
Nickel-Catalyzed Homo- and Cross-Coupling of Allyl Alcohols via
Allyl Boronates
Yi Gan, Hui Hu, and Yuanhong Liu*

Cite This: https://dx.doi.org/10.1021/acs.orglett.0c01424 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: A nickel-catalyzed homo- and cross-coupling of allylic alcohols to 1,5-dienes in the presence of B2pin2 with excellent
regioselectivity has been developed. Mechanistic studies indicate that the reaction proceeds via sequential nickel-catalyzed borylation
of allyl alcohols followed by cross-coupling of the resulting allyl boronates with allyl alcohols. The method was effectively applied to
nickel-catalyzed allylation of aldehydes using allylic alcohols directly.

Transition-metal-catalyzed allyl−allyl cross-coupling reac-
tions between allylic electrophiles and allylmetal reagents

such as allyl Grignard reagents,1 allyl boronates,2 allyl-silanes,3

or allyl-stannanes4 represent some of the most efficient
methods for the synthesis of 1,5-dienes (Scheme 1), which

are valuable building blocks in organic synthesis5 and also
found in many biologically active substances and naturally
occurring terpenes6 (Figure 1). Such allyl−allyl couplings are
significantly challenging because both homo- and cross-
couplings might be involved in these reactions; therefore, it
is hard to obtain the desired products with high chemo- and
regioselectivity and good yields. To date, transition metals such
as palladium, nickel, copper, iridium, and gold have been used

to catalyze allyl−allyl cross-couplings.1−4 Notwithstanding the
advances, these reactions require pre-prepared stoichiometric
allyl organometallic reagents, which are usually sensitive to air
and moisture and suffer from low stability and low functional-
group tolerance. In addition, most of these studies use
activated derivatives such as allylic halides, esters, and
phosphates as the electrophiles.1−4 These substrates are often
prepared from allylic alcohols. The direct employment of allylic
alcohols as the allylic electrophiles is much more attractive
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Scheme 1. Metal-Catalyzed Allyl−Allyl Coupling Reactions

Figure 1. 1,5-Diene-containing terpenes.
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because of its easy availability, high stability, and atom
economy.7 There are very few examples using allylic alcohols
in the allyl−allyl cross-couplings due to the poor leaving ability
of the hydroxyl group. In 2011, Kobayashi et al.2d reported a
Ni-catalyzed regioselective cross-coupling between allylic
alcohols and terminal allyl boronates leading to linear products
(type III). Later, Carreira3b and Yang2h reported Ir-catalyzed
asymmetric coupling of branched allylic alcohols with allyl-
silanes or allyl boronates, which afforded branched products
(type II). Herein, we report a nickel-catalyzed homo- and
cross-coupling of allylic alcohols leading to linear 1,5-dienes.
The nucleophilic allyl boronate is generated in situ by a Ni-
catalyzed process, thus obviating the use of presynthesized
stoichiometric allyl metals. In addition, the method can be
extended successfully to highly regioselective coupling of allylic
alcohols with aldehydes (Scheme 1).
During our study of nickel-catalyzed reductive coupling of

allylic alcohols with other electrophiles, we found that 1,5-
dienes derived from dimerization of allylic alcohols were
always observed as the side products under various reaction
conditions. According to the literature, Würtz-type dimeriza-
tion of allylic halides and esters has been reported; however,
the regioselectivity was often unsatisfactory.8 A mild and
regioselective dimerization by direct use of allylic alcohols
remains to be developed. We then deeply evaluated this
reaction. After extensive optimization studies, including the
effects of the nickel source, ligands, reducing agents, reaction
temperature, etc., we found that the additive B2pin2 played a
key role in the effective transformation. Thus, 1,5-diene 2a was
obtained in 86% yield with excellent linear selectivity (>30:1)
using 5 mol % Ni(COD)2 and 10 mol % PPh3 in the presence
of 1.0 equiv of B2pin2 in CH3CN at 50 °C (Table 1, entry 1).
No apparent formation of other regioisomers was observed.
Without B2pin2, only 4% of the desired product was obtained
(entry 2). Other reducing agents such as Zn and Mn, which
were widely used in Ni-catalyzed reductive coupling reactions,9

failed to give the dimerization product (entry 3). The use of

B2nep2 instead of B2pin2 provided 2a in a lower yield (entry 4).
We speculated that the allyl boronate intermediate derived
from a diboron reagent might be formed, which facilitated the
homocoupling of allyl alcohols. The effects of other ligands
were also examined. Monodentate ligands such as P(p-
MeC6H4)3, P(p-CF3C6H4)3, PMePh2, and PMe2Ph provided
2a in good yields of 68−81%, while PnBu3 gave 2a in lower
yield (entries 5−9). Bidentate ligands such as dppb and 2,2′-
bipy resulted in lower yields (entries 10 and 11, respectively).
Ni(PPh3)4, which has been shown to be an active catalyst in
Ni-catalyzed cross-couplings between allyl alcohols and allyl
boronates,2d failed to give the desired product (entry 12). The
use of a Ni(II) complex such as NiBr2(DME) or Ni(acac)2 was
ineffective in this reaction (entry 13). In the absence of PPh3,
2a was formed in 23% yield (entry 14). In the absence of a
nickel catalyst, no desired product was formed (entry 15).
Next, the scope of the nickel-catalyzed homocoupling of

allylic alcohols was examined (Table 2). For cinnamyl alcohol
derivatives, the phenyl ring bearing a 4-OMe or 4-CF3
substituent worked well to afford product 2b or 2c,
respectively, in 50−83% yields (Table 2, entry 2 or 3,
respectively). However, treatment of 1d possessing a 3-Cl

Table 1. Optimization of the Reaction Conditions

entry derivation from standard conditions yield (%)a

1 none 86 (82b)
2 no B2pin2 4
3 Zn or Mn instead of B2pin2 3−4
4 B2nep2 instead of B2pin2 56
5 P(p-MeC6H4)3 instead of PPh3 81
6 P(p-CF3C6H4)3 instead of PPh3 72
7 PMePh2 instead of PPh3 81
8 PMe2Ph instead of PPh3 68
9 PnBu3 instead of PPh3 46
10 5 mol % dppb instead of 10 mol % PPh3 24
11 5 mol % 2,2′-bipy instead of 10 mol % PPh3 27
12 Ni(PPh3)4 instead of Ni(COD)2, without PPh3 0
13 NiBr2(DME) or Ni(acac)2 instead of Ni(COD)2 0
14 no PPh3 23
15 no Ni(COD)2 0

aNMR yields using 1,3,5-trimethoxybenzene as the internal standard.
bIsolated yields.

Table 2. Scope of the Ni-Catalyzed Homocoupling of Allyl
Alcohols

aIsolated yields. bOn a 6 mmol scale. cWith 10 mol % Ni(COD)2 and
20 mol % PPh3.

dAt 40 °C.
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substitutent resulted in a trace of product (determined by
TLC), possibly due to the fact that the C−Cl bond is
susceptible to oxidative cleavage in nickel catalysis. Gratify-
ingly, a moderate yield of 2d could be achieved by doubling
the amounts of Ni(COD)2 and PPh3 and decreasing the
reaction temperature to 40 °C (entry 4). A high yield of 2e
with a 4-F substitutent was also achieved (entry 5). Allyl
alcohol 1f, a regioisomer of 1a, worked well to afford the same
product 2a in 83% yield (entry 6), indicating that a common π-
allyl nickel intermediate was involved in the reaction. A range
of branched alcohols bearing either electron-donating (4-Me,
4-tBu, 4-NMe2, and 4-OPiv) or electron-withdrawing (4-CN
and 4-CO2Me) groups on the phenyl ring were converted to
the corresponding linear 1,5-dienes 2g−2l in 76−86% yields
(entries 7−12, respectively). It was noted that increasing the
amounts of the nickel catalyst and ligand was also required to
achieve a better yield of 2j bearing a pivalate group (entry 10).
The results indicated that the electronic nature of aryl
substituents had little influence on the reaction. The 3-
OTBS and 3,5-diOMe groups on the aryl ring were tolerated
well (entries 13 and 14, respectively). Moreover, when the
sterically congested allyl alcohols bearing 2-methyl and 2-
methoxy groups on the phenyl ring were employed, the
corresponding 2o and 2p, respectively, were formed in high
yields, indicating that the reaction was not sensitive to steric
effects (entries 15 and 16, respectively). A silyl group on the
phenyl ring was also suitable (2q). Substrate 1r, which
included a 4-Bpin-phenyl moiety, gave 2r in a lower yield of
42%. Allyl alcohol 1s bearing an internal alkynyl group
provided 2s in 23% yield (entry 19). The gram-scale synthesis
of 1,5-diene 2a was also performed (entry 1), which
demonstrated the practicality of this method.
When different allyl alcohols 1a and 1b were subjected to

this catalytic system, cross-coupling product 3 was obtained in
40% yield, together with homocoupling products 2a and 2b in
26−27% yields (Scheme 2). To our delight, no apparent
branched isomers were observed in this reaction.

The cross-coupling of branched alcohol 1h with terminal
allyl alcohol 1u proceeded efficiently to give 4a in 55% yield
using excess 1u and 2.0 equiv of B2pin2 (Table 3, entry 1). The
homocoupling products of 2h (33% yield) and 2u (∼55%
NMR yield, based on 1u) could also be observed. 2u could
easily be removed by evaporation. This method was applied to
various allyl alcohols, and in all cases, the desired 1,5-dienes
were formed in moderate yields with excellent linear selectivity.
The allyl alcohols with either electron-poor or electron-rich
aryl rings coupled well with 1u (4b and 4c). Reactions of
thienyl- or pyridyl-substituted allyl alcohols were also suitable
(4e and 4f). Linear alcohols such as cinnamyl alcohol 1a and
2-furanyl-substituted alcohol 1z transformed smoothly into 4g
and 4h, respectively.

We next tried to isolate the possible reaction intermediate.
To our delight, without the ligand, allyl boronate 5 could be
formed in 78% yield, along with dimer 2a in 10% yield
(Scheme 3, eq 1). The yield of 5 could be dramatically
improved to 90% upon addition of 5 mol % PhCO2H to the
reaction mixture, and the dimerization could be completely

Scheme 2. Nickel-Catalyzed Reaction of Allyl Alcohols 1a
and 1b

Table 3. Scope of the Ni-Catalyzed Cross-Coupling of Allyl
Alcohols

aIsolated yields. bContaining a trace of byproduct. cContaining 9%
isomer, possibly a Z-isomer.

Scheme 3. Mechanistic Studies
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inhibited (Scheme 4, eq 2). In addition, addition of 5 mol %
PhCO2H to the reaction mixture under the standard

conditions resulted in a trace of dimer 2a; thus, PhCO2H
plays a role in inhibiting the dimerization (Scheme 4, eq 3). It
was noted that boronate 5 was unstable during isolation; thus,
an only 42% isolated yield was obtained. To the best of our
knowledge, there has been no report of boroylation of allylic
alcohols using economic nickel as the catalyst,10,11 and our
reaction provided a simple route for aryl allyl boronates. The
reaction of allylic alcohol 1a with allyl boronate 5 under
standard reaction conditions afforded the desired 2a in 86%
yield (Scheme 4, eq 4). It should be noted that most of the
metal-catalyzed allyl−allyl coupling involved boranes limited to
terminal allyl boronates, and there have been few reports using
substituted allyl boronates;2a,e,f in particular, coupling with aryl
allyl boronates such as 5 has not been reported. The reaction
shown in eq 4 may provide an efficient way to selectively
prepare unsymmetrically substituted 1,5-dienes. We also
monitored the reaction by 1H NMR spectroscopy. These
studies showed that 4−23% of allyl boronate 5 was present
throughout the reaction. The amounts of allyl boronate 5
reached a maximum value after 2 h and then steadly decreased.
These results strongly suggest that the reactions proceed via an
allyl boronate intermediate.
The results presented above also suggest that the current

process could be extended to other catalytic transformations
involving allyl boronate. We then performed the allylation of
aldehydes using allylic alcohols.12 After briefly screening the
conditions, we found that the desired allylation occurred
efficiently with excellent regio- and stereoselectivity using 5
mol % PhCO2H as the additive (Scheme 4). Without
PhCO2H, an only moderate yield of 7a was formed. The
reaction proved to be quite general with respect to substitution
of allylic alcohols and aldehydes, because aryl or alkyl groups
were all suitable for these substrates, showing a broad diversity

of the products. For example, the allylation of aliphatic
aldehydes such as 3-phenylpropanal (6j), octanal (6k), and 3-
(5-methylfuran-2-yl)propanal (6l) proceeded well to provide
7j−7l, respectively, in good yields. The reaction of aliphatic
allyl alcohol and aldehyde also took place smoothly (7p).
Control experiments indicated that benzaldehydes 6a could
react with allyl boronate 5 without the need for a nickel
catalyst in the presence or absence of PhCO2H, leading to 7a
in 56−60% yields, indicating that allyl boronate 5 served as the
intermediate for this reaction.
On the basis of the previous reports and the results

presented above,13 a plausible reaction mechanism is depicted
in Scheme 5. Oxidative addition of allylic alcohol to Ni(0)

generates a π-allylnickel(II) complex 8. In this process, B2pin2
may function as a Lewis acid to facilitate the elimination of the
OH group. Transmetalation of 8 with B2pin2 occurs to give
complex 9, which delivers allyl boronate 10 by reductive
elimination (cycle A). In cycle B, 10 reacts with π-
allylnickel(II) complex 11 to give a diallylnickel intermediate
12. Reductive elimination of 12 via a bis(η1-allyl)nickel
complex affords linear product 2 or 4 (cycle B). In the
presence of aldehyde 6, allyl boronate 10 reacts with 6 via
transition state 1314 to give homoallylic alcohols 7 stereo-
selectively.
In summary, we have developed a nickel-catalyzed homo-

and cross-coupling of allylic alcohols to 1,5-dienes with
excellent regioselectivity. The reaction proceeds via sequential
nickel-catalyzed borylation of allylic alcohols followed by cross-
coupling of the resulting allyl boronates with allyl alcohols. The
key intermediate of allyl boronates was found to be formed in
high NMR yields under very simple conditions without the
need for a ligand. The method was effectively applied to nickel-
catalyzed allylation of aldehydes using allylic alcohols directly.
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Miguel, D.; Álvarez de Cienfuegos, L.; Echavarren, A. M.; Cuerva, J.
M. Ti/Pd Bimetallic Systems for the Efficient Allylation of Carbonyl
Compounds and Homocoupling Reactions. Chem. - Eur. J. 2011, 17,
3985−3994.
(9) Richmond, E.; Moran, J. Recent Advances in Nickel Catalysis
Enabled by Stoichiometric Metallic Reducing Agents. Synthesis 2018,
50, 499−513.
(10) For nickel-catalyzed borylation of allylic acetates/pivalates, see:
(a) Zhang, P.; Roundtree, I. A.; Morken, J. P. Ni- and Pd-Catalyzed
Synthesis of Substituted and Functionalized Allylic Boronates. Org.
Lett. 2012, 14, 1416−1419. (b) Zhou, Q.; Srinivas, H. D.; Zhang, S.;
Watson, M. P. Accessing Both Retention and Inversion Pathways in
Stereospecific, Nickel-Catalyzed Miyaura Borylations of Allylic
Pivalates. J. Am. Chem. Soc. 2016, 138, 11989−11995.
(11) For other metal-catalyzed borylations of allylic alcohols, see the
following. For Pd: (a) Olsson, V. J.; Sebelius, S.; Selander, N.; Szabo,́
K. J. Direct Boronation of Allyl Alcohols with Diboronic Acid Using
Palladium Pincer-Complex Catalysis. A Remarkably Facile Allylic
Displacement of the Hydroxy Group under Mild Reaction
Conditions. J. Am. Chem. Soc. 2006, 128, 4588−4589. (b) Dutheuil,
G.; Selander, N.; Szabo,́ K. J.; Aggarwal, V. K. Direct Synthesis of
Functionalized Allylic Boronic Esters from Allylic Alcohols and
Inexpensive Reagents and Catalysts. Synthesis 2008, 2008, 2293−
2297. (c) Selander, N.; Szabo,́ K. J. Performance of SCS Palladium
Pincer Complexes in Borylation of Allylic Alcohols. Control of the
Regioselectivity in the One-Pot Borylation−Allylation Process. J. Org.
Chem. 2009, 74, 5695−5698. (d) Selander, N.; Paasch, J. R.; Szabo,́ K.
J. Palladium-Catalyzed Allylic C−OH Functionalization for Efficient

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c01424
Org. Lett. XXXX, XXX, XXX−XXX

E

http://orcid.org/0000-0003-1153-5695
http://orcid.org/0000-0003-1153-5695
mailto:yhliu@sioc.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Gan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c01424?ref=pdf
https://dx.doi.org/10.1016/S0040-4020(01)90454-5
https://dx.doi.org/10.1016/S0040-4020(01)90454-5
https://dx.doi.org/10.1016/S0040-4020(01)90454-5
https://dx.doi.org/10.1021/ja312487r
https://dx.doi.org/10.1021/ja312487r
https://dx.doi.org/10.1002/chem.200902221
https://dx.doi.org/10.1002/chem.200902221
https://dx.doi.org/10.1002/chem.200902221
https://dx.doi.org/10.1021/ja105161f
https://dx.doi.org/10.1021/ja105161f
https://dx.doi.org/10.1021/ja2039248
https://dx.doi.org/10.1021/ja2039248
https://dx.doi.org/10.1021/ja2039248
https://dx.doi.org/10.1039/c1cc13348a
https://dx.doi.org/10.1039/c1cc13348a
https://dx.doi.org/10.1039/c1cc13348a
https://dx.doi.org/10.1021/ja2075967
https://dx.doi.org/10.1021/ja2075967
https://dx.doi.org/10.1021/ja2075967
https://dx.doi.org/10.1021/ja502280w
https://dx.doi.org/10.1021/ja502280w
https://dx.doi.org/10.1002/anie.201605125
https://dx.doi.org/10.1002/anie.201605125
https://dx.doi.org/10.1002/anie.201605125
https://dx.doi.org/10.1021/acs.orglett.8b03627
https://dx.doi.org/10.1021/acs.orglett.8b03627
https://dx.doi.org/10.1021/acs.orglett.8b03627
https://dx.doi.org/10.1002/1521-3765(20020816)8:16<3620::AID-CHEM3620>3.0.CO;2-P
https://dx.doi.org/10.1002/1521-3765(20020816)8:16<3620::AID-CHEM3620>3.0.CO;2-P
https://dx.doi.org/10.1002/1521-3765(20020816)8:16<3620::AID-CHEM3620>3.0.CO;2-P
https://dx.doi.org/10.1002/anie.201406077
https://dx.doi.org/10.1002/anie.201406077
https://dx.doi.org/10.1016/S0040-4039(00)92814-4
https://dx.doi.org/10.1016/S0040-4039(00)92814-4
https://dx.doi.org/10.1002/anie.200704500
https://dx.doi.org/10.1002/1521-3773(20011203)40:23<4496::AID-ANIE4496>3.0.CO;2-F
https://dx.doi.org/10.1002/1521-3773(20011203)40:23<4496::AID-ANIE4496>3.0.CO;2-F
https://dx.doi.org/10.1002/1521-3773(20011203)40:23<4496::AID-ANIE4496>3.0.CO;2-F
https://dx.doi.org/10.1021/ja067660+
https://dx.doi.org/10.1021/ja067660+
https://dx.doi.org/10.1021/ja075518i
https://dx.doi.org/10.1021/ja075518i
https://dx.doi.org/10.1039/c2cs35024f
https://dx.doi.org/10.1039/c2cs35024f
https://dx.doi.org/10.1039/C5CS00144G
https://dx.doi.org/10.1039/C5CS00144G
https://dx.doi.org/10.1039/C5CS00144G
https://dx.doi.org/10.1246/cl.1985.315
https://dx.doi.org/10.1246/cl.1985.315
https://dx.doi.org/10.1016/S0040-4039(00)89287-4
https://dx.doi.org/10.1246/bcsj.60.1527
https://dx.doi.org/10.1246/bcsj.60.1527
https://dx.doi.org/10.1021/ol050335r
https://dx.doi.org/10.1021/ol050335r
https://dx.doi.org/10.1021/ol050335r
https://dx.doi.org/10.1021/jo062630a
https://dx.doi.org/10.1021/jo062630a
https://dx.doi.org/10.1002/chem.201003315
https://dx.doi.org/10.1002/chem.201003315
https://dx.doi.org/10.1055/s-0036-1591853
https://dx.doi.org/10.1055/s-0036-1591853
https://dx.doi.org/10.1021/ol3001552
https://dx.doi.org/10.1021/ol3001552
https://dx.doi.org/10.1021/jacs.6b07396
https://dx.doi.org/10.1021/jacs.6b07396
https://dx.doi.org/10.1021/jacs.6b07396
https://dx.doi.org/10.1021/ja060468n
https://dx.doi.org/10.1021/ja060468n
https://dx.doi.org/10.1021/ja060468n
https://dx.doi.org/10.1021/ja060468n
https://dx.doi.org/10.1055/s-2008-1067144
https://dx.doi.org/10.1055/s-2008-1067144
https://dx.doi.org/10.1055/s-2008-1067144
https://dx.doi.org/10.1021/jo9008673
https://dx.doi.org/10.1021/jo9008673
https://dx.doi.org/10.1021/jo9008673
https://dx.doi.org/10.1021/ja1096732
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c01424?ref=pdf


Synthesis of Functionalized Allylsilanes. J. Am. Chem. Soc. 2011, 133,
409−411. (e) Raducan, M.; Alam, R.; Szabo,́ K. J. Palladium-
Catalyzed Synthesis and Isolation of Functionalized Allylboronic
Acids: Selective, Direct Allylboration of Ketones. Angew. Chem., Int.
Ed. 2012, 51, 13050−13053. For Cu: (f) Mao, L.; Szabo,́ K. J.;
Marder, T. B. Synthesis of Benzyl-, Allyl-, and Allenyl-boronates via
Copper-Catalyzed Borylation of Alcohols. Org. Lett. 2017, 19, 1204−
1207. For transition-metal-free borylation of allylic alcohols, see:
(g) Miralles, N.; Alam, R.; Szabo,́ K. J.; Fernańdez, E. Transition-
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