyclization of
peptides in the N-to-C direction. This macrocyclization protocol tolerated a broad range of
short peptides, generating a variety of peptide-based macrocycles of different sizes and
shapes. Both activated and unbaised aliphatic alkenes were viable coupling partners for this
macrocyclization. Moreover, the authors also demonstrated the utility of this protocol via
the synthesis of a structurally constrained bicyclic peptide via the one-pot macrocyclization
of β-C(sp2)–H arylation and δ-C(sp2)–H olefination reactions.
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Figure 13. Synthesis of cyclophane-braced peptide macrocycles through palladium-catalyzed in-
tramolecular vinyl and aryl C(sp2)–H arylation [72].
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Figure 14. Peptide macrocyclization via Pd(II)-catalyzed intramolecular δ-C(sp2)–H olefination
of phenylalanines [73].

In the same year, Wang and co-workers also reported a peptide-guided C(sp2)–H
activation method for the late-stage macrocyclization of various sulfonamide-containing
peptides via intramolecular ortho-directed C(sp2)–H alkenylation, which was significantly
facilitated by the internal peptide backbone (Figure 15) [74]. Using the N-sulfonated pep-
tides as endogenous directing groups, this macrocyclization protocol featured a broad
substrate scope and tolerated both activated acrylates and unbaised aliphatic alkenes, giv-
ing rise to a series of bioactive peptidosulfonamide macrocycles with aryl–alkene cross-links
over a 34–72% yield range. As an extension of this approach, the same group in 2019 further
achieved the macrocyclization reaction of peptidoarylacetamides under identical conditions
(Figure 16) [75].
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Figure 15. Macrocyclization of peptidosulfonamides via palladium(II)-catalyzed intramolecular
C(sp2)–H bond olefination [74].

Subsequently, Wang and colleagues continued their versatile macrocyclization strat-
egy [76], and further accomplished an efficient late-stage macrocyclization reaction of vari-
ous bioactive oxazole-containing peptides through the intramolecular palladium-catalyzed
δ-C(sp2)–H olefination (Figure 17a) [77]. In this report, the oxazole motifs in the peptide
backbones acted as endogenous directing groups to promote this ortho-C(sp2)–H olefi-
nation reactions. The resulting oxazole-containing cyclic peptides bearing aryl–alkene
cross-links showed strong cytotoxicity toward cancer cells. Quite recently, Wang et al.
further expanded to report on the late-stage modification and macrocyclization of diverse
thiazole-containing peptides, generating a series of 21–25 membered bioactive peptide-
based macrocycles in 35–59% yields (Figure 17b) [78].
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3.3. C(sp3)–H Bond Functionalization

In recent years, there has been much interest in the development of stapled peptides,
including polypeptide macrocycles, for drug discovery. Simultaneously, the construction of
C–C cross-linked stapled peptides using the C–H activation coupling strategies has also
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emerged as an attractive strategy for peptide-based macrocycles synthesis. Although there
are many reports on the intermolecular C(sp3)–H bond functionalization of amino acids
and peptides [79–81], the intramolecular version of C(sp3)–H bond functionalization for
polypeptide macrocycles synthesis is still very rare. Inspired by Yu’s backbone-assisted inert
C(sp3)–H activation strategy for the late-stage derivatization of various short peptides [82],
Albericio, Noisier, and co-workers in 2017 elegantly established an efficient palladium-
catalyzed C(sp3)–H activation method without relying on any external directing group
for peptide stapling (Figure 18) [83]. Unprecedentedly, this process allowed the linkage
between N-terminal alanine (Ala) and C-terminal phenyl alanine (Phe) residues. The role
of the solvent was found to be crucial for this peptide macrocyclization process, and using
t-BuOH as the co-solvent they significantly suppressed the unwanted side reactions. Under
the optimized reaction conditions, the intramolecular C(sp3)–H arylation of N-terminal Ala
with meta-iodinated Phe proceeded smoothly with good to excellent conversion rates, and
a wide variety of cyclic hydrocarbon cross-linked polypeptides bearing different ring sizes
macrocycles were synthesized in modest yields. Moreover, this strategy is also compatible
with solid-phase peptide synthesis, enabling the rapid synthesis of new peptide motifs.
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Figure 18. Stapled peptides obtained via Pd(II)-catalyzed intramolecular C(sp3)–H arylation [83].

Almost at the same time, Wang and co-workers also demonstrated an analogous macro-
cyclization via the intramolecular β-C(sp3)–H arylation of amino acids at the N-terminus
of the peptides, which could proceed smoothly in both solution-phase and solid-phase
peptide synthesis approaches (Figure 19) [84]. In this protocol, 1,2-dichloroethane (DCE)
was used as the solvent to achieve remarkable efficiency. This approach tolerated a broad
scope of peptide substrates, including tetra- and pentapeptides, delivering a diverse variety
of polypeptide macrocycles bearing Cβ–Ar cross-links between the β-carbon of amino
acids and the aromatic ring of Phe/Trp, with satisfactory diastereoselectivity. Successfully,
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the authors applied this macrocyclization methodology to the total synthesis of the key
fragment in the bioactive natural product celogentin C.
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Figure 19. Synthesis of peptide macrocycles via palladium(II)-catalyzed intramolecular C(sp3)–H
arylation [84].

Through the assistance of 8-aminoquinoline (AQ) as the bidentate directing group [85],
Chen et al. in 2018 developed a broadly applicable strategy for the efficient synthesis of
cyclophane-braced peptide macrocycles from readily accessible linear peptide precursors
via the exo-type intramolecular β-C(sp3)–H macrocyclization of diverse alkyl appendants
bearing iodinated aromatic side chains or tethered aryl iodides (Figure 20) [86]. The choice
of ortho-phenyl benzoic acid (oPBA) as the efficacious additive significantly promoted
this AQ-directed intramolecular β methylene C(sp3)–H arylation reaction. Both protected
and unprotected amino acid units were compatible with this macrocyclization strategy.
Various cyclophane-braced peptide macrocycles of different sizes and shapes were syn-
thesized in moderate to good yields. However, the amide-linked AQ auxiliary was found
to be difficult to remove from the peptide macrocycles in this case. Mechanistically, this
AQ-directed intramolecular macrocyclization process was proposed to occur through a
concerted metalation–deprotonation (CMD) catalytic mechanism. With the assistance of the
carboxylate ligand, the reversible β-C(sp3)–H palladation produced a chelation-stabilized
five-membered alkylpalladium(II) species. Subsequently, this putative palladacycle inter-
mediate underwent intramolecular oxidative addition and reductive elimination to afford
the expected peptide macrocycles.
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Figure 20. Synthesis of cyclophane-braced peptide macrocycles via palladium-catalyzed intramolecu-
lar C(sp3)–H arylation [86].

By taking advantage of readily accessible and removable N,N-bidentate picolinamide
(PA) auxiliaries, Chen and co-workers in 2019 also described the efficient Pd-catalyzed
intramolecular remote γ-C(sp3)–H arylation of diverse N-terminal aliphatic amino acid
units via Pd(II)/Pd(IV) catalysis (Figure 21a) [87]. This reaction tolerates γ-C(sp3)–H
bonds at both methyl and methylene positions of peptide substrates. Unprotected peptides
bearing diverse free polar side chains were proven to be compatible substrates for this
PA-directed C(sp3)–H macrocyclization protocol, and the cyclization reaction occurred
smoothly with high efficiency. Through the typical combination of a Pd(MeCN)4(BF4)2
catalyst and AgOAc additive, 30 examples of this transformation were documented with
reasonable yields up to 80%. Encouraged by this success, the same group further elaborated
on the efficient synthesis of cyclophane-braced peptide macrocycles via the palladium(II)-
catalyzed, AQ-directed endo-type intramolecular β methyl C(sp3)–H arylation reaction with
tethered aryl iodides, giving rise to a broad range of cyclic peptides featuring different ring
sizes in satisfactory yields (Figure 21b) [88].
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Abstract: Dibenzo-fused five-membered heteroaromatic compounds, including dibenzofuran, car-
bazole, and dibenzothiophene, are fundamental structural units in various important polycyclic
heteroaromatic compounds. The intramolecular C-H/C-H biaryl coupling of diaryl (thio)ethers and
amines based on palladium(II) catalysis under oxidative conditions is known to be one of the most
effective, step-economic methods for their construction. Representative examples for the construction
of structurally intriguing π-extended polycyclic heteroaromatics through catalytic coupling reactions
are briefly summarized in this mini-review.

Keywords: C-H/C-H coupling; dibenzofuran; carbazole; dibenzothiophene; palladium

1. Introduction

Polycyclic heteroaromatic compounds often exhibit interesting biological and physical
properties, and thus organic chemists have devoted tremendous effort to developing
their effective synthetic methods. Recently, those involving C-H bond activation have
attracted much attention as they can provide short-step synthetic sequences leading to
target molecules [1–4]. Among the polycyclic heteroaromatics, dibenzofuran, carbazole,
and dibenzothiophene are well recognized to be fundamental structural units as their
derivatives have many applications in pharmaceutical and materials chemistry areas [5].
Various palladium-catalyzed methods are available for their construction [3,6]. The direct
intramolecular aromatic coupling reactions involving C-H bond cleavage are illustrated in
Scheme 1 [3]: (a) C-H/C-X coupling, (b) C-H/C-H coupling, and (c) C-H/E-H coupling
(E = O, NR, S etc.). Of these, the C-H/C-H coupling reactions (Scheme 1b) have recently
been extensively studied as versatile bond-formation methods [3]. This type of reaction is
considered to proceed via double C-H bond cleavages by Pd(II) species to provide the key
six-membered palladacycle intermediates and successive reductive elimination leading
to the desired products (Scheme 2). The formed Pd(0) species after reductive elimination
should be re-oxidized to Pd(II) species for the catalytic conversion of the substrates. As
the oxidants, molecular oxygen and/or metallic species such as Cu(II) and Ag(I) salts are
usually employed. Thus, proper choices of Pd(II) species and oxidants as well as solvents
and additional promoters are essential for an efficient coupling. It is noted that Ag(I) species
are now known to be especially versatile oxidants, and they may act as such not only in the
re-oxidation step but also in the initial aromatic C-H activation step [7–9].

In this mini-review, we briefly summarize recent examples, including those from our
group, for the construction of the dibenzofuran, carbazole, and dibenzothiophene deriva-
tives, especially focusing on structurally intriguing π-extended polycyclic heteroaromatics
through multiple catalytic C-H/C-H couplings, along with citing seminal reactions.
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2. Dibenzofuran Derivatives and Related Compounds

The first example of intramolecular oxidative coupling of diphenyl ether to produce
dibenzofuran (Scheme 2, E = O) was reported by Yoshimoto and Itatani in 1973 [10]. The
reaction using the ether as a substrate and a solvent was carried out using Pd(OAc)2 and
acetylacetone as a palladium source and an additive, respectively, under a pressurized
oxygen/nitrogen mixture at 150 ◦C. It was found that dibenzofuran was formed together
with the dimers of diphenyl ether with several catalyst turnovers [10,11]. Subsequently,
Åkermark and coworkers reported that a stoichiometric use of Pd(OAc)2 in acetic acid
resulted in the selective formation of dibenzofuran [12], and then the reaction occurred
catalytically in the presence of Pd(TFA)2 (TFA = trifluoroacetate) and Sn(OAc)2 as a catalyst
and an additive, respectively, under a normal pressure of oxygen (Scheme 3a) [13]. Fagnou
and coworkers discovered that pivalic acid (PivOH) and a carbonate base such as K2CO3
acted effectively as a solvent and an additive, respectively, and the product was obtained in
a good yield from the reaction under air at ambient pressure (Scheme 3b) [14].
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Double [15] and triple [16] cyclizations of 1,4-diphenoxy- and 1,3,5-triphenoxy-benzenes
were previously undertaken using stoichiometric Pd(OAc)2, and the corresponding prod-
ucts were found to be formed albeit with moderate to low yields. We recently disclosed
that the double cyclization of 1,2-diaryloxybenzenes catalytically occurred using Pd(TFA)2
and AgOAc as a catalyst and an oxidant, respectively, in PivOH (Scheme 4) [17]. Similarly,
1,4-di(4-tert-butylphenoxy)-benzene and -naphthalene underwent double cyclization to
form the corresponding five- and six-ring compounds. The former product was found to
show ultraviolet fluorescence in both solution (CHCl3, 347 nm) and solid state (369 nm).
The five-ring compound also exhibited green phosphorescence in a crystalline solid ma-
trix at room temperature [18]. The triple cyclization of 1,3,5-triaryloxybenzenes leading
to trioxatruxenes as products were efficiently proceeded under similar conditions. The
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trioxatruxenes showed blue phosphorescence in solution with relatively long lifetimes at a
low temperature of 77 K [19,20].
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The dehydrogenative cyclization of aryl hereroaryl ethers is also possible. For example,
Kanai, Kuninobu, and coworkers reported the reaction of 3-phenoxybenzo[b]thiophene in
the presence of Pd(OPiv)2 and AgOPiv in DMF to provide the cyclized four-ring compound
(Scheme 5a) [21]. We independently developed the same reaction under different conditions
(Scheme 5b) [22]. Kanai and Kuninobu extended their method to the double cyclization
reactions to produce the π-extended compounds illustrated in Scheme 6 [21].
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Scheme 6. Double cyclization reactions of 3-phenoxybenzo[b]thiophene derivatives.

We next reported the double dehydrogenative cyclization of 2,6-diaryloxypyridines,
which are readily prepared from 2,6-dihalopyridines and phenols, in the presence of Pd(TFA)2
and AgOAc in PivOH to afford the corresponding five-ring systems (Scheme 7) [23]. Both
electron-donating and electron-withdrawing groups on the aryl groups were tolerable. The
chloro-function on a five-ring product was effectively substituted by a carbazolyl group [24]
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by an elaborated Buchwald–Hartwig reaction developed by Suzuki and coworkers at
Takasago (Scheme 8) [25]. The product was found to show interesting photophysical
properties, including a small ∆EST value, which is required for TADF (thermally activated
delayed fluorescence).
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Scheme 8. Introduction of a carbazoyl function to a chloro-bisbenzofuropyridine.

We then developed a twofold double cyclization to form four C-C bonds in a BINOL
derived bis(naphthyloxypyridyl aryl ether), as shown in Scheme 9 [26]. The chiral products
showed CPL (circularly polarized luminescence) properties in both solution and solid states.
Interestingly, a considerably enhanced CPL was observed in the solid state compared to
that in solution.
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3. Carbazole Derivatives and Related Compounds

In 1994, Knölker and O’Sullivan reported one of the early examples for the synthesis
of carbazoles by palladium-catalyzed dehydrogenative coupling using Cu(OAc)2 as an oxi-
dant [27]. Thus, they developed a method for the construction of a benzo[b]carbazoloquinone
derivative aiming at synthesizing natural antibiotics (Scheme 10). Subsequently, Åker-
mark and coworkers described a similar reaction under oxygen [13]. Carbazole itself
was shown to be effectively obtained from diphenylamine under the Åkermark’s condi-
tions [13]. Fagnou and coworkers showed a more general method for the synthesis of
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carbazole derivatives employing PivOH and K2CO3 as a solvent and an additive under
air [14]. The Fagnou’s conditions allowed one to construct carbazoles bearing both strongly
electron-withdrawing and electron-donating substituents. It is worth noting that a car-
bazole synthesis by the palladium-catalyzed arylamination of aryl triflates followed by
direct biaryl coupling in a one-pot manner was also reported by Fujii and Ohno [28].
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Scheme 10. Synthesis of carbazoles by intramolecular cyclization.

Hellwinkel and Kistenmacher described that the double cyclization of 1,4-di(pheny-
lamino)benzene did not occur even with a stoichiometric amount of Pd(OAc)2 (Scheme 11),
while the reaction of triphenylamine gave N-phenylcarbazole in a good yield (see be-
low) [15]. In contrast, Kober and Knölker reported that the treatment of 1,4-diphenylamino-
benzene bearing two ethoxycarbonyl groups at the central benzene ring effectively afforded
the corresponding doubly cyclized product [29]. The five-ring compound was then uti-
lized to synthesize a natural product, malasseziazole C. The catalytic triple cyclization of
a 1,3,5-triarylaminobenzene (aryl = 4-ethoxycarbonylphenyl) leading to a triazatruxene
derivative was successfully achieved using a Pd(TFA)2 catalyst under air (Scheme 12) [30].
After hydrolysis to the corresponding tricarboxylic acid, it was utilized to construct a
bor-network for the encapsulation of a ruthenium catalyst by Zhou and coworkers [30].
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As described above, the stoichiometric reaction of triphenylamine could provide N-
phenylcarbazole, but no further cyclization was observed (Scheme 13, left) [15]. Recently,
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Patureau and coworkers realized the palladium-catalyzed dehydrogenative cyclization
leading to the strained compound, indolo[3,2,1-jk]carbazole (ICz), using an oxidant mixture
of Ag2O and CuO in PivOH under air (Scheme 13, right) [31].
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Scheme 13. Synthesis of indole[3,2,1-jk]carbazole (ICz).

Since ICz and its derivatives are known to have useful applications as electron donor
materials, we undertook to perform the double cyclization of bis(carbazol-9-yl)benzenes [32].
To gain the tractable solubility of the products, 3,6-di-tert-butyl-9H-carbazole was used
as the carbazolyl group. The treatment of the 1,3-bis(carbazolyl)benzene with an oxi-
dizing system of Pd(TFA)2 and AgOAc in PivOH gave the expected double cyclization
product (Scheme 14, X = CH). The reaction of the 2,6-bis(carbazolyl)pyridine proceeded
similarly (Scheme 14, X = N). Two possible doubly cyclized products were obtained
from the reaction of the 1,4-bis(carbazolyl)benzene (Scheme 15). In contrast, a singly
cyclized compound in a different manner was isolated from the reaction mixture using the
1,2-bis(carbazolyl)benzene as substrate (Scheme 16). This is probably due to steric rea-
sons. The cardinal optoelectronic properties of the products in Schemes 14–16 were also
estimated. Among the compounds, the linear product in Scheme 15 showed the highest
HOMO level, whereas it was the lowest with the pyridine analog in Scheme 14.
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We then undertook to develop a method for the synthesis of some azahelicenes
involving carbazole moieties [33]. We designed two 1,1′-biphenyl-3-yl (X = CH)- and
2-phenypyridin-6-yl (X = N)-substituted indolo[2,3-a]carbazole as the cyclization platforms.
The treatment of the indolocarbazoles with Pd(TFA)2 and AgOAc in PivOH allowed one to
produce the desired azahelicenes (Scheme 17). The racemic helicenes were then subjected
to preparative HPLC equipped with conventional stationary phases. The chiral compounds
thus obtained showed typical CPL properties in CHCl3 solutions. It is worth noting that
the addition of trifluoroacetic acid to the solution of the pyridinyl compound exhibited a
red-shifted CPL with an enhanced anisotropy factor.
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4. Dibenzothiophene Derivatives and Related Compounds

The synthesis of dibenzothiophenes by the catalytic dehydrogenative cyclization of
diaryl sulfides has a relatively short history compared to that of dibenzofurans and car-
bazoles. This might probably be due to the formation of relatively stable complexes that
are catalytically less active under common conditions [34]. In 2014, Zhou and coworkers re-
ported the synthesis of dibenzothiophenes from diphenyl sulfides [35]. They found that the
reaction occurred effectively under modified Fagnou’s conditions using Pd(TFA)2, AgOAc,
and K2CO3 in PivOH (Scheme 18). Not only 4,4′-disubstututid diphenyl sulfides but also
2,2′-disubstituted ones could provide the desired, sterically hindered dibenzothiophenes
(Scheme 18, down-left). We undertook to develop a method for the synthesis of a linear
dithienothiophene of interest in materials chemistry from di(3-thienyl) sulfide (Scheme 18,
down-middle) [22]. The reaction occurred with the use of Pd(TFA)2 and AgOAc in EtCO2H,
albeit the product yield was moderate. Oechsle and Paradies also reported the synthe-
sis of dithienothiophenes from dithienyl sulfides [36] under modified Mori’s thiophene
homocoupling conditions with the use of a combination of Pd(II)/AgNO3/KF in DMSO
(Scheme 18, down-right) [37].
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Scheme 18. Synthesis of dibenzothiophenes and related compounds.

We examined the double and triple cyclization reactions [19,38]. Shown in Scheme 19
are those of 1,2- and 1,4-di(4-tert-butylphenylthio)benzenes and 1,3,5-tri(3- or 4-tert-butylph-
enylthio)benzene. Thus, we could obtain the corresponding benzothienobenzothiopenes
and trithiatruxecenes. We also estimated their cardinal optoelectronic properties. The
π-extended products exhibited blue to green phosphorescence by dispersing them in
a PMMA film [19,38]. The trithiatruxenes showed semiconducting properties in thin
film states [19].
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5. Concluding Remarks 
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5. Concluding Remarks

We herein summarized the synthetic methods of dibenzofurans, carbazoles, and diben-
zothiophenes by the palladium-catalyzed dehydrogenative cyclization reactions of diaryl
(thio)ethers and diaryl amines along with the brief history. It was emphasized that the mul-
tiple cyclization methods can allow one to prepare π-extended polycyclic heteroaromatic
compounds by short-step sequences. Not only the heterocycles focused herein but also
various other dibenzo heterocycles can be constructed with the dehydrogenative coupling
strategy [1–4]. While potentially useful for constructing the compounds of substantial
importance in pharmaceutical and materials chemistry, the reported methods to date usu-
ally require relatively high loading of Pd, often together with stoichiometric amounts of
metallic salts. Thus, to utilize the dehydrogenative strategy in industrial synthesis, new
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catalytic systems of high efficiency should be developed. We wish further substantial
advances of this research area, so that various useful chemical products can be produced in
practical amounts.
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Abstract: In the first part of this review, secondary carbon-carbon bond formation by using allylic
coupling reactions with aryl and alkenyl borates is presented. Early investigations have revealed
the suitability of a nickel catalyst and [RTB(OMe)3]Li (RT: transferable group). Due to their low
reactivity, the borates were converted to more reactive congeners possessing an alkanediol ligand,
such as 2,3-butanediol and 2,2-dimethyl-1,3-propanediol. Borates with such diol ligands were used to
install aryl and alkenyl groups on the monoacetate of 4-cyclopentenyl-1,3-diol. Furthermore, alkenyl
borates showed sufficient reactivity toward less reactive allylic alcohol derivatives with bromine
atoms at the cis position, producing dieneyl alcohols. In the second part, copper-based and/or
copper-catalyzed substitutions of secondary allylic picolinates, propargylic phosphonates, and alkyl
(2-pyridine)sulfonates with RMgX are briefly summarized. The application of these reactions to the
synthesis of biologically active compounds is also discussed.

Keywords: borate; boronate ester; nickel; secondary carbon; coupling; substitution; Grignard reagent;
copper; organic synthesis

1. Introduction

When I was a doctoral course student of Professor Tsuji (1978–1981), transition metal-
catalyzed reactions were little recognized as tools for organic synthesis. The obvious reason
for this is the cost of transition metal complexes for stoichiometric use. However, Professor
Tsuji emphasized the advantages of using transition metal-catalyzed reactions that could
not be attained by the classical reactions [1,2]. Furthermore, Professor Tsuji was interested
in carbon-carbon bond-forming reactions and natural product synthesis. According to him,
such inclinations were grown in the Stork laboratory at Columbia University in New York,
where he pursued his doctoral research [3,4].

Among the studies undertaken in the Tsuji group at that time, the palladium-catalyzed
allylic substitution reaction with soft nucleophiles was especially attractive because of
the ability to form carbon-carbon bonds. Later, the allylic substitution prompted me to
investigate the coupling reaction of secondary allylic substrates with hard nucleophiles to
furnish chiral carbon-carbon bonds connecting various types of carbon groups.

Borates were selected as hard nucleophiles because of their expected high nucleophilic-
ity based on the general consideration of ate complexes, although such reactivity was not
observed for [BuCH=CHB(Sia)2Me]−Li+ in a mechanistic study of the Suzuki–Miyaura
coupling reaction [5]. The recent progress in borates and boronate esters for carbon-carbon
bond formation has been well summarized in several reviews [6,7]. In contrast, the reac-
tions of borates in combination with nickel catalysts have been less well documented [8,9].
Herein, we present a review of our studies on nickel-catalyzed allylic coupling reactions
on secondary allylic carbons and C(sp2)–C(sp2) coupling reactions with various types of
borates, with a hope of spurring future studies on borate chemistry and organic synthesis.
In addition, we briefly present our investigation of secondary C–C bond formation using
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allylic and propargylic substitutions with copper-based Grignard reagents. The substitution
of secondary alkyl carbons is also mentioned.

2. Design of Reactive Borates

In an early investigation, allylic carbonates 1 and acetates were used as substrates to
identify effective borates (RT: transferable group) and nickel catalysts (Scheme 1, Equation
(1)). Trimethoxy borate 7 was studied first to find a nickel catalyst [10] and then advanced
to borate 8, which possesses the 2,2-butanediol and methyl ligands [11]. Subsequently,
carbonyl group-friendly borates 9 were developed [12]. Allylic coupling with cyclopentenyl
acetate 3 was established using borate 10, which possesses an n-Bu ligand to produce
higher reactivity (Equation (2)) [13]. Products 4 were used to synthesize prostaglandins
and aristeromycin. Furthermore, the concept of using a diol ligand led us to develop
new alkenyl borates 11 for the coupling reaction of cis-bromo olefins 5, which are readily
available but suffer from low reactivity (Equation (3)) [14]. The synthesis of biologically
active dienes has been achieved. Due to their high reactivity, borates were successfully
used in the coupling reaction with aryl mesylates and tosylates [15], which are less reactive
than triflates in catalytic coupling reactions.
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3. Preparation of Borates

The borates studied in this work were prepared using the methods described in
Scheme 2 (RT = aryl or alkenyl). Commercially available B(OMe)3 was converted with RT-
Li to borates 7 (Method 1) [10,11], which was used for coupling without isolation. Borates
8–10 were obtained by the esterification of boronic acids RTB(OH)2 (12) with 2,3-butanediol,
followed by the addition of MeLi [11], n-BuLi [11], or MeZnCl [12] to the resulting boronate
esters 13 (Method 2). Some of the (E)-alkenyl borates 8–10 (RT = (E)-alkenyl) and 11 were
obtained via hydroboration of acetylenes 14 with (Ipc)2BH, followed by the conversion
of Ipc to EtO with MeCHO (Method 3). Hydroboration with (c-Hex)2BH, followed by
oxidation with Me3NO, has also been used to prepare boronic acids. A transformation
consisting of lithiation of stereo-defined halo olefins 17 (X = Br, I) followed by reactions
similar to Method 1 produced the (E)- and (Z)-isomers of 8–11 (Method 4). Boronate
esters 13 and 16 are much less polar than the free diol and are chemically stable, allowing
purification by chromatography on silica gel. Distillation of boronate esters is recommended
before the reaction with MeLi, n-BuLi, or MeZnCl. Currently, various boronic acids,
RTB(OH)2, and boronate esters are commercially available. However, sterically demanding
diol ligands decreased their reactivity in our study, as discussed below. Pinacol, known as
“pin”, is one of such ligands.
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4. Allylic Coupling
4.1. Trimethoxyborates

The reaction of carbonate 1a with phenylborate 7a (prepared from B(OMe)3 and
PhLi) was first examined [10,11]. Unfortunately, palladium catalysts at 60–65 ◦C produced
methyl ether 19 (Table 1, entries 1 and 2). In contrast, the Ni catalysts unexpectedly afforded
coupling product 2a in high yields (entries 3 and 4). Other aryl borates 7b–e afforded 2b–e
in good yields (entries 5–8). The borate/Ni catalyst was successfully applied to the reaction
of another substrate, 1b (R1 = CO2Et, R2 = C5H11).

Table 1. Allylic substitution with aryl borates.
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Entry Cat. 2, Ar 2 (%) 19 (%)

1 Pd(PPh3)2 2a, Ph <10 66
2 Pd(dppf) 2a, Ph 0 54
3 NiCl2(PPh3)2 2a, Ph 97 0
4 NiCl2(dppf) 2a, Ph 98 0
5 NiCl2(dppf) 2b, 2-MeOC6H4 86 0
6 NiCl2(dppf) 2c, 3-MeOC6H4 81 0
7 NiCl2(dppf) 2d, 4-MeOC6H4 89 0
8 NiCl2(dppf) 2e, 2-furyl 88 0

Before our investigation, the Pd-catalyzed reaction of primary allylic acetate 22a with
boronate ester 20 was reported by Suzuki and Miyaura in their mechanistic study of the
“Suzuki–Miyaura coupling reaction” (Scheme 3, Equation (4)) [5]. Due to the reactivity
toward secondary acetates has not been reported, acetate 24a, and carbonate 1a were
subjected to Pd-catalyzed reactions in our study. However, undesired diene 25 or Et ether
26 was produced (Equations (5) and (6)) [11]. In contrast, the reaction of 1a with borate 21
and a Ni catalyst proceeded smoothly to afford 2f with a 70% yield (Equation (7)).
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4.2. Borates with Alkanediol Ligands

Although the allylic coupling reactions with trimethoxyborates [RT-B(OMe)3]− Li+ (7)
proceeded in the presence of nickel catalysts, the required temperatures for the reaction
were high (60–65 ◦C), and thus new borates with high reactivity at low temperatures were
investigated. We postulated a low concentration of reactive species 7 in equilibrium with
less reactive RTB(OMe)2 (27) and LiOMe (Scheme 4, Equation (8)), and envisaged that diol
ligands in borates 28 would prevent the formation of the open form 29 by analogy with
bidentate ligands that coordinate strongly with transition metals (Equation (9)).
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Scheme 4. Borates in likely equilibria.

Phenylborates 31A (=8a) and 31B–F possessing various diol ligands A–F were chosen
as test borates (Scheme 5). Among these ligands, C is known as a pin. The reactivity order
of 31A (=8a) > 31B > 31D > 31C >> 31F > 31E was determined for the coupling reaction
shown in Scheme 6. This order is consistent with the working hypothesis proposed in
Scheme 4. Unanticipatedly, the methyl group on the diol ligand increased the reactivity
(A vs. B), whereas the congested methyl groups were affected reversely because of the
steric reason (A vs. C (pin)). The most active ligand A allowed the reaction to proceed even
at 5 ◦C. NiCl2(PPh3)2 showed similar catalytic activity to NiCl2(dppf). In contrast, 31A/Pd
catalysts were marginally productive.
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Scheme 6. Allylic coupling reaction of 1a with phenylborates 31A–F. 1 2,3-Butanediol ligand consisted
of dl- and meso-forms in a 4:1 ratio.

Various aryl borates with ligand A also showed high reactivity in allylic coupling to
produce 2b–d with 2-, 3-, and 4-MeOC6H4 and 2e with 2-furyl in 85–99% yield (Figure 1).
Products 2g–j demonstrated the compatibility of the borates with the ester groups present
in the allylic substrates. The reaction of 1c with borates proceeded with inversion to afford
2i and 2j.
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4.3. Carbonyll Group-Friendly Zinc Borates

Since the carbonyl group in 32 was incompatible with MeLi, which is used for the
transformation of boronate ester to borate, other organometallics that are reactive and
friendly with such functional groups were explored (Scheme 7). Among the candidates
examined, MeZnCl, upon addition to 32, provided zinc borate 9, which exhibited sufficient
nucleophilicity for the allylic coupling [12].
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Scheme 7. Reasons for developing zinc borates 9.

The reaction of acetate 20b with phenylborate 9a derived from 13a and MeZnCl
at 40–50 ◦C produced 2a and byproducts (diene 25 and methyl coupling 33) (Table 2,
entry 1). Similar results were obtained for the borates derived from MeZnBr (entry 2) and
MeZnI. The use of postulated borates derived from MeZnF, n-BuZnCl, and Et2Zn was
unsuccessful. Fortunately, the byproducts were eliminated by the addition of DMI or DMF
(entries 3 and 4).

Table 2. Allylic coupling reaction with zinc phenylborates.
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Entry Zinc Reagent Additive 2a, Yield (%) Byproducts 1 (%)

1 MeZnCl - 88 9
2 MeZnBr - 85 6
3 MeZnCl DMI 87 0
4 MeZnCl DMF 80 0

1 A mixture of 25 and 33.

Under the reaction conditions used in entry 3 of Table 2, the zinc borates in Figure 2
underwent coupling reactions to give the products shown in Figure 3 in good to high yields.
An anti-stereochemical course was established using cyclic substrates.

4.4. Allylic Coupling on Cyclopentenediol Monoacetate

The Ni-catalyzed allylic coupling reaction with borates was then applied to cyclopen-
tenediol monoacetate 3 (Scheme 1, Equation (2)) [13]. As substrate 3 is available in racemic
as well as enantioenriched forms by several methods, the reaction was expected to provide
new access to the cyclopentanoids such as prostaglandins. Unfortunately, an attempted
reaction with phenylborate 8a (RT = Ph) gave a mixture of enone 34 and Ph ketone 35
(Scheme 8, Equation (10)). The likely steps to these byproducts involve predominant β-H
elimination of the π-allyl Ni intermediate (derived from 3 and Ni) over the allylic coupling
(step 1), isomerization of the resulting olefin 36 to enone 34 (step 2), and 1,4-addition
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probably catalyzed by the Ni catalyst (step 3). Reactions similar to steps 1 and 3 have been
reported [16,17].
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Entry Cat. Additive 4a/37a Yield 
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Scheme 8. Reaction of cyclopentenyl acetate 3 with borates 8a and 10a 1. 1 Diol ligand consisted of 
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Based on the finding that the attachment of electron-donating Me groups to the
diol ligand increased the nucleophilicity of borates (Scheme 6, 31A (=8a) vs. 31B), the
Me ligand in 8a was replaced by the more electron-donating n-Bu. Indeed, the new
phenylborate 10a transferred Ph to cyclopentenyl acetate 3 in the presence of NiCl2(PPh3)2
(Scheme 8, Equation (11), entry 1). However, a mixture of regioisomers 4a and 37a was
produced at a 0.9:1 ratio. To solve this problem, catalysts, polar solvents, and inorganic
salts were examined without any promising guidelines. Although NiCl2(dppf) did not
change the product ratio (entry 2), t-BuCN and NaI favored the production of 4a (entries 3
and 4). Furthermore, the cooperative action between both additives resulted in a higher
regioisomeric ratio of 13:1 (entry 5). In contrast, a Pd catalyst produced ketone 35 (entry 6).

The new reagent type consisting of 2,3-butanediol and n-Bu ligands was successfully
applied to aryl borates 10b–e, which underwent a regioselective reaction in the presence of
the two additives (t-BuCN and NaI) to produce 4b–e in good yields (Table 3, entries 2–5).
Alkenyl borates 10f–k also afforded 4f–k (entries 6–11). Among the entries, the regioselec-
tivity for 4h–j was especially high, whereas that for 4f and 4k was moderate. A hypothesis
that accounts for this difference is the high nucleophilicity caused by the conjugation of the
C–OTBS σ bond with the olefinic π-bond. In an additional entry, the MOM ether of 3 upon
reaction with borate 10f afforded the MOM ethers of 4f and 37f at a ratio of 6:1 (equation
not shown). This ratio was similar to that recorded for 3, indicating that the hydroxy group
in 3 was not a regiocontroller.

Table 3. Coupling reaction of cyclopentenyl acetate 3 with borates 10.
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4.5. Determination of the Stereochemistry between RT and OH in the Major Products 4

Substituents OH and RT sterically affect the chemical shifts of Ha and Hb in 4 and
Hc and Hd in cis isomer 38 (Figure 4) [18]. For example, Ha in 4 is cis to OH and trans to
RT, whereas Hb is arranged in the opposite direction. This relationship (one cis, one trans)
between Ha and Hb results in a small chemical shift difference (∆δ) of ca. 0.3 ppm. On
the other hand, Hc in 38 is trans to OH and RT, whereas Hd is cis to these substituents,
resulting in a large ∆δ of 1 ppm. In our study, the stereochemistry of 4 was inverted to
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produce isomer 38 by the Mitsunobu inversion, and the vicinal protons (Ha/Hb, Hc/Hd) in
the 1H NMR spectra were easily found based on the large coupling constants of ca. 14 Hz.
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4.6. Synthetic Application of Allylic Coupling
4.6.1. Prostaglandin A2

The coupling conditions disclosed in Table 3 were then applied to enantiomerically
enriched (1R,4S)-3 and (S)-10h to afford (S,S,S)-4h in 79% yield with a regioisomeric ratio
of 19:1 (Scheme 9) [13]. The product was transformed to iodolactone 39 through the Claisen
rearrangement, followed by iodolactonization of the derived acid. Deiodination with
AgOAc produced olefin 40, the intermediate in the synthesis of PGA2 (41) [19].
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4.6.2. ∆7-PGA1 Methyl Ester

The coupling reaction also produced (R,R,S)-4h regioselectively from (1S,4R)-3 and
(S)-10h (Scheme 10) [13]. This product was then transformed into mesylate 42 by oxidation
to the ketone, followed by an aldol reaction under kinetic conditions and mesylation. The
mesylate was eliminated using basic Al2O3, which afforded the E-olefin stereoselectively,
irrespective of the aldol stereochemistry. Finally, desilylation to the target (43) [20] was
achieved with NBS in aqueous DMSO, whereas Bu4NF caused deprotonation of the C12-
hydrogen in the dienone core.
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4.6.3. Aristeromycin

The furyl moiety as a precursor of CO2Me was installed to (1R,4S)-3 with furylborate
10` (Scheme 11) [21]. The hydroxy group in the product 4` was then replaced by N3 with
inversion using (PhO)2P(=O)N3, and the furyl group was oxidatively cleaved to afford 45,
which was transformed into the target 46 without difficulty.
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5. Alkenyl-Alkenyl Coupling Reaction
5.1. Optimal Alkanediol Ligand for Alkenyl Borates

The ready availability of allylic alcohol derivatives possessing a bromine atom at
the cis position [22] was one of the reasons to investigate coupling reactions with alkenyl
borates (Scheme 1, Equation (3)). Other reasons include the possibility of using the reaction
for the synthesis of biologically active dienes and the stereoselective functionalization of
the dienes. Although the low reactivity of the cis-bromides was a concern due to steric
congestion with the OR (R = TBS, etc.), we expected compensation from the high reactivity
of borates.

Borate 47A, with the most effective ligand A in the allylic coupling, was subjected to a
test coupling with cis-bromide 5a. However, the reaction was capricious at rt and required
heating at 40–45 ◦C to produce diene 6a (Table 4, entry 1), indicating that steric hindrance
around the C–Br of 5a for oxidative addition and/or C–Ni–Br thereof for transmetalation
was an obstacle to accessing Ni or the borate. Borate 47C with pin ligand C showed
no reactivity (entry 2). Fortunately, ligand G exhibited the highest reactivity among the
tested diols, affording 6a in 90% isolated yield (entry 4) [14]. An attempted PdCl2(PPh3)2-
catalyzed coupling between 5a and 44G was unsuccessful.

The reactivity with ligand G was sufficient for the coupling of cis-bromides possessing
bulkier TBDPS (t-BuPh2Si) than TBS (t-BuMe2Si) and a secondary alkyl group (c-C6H11),
giving 6b and 6c in good yields. Furthermore, (2-Ph-vinyl)borate and a cis-borate afforded
dienes 6d and 6e (Figure 5).

5.2. Synthetic Application of the Alkenyl-Alkenyl Coupling
5.2.1. Synthesis of 10,11-Dihydro-LTB4

Based on the above findings for the synthesis of dienes, the necessary borate 11f and cis-
bromide 5f were easily elucidated [23]. Among the existing methods for synthesizing borate
11f, the following method was selected based on the potential regio- and stereoselectivity
(Scheme 12). The hydroboration of acetylene 48 with (Ipc)2BH (Ipc: diisopinocampheyl),
followed by ligand exchange to EtO using MeCHO and transesterification, produced 16f,
which upon reaction with MeLi afforded borate 11f. On the other hand, allylic alcohol 49
was prepared with high stereo- and enantioselectivity by the kinetic resolution using the
Sharpless asymmetric epoxidation. Subsequently, 49 was converted to cis-bromide 5f [24].
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The coupling reaction proceeded smoothly to afford 6f in 77% yield, and the subsequent
desilylation of TBS with Bu4NF conveniently induced “formal hydrolysis” of the Me ester
group to produce the target 50, which is an inflammatory mediator.

Table 4. Preliminary coupling reaction of (cis-bromo)olefin 5a with alkenyl borates possessing
diol ligands.
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1 47A A 40–45 ◦C 1 76 100
2 47C C rt - 0
3 47D D rt - 68
4 47G (=11a) G rt 90 100
5 47H H rt - 79
6 47I I rt - 0

1 Capricious at rt.
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5.2.2. Synthesis of Korormicin

The title compound inhibits the growth of marine gram-negative bacteria. The planar
structure of this compound was reported based on the NMR and mass spectral data.
Consequently, four diastereomers were synthesized to determine the stereochemistry by
comparing the [α]D values of the diastereomers with those published for natural korormicin.
The synthesis of the diastereomer, which showed a close [α]D value to that of the natural one,
is shown in Scheme 13 [25]. The necessary borate 11g and cis-iodide 5g, were synthesized
through 51 and 52, respectively. Due to the structural specificity of 52 possessing the
COOH group, the corresponding bromide could not be obtained. Instead, iodide 52 was
transformed to 53 via iodolactonization. Acid 53 was then reacted with amine 54 under
somewhat specific reaction conditions to afford amide 5g. The Ni-catalyzed coupling
reaction of iodide 5g with borate 11g produced the TBS ether of korormicin, which upon
desilylation afforded korormicin (55).
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5.3. Functionalization of the Alkenyl-Alkenyl Coupling Products

Since the epoxidation of cis allylic alcohols with m-CPBA proceeds stereoselectively,
the regio- and stereoselectivity of the subsequent Pd-catalyzed reaction with AcOH were
investigated for the synthesis of polyhydroxy compounds.

In practice, the epoxidation of alcohol 56 derived from 6a was stereoselective, and the
subsequent Pd(PPh3)4-catalyzed reaction of the resulting epoxide 57 with AcOH produced
dihydroxy acetate 58 with high regio- and stereoselectivity (Scheme 14, Equation (12)) [26].
Similarly, 59 was converted to 61 through 60 (Equation (13)). No cis olefins were produced.
Several dienyl alcohols were also selectively converted (products not shown). A plausible
mechanism involves the rapid isomerization of the anti-syn-π-allyl Pd intermediate formed
from 60 to syn-syn-π-allyl Pd before the attack by AcOH.
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The same structural pattern was extracted from decarestrictin D (62), which exhibits
inhibitory activity against HMG-CoA reductase. Based on the stereochemical relationship
summarized in Scheme 14, dienyl alcohol 6h was designed as the precursor of the key
intermediate 63 (Scheme 15) [26,27]. Coupling partners 5h and 11h were prepared using
methods similar to those used for the synthesis of 10,11-dihydroxy-LTB4 (50) (Scheme 12).
The use of cis-bromide 5h, which possesses a free hydroxy group, was a new case of the
Ni-catalyzed coupling reactions. The reaction proceeded smoothly, requiring 1.5 equiv of
11h to produce 6h with a 76% yield. This result indicates that the borate was not affected
by the free hydroxy group in 5h. The epoxidation of 6h with m-CPBA and subsequent
Pd-catalyzed reaction with AcOH proceeded with high selectivity to afford the intermediate
63 with a 68% yield. Further transformation to decarestrictin D (62) was successful.
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5.4. C(sp2)–C(sp2) Coupling

Borates with diol ligands have been applied to the coupling of other types of substrates
with low reactivity. First, mesylates and tosylates were subjected to a coupling reaction
with phenylborates 8a and 10a (Table 5) [15]. The former insufficiently produced a mixture
of the desired product 67a and the Me derivative 68 (R = Me) in a ca. 1:1 ratio with 24–32%
yields of 67a (entries 1 and 2). In contrast, borate 10a exhibited high reactivity, affording
67a with a 95% yield (entry 3). Tosylate 66 also underwent coupling to produce 67a with
an 83% yield (entry 4).
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Table 5. Coupling reactions of mesylates.
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Entry Substrate Borate Cat. 67a, Yield (%) 67a/68 1

1 65a 8a NiCl2(PPh3)2 24 57:43
2 65a 8a NiCl2(dppf) 32 55:45
3 65a 10a NiCl2(PPh3)2 95 >95:5
4 66 10a NiCl2(PPh3)2 83 >95:5

1 R = Me or n-Bu.

Several mesylates and borates of type 10 were subjected to the coupling conditions
to afford the products shown in Scheme 16. Mesylates possessing electron-withdrawing
groups, such as CO2Me, Ac, and CN, were good substrates. The CO2Me group at the
ortho position was not an obstacle to the reaction (67d, 67e). The fluorine atom and the
additional aromatic moiety were positive for the coupling. On the contrary, mesylate
bearing the p-MeO group afforded 67j with a 58% yield. This result suggests that electron-
donating groups play a somewhat negative role. In this regard, the high yields of 67k–m
are not surprising.
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Scheme 16. Coupling reaction of mesylates.

Although the coupling of mesylates with borates was successfully explored, we found
little synthetic advantage because the same products could be synthesized using triflates.
Therefore, investigation of the mesylates was discontinued.

The construction of a carbon framework on small phosphonates was investigated
starting with α-bromoalkenyl phosphonates [28,29], which were prepared by bromination
of the corresponding olefins followed by dehydrobromination with Et3N. The Suzuki-
Miyaura coupling of (Z)- and (E)-69 with PhB(OH)2 at 90–95 ◦C afforded (E)- and (Z)-70
in high yields (Scheme 17, Equations (14) and (17)), whereas a similar coupling with an
alkenyl borane was unsuccessful (Equation (15)). In contrast, alkenyl borate 11a was
reactive toward (Z)- and (E)-69 under the catalytic action of Ni to afford 71 as the major
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product from (Z)-69 and 72 from (E)-69, respectively (Equations (16) and (18)). Although
the mixture of 71 and 72 was separated by chromatography, a more selective method is
still necessary. Several entries that use different bromides and alkenyl borates yielded
similar results.
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tios of 1:1, 2:1, and 10:1 in Et2O and THF were systematically examined [30]. Reagents 
based on BuMgX (X = Cl, Br), mainly in Et2O, were highly γ selective, thereby producing 
37m (Table 6). In contrast, n-BuMgCl/CuCN in 2:1 and 10:1 ratios in THF preferentially 
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6. Beyond Borates
6.1. Limitation of Borates

In the above study using borates, the development of alkyl borates for C–C bond for-
mation was unsuccessful. Therefore, we focused on alkyl reagents derived from (alkyl)MgX
and a copper salt and found that several combinations of (alkyl)MgX, CuCN, and solvent
delivered an alkyl group to cyclopentenediol monoacetate 3 to afford either 4 or 37 with
high regio- and stereoselectivity (Scheme 18, Equation (19)) [30]. Subsequently, aryl, alkenyl,
and benzylic reagent systems were developed as described below. We also established
allylic and propargylic substitutions on acyclic secondary carbons [Equations (20) and (21)].
Acyclic allylic substitution features the use of allylic picolinate 73 to yield the anti-SN2′

product 74 with regio- and stereoselectivity (Equation (20)) [31]. Propargylic substitution
was realized using propargylic phosphate 75 and a Cu catalyst in THF/DME to produce
76 with high stereoselectivity (Equation (21)) [32]. In contrast to allylic and propargylic
substrates, the substitution of secondary alkyl carbons was difficult because of the lack of
reaction enhancers, such as allylic and propargylic unsaturation. Nevertheless, pyridine-
sulfonate 77 was invented for this purpose (Equation (22)) [33]. In the second part of this
review, we briefly present the results of these reactions.

154



Catalysts 2023, 13, 132

Catalysts 2023, 12, x FOR PEER REVIEW 12 of 22 
 

 

 

(18)

Scheme 17. Coupling reactions of bromo-phosphonates with organometallics. 

6. Beyond Borates 
6.1. Limitation of Borates  

In the above study using borates, the development of alkyl borates for C–C bond 
formation was unsuccessful. Therefore, we focused on alkyl reagents derived from (al-
kyl)MgX and a copper salt and found that several combinations of (alkyl)MgX, CuCN, 
and solvent delivered an alkyl group to cyclopentenediol monoacetate 3 to afford either 4 
or 37 with high regio- and stereoselectivity (Scheme 18, Equation (19)) [30]. Subsequently, 
aryl, alkenyl, and benzylic reagent systems were developed as described below. We also 
established allylic and propargylic substitutions on acyclic secondary carbons [Equations 
(20) and (21)]. Acyclic allylic substitution features the use of allylic picolinate 73 to yield 
the anti-SN2’ product 74 with regio- and stereoselectivity (Equation (20)) [31]. Propargylic 
substitution was realized using propargylic phosphate 75 and a Cu catalyst in THF/DME 
to produce 76 with high stereoselectivity (Equation (21)) [32]. In contrast to allylic and 
propargylic substrates, the substitution of secondary alkyl carbons was difficult because 
of the lack of reaction enhancers, such as allylic and propargylic unsaturation. Neverthe-
less, pyridinesulfonate 77 was invented for this purpose (Equation (22)) [33]. In the second 
part of this review, we briefly present the results of these reactions.  

 
(19)

 

(20)

 

(21)

 

(22)

Scheme 18. C–C bond forming reactions at secondary carbons. 

6.2. Substitution of Cyclopentenediol Monoacetate 3  
Although copper-based reagents generally undergo preferential substitution at the γ 

carbon (SN2’ reaction), 3 was not used as a substrate in the previous study of allylic sub-
stitution. In a preliminary study, reagents comprising n-BuMgX (X = Cl, Br)/CuCN in ra-
tios of 1:1, 2:1, and 10:1 in Et2O and THF were systematically examined [30]. Reagents 
based on BuMgX (X = Cl, Br), mainly in Et2O, were highly γ selective, thereby producing 
37m (Table 6). In contrast, n-BuMgCl/CuCN in 2:1 and 10:1 ratios in THF preferentially 
attacked the α carbon (entries 5 and 6). Surprisingly, the solvent (THF vs. Et2O) was deci-
sive for the high regioselectivity (entries 5 and 6 vs. entries 2 and 3).  

Table 6. Allylic substitution with n-BuMgX/CuCN. 

Scheme 18. C–C bond forming reactions at secondary carbons.

6.2. Substitution of Cyclopentenediol Monoacetate 3

Although copper-based reagents generally undergo preferential substitution at the
γ carbon (SN2′ reaction), 3 was not used as a substrate in the previous study of allylic
substitution. In a preliminary study, reagents comprising n-BuMgX (X = Cl, Br)/CuCN in
ratios of 1:1, 2:1, and 10:1 in Et2O and THF were systematically examined [30]. Reagents
based on BuMgX (X = Cl, Br), mainly in Et2O, were highly γ selective, thereby producing
37m (Table 6). In contrast, n-BuMgCl/CuCN in 2:1 and 10:1 ratios in THF preferentially
attacked the α carbon (entries 5 and 6). Surprisingly, the solvent (THF vs. Et2O) was
decisive for the high regioselectivity (entries 5 and 6 vs. entries 2 and 3).

Table 6. Allylic substitution with n-BuMgX/CuCN.
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requires the cis-olefin geometry (R2 ≠ H in 73) to obtain anti-SN2’ products with high selec-
tivity [31]. This topic has been summarized in reviews [40,41]. In brief, substitution of 73a 
with PhMgBr (2 equiv) and CuBr·Me2S (0.5–1 equiv) afforded 74a with high regioselectiv-
ity (rs) and enantiospecificity (es) (= chirality transfer C.T.) (Equation (23)). Low tempera-
tures were necessary for high es. Allylic picolinates are chemically stable and easily pre-
pared by the DCC-assisted esterification of cis-allylic alcohols with picolinic acid (2-Py-
CO2H). Although stable, this leaving group gains high reactivity by chelating to MgBr2, 
which is generated in situ from RMgBr and CuBr·Me2S. The substitution occurred not only 
with alkyl but also with aryl, alkenyl, and alkynyl reagents [42,43].  

Entry n-BuMgCl/CuCN Solvent 4m/37m Yield (%)

1 1:1 Et2O 14:86 37
2 2:1 Et2O 7:93 85
3 10:1 Et2O 8:92 82
4 1:1 THF 7:93 97
5 2:1 THF 93:7 94
6 10:1 THF 94:6 100
7 1:1 Et2O 4:96 77
8 2:1 Et2O 6:94 88
9 10:1 Et2O 5:95 94
10 1:1 THF 10:90 89
11 2:1 THF 71:29 98
12 10:1 THF 73:27 96

The combination of RMgX, CuX, and the solvent was further investigated to find aryl,
alkenyl, and benzylic reagents. These protocols have been successfully used as key steps in
the syntheses of plant hormones (such as 12-oxo-PDA and OPC-8:0 [34], tuberonic acid [35],
isoleucine conjugate of epi-jasmonic acid [36]), AH-13205 (PG receptor agonist) [37], and
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PGF2α intermediates [38] (Figure 6). The ω side chain of ∆7-PGA1 methyl ester (43)
(structure in Scheme 10) was installed to 3 with efficiency similar to that recorded with the
borate [39].
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6.3. Substitution of Secondary Allylic Picolinates

The reaction in Equation (20) in Scheme 18 features the picolinoxy leaving group, and
requires the cis-olefin geometry (R2 6= H in 73) to obtain anti-SN2′ products with high selec-
tivity [31]. This topic has been summarized in reviews [40,41]. In brief, substitution of 73a
with PhMgBr (2 equiv) and CuBr·Me2S (0.5–1 equiv) afforded 74a with high regioselectivity
(rs) and enantiospecificity (es) (=chirality transfer C.T.) (Equation (23)). Low temperatures
were necessary for high es. Allylic picolinates are chemically stable and easily prepared
by the DCC-assisted esterification of cis-allylic alcohols with picolinic acid (2-Py-CO2H).
Although stable, this leaving group gains high reactivity by chelating to MgBr2, which is
generated in situ from RMgBr and CuBr·Me2S. The substitution occurred not only with
alkyl but also with aryl, alkenyl, and alkynyl reagents [42,43].

Catalysts 2023, 12, x FOR PEER REVIEW 14 of 22 
 

 

 

(23)

Using this substitution, the PGF2α intermediate was synthesized again (Figure 7) [43]. 
Other biologically active compounds synthesized are: sesquichamaenol [44], mesembrine 
[45], cyclobakuchiol B [46], axenol [47], anastrephin [48], verapamil [49], and LY426965 
[50] (Figure 7). The active form of anti-inflammatory loxoprofen was synthesized by per-
forming the allylic substitution twice (Scheme 19) [51].  

 
Figure 7. Biologically active compounds synthesized by using RMgX/CuCN 1. 1 C–C bonds con-
structed by the anti-SN2′ reaction are indicated by a red arrow.  

 
Scheme 19. Synthesis of the active form of loxoprofen using allylic substitutions twice. 

6.4. Substitution of Secondary Propargylic Phosphates  
A reagent system derived from Grignard reagent/copper salt was next explored for 

the substitution of secondary propargylic alcohol derivatives (Scheme 18, Equation (21)). 
Although an attempted reaction of a propargylic picolinate and PhMgBr/CuCN in THF 
proceeded with high regioselectivity, 10–20% of the corresponding alcohol was copro-
duced. In contrast, phosphate 75a and PhMgBr (2.5 equiv)/CuCN (0.25 equiv) in 
THF/DME (6:1) gave products 76a (Ar = Ph) with high rs and es (Scheme 20) [32]. The use 
of CuCN as the catalyst and DME as the additional solvent was pivotal for producing 
76b–f with high selectivity. The performance of CuBr·Me2S was as excellent as that of 
CuCN. The presence of TMS at the acetylene end was decisive for achieving the high 
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Using this substitution, the PGF2α intermediate was synthesized again (Figure 7) [43].
Other biologically active compounds synthesized are: sesquichamaenol [44], mesem-
brine [45], cyclobakuchiol B [46], axenol [47], anastrephin [48], verapamil [49], and LY426965 [50]
(Figure 7). The active form of anti-inflammatory loxoprofen was synthesized by performing
the allylic substitution twice (Scheme 19) [51].

6.4. Substitution of Secondary Propargylic Phosphates

A reagent system derived from Grignard reagent/copper salt was next explored for
the substitution of secondary propargylic alcohol derivatives (Scheme 18, Equation (21)).
Although an attempted reaction of a propargylic picolinate and PhMgBr/CuCN in THF
proceeded with high regioselectivity, 10–20% of the corresponding alcohol was coproduced.
In contrast, phosphate 75a and PhMgBr (2.5 equiv)/CuCN (0.25 equiv) in THF/DME (6:1)
gave products 76a (Ar = Ph) with high rs and es (Scheme 20) [32]. The use of CuCN as
the catalyst and DME as the additional solvent was pivotal for producing 76b–f with high
selectivity. The performance of CuBr·Me2S was as excellent as that of CuCN. The presence
of TMS at the acetylene end was decisive for achieving the high regioselectivity as observed
for the reaction of 75g. The phenyl group attached to the acetylene end of 75h also showed
good regioselectivity.
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lication by Liu, who employed tosylate, CuI, and additives [56]. Negishi applied this re-
action to the synthesis of phthioceranic acid [57]. Having successfully reproduced the re-
action of Liu (Scheme 21, Equation (25)), MeMgCl was used in the reaction to confirm the 
low reactivity of MeMgCl (Equation (26)). To explore a more reactive protocol, picolinate 
and phosphate leaving groups (2-pyridineCO2 and (EtO)2PO2) were examined, but unsuc-
cessfully. As an extension of the concept using the pyridyl group, (2-pyridine)sulfonate 
77b was next examined to find sufficient reactivity toward MeMgCl in the presence of 
Cu(OTf)2. The reaction was completed within 1 h to afford product 78b in 77% yield 
(Equation (27)) [33].  
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In contrast, the reagents derived from PhMgBr (3 equiv) and Cu(acac)2 (1.5 equiv)
gave allene 79 efficiently (Equation (24)).
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Cu(OTf)2. The reaction was completed within 1 h to afford product 78b in 77% yield 
(Equation (27)) [33].  

(24)

With the selective propargylic substitution in hand, the synthesis of TNF inhibitor and
flurbiprofen (Figure 8) was easily designed [52], while the substitution of 80 with Grignard
reagent 81 was used for the synthesis of heliannuol E [53].
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an ester carbonyl group [54,55]. Consequently, it was not surprising to find only one pub-
lication by Liu, who employed tosylate, CuI, and additives [56]. Negishi applied this re-
action to the synthesis of phthioceranic acid [57]. Having successfully reproduced the re-
action of Liu (Scheme 21, Equation (25)), MeMgCl was used in the reaction to confirm the 
low reactivity of MeMgCl (Equation (26)). To explore a more reactive protocol, picolinate 
and phosphate leaving groups (2-pyridineCO2 and (EtO)2PO2) were examined, but unsuc-
cessfully. As an extension of the concept using the pyridyl group, (2-pyridine)sulfonate 
77b was next examined to find sufficient reactivity toward MeMgCl in the presence of 
Cu(OTf)2. The reaction was completed within 1 h to afford product 78b in 77% yield 
(Equation (27)) [33].  

Figure 8. Compounds synthesized by using propargylic substitution 1. 1 Phosphate 80 and Grignard
reagent 81 were used for the synthesis of heliannuol E.

6.5. Substitution at Secondary Alkyl Carbons

In contrast to the allylic and propargylic substitutions, the substitution on secondary
alkyl carbons generally proceeds with difficulty because of the absence of a reaction pro-
moter, such as alkenyl and alkynyl moieties. The substitution reported by Breit relies on an
ester carbonyl group [54,55]. Consequently, it was not surprising to find only one publica-
tion by Liu, who employed tosylate, CuI, and additives [56]. Negishi applied this reaction to
the synthesis of phthioceranic acid [57]. Having successfully reproduced the reaction of Liu
(Scheme 21, Equation (25)), MeMgCl was used in the reaction to confirm the low reactivity
of MeMgCl (Equation (26)). To explore a more reactive protocol, picolinate and phosphate
leaving groups (2-pyridineCO2 and (EtO)2PO2) were examined, but unsuccessfully. As
an extension of the concept using the pyridyl group, (2-pyridine)sulfonate 77b was next
examined to find sufficient reactivity toward MeMgCl in the presence of Cu(OTf)2. The
reaction was completed within 1 h to afford product 78b in 77% yield (Equation (27)) [33].
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The substitution system shown in Equation (26) was applied to other (2-pyridine)sulfonates
and RMgX to afford 78c–g in good yields with high stereoselectivity (Scheme 22).
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7. Summary

Allylic coupling reactions of secondary allylic carbonates and esters with aryl and
alkenyl borates were found to be catalyzed by nickel complexes, such as NiCl2(PPh3) and
NiCl2(dppf), and not by palladium catalysts. The alkanediol ligand on the borates was
essential for producing high reactivity, which allowed the Ni-catalyzed coupling reaction
between cyclopentenediol monoacetate 3 and borates. Furthermore, carbonyl group-
friendly borates were synthesized from boronate esters and MeZnCl. Alkenyl borates
were used for the construction of dienes from less reactive allylic alcohol derivatives with
a bromine atom at the cis position. In contrast to the aryl and alkenyl borates, reactive
alkyl borates were not developed. Instead, substitutions on secondary carbons with RMgX
under copper-based and copper-catalyzed conditions were studied to obtain the following
results: The regioselectivity in the allylic substitution of cyclopentenediol monoacetate 3
was highly controlled by the ratio of RMgX/CuCN, halogen X (Cl, Br) in RMgX, and the
solvent (Et2O vs. THF). The substitution of acyclic allylic picolinates proceeded in anti-SN2′

mode. Propargylic phosphates underwent propargylic substitution with RMgBr and a Cu
catalyst in THF-DME. In addition, the recent success in the substitution of secondary alkyl
(2-pyridine)sulfonates with RMgX is presented. The reactions have been applied to the
synthesis of biologically active compounds.
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