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Abstract: A synthesis of 1,4-diborylated benzenes
was achieved by the Ru-catalyzed regioselective co-
cyclotrimerization of alkynes with a commercially
available ethynyl boronate. The reaction is applica-
ble to a wide array of alkynes with metal-coordinat-
ing groups, providing synthetically useful dibory-
lated benzenes in 23–68% isolated yields. DFT
calculations shed light on the reaction course and
the origin of its remarkable regioselectivity. Se-
lected diborylated benzenes were converted into
various products, such as quinones and hydro-
quinones, including three natural bioactive small
molecules.

Keywords: Catalytic cyclotrimerization; Borylated
arenes; DFT calculations; Regioselectivity; Natural
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Development of chemo- and regioselective reactions
aiming at specifically substituted products is one of the
pivotal points of current synthetic chemistry.[1] In this
respect, synthesis of selectively functionalized benzene
derivatives possessing reactive functional groups (such
as halides[2] or boron-based[3] groups) is of a consid-
erable interest, because they can be used as advanced
intermediates for synthesis of more complex
molecules.[4] Therefore, creating new methods and
strategies to fulfill this goal is a highly sought activity.

Transition-metal-catalyzed [2+2+2] cycloaddition
of unsaturated substrates is a useful and atom-
economical method for the synthesis of substituted six-

membered rings.[5] In particular, the [2+2+2] cyclo-
trimerization of alkynes enables synthesis of densely
substituted benzenes and has been most actively
investigated to date.[6]

Although the catalytic alkyne cyclotrimerization is
a highly atom efficient process, it is difficult to control
regioselectivity of reactions involving two different
unsymmetrically substituted monoalkynes. Such proc-
esses are rare and represented only by a limited
number of examples.[7] The course of the reaction
strongly depends on the nature of substituents, and that
makes it hard to generalize such protocols. Besides
that, introduction of heteroatom substituents to the
triple bond can be hampered by instability of such
starting alkynes, which often only exist as protected
surrogates. As typical examples of the above-men-
tioned processes can serve Rh-catalyzed co-cyclo-
trimerization of aryloxyalkynes[8] or silylalkynes[9] with
propynoates leading to mixtures of regioisomeric
products.

From a synthetic point of view, a powerful cyclo-
trimerization method should not only allow for a
chemo- and regioselectivity control, but also provide a
molecular platform with a high synthetic modification
potential. In this regard, co-cyclotrimerizations of
various alkynyl halides,[10] boronates,[11] and
triazenes[12] have been shown to give valuable arene
building blocks. However, selective fully intermolecu-
lar co-cyclotrimerizations, giving rise to a monocyclic
benzene core that could serve as a versatile multi-
purpose building block, have not been reported yet.

To address the above issues, we show how unsym-
metrical 1,2,3,4-tetrasubstituted benzenes with boro-
nate groups in positions 1 and 4 can be rapidly and
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selectively assembled by catalytic co-cyclotrimeriza-
tion of two molecules of ethynyl boronate 1 with an
internal alkyne. Thanks to high synthetic versatility of
boron, the constructed benzene ring can be further
diversified and used to access various aromatic and
quinoid compounds, including natural products and
their congeners.

Initially, we hypothesized that selective synthesis of
1,4-diborylated benzenes could be achieved using Ru
catalysis via a selectively formed ruthenacycle
intermediate.[13,14] In particular, we presumed that
stereoelectronic properties of ethynyl boronate 1[15]
would allow the reaction to proceed with a high
preference for the 2,5-diborylated ruthenacycle forma-
tion. If so, a controlled insertion of a different alkyne
into such ruthenacycle followed by reductive elimina-
tion would lead to the desired 1,4-diborylated benzene.
To verify this hypothesis, we attempted to carry out a
co-cyclotrimerization between 1 and simple alkynes
(1-octyne, 4-octyne and diphenylacetylene) using
Cp*Ru(cod)Cl[16] as the model catalyst. However, only
trace amounts of homotrimerization products of 1 were
detected in these reactions, strongly favoring 1,2,4-
isomer I over 1,3,5-isomer II (Scheme 1). We envi-
sioned that reactivity of the alkynes 2 may be increased
by the presence of metal-coordinating groups in their
structure. Gratifyingly, cyanoalkyne 2aa[17] gave the
desired 1,4-diborylated benzene 3aa in 39% isolated
yield.

This result prompted us to screen other commonly
used transition metal-based catalytic systems in the
same reaction, but the product was only formed with
Cp*Ru-type catalysts, among which Cp*Ru(cod)Cl
fared the best (for detailed optimization studies, please
see the Supporting Information, Tables S2–S8). The
yield was improved to 63% (60% isolated on prepara-
tive scale) by performing addition of the alkynes
dropwise and keeping their ratio close to stoichiomet-
ric.

Preparative examples of co-cyclotrimerization of 1
with 2 under optimized reaction conditions are shown
in Scheme 2. Propargyl ethers 2aa–2ca reacted with 1

to give the respective products 3aa–3ca in 43–60%
yields showing good functional group tolerance: nitrile
group of 2aa as well as bromine atom in 2ca stayed
untouched. The reactions with esters 2ea and 2fa
furnished 3ea and 3fa in 60% and 53% yields,
respectively. Interestingly, reversed placement of the
ester group in 2qa provided 3qa in only 36% yield.
The use of propargyl amide 2ma, however, exhibited
better result yielding 3ma in 68% yield, likely due to
increased interaction of the sulfonamide group with the
metal center. Increasing the spacer length between the
triple bond and the metal-coordinating group had little
effect on the reaction outcome. Thus, it was possible to
prepare homologs of 3oa and 3pa, as well as
diborylated arylethylamine 3ra and phenylalanine
derivative 3sa in reasonable yields of 59, 50, 46, and
41%, respectively. Similarly, alkynes bearing heteroa-
toms as a part of a tethered heteroaromatic ring 2na
and 3ta were reactive as well, affording diborylated
arenes 3na and 3 ta, albeit in lower yields (45% and
32%).

Next, we found that the reaction is sensitive to the
increased size of substituent R2 in the alkyne 2,
possibly due to steric hinderance caused by the bulky
Cp* ligand in the intermediate ruthenacycle. Thus,
substrates with n-propyl (2db), n-heptyl (2dc), and

Scheme 1. Initial attempts to perform cross-cyclotrimerization
between 1 and different alkynes.

Scheme 2. Ru-catalyzed co-cyclotrimerization of 1 with various
alkynes 2 into 1,4-diborylated benzenes 3.
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prenyl (2md) groups showed lower conversion into
the corresponding products 3db, 3dc, and 3md that
were obtained 28, 23, and 40% yields, respectively.

After demonstrating the scope of the reaction with
respect to alkynes 2, we attempted to involve various
alkynyl boronates in the reaction with 2aa. Thus,
phenylethynylboronic acid pinacol ester, ethynylbor-
onic acid MIDA ester (MIDA=N-methyliminodiacetic
acid) and 2-MOM-ethynylboronic acid pinacol ester
were found unreactive even at 80 °C. Absence of
homotrimerization products of 1 suggests that forma-
tion of ruthenacycle intermediate from 1 under the
employed reaction conditions is energetically unfavor-
able.

The fact that homotrimerization of 1 yields a
mixture of regioisomeric products I and II raised a
question whether the process of formation of 3 is
accompanied by formation of other cyclotrimerization
products. 1H NMR analysis of the crude reaction
mixtures (see Supporting Information for representa-
tive spectra) did not show presence of other products
in substantial amounts (<10%), except trimers I and
II. The amount of I and II was typically lower than
that of product 3, despite 3:1 molar ratio of 1 to 2 was
used in preparative experiments (addition order only
slightly shifts the product ratio). This allows to avoid
using large excess of a terminal alkyne that is typically
required to compensate for its unwanted
homotrimerization.[18]

In order to shed light on the course of the reaction
and the observed regioselectivity, we carried out DFT
calculations for the reaction between 1 and the acetate
2fa (as a representative of the alkyne partners that
gave one of the highest product yields) catalyzed by
Cp*Ru(cod)Cl.[19] The free energy pathway is depicted
in Figure 1. In the first step, the intermediate A is
formed, featuring the coordinated alkynes 1 and 2fa.
After that, the system evolves toward the ruthenacycle
B’ with the free energy gain of � 33.2 kcal ·mol� 1. In
contrast to the precedent related work,[19] computa-
tional analysis revealed that the chloride dissociation is
an essential step. This is a fundamental point, since the
chloride dissociation is estimated to be as large as
+22.3 kcalmol� 1 when two molecules of 1 is coordi-
nated to the metal (this pathway is presented in details
in SI). This value is lower in B’ (+13.4 kcalmol� 1)
due to the coordination of the peripheral oxygen of the
carboxylate substituent in the alkyne moiety to the
metal. The dissociation of the chloride ligand is
required for the coordination of the second molecule of
1 to C+ forming D+ with a free energy gain of
� 8.2 kcal ·mol� 1. Then, the reaction evolves trough
Transition State ETS

+ with a free energy barrier of
+11.2 kcal ·mol� 1 to give ruthenacycle E+ with a final
free energy gain of � 12.1 kcalmol� 1. The next step of
the catalytic cycle proceeds through another transition
state FTS

+ with a free energy barrier of

+6.1 kcalmol� 1 leading to the arene complex F+. Its
formation has been estimated to be exergonic by
� 60.3 kcalmol� 1. The following dismissal of 3fa
(with a free energy cost of +14.4 kcalmol� 1) frees
coordination sites that are immediately filled by the
chloride and the alkyne ligands, thus restoring the key
intermediate A. The total free energy gain for the
catalytic cycle in Figure 1 has been estimated to be as
large as � 68.7 kcalmol� 1.

With a number of diborylated cyclotrimerization
products in hand we explored their transformations
into other 1,2,3,4-tetrasubstituted arenes starting with
most widely used cross-coupling reactions. Thus,
twofold Suzuki-Miyaura coupling of 3ba with 4-
iodotoluene under typical conditions[20] yielded sub-
stituted terphenyl 4. Similarly, twofold Pd-catalyzed
carbonylation[21] of 3ba in MeOH furnished tereph-
thalic acid diester 5 in a 75% yield.

To access various gentisyl alcohols and quinones,
we studied first oxidation of 1,4-diborylated benzenes
3 by hydrogen peroxide under acidic and basic
conditions (Scheme 3). Oxidation under basic condi-
tions selectively afforded hydroquinone 6 in 83%
yield. Acidic peroxide treatment of benzoate 3ea led

Figure 1. Free energy pathway (kcalmol� 1) for the catalytic
formation of 3 fa.
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exclusively to quinone 7 in 72% yield. However,
cleavage of the benzoate group in thus obtained
compounds was found to be problematic, likely due to
prominent behavior of benzoate as a leaving group,
leading to degradation via formation of an ortho-
quinone methide (o-QM). In contrast, oxidation of silyl
ethers 3db and 3dc in the acidic conditions led
directly to quinones 8a and 8b in 72 and 64% isolated
yields. The former compound 8b is a natural quinone
identified in a high-throughput screening of Costa
Rican microbial sources.[22]

A subsequent reduction of these quinones 8b and
8c by sodium dithionite afforded natural bioactive
hydroquinones mirandamycin (9a)[22] and violaceoid C
(9b).[23] The latter was isolated from the culture broth
of Aspergillus violaceofuscus Gasperini.

Quinones are not the end point of oxidation of 3.
Treatment of 3ba and 3ca with an excess of H2O2 in
aqueous DMSO, followed by addition of K3PO4 led
exclusively to trans-diepoxides 10a and 10b in 17:1
dr and 45 and 47% yield, respectively. Crystallization
of 10b from cold hexane-MTBE yielded crystals
suitable for X-ray diffraction analysis that allowed to
unequivocally confirm their structure and relative
stereochemistry. Interestingly, when oxidation of 3ba

was carried out in MeCN 10a was obtained as 4/1
mixture of diastereoisomers in 49% yield.

Lastly, we anticipated that condensation of the
benzylic fragment with the adjacent Bpin group in 3ea
can be used to create the benzoxaborole ring junction,
which has recently started to gain increased interest in
medicinal and materials chemistry.[24] We were pleased
to find out that basic hydrolysis of 3ea can give
benzoxaborole 11 in 89% yield, leaving the distant
boryl group intact.

Intrigued by a possibility of o-QM generation from
3,[25] we performed a base-mediated peroxide oxidation
of 3ea at 25 °C in the presence of ethyl vinyl ether,
which is typically used to trap o-QMs in the oxa-Diels-
Alder reaction. To our delight, the cycloadduct 12 was
formed in 50% yield as a single product (Scheme 4).
This result prompted us to access the tricyclic skeleton
of natural product alboatrin,[26,27] isolated from the
fungus Verticillium alboatrum, using 3ea and commer-
cially available dihydrofuran 13. In the above con-
ditions, however, mainly decomposition was taking
place and only traces of product 14 were detected.
Nonetheless, using Baldwin’s method,[27] simple reflux
of the intermediate hydroquinone 6 with 13 in benzene
smoothly yielded alboatrin analog 14 in 57% yield.

In summary, we have developed a fully intermolec-
ular chemo- and regioselective Ru-catalyzed co-cyclo-
trimerization reaction allowing synthesis of 1,4-dibory-
lated benzenes from commercially available
ethynylboronic acid ester 1 and alkynes bearing
heteroatom-based functional groups. DFT calculations
shed light on the course of the reaction and origin of
its regioselectivity, indicating that formation of the key
intermediate ruthenacycle from alkynyl boronate 1 and
alkyne 2 is more energetically favorable than from two
molecules of 1. As in the well-established hydro-
boration-oxidation reaction, the borylated products can

Scheme 3. Transformations of 3ea, 3db, 3dc, 3ba, and 3ca. a)
Pd(PPh3)4 (5 mol%), Tol-I; KOH, THF/H2O, 50 °C; b) Pd(OAc)2
(10 mol%), PPh3 (20 mol%), p-benzoquinone, CO (1 atm),
MeOH, RT; c) H2O2, Na2CO3, MeCN/H2O, 0 °C; d) H2O2,
AcOH, RT; e) Na2S2O4, Et2O/H2O, 0 °C; f) NaOH, DMSO/H2O,
RT; g) H2O2, DMSO/H2O, RT, then K3PO4, RT.

Scheme 4. Conversion of 3ea into 12 and 6 into the alboatrin
analog 14.
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be oxidized by hydrogen peroxide. Depending on
reaction conditions, hydroquinones, benzoquinones
and benzoquinone diepoxides can be formed selec-
tively. Three natural bioactive small molecules were
prepared by this method in only 4 steps from the
products of cyclotrimerization. Besides that, the
obtained 1,4-diborylated benzenes can be used as
substrates for cross-coupling reactions, o-QM gener-
ation and construction of benzoxaborole skeleton.
These results bring a new paradigm in application of
“Bpin-acetylene” in organic synthesis as a building
block for preparation of different 1,2,3,4-tetrasubsti-
tuted benzenes and beyond.

Experimental Section
General procedure for the Ru-catalyzed [2+2+2] cyclo-
trimerization. To a solution of Cp*Ru(cod)Cl (0.05 mmol,
19 mg) in dry degassed DCE (4 mL) under Ar atmosphere was
added 2/3 of a solution of ethynyl-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (1) (1.5 mmol, 228 mg) in DCE (2 mL) in a
single portion at 25 °C and the mixture was stirred for 5 min.
Next, a solution of an alkyne (0.5 mmol) in DCE (2 mL) was
added dropwise in a course of 1 min. Finally, the remaining 1/3
of the 1 solution was added dropwise in the course of
30 minutes and the reaction mixture was left to stir at 25 °C for
24 h. Volatiles were removed under reduced pressure. Column
chromatography of the residue on silica gel (step-gradient
elution from 100/1 hexanes/EtOAc to 1/1 hexanes/EtOAc) gave
the corresponding product.

2-Methyl-3,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzyl benzoate (3ea). The title compound was prepared
according to the general procedure from 2ea (0.5 mmol,
87 mg). Column chromatography yielded 143 mg (60%) of the
title compound as a colorless solid. M.p. 114 °C. TLC Rf=0.50
(3/1 hexanes/EtOAc). 1H NMR (400 MHz, CDCl3): δ=8.02–
7.99 (m, 2H; Ar� H), 7.74 (d, 3JH,H=7.4 Hz, 1H; Ar� H), 7.65
(d, 3JH,H=7.4 Hz, 1H; Ar� H), 7.53–7.49 (m, 1H; Ar� H), 7.41–
7.36 (m, 2H; Ar� H), 5.70 (s, 2H; CH2), 2.63 (s, 3H; CH3), 1.35
(s, 12H; 4×CH3), 1.27 (s, 12H; 4×CH3). 13C NMR (101 MHz,
CDCl3): δ=166.7, 144.3, 139.0, 135.5, 132.7, 132.5, 130.8,
129.8 (2 C), 128.3 (2 C), 84.0 (2 C), 83.9 (2 C), 64.2, 25.0
(4 C), 24.9 (4 C), 18.3 (C� B carbon signals were not observed
due to quadrupolar relaxation). IR (KBr): v˜=3062, 2979,
2933, 1720, 1601, 1485, 1452, 1391, 1369, 1313, 1271, 1142,
1043, 1026, 860, 717 cm� 1. HRMS (APCI): m/z calcd for
C27H40O6NB2

+: 496.30363 [M+H]+; found: 496.30380.

Further complete experimental procedures, characterization of
compounds, copies of NMR spectra are in the SI section.

CCDC 2217082 and 2217083 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/structures.

Acknowledgements
This work was supported by the Czech Science Foundation
(grant No. 21-39639L) and the Grant Schemes at Charles
University (Reg. number: CZ.02.2.69/0.0/0.0/19_073/0016935).
The authors would like to thank Dr. Ivana Císařová for the
single crystal X-ray analysis.

References

[1] R. Ward, Selectivity in Organic Synthesis, Wiley 1999.
[2] For reviews, see: a) V. Palani, M. A. Perea, R. Sarpong,

Chem. Rev. 2022, 122, 10126; b) J. P. Norman, S. R.
Neufeldt, ACS Catal. 2022, 12, 12014.

[3] For reviews, see: a) J. Takaya, N. Iwasawa, ACS Catal.
2012, 2, 1993; b) L. Xu, S. Zhang, P. Li, in Boron
Reagents in Synthesis (Ed. A. Coca), ACS Symposium
Series 2016, Vol. 1236, Chpt. 13; 415; c) L. Xu, S.
Zhang, P. Li, Chem. Soc. Rev. 2015, 44, 8848; d) E.
Fernández, A. B. Cuenca, Org. React. 2021, 105, 267;
e) L. Xu, P. Li, Synlett 2014, 25, 1799.

[4] a) S. Kotha, K. Lahiri, Eur. J. Org. Chem. 2007, 1221;
b) G. Domínguez, J. Pérez-Castells, Chem. Soc. Rev.
2011, 40, 3430; c) D. L. J. Broere, E. Ruijter Synthesis
2012, 44, 2639; d) R. S. Doerksen, T. Hodík, G. Hu,
N. O. Huynh, W. G. Shuler, M. J. Krische, Chem. Rev.
2021, 121, 4045.

[5] P. Matton, S. Huelle, M. Haddad, P. Phansavath, V.
Ratovelomanana-Vidal, Synthesis 2022, 54, 4.

[6] For reviews, see: a) S. Saito, Y. Yamamoto, Chem. Rev.
2000, 100, 2901; b) S. Kotha, K. Lahiri, G. Sreevani,
Synlett 2018, 29, 2342; c) A. Roglans, A. Pla-Quintana,
M. Solà, Chem. Rev. 2021, 121, 1894; d) D. Kohrs, J.
Volkmann, H. A. Wegner, Chem. Commun. 2022, 58,
7483.

[7] For a review, see: a) B. R. Galan, T. Rovis, Angew.
Chem. Int. Ed. 2009, 48, 2830; For a review regarding
Rh-catalyzed reactions, see: b) Y. Shibata, K. Tanaka,
Synthesis 2012, 44, 323.

[8] Y. Komine, Y. Miyauchi, M. Kobayashi, K. Tanaka,
Synlett 2010, 20, 3092.

[9] A. Heya, T. Namba, J. Hara, Y. Shibata, K. Tanaka,
Tetrahedron Lett. 2015, 56, 4938.

[10] a) Y. Yamamoto, K. Hattori, H. Nishiyama, K. Itoh, J.
Am. Chem. Soc. 2006, 128, 8336; b) E. Bednářová, E.
Colacino, F. Lamaty, M. Kotora, Adv. Synth. Catal. 2016,
358, 1916; c) L. Iannazzo, N. Kotera, M. Malacria, C.
Aubert, V. Gandon, J. Organomet. Chem. 2011, 696,
3906.

[11] a) Y. Yamamoto, J. Ishii, H. Nishiyama, K. Itoh, J. Am.
Chem. Soc. 2004, 126, 3712; b) Y. Yamamoto, J. Ishii,
H. Nishiyama, K. Itoh, J. Am. Chem. Soc. 2005, 127,
9625; c) S. Melnes, A. Bayer, O. R. Gautun, Tetrahedron
2013, 69, 7910; d) V. Gandon, D. Leca, T. Aechtner,
K. P. C. Vollhardt, M. Malacria, C. Aubert, Org. Lett.
2004, 6, 3405.

COMMUNICATIONS asc.wiley-vch.de

Adv. Synth. Catal. 2023, 365, 965–970 © 2023 Wiley-VCH GmbH969

Wiley VCH Donnerstag, 06.04.2023

2307 / 284667 [S. 969/970] 1

 16154169, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adsc.202201337 by C

N
R

 G
roup, W

iley O
nline L

ibrary on [12/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.ccdc.cam.ac.uk/structures
https://doi.org/10.1021/acs.chemrev.1c00513
https://doi.org/10.1021/acscatal.2c03743
https://doi.org/10.1021/cs300320u
https://doi.org/10.1021/cs300320u
https://doi.org/10.1039/C5CS00338E
https://doi.org/10.1002/ejoc.200600519
https://doi.org/10.1039/c1cs15029d
https://doi.org/10.1039/c1cs15029d
https://doi.org/10.1021/acs.chemrev.0c01133
https://doi.org/10.1021/acs.chemrev.0c01133
https://doi.org/10.1021/cr990281x
https://doi.org/10.1021/cr990281x
https://doi.org/10.1021/acs.chemrev.0c00062
https://doi.org/10.1039/D2CC02289C
https://doi.org/10.1039/D2CC02289C
https://doi.org/10.1002/anie.200804651
https://doi.org/10.1002/anie.200804651
https://doi.org/10.1016/j.tetlet.2015.06.096
https://doi.org/10.1021/ja061619p
https://doi.org/10.1021/ja061619p
https://doi.org/10.1016/j.jorganchem.2011.08.041
https://doi.org/10.1016/j.jorganchem.2011.08.041
https://doi.org/10.1021/ja049673y
https://doi.org/10.1021/ja049673y
https://doi.org/10.1021/ja051377d
https://doi.org/10.1021/ja051377d
https://doi.org/10.1016/j.tet.2013.07.027
https://doi.org/10.1016/j.tet.2013.07.027
https://doi.org/10.1021/ol0485823
https://doi.org/10.1021/ol0485823
http://asc.wiley-vch.de


[12] J.-F. Tan, C. T. Bormann, F. G. Perrin, F. M. Chadwick,
K. Severin, N. Cramer, J. Am. Chem. Soc. 2019, 141,
10372.

[13] a) Y. Yamada, J. Mizutani, M. Kurihara, H. Nishihara, J.
Organomet. Chem. 2001, 637, 80; b) C. Ernst, O. Walter,
E. Dinjus, J. Organomet. Chem. 2001, 627, 249; c) C.
Ernst, O. Walter, E. Dinjus, S. Arzberger, H. Gçrls, J.
Prakt. Chem. 1999, 341, 801; d) C. Gemel, A. LaPensée,
K. Mauthner, K. Mereiter, R. Schmid, K. Kirchner,
Monatsh. Chem. 1997, 128, 1189; e) M. O. Albers,
D. J. A. de Waal, D. C. Liles, D. J. Robinson, E. Single-
ton, M. B. Wiege, J. Chem. Soc. Chem. Commun. 1986,
1680; f) J. Le Paih, F. Monnier, S. Dérien, P. H. Dixneuf,
E. Clot, O. Eisenstein, J. Am. Chem. Soc. 2003, 125,
11964.

[14] a) L. Zhang, H. H.-Y. Sung, I. D. Williams, Z. Lin, G.
Jia, Organometallics 2008, 27, 5122; b) B. Dutta,
B. F. E. Curchod, P. Campomanes, E. Solari, R. Scopelli-
ti, U. Rothlisberger, K. Severin, Chem. Eur. J. 2010, 16,
8400.

[15] For recent reviews on alkynyl boron compounds, see:
a) J. Jiao, Y. Nishihara, J. Organomet. Chem. 2012, 721–
722, 3; b) N. Ishida, M. Murakami, Reactions of
Alkynylboron Compounds. In: Fernández, E., Whiting,
A. (eds) Synthesis and Application of Organoboron
Compounds. Springer, Switzerland, Topics in Organo-
metallic Chemistry, 2015, 49, 93; c) Alkynyl- and
Allylboron Cross-Coupling Reactions. Cross Coupling
and Heck-Type Reactions 1, ed. G. A. Molander, Thieme,
Stuttgart, 2013, p. 1; d) S. Nandy, S. Paul, K. K. Das, P.
Kumar, D. Ghorai, S. Panda, Org. Biomol. Chem. 2021,
19, 7276.

[16] For a review on Cp*Ru(cod)Cl-catalyzed annulations,
see: Y. Yamamoto, Tetrahedron Lett. 2017, 58, 3787.

[17] Alkyne 2aa was used in our method for preparation of
halogenated pyridines. a) see ref. [9b]; b) B. Bednářová,

M. Dračínský, Š. Malatinec, I. Císařová, F. Lamaty, M.
Kotora, Adv. Synth. Catal. 2018, 360, 2869.

[18] a) K. Tanaka, Transition-Metal-Mediated Aromatic Ring
Construction, Wiley 2013; b) Y. Yamamoto, T. Arakawa,
R. Ogawa, K. Itoh, J. Am. Chem. Soc. 2003, 125, 12143;
c) L. Rycek, M. Mateus, N. Beytlerová, M. Kotora, Org.
Lett. 2021, 23, 4511; d) A.-L. Auvinet, M. Ez-Zoubir,
M. R. Vitale, J. A. Brown, V. Michelet, V. Ratoveloma-
nana-Vidal, ChemSusChem 2012, 5, 1888.

[19] K. Kirchner, M. J. Calhorda, R. Schmid, L. F. Veiros, J.
Am. Chem. Soc. 2003, 125, 11721.

[20] T. Tani, N. Takahashi, Y. Sawatsugawa, M. Osano, T.
Tsuchimoto, Adv. Synth. Catal. 2021, 363, 2427.

[21] Y. Yamamoto, Adv. Synth. Catal. 2010, 352, 478.
[22] P. Ymele-Leki, S. Cao, J. Sharp, K. G. Lambert, A. J.

McAdam, R. N. Husson, G. Tamayo, J. Clardy, P. I.
Watnick, PLoS One 2012, 7, e31307.

[23] Y. Myobatake, K. Takemoto, S. Kamisuki, N. Inoue, A.
Takasaki, T. Takeuchi, Y. Mizushina, F. Sugawara, J.
Nat. Prod. 2014, 77, 1236.

[24] For reviews on applications of benzoxaboroles, see:
a) A. Adamczyk-Woźniak, K. M. Borys, A. Sporzyński,
Chem. Rev. 2015, 115, 5224; b) C. T. Liu, J. W. Tomsho,
S. J. Benkovic, Bioorg. Med. Chem. 2014, 22, 4462.

[25] a) S. Cao, R. Christiansen, X. Peng, Chem. Eur. J. 2012,
18, 3850; b) S. Cao, R. Christiansen, X. Peng, Chem.
Eur. J. 2013, 19, 9050.

[26] a) A. Ichihara, M. Nonaka, S. Sakamura, R. Sato, A.
Tajimi, Chem. Lett. 1988, 17, 1; the correct stereo-
chemistry was reported in: b) S. R. Graham, J. A.
Murphy, A. R. Kennedy, J. Chem. Soc. Perkin Trans. 1
1999, 3071.

[27] R. Rodriguez, R. M. Adlington, J. E. Moses, A. Cowley,
J. E. Baldwin, Org. Lett. 2004, 6, 3617.

COMMUNICATIONS asc.wiley-vch.de

Adv. Synth. Catal. 2023, 365, 965–970 © 2023 Wiley-VCH GmbH970

Wiley VCH Donnerstag, 06.04.2023

2307 / 284667 [S. 970/970] 1

 16154169, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adsc.202201337 by C

N
R

 G
roup, W

iley O
nline L

ibrary on [12/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1021/jacs.9b04111
https://doi.org/10.1021/jacs.9b04111
https://doi.org/10.1016/S0022-328X(01)00921-4
https://doi.org/10.1016/S0022-328X(01)00921-4
https://doi.org/10.1016/S0022-328X(01)00757-4
https://doi.org/10.1002/(SICI)1521-3897(199911)341:8%3C801::AID-PRAC801%3E3.0.CO;2-M
https://doi.org/10.1002/(SICI)1521-3897(199911)341:8%3C801::AID-PRAC801%3E3.0.CO;2-M
https://doi.org/10.1007/BF00807250
https://doi.org/10.1039/C39860001680
https://doi.org/10.1039/C39860001680
https://doi.org/10.1021/ja0349554
https://doi.org/10.1021/ja0349554
https://doi.org/10.1021/om8002202
https://doi.org/10.1002/chem.201000855
https://doi.org/10.1002/chem.201000855
https://doi.org/10.1016/j.jorganchem.2012.05.027
https://doi.org/10.1016/j.jorganchem.2012.05.027
https://doi.org/10.1039/D1OB00465D
https://doi.org/10.1039/D1OB00465D
https://doi.org/10.1016/j.tetlet.2017.08.040
https://doi.org/10.1021/ja0358697
https://doi.org/10.1021/acs.orglett.1c00519
https://doi.org/10.1021/acs.orglett.1c00519
https://doi.org/10.1002/cssc.201200443
https://doi.org/10.1021/ja035137e
https://doi.org/10.1021/ja035137e
https://doi.org/10.1002/adsc.202001116
https://doi.org/10.1002/adsc.200900836
https://doi.org/10.1371/journal.pone.0031307
https://doi.org/10.1021/np401017g
https://doi.org/10.1021/np401017g
https://doi.org/10.1016/j.bmc.2014.04.065
https://doi.org/10.1002/chem.201200075
https://doi.org/10.1002/chem.201200075
https://doi.org/10.1002/chem.201300539
https://doi.org/10.1002/chem.201300539
https://doi.org/10.1039/a907032j
https://doi.org/10.1039/a907032j
https://doi.org/10.1021/ol048479d
http://asc.wiley-vch.de

