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Cobalt-catalyzed deoxygenative triborylation of
allylic ethers to access 1,1,3-triborylalkanes
Wei Jie Teo1,2, Xiaoxu Yang1,2, Yeng Yeng Poon1 & Shaozhong Ge 1✉

Polyborylated organic compounds have been emerging as versatile building blocks in che-

mical synthesis. Here we report a selective cobalt-catalyzed deoxygenative 1,1,3-triborylation

reaction of allylic ethers with pinacolborane to prepare 1,1,3-triborylalkane compounds. With

naturally abundant and/or synthetic cinnamic methyl ethers as starting materials, we have

achieved the synthesis of a variety of 1,1,3-triborylalkanes (25 examples). The synthetic utility

of these 1,1,3-triborylalkanes is demonstrated through site-selective allylation, proto-

deborylation, and consecutive carbon-carbon bond-forming reactions. Mechanistic studies

including deuterium-labeling and control experiments suggest that this 1,1,3-triborylation

reaction proceeds through initial cobalt-catalyzed deoxygenative borylation of allylic ethers to

form allylic boronates followed by cobalt-catalyzed 1,1-diborylation of the resulting allylic

boronates.

https://doi.org/10.1038/s41467-020-19039-7 OPEN

1 Department of Chemistry, National University of Singapore, 3 Science Drive 3, 117543 Singapore, Singapore. 2These authors contributed equally: Wei Jie
Teo, Xiaoxu Yang. ✉email: chmgsh@nus.edu.sg

NATURE COMMUNICATIONS |         (2020) 11:5193 | https://doi.org/10.1038/s41467-020-19039-7 | www.nature.com/naturecommunications 1

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-020-19039-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-020-19039-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-020-19039-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-020-19039-7&domain=pdf
http://orcid.org/0000-0003-1045-1940
http://orcid.org/0000-0003-1045-1940
http://orcid.org/0000-0003-1045-1940
http://orcid.org/0000-0003-1045-1940
http://orcid.org/0000-0003-1045-1940
mailto:chmgsh@nus.edu.sg
www.nature.com/naturecommunications
www.nature.com/naturecommunications


Organoboron compounds are important reactive inter-
mediates in chemical synthesis because of their high
stability, low toxicity, and versatile reactivity in numerous

carbon–carbon or carbon–heteroatom bond-forming reactions1.
Compared with monoboronate compounds that are widely
employed in Suzuki-Miyaura cross-coupling reactions2, the
synthesis and synthetic potential of polyboron compounds have
remained much less explored. gem-Diborylalkanes have recently
been emerging as useful reagents for various C–C bond-forming
reactions, which in turn has stimulated various methods for their
synthesis3–5. As another important family of polyboron com-
pounds, triborylalkanes have yet to receive equal attention in
organic synthesis principally because straightforward synthetic
approaches to prepare them are limited. For example, 1,1,1-tri-
borylalkanes, prepared by the borylation of activated C–H bonds6

including the benzylic7,8 and homobenzylic9 C–H bonds or the
borylation/hydroboration of alkenes10–12 and alkynes13,14, can
form stabilized gem-diboryl carbanions through base-induced
deborylation under milder basic conditions (Fig. 1a)8. These
1,1,1-triborylalkanes can undergo deborylative Boron–Wittig
olefination, alkylation, and conjugated addition reactions8,11,15.
1,1,2-Triborylalkanes, typically synthesized by multi-borylation of
alkenes16,17, alkynes18 and carbonyl groups19, can generate α-
boryl carbanions stabilized by five-membered internal chelation
through base-induced deborylation of an adjacent boryl group in
the gem-diborylalkane unit (Fig. 1a)20, and can subsequently
undergo diastereoselective alkylation reactions16. In this regard,
we consider that 1,1,3-triborylalkanes can also generate α-boryl
carbanions stabilized by six-membered internal chelation
(Fig. 1a) and can have similar or even greater synthetic potential
as they may undergo sequential C–C bond-forming reactions to
allow the installation of three new C–C bonds. However, general

approaches to synthesize such 1,1,3-triborylalkanes are lacking
and their synthetic utility has remained to be explored.

β-X (X= heteroatoms) elimination from alkylmetal species is
involved in numerous transition metal-catalyzed organic trans-
formations21–27 and this classic elementary reaction of organo-
metallic species can produce functionalized alkenes (Fig. 1b),
which may undergo further transformations in a tandem
manner17,28–31. For example, copper-catalyzed allylic borylation of
allylic electrophiles is a well-developed method to prepare allylic
boronates and mechanistic studies suggest that these allylic bor-
ylation reactions proceed with copper-boron intermediates as
boron nucleophiles32. However, boryl-containing alkenes gener-
ated in these allylic borylation reactions do not undergo further
borylation to form polyboron compounds under the conditions
identified for copper-catalyzed allylic borylation reactions.
Recently, catalytic 1,1-diborylation of alkenes has been developed
into a straightforward approach to access synthetically versatile
gem-diborylalkanes with nickel, cobalt, or zirconium catalysts33–36.
These metal-catalyzed 1,1-diborylation reactions occurs through
metal-boryl intermediates and migratory insertion of alkenes into
such metal-boryl species is the key step to achieve this dibor-
ylation transformation. To develop a general approach to access
1,1,3-triborylalkane compounds, we envisioned that metal-
catalyzed 1,1-diborylation of branched allylic boronates that are
generated in situ via catalytic allylic borylation of allylic electro-
philes could afford 1,1,3-triborylalkane products, provided that
one transition metal compound can effectively catalyze both 1,1-
diborylation and allylic borylation reactions under identical
reaction conditions.

Allylic alcohol derivatives, such as allyl carbonates, acetates, and
phosphates, have been extensively employed as electrophiles for
catalytic carbon–carbon and carbon–heteroatom bond-forming
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reactions37. Compared with these commonly used allylic sub-
strates, allyl ethers are considered less reactive and have been
explored much less for catalytic organic reactions whereas they are
readily accessible, cheap, and easy to handle. Recently, we have
reported cobalt-catalyzed 1,1-diborylation of terminal alkenes in
the presence of a hydrogen acceptor, and mechanistic studies
suggest the competence of a Co-Bpin intermediate33. Con-
ceptually, applying this cobalt-boron chemistry to functionalize
allylic ethers, which can be derived from naturally abundant
cinnamic acid and aldehyde compounds, here we developed a
cobalt-catalyzed deoxygenative triborylation reaction of allylic
ethers to prepare 1,1,3-triborylalkanes (Fig. 1c). Migratory inser-
tion of allylic ether into a Co-Bpin species forms an alkylcobalt
species containing a β-alkoxy group, and this alkylcobalt species
can undergo facile β-alkoxy elimination to produce a branched
allyl boronate due to the relatively high oxophilicity of cobalt38,39.
Subsequent 1,1-diborylation of the resulting allyl boronate in the
presence of the same cobalt catalyst can afford the desired 1,1,3-
triborylalkane product.

Results
Evaluation of reaction conditions. To initiate the study on this
cobalt-catalyzed deoxygenative triborylation reaction, we chose
the reaction of allylic compounds (2a–5), derived from naturally
abundant cinnamyl alcohol (1), with pinacolborane (HBpin) to
identify reaction conditions that favor the formation of 1,1,3-
triborylalkane product. The cobalt catalyst employed in this study
was generated from bench-stable Co(acac)3 and xantphos and

activated in situ by the reaction with HBpin. These experiments
were conducted with allylic substrates as limiting reagents with
six equivalents of HBpin in the presence of 5 mol% cobalt catalyst
and five equivalents of norbonene (nbe) as a hydrogen acceptor in
cyclohexane at 100 °C. The results of selected examples of these
experiments are summarized in Table 1. In general, this reaction
produces several organoboron compounds, such as mono-
borylalkane 6, 1,3-diborylalkane 7a, 1,1-diborylalkane 7b, 1,1,3-
triborylalkane 8a, and 1,1,2-triborylalkane 8a′.

Cinnamyl alcohol 1 reacted to afford a mixture of diborylalk-
anes (7a and 7b) and 1,1,3-triborylalkane (8a) as a major product
(entry 1 in Table 1). Subsequently, we tested several cinnamyl
alcohol derivatives (2a–5) containing various leaving groups for
this deoxygenative triborylation reaction (entries 2–5 in Table 1).
The reaction conducted with cinnamyl methyl ether 2a occurred
to full conversion and the desired product 1,1,3-triborylalkane
(8a) was formed in 70% GC yield (entry 2 in Table 1). Benzoate 3
and phosphate 4 of cinnamyl alcohol did not react with HBpin
under identified conditions (entries 3 and 4 in Table 1). Silyl ether
5 of cinnamyl alcohol also reacted to give 1,1,3-triborylalkane 8a
as the major product (entry 5 in Table 1). We also tested various
temperatures for the reaction of methyl ether 2a (entries 2 and 6–
8 in Table 1) and found that the reaction at 100 °C produced 8a
with a high selectivity. In addition, we found that concentrations
of 2a also had noticeable influence on the selectivity of this
deoxygenative triborylation and reactions run with more
concentrated (0.1 M or 1.0 M) solutions of 2a yielded the target
product 8a in lower yields (entries 9 and 10 in Table 1).
Furthermore, this cobalt-catalyzed deoxygenative triborylation of

Table 1 Evaluation of conditions for the cobalt-catalyzed triborylationa.
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cyclohexane, temp., 2 h

O

Me Me

PPh2 PPh2
xantphos

Entry R Concentration Temperature (°C) Conversion (%) Ratio of 6:7a : 7b: 8a: 8a′ Yield of 8a (%)

1 −H (1) 0.03M 100 >99 –:21:18:61:– 56
2 −CH3 (2a) 0.03M 100 >99 9:5:3:80:3 70
3 −C(O)Ph (3) 0.03M 100 <5 – : – : – : – : – –
4 −P(O)(OEt)2 (4) 0.03M 100 <5 – : – : – : – : – –
5 −Si(tBu)Me2 (5) 0.03M 100 >99 14 : 6 : 5 : 71 : 4 53
6 −CH3 (2a) 0.03M rt <5 – : – : – : – : – –
7 −CH3 (2a) 0.03M 50 <5 – : – : – : – : – –
8 −CH3 (2a) 0.03M 80 >99 11 : 5 : 3 : 75 : 6 60
9 −CH3 (2a) 0.1 M 100 >99 11 : 11 : 5 : 67 : 7 64
10 −CH3 (2a) 1.0M 100 >99 13 : 20 : 8 : 52 : 6 49
11b −CH3 (2a) 0.03M 100 >99 85 : 5 : 5 : 5 : – –
12c −CH3 (2a) 0.03M 100 >99 11 : 5 : 4 : 75 : 5 61
13d −CH3 (2a) 0.03M 100 >99 28 : 18 : 10 : 44 : – 38
14e −CH3 (2a) 0.03M 100 >99 14 : 13 : 8 : 62 : 1 55

Reaction conditions:
aCo(acac)3 (15.0 μmol), xantphos (15.0 μmol), allylic substrates (0.300mmol), HBpin (1.80mmol), nbe (1.50mmol), cyclohexane (10 mL), 100 °C, 2 h, conversion, product ratio, and GC yield were
determined by GC analysis with 1,3,5-trimethoxybenzene as the internal standard.
bNo nbe.
cnbe (0.900mmol).
dHBpin (0.900mmol).
eHBpin (1.350mmol).
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cinnamyl methyl ether 2a did not occur in the absence of
norbornene, and the reaction afforded monoborylalkane 6 as a
major product with a high selectivity (>85%), together with trace
amounts (<5%) of triborylalkane products (entry 11 in Table 1).
Monoborylalkane 6 did not undergo further reactions with
HBpin to yield 1,1,3-triborylalkane 8a in the presence of
norbornene and the cobalt catalyst. Diminished selectivity and
yields of 8a were obtained when the reactions were conducted
with fewer equivalents of norbornene (entry 12 in Table 1) or
with fewer equivalents of HBpin (entries 13 and 14 in Table 1).

With the identified conditions (entry 2 in Table 1) for the
synthesis of 1,1,3-triborylalkanes, we explored the scope of
cinnamic methyl ethers for this cobalt-catalyzed deoxygenative
triborylation, and the results are shown in Fig. 2. In general, a
variety of aryl-substituted (E)-allyl or (E,Z)-allyl methyl ethers

reacted with HBpin in the presence of norbornene to afford the
corresponding 1,1,3-triborylalkanes (8a–8u) in moderate to good
isolated yield and high regioselectivity, and the stereochemistry of
allyl ether starting materials is inconsequential to the outcome of
these reactions. The structure of triborylalkane 8g was confirmed
by single crystal X-ray analysis. 1,1,3-Triborylalkane products
could be purified by column chromatography on silica, however,
their instability on silica columns significantly lowered their
isolated yields.

The data in Fig. 2 showed that both the steric and electronic
properties of the aryl substituents in allyl ethers had significant
influence on the isolated yields of 1,1,3-triborylalkane products.
For example, steric bulkiness at the para-position of aryl groups
(8a–8c) did not have a noticeable influence on the isolated yields,
but increasing the steric hindrance at the ortho-position of aryl
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groups (8n and 8o) decreased the isolated yields. In addition, the
substrates containing electron-rich aryl groups (8r–8u) reacted to
provide the desired products in higher isolated yields than the
substrates containing electron-deficient aryl groups (8i and 8l).
More interestingly, allyl ethers derived from pulp waste lignin
components, p-coumaryl (8r), coniferyl (8s and 8t), and sinapyl
(8u) monolignols also underwent this cobalt-catalyzed deoxy-
genative triborylation to produce the corresponding 1,1,3-
triborylalkanes in good isolated yields. Aliphatic allylic methyl
ethers reacted under identified conditions to give a complex
mixture of mono-, di-, and triborylalkane products with the
corresponding regioisomers. In addition, allyl methyl ethers with
aryl substituents on the 2-position also underwent this cobalt-
catalyzed reaction to afford desired 1,1,3-triborylalkane products
(8v–8y), albeit in modest isolated yields.

Synthetic utility. To highlight the reliability of this deoxygenative
triborylation, we tested this protocol with complex substrate 9, a
cholesterol derived allylic ether, and this reaction provided the
desired 1,1,3-triborylalkane 10 in a modest yield (Fig. 3a). We
also showed that triborylalkane 8a underwent several further
transformations. For example, allylation of 8a with 3-bromo-2-
methyl-prop-1-ene in the presence of a non-nucleophilic base
LiTMP (TMP= tetramethylpiperidide) to afford a new 1,1,3-tri-
borylalkane 11 in good isolated yield40, and compound 11 could
undergo stepwise protodeborylation reactions to yield dibor-
ylalkane 12 and monoborylalkane 13 in synthetically useful yields
(Fig. 3b). In addition, we also demonstrated that three new C–C
bonds could be sequentially constructed by selective conversion
of three C–B bonds of 1,1,3-triborylalkanes. For example, allyla-
tion of 8a with 3-bromo-2-methyl-prop-1-ene followed by pro-
todeborylation in the presence of NaOtBu as a base and MeOH as
a proton source afforded 1,3-diborylalkane 14 in 55% isolated
yield (Fig. 3c). The relative stereochemistry of 14 was assigned
anti by oxidizing 14 to a 1,3-diol and comparing the

stereochemistry of the 1,3-diol with the reported data (see Sup-
plementary Fig. 7 for a plausible explanation of this obtained
diastereoselectivity)41. The benzylic boronate in 14 selectively
underwent palladium-catalyzed cross-coupling with 4-
iodoanisole to afford alkylboronate 15, which could further
react with 2-thienyllithium to produce compound 16 in high
isolated yield (Fig. 3c)42.

Mechanistic considerations. First, we conducted deuterium-
labeling studies to get some preliminary understanding of this
cobalt-catalyzed deoxygenative triborylation. To find out whether
this transformation proceeds through β-O elimination pathway
or allylic substitution via π-allyl metal species, we tested this
deoxygenative triborylation reaction with 2a-D under standard
conditions (Fig. 4a). One would expect a scrambling of deuterium
across the allyl carbons in presences of π-allyl metal
intermediates43,44. The absence of deuterium on the benzylic
carbon in 8a-D suggests that the reaction proceed through a β-O
elimination pathway instead of an allylic substitution pathway.
We also conducted 1,1,3-triborylation of 1a with DBpin in the
presence of norbornene under standard conditions, and found
that deuterium atoms were incorporated onto all three non-
aromatic carbons in substrate 2a (Fig. 4b). This observed deu-
terium incorporation can be explained by reversible insertion β-H
elimination via a Co-H intermediate. In addition, gas
chromatography-mass spectrometry analysis on the crude reac-
tion mixture also revealed the incorporation of deuterium into
norbornane molecules.

Based on the results of these deuterium-labeling experiments
and the precedent of cobalt-catalyzed hydroboration or boryla-
tion reactions7,10,11, we proposed plausible catalytic pathways for
this cobalt-catalyzed deoxygenative triborylation of allylic ethers.
This reaction proceeds through two collaborative catalytic cycles,
namely deoxygenative borylation cycle and gem-diborylation
cycle (Fig. 4c). In the deoxygenative borylation cycle, activation of
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Co(acac)3 by HBpin in the presence of xantphos generates a
cobalt hydride species (L)Co-H (I), which is subsequently
converted to a cobalt-boryl species (L)Co-Bpin (II) in the
presence of norbornene as a hydrogen acceptor. During this
conversion, norbornene is hydrogenated to norbornane. Migra-
tory insertion of cinnamyl methyl ether 2a into (L)Co-Bpin (II)
forms an alkylcobalt intermediate (III), which undergoes β-OMe
elimination to form an allyl boronate 17 and a methoxycobalt
species (L)Co-OMe (IV). This methoxycobalt intermediate then
reacts with HBpin to regenerate the cobalt hydride (L)Co-H (I)
and release a tris(alkoxy)borate MeOBpin (V), which can be
detected by 11B NMR spectroscopic analysis with a resonance
signal at 22.3 ppm. The gem-diborylation cycle also starts with the
conversion of (L)Co-H (I) to (L)Co-Bpin (II) in the presence of
norbornene as a hydrogen acceptor. Allyl boronate 17 undergoes
migratory insertion into (L)Co-Bpin (II) generates an alkylcobalt
species VI, which then isomerizes to a new alkylcobalt species VII
via β-H elimination followed by reversible migratory insertion.
The alkylcobalt intermediate VII subsequently reacts with HBpin
to release 1,1,3-triborylalkane 8a and regenerate the catalytically
active (L)Co-H (I). The alkylcobalt species VII contains an α-
boryl alkyl group and is thermodynamically stable, which may be
caused by the interaction of the d-electrons of Co(I) species with
the empty p-orbital on boron. Similar boron-directed isomeriza-
tion of metal alkyl species was observed previously for other
metal-catalyzed chain-walking functionalization of boryl-
containing alkenes45–47.

As shown in Fig. 4c, allyl boronate 17 and vinyl boronate 18
are key intermediates for this cobalt-catalyzed deoxygenative
borylation. To support their intermediacy, we then prepared allyl
boronate 17 independently and subjected it to the standard
reaction conditions, and found that compound 17 was indeed
converted to the desired 1,1,3-triborylalkane product with a
selectivity of 76% (Fig. 5a). We also attempted to prepare vinyl
boronate 18, but all the synthetic approaches we have employed
did not lead to the formation of compound 18. Alternatively, we

synthesized vinyl boronate 19, which has a structure similar to
vinyl boronate 18, and tested it for this cobalt-catalyzed
transformation (Fig. 5b, c). The reaction of vinyl boronate 19
with excess of HBpin in the presence of norbornene as a
hydrogen acceptor yielded gem-diborylalkane 20 and and 1,1,1-
triborylalkane 21 with similar isolated yields (Fig. 5b). However,
the corresponding reaction of 19 with HBpin in the absence of
norbornene produced only gem-diborylalkane 20 in 65% isolated
yield (Fig. 5c). The results of these two experiments suggest that
the isomerization of alkylcobalt species VI to VII, as shown in
Fig. 4c, likely proceeds through β-H elimination to form vinyl
boronate 18 followed by re-insertion of 18 into cobalt hydride
species (L)Co-H.

In summary, we have developed an effective protocol for the
facile synthesis of 1,1,3-triborylalkanes by cobalt-catalyzed
deoxygenative 1,1,3-triborylation of allylic methyl ethers with
HBpin. A variety of allylic ethers reacted with HBpin in the
presence of norbornene as a hydrogen acceptor to afford
synthetically versatile, otherwise challenging to prepare, 1,1,3-
triborylalkanes in modest to good isolated yields with high
chemo- and regioselectivity. The cobalt catalyst for this
deoxygenative triborylation reaction was generated in situ from
readily available and bench-stable Co(acac)3 and xantphos and
activated by the reaction with HBpin. Mechanistic studies suggest
that this 1,1,3-triborylation reaction proceeds through initial
cobalt-catalyzed deoxygenative borylation of allylic ethers to form
allyl boronates followed by cobalt-catalyzed gem-diborylation of
the resulting allyl boronates.

Methods
General procedure for dehydrogenative triborylation of allylic ethers. In an
Argon-filled glovebox, a 20 mL screw-capped vial was charged with Co(acac)3
(5.3 mg, 15.0 µmol), xantphos (8.7 mg, 15.0 µmol), norbornene (141 mg, 1.50
mmol), allyl methyl ether (0.300 mmol), cyclohexane (10 mL), and a magnetic
stirring bar. The solution was stirred and HBpin (261 µL, 1.80 mmol) was added to
the vial. The vial was then sealed with a cap containing a PTFE (polytetra-
fluoroethylene) septum and removed from the glovebox. The mixture was allowed
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to react at 100 °C for 2 h. Subsequently, the solvent was removed under reduced
pressure and the residue was purified by flash chromatography on silica (column I.
D. 13.4 mm, eluent: hexane/ethyl acetate) to afford the corresponding 1,1,3-tri-
borylalkane products. See the Supplementary Information for detailed experi-
mental procedures and the characterization data of all the products.

Data availability
The X-ray crystallographic data for compound 8g reported in this study have been
deposited at the Cambridge Crystallographic Data Centre (CCDC) under deposition
number CCDC-2027345. These data can be obtained free of charge from CCDC via
www.ccdc.cam.ac.uk/data_request/cif. The authors declare that all other data supporting
the findings of this study are available within the article and Supplementary Information
files, and also are available from the corresponding author upon reasonable request.

Received: 7 July 2020; Accepted: 22 September 2020;

References
1. Fernández, E. & Whiting, A. Synthesis and Application of Organoboron

Compounds (Springer, 2015).
2. Lennox, A. J. J. & Lloyd-Jones, G. C. Selection of boron reagents for

Suzuki–Miyaura coupling. Chem. Soc. Rev. 43, 412–443 (2014).
3. Wu, C. & Wang, J. Geminal bis(boron) compounds: their preparation and

synthetic applications. Tetrahedron Lett. 59, 2128–2140 (2018).
4. Miralles, N., Maza Ricardo, J. & Fernández, E. Synthesis and reactivity of 1,1‐

diborylalkanes towards C–C bond formation and related mechanisms. Adv.
Synth. Catal. 360, 1306–1327 (2017).

5. Nallagonda, R., Padala, K. & Masarwa, A. gem-Diborylalkanes: recent
advances in their preparation, transformation and application. Org. Biomol.
Chem. 16, 1050–1064 (2018).

6. Yamamoto, T., Ishibashi, A. & Suginome, M. Boryl-directed, Ir-catalyzed C
(sp3)–H borylation of alkylboronic acids leading to site-selective synthesis of
polyborylalkanes. Org. Lett. 21, 6235–6240 (2019).

7. Palmer, W. N., Obligacion, J. V., Pappas, I. & Chirik, P. J. Cobalt-catalyzed
benzylic borylation: enabling polyborylation and functionalization of remote,
unactivated C(sp3)–H bonds. J. Am. Chem. Soc. 138, 766–769 (2016).

8. Palmer, W. N., Zarate, C. & Chirik, P. J. Benzyltriboronates: building blocks
for diastereoselective carbon–carbon bond formation. J. Am. Chem. Soc. 139,
2589–2592 (2017).

9. Mita, T., Ikeda, Y., Michigami, K. & Sato, Y. Iridium-catalyzed triple C
(sp3)–H borylations: construction of triborylated sp3-carbon centers. Chem.
Commun. 49, 5601–5603 (2013).

10. Krautwald, S., Bezdek, M. J. & Chirik, P. J. Cobalt-catalyzed 1,1-diboration of
terminal alkynes: scope, mechanism, and synthetic applications. J. Am. Chem.
Soc. 139, 3868–3875 (2017).

11. Zhang, L. & Huang, Z. Synthesis of 1,1,1-Tris(boronates) from vinylarenes by
co-catalyzed dehydrogenative borylations–hydroboration. J. Am. Chem. Soc.
137, 15600–15603 (2015).

12. Gu, Y., Pritzkow, H. & Siebert, W. Synthesis and reactivity of
monoborylacetylene derivatives. Eur. J. Inorg. Chem. 2001, 373–379 (2001).

13. Liu, X., Ming, W., Zhang, Y., Friedrich, A. & Marder, T. B. Copper-catalyzed
triboration: straightforward, atom-economical synthesis of 1,1,1-triborylalkanes
from terminal alkynes and HBpin. Angew. Chem. Int. Ed. 58, 18923–18927 (2019).

14. Bluhm, M. et al. Synthesis of tetraborylethenes and 1,1,1′,1′-Tetra- and
hexaborylethanes; electronic interactions in tetraborylethenes and 1,1,1′,1′-
Tetraborylethanes, and HF-SCF calculations. Eur. J. Inorg. Chem. 1999,
1693–1700 (1999).

15. Lee, B. & Chirik, P. J. Ketone synthesis from benzyldiboronates and esters:
leveraging α-boryl carbanions for carbon–carbon bond formation. J. Am.
Chem. Soc. 142, 2429–2437 (2020).

16. Coombs, J. R., Zhang, L. & Morken, J. P. Enantiomerically enriched Tris
(boronates): readily accessible conjunctive reagents for asymmetric synthesis.
J. Am. Chem. Soc. 136, 16140–16143 (2014).

17. Hu, J., Zhao, Y. & Shi, Z. Highly tunable multi-borylation of gem-
difluoroalkenes via copper catalysis. Nat. Catal. 1, 860–869 (2018).

18. Gao, G., Yan, J., Yang, K., Chen, F. & Song, Q. Base-controlled highly selective
synthesis of alkyl 1,2-bis(boronates) or 1,1,2-tris(boronates) from terminal
alkynes. Green. Chem. 19, 3997–4001 (2017).

19. Li, J., Wang, H., Qiu, Z., Huang, C.-Y. & Li, C.-J. Metal-free direct
deoxygenative borylation of aldehydes and ketones. J. Am. Chem. Soc. 142,
13011–13020 (2020).

20. Mlynarski, S. N., Schuster, C. H. & Morken, J. P. Asymmetric synthesis from
terminal alkenes by cascades of diboration and cross-coupling. Nature 505,
386 (2013).

21. Zhao, H., Ariafard, A. & Lin, Z. β-Heteroatom versus β-hydrogen elimination:
a theoretical study. Organometallics 25, 812–819 (2006).

22. Matt, C., Kölblin, F. & Streuff, J. Reductive C–O, C–N, and C–S cleavage by a
zirconium catalyzed hydrometalation/β-elimination approach. Org. Lett. 21,
6983–6988 (2019).

23. Woolley, M. et al. Decarboxylative-coupling of allyl acetate catalyzed by group
10 organometallics, [(phen)M(CH3)]+. J. Org. Chem. 79, 12056–12069 (2014).

24. Ma, E. et al. Salicylate-directed C–O bond cleavage: iron-catalyzed allylic
substitution with Grignard reagents. Asian J. Org. Chem. 7, 914–917 (2018).

25. Fujita, T., Fuchibe, K. & Ichikawa, J. Transition-metal-mediated and
-catalyzed C−F bond activation by fluorine elimination. Angew. Chem. Int.
Ed. 58, 390–402 (2019).

26. Le Bras, J. & Muzart, J. β-Elimination competitions leading to CC bonds from
alkylpalladium intermediates. Tetrahedron 68, 10065–10113 (2012).

27. Zhou, L., Liu, Y., Zhang, Y. & Wang, J. Pd-catalyzed coupling of β-hydroxy α-
diazocarbonyl compounds with aryl iodides: a migratory insertion/β-hydroxy
elimination sequence. Chem. Commun. 47, 3622–3624 (2011).

28. Zhu, S., Niljianskul, N. & Buchwald, S. L. A direct approach to amines with
remote stereocentres by enantioselective CuH-catalysed reductive relay
hydroamination. Nat. Chem. 8, 144 (2016).

29. Tran, V. T., Gurak, J. A., Yang, K. S. & Engle, K. M. Activation of diverse
carbon–heteroatom and carbon–carbon bonds via palladium(ii)-catalysed β-X
elimination. Nat. Chem. 10, 1126–1133 (2018).

30. Ito, H., Kawakami, C. & Sawamura, M. Copper-catalyzed γ-selective and
stereospecific substitution reaction of allylic carbonates with diboron: efficient
route to chiral allylboron compounds. J. Am. Chem. Soc. 127, 16034–16035
(2005).

31. Ito, H., Ito, S., Sasaki, Y., Matsuura, K. & Sawamura, M. Copper-catalyzed
enantioselective substitution of allylic carbonates with diboron: an efficient

Bpin

+   HBpin

(4 equiv)

Co(acac)3 (5 mol %)
xantphos (5 mol %)
norbornene (5 equiv)

CyH, 100 °C, 2 h

Bpin

Bpin

Bpin

Bpin

Bpin

full conversion of 17; Product ratio: 7a:8a = 24:76

7a 8a

+

Me

+   HBpin

(4 equiv)

Co(acac)3 (5 mol %)
xantphos (5 mol %)

norbornene (5 equiv)

CyH, 100 °C, 2 h

CyH, 100 °C, 2 h

Me

Bpin

Bpin

20: 15% isolated yeild

20

Bpin

Me

Bpin

Bpin

21: 20% isolated yeild

21

+

Bpin

17

19

Me

+   HBpin

(4 equiv)

Co(acac)3 (5 mol %)
xantphos (5 mol %)

Me

Bpin

Bpin

20: 65% isolated yeild

20

Bpin

Me

Bpin

Bpin

21: not detected by GC-MS

21

+

Bpin

19

a

b

c

Fig. 5 Control experiments to confirm possible reaction intermediates. a gem-diborylation reaction of 17 with HBpin under standard reaction conditions. b
The reaction of 19 with HBpin in the presence of norbornene as a hydrogen acceptor. c The reaction of 19 with HBpin in the absence of norbornene.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-19039-7 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:5193 | https://doi.org/10.1038/s41467-020-19039-7 | www.nature.com/naturecommunications 7

http://www.ccdc.cam.ac.uk/data_request/cif
www.nature.com/naturecommunications
www.nature.com/naturecommunications


route to optically active α-chiral allylboronates. J. Am. Chem. Soc. 129,
14856–14857 (2007).

32. Yoshida, H., Murashige, Y. & Osaka, I. Copper-catalyzed b(dan)-installing
allylic borylation of allylic phosphates. Adv. Synth. Catal. 361, 2286–2290
(2019).

33. Teo, W. J. & Ge, S. Cobalt-catalyzed diborylation of 1,1-disubstituted
vinylarenes: a practical route to branched gem-Bis(boryl)alkanes. Angew.
Chem. Int. Ed. 57, 1654–1658 (2018).

34. Teo, W. J. & Ge, S. Cobalt-catalyzed enantioselective synthesis of chiral gem-
Bis(boryl)alkanes. Angew. Chem. Int. Ed. 57, 12935–12939 (2018).

35. Li, L., Gong, T., Lu, X., Xiao, B. & Fu, Y. Nickel-catalyzed synthesis of 1,1-
diborylalkanes from terminal alkenes. Nat. Commun. 8, 345 (2017).

36. Wang, X. et al. Zirconium-catalyzed atom-economical synthesis of 1,1-
diborylalkanes from terminal and internal alkenes. Angew. Chem. Int. Ed. 59,
13608–13612 (2020).

37. Butt, N. A. & Zhang, W. Transition metal-catalyzed allylic substitution
reactions with unactivated allylic substrates. Chem. Soc. Rev. 44, 7929–7967
(2015).

38. Kepp, K. P. A quantitative scale of oxophilicity and thiophilicity. Inorg. Chem.
55, 9461–9470 (2016).

39. Gao, K. et al. Cobalt-catalyzed reductive C–O bond cleavage of lignin β-O-4
ketone models via in situ generation of the cobalt–boryl species. Org. Lett. 22,
6055–6060 (2020).

40. Hong, K., Liu, X. & Morken, J. P. Simple access to elusive α-boryl carbanions
and their alkylation: an Umpolung Construction for Organic Synthesis. J. Am.
Chem. Soc. 136, 10581–10584 (2014).

41. Murray, S. A., Liang, M. Z. & Meek, S. J. Stereoselective tandem bis-electrophile
couplings of diborylmethane. J. Am. Chem. Soc. 139, 14061–14064 (2017).

42. Bonet, A., Odachowski, M., Leonori, D., Essafi, S. & Aggarwal, V. K.
Enantiospecific sp2-sp3 coupling of secondary and tertiary boronic esters. Nat.
Chem. 6, 584–589 (2014).

43. Qi, L., Ma, E., Jia, F. & Li, Z. Iron-catalyzed allylic substitution reactions of
allylic ethers with Grignard reagents. Tetrahedron Lett. 57, 2211–2214 (2016).

44. Knapp, S. M. M. et al. Mechanistic studies of alkene isomerization catalyzed by
CCC-pincer complexes of Iridium. Organometallics 33, 473–484 (2014).

45. Scheuermann, M. L., Johnson, E. J. & Chirik, P. J. Alkene
isomerization–hydroboration promoted by phosphine-ligated cobalt catalysts.
Org. Lett. 17, 2716–2719 (2015).

46. Hu, M. & Ge, S. Versatile cobalt-catalyzed regioselective chain-walking double
hydroboration of 1,n-dienes to access gem-bis(boryl)alkanes. Nat. Commun.
11, 765 (2020).

47. Zhang, Y., Han, B. & Zhu, S. Rapid access to highly functionalized alkyl
boronates by NiH-catalyzed remote hydroarylation of boron-containing
alkenes. Angew. Chem. Int. Ed. 58, 13860–13864 (2019).

Acknowledgements
This work was supported by the Ministry of Education of Singapore (R-143-000-A07-112
and R-143-000-A93-112).

Author contributions
W.J.T., X.Y., and Y.Y.P. planned and conducted most of the experiments. S.G. directed
the projects, and S.G., W.J.T., and X.Y. co-wrote the manuscript. All authors contributed
to the discussion.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-19039-7.

Correspondence and requests for materials should be addressed to S.G.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-19039-7

8 NATURE COMMUNICATIONS |         (2020) 11:5193 | https://doi.org/10.1038/s41467-020-19039-7 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-020-19039-7
https://doi.org/10.1038/s41467-020-19039-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Cobalt-catalyzed deoxygenative triborylation of allylic ethers to access 1,1,3-triborylalkanes
	Results
	Evaluation of reaction conditions
	Synthetic utility
	Mechanistic considerations

	Methods
	General procedure for dehydrogenative triborylation of allylic ethers

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




