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ABSTRACT: Tetrahydroxydiboron has previously been used as a
borylation or reducing reagent in organic synthesis. Herein, we present
a novel tetrahydroxydiboron-promoted radical addition of internal
alkynes followed by intramolecular oxidation of alcohol through 1,5-
hydrogen atom transfer. Preliminary mechanistic studies showed that
the process might be initiated through N,N-dimethylformamide-
assisted homolytic cleavage of tetrahydroxydiboron. This process
provides a convenient synthesis of fluoroalkyl-substituted alkenes with a pendant aldehyde or ketone moiety.

Tetrahydroxydiboron [B2(OH)4] was first synthesized in
1950s by the hydrolysis of B2Cl4 and B2(NMe2)4.

1

However, its synthetic applications in organic synthesis are far
behind its derivative, bis(pinacolato)diboron (B2pin2), which
was synthesized almost 30 years later.2 B2(OH)4 as a
borylation reagent was first explored by Szabo ́ et al. in
allylation reactions catalyzed by palladium pincer complexes.3

Then, in 2010, Molander et al. exploited the application of
B2(OH)4 for the borylation of aryl chlorides.4 In 2017, Li et al.
disclosed a decarboxylative borylation of aliphatic esters with
B2(OH)4.

5 Besides serving as a borylation reagent, B2(OH)4
has also been employed as a reducing reagent to reduce
pyridine N-oxides, azaarenes, nitroaromatics, etc.6 To the best
of our knowledge, the application of B2(OH)4 in other types of
organic transformations is very limited.7 Hydroxyl groups of
B2(OH)4 might play an important role in B2(OH)4-involved
reactions.8 Herein, we will report a novel B2(OH)4-promoted
reaction in which the boron radical might be formed from
homolytic cleavage of the boron−boron (B−B) bond assisted
by N,N-dimethylformamide.
It is well-known that diboron reagents have been widely

applied in borylation reactions.9 Transition metals have been
applied in the B−B bond cleavage through two typical
pathways (Scheme 1A): (1) oxidative addition of low-valent
transition metals (Mt) leading to B−Mt−B species,10 a typical
example being platinum-catalyzed diboration of alkynes
developed by Miyaura,10a and (2) transmetalation with a
transition metal resulting in a Mt−B bond.11,12 For example,
Baran et al. reported a nickel-catalyzed decarboxylative
borylation of alkyl N-hydroxyphthalimide ester by MeLi-
activated B2pin2.

12 The resulting Mt−B species can lead to
borylated compounds by addition to unsaturated carbon−
carbon bonds or cross-coupling with organic halides.
Transition metal-free cleavage of the B−B bond has been

widely studied recently.13 For example, the groups of Hoveyda
and Fernańdez independently disclosed the coordination of N-
heterocyclic carbenes or phosphine with diboron leading to a

polarized B−B bond to afford a nucleophilic boryl moiety
(Scheme 1B).14 In 2016, the group of Li reported the
homolytic cleavage of the B−B bond by the coordination of 4-
cyanopyridine.15 Other Lewis basic reagents, such as pyridine,
DMF, and DMA,16−18 have also been involved as activators
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Scheme 1. Transformations Involving Diboron Reagents

Letterpubs.acs.org/OrgLett

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acs.orglett.0c02367
Org. Lett. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
B

IR
M

IN
G

H
A

M
 o

n 
Ju

ly
 2

2,
 2

02
0 

at
 0

3:
52

:3
8 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ze-Ying+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sen+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kai+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minjie+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wentao+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiangyang+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guangwei+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.0c02367&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02367?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02367?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02367?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02367?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02367?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02367?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02367?fig=sch1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c02367?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf


through coordination with a boron atom, thus weakening the
B−B bond. The weakened B−B bond can undergo homolysis
to form the boron radical, which can further react with aryl,
alkyl halides, or alkenes to form a carbon−boron bond
(Scheme 1C). For example, the group of Jiao recently
developed a pyridine-catalyzed radical borylation of aryl
halides.16 Meanwhile, the group of Aggarwal developed a
light-initiated borylation of alkyl halides, which involves a
possible DMA-assisted B−B bond homolysis.17

Fundamentally, if the diboron compounds, especially
B2(OH)4, can be cleaved under mild conditions to give a
boron radical species, it could potentially serve as a novel
radical initiator, which is cheaper, more stable, and less toxic.
Driven by our ongoing interest in difluoroalkyl radical
reactions,19 we explore the possibility of fluoroalkylation of
alkynols promoted by B2(OH)4. Radical fluoroalkylations of
alkenes have been reported followed by remote hydrogen atom
translocation.20 As mentioned above, in the presence of a
Lewis base, B−B bonds might undergo homolytic cleavage to
form boron radicals. Then the boron radical reacts with a
fluoroalkyl halide to form the fluoroalkyl radical, which adds
alkynes to form the alkenyl radical.21,22 Then, an intra-
molecular 1,5-hydrogen transfer (HAT) results in an α-
hydroxy carbon radical, which is liable to undergo single-
electron oxidation23 to afford a carbonyl moiety (Scheme 1D).
To test our hypothesis, we choose 5-(4-methoxyphenyl)-

pent-4-yn-1-ol (1a) as a model substrate and ethyl
bromodifluoroacetate (2a) as a fluoroalkyl radical precursor
in the presence of 0.5 equiv of B2(OH)4 and K2CO3 in DMF at

60 °C. To our delight, the desired product 3a was obtained in
47% yield (Table 1, entry 1). However, in the presence of
B2pin2, only 4% 3a was observed. When bis(catecholato)-
diboron (B2cat2) was used, the yield of 3a was 14% (entries 2
and 3). Therefore, the choice of the boron source is critical for
the reaction to proceed smoothly, and the high reactivity of
B2(OH)4 might be attributed to the presence of hydroxyl
groups. Then we screened the solvents with B2(OH)4 as the
diboron reagent. The yields dropped slightly in DMSO and
DMA, and no expected product was observed with 1,2-
dichloroethane, acetonitrile, tetrahydrofuran, and 1,4-dioxane
as the solvents (entries 4−9). When K2CO3 was replaced with
Na2CO3 and K3PO4, the yields dropped obviously to 23% and
12%, respectively. When Cs2CO3 and DBU were used, no
expected product was detected (entries 10−13). Suspecting
that the reaction might proceed through a light-induced single-
electron transfer process, we conducted a control experiment
in the dark and found that light has little effect on the yield
(see Table S1 for details).24

When the amount of B2(OH)4 was decreased to 0.3 equiv,
the yield dropped to 20%. On the contrary, the yield improved
to 76% with 1.0 equiv of B2(OH)4 (Table 1, entries 14 and
15). Further increasing the amount of B2(OH)4 did not lead to
better yields. These results indicate that B2(OH)4 was
consumed during the process of reaction. Other additives
were screened to increase the yields (see Table S2). It is
noteworthy that addition of NiCl2 improved the yield to 75%
with 0.5 equiv of B2(OH)4 (entry 16). With 1,10-phenanthro-
line (0.1 equiv) as the ligand, the yield increased further to

Table 1. Screening of Reaction Conditionsa

entry diboron reagent solvent base additive yield (%)b

1 B2(OH)4 DMF K2CO3 − 47
2 B2pin2 DMF K2CO3 − 4
3 B2cat2 DMF K2CO3 − 14
4 B2(OH)4 DMA K2CO3 − 41
5 B2(OH)4 DMSO K2CO3 − 38
6 B2(OH)4 DCE K2CO3 − nr
7 B2(OH)4 CH3CN K2CO3 − nr
8 B2(OH)4 THF K2CO3 − nr
9 B2(OH)4 dioxane K2CO3 − nr
10 B2(OH)4 DMF Na2CO3 − 23
11 B2(OH)4 DMF K3PO4 − 12
12 B2(OH)4 DMF Cs2CO3 − nr
13 B2(OH)4 DMF DBU − nr
14c B2(OH)4 DMF K2CO3 − 20
15d B2(OH)4 DMF K2CO3 − 76
16e B2(OH)4 DMF K2CO3 NiCl2·DME 75
17e B2(OH)4 DMF K2CO3 NiCl2·DME/1,10-phen 93
18f B2(OH)4 DMF K2CO3 NiCl2·DME/1,10-phen 92 (85)
19 − DMF K2CO3 NiCl2·DME/1,10-phen 0
20 B2(OH)4 DMF K2CO3 1,10-phen 42

aUnless otherwise noted, all reactions were performed with 1a (0.20 mmol), 2a (0.3 mmol, 1.5 equiv), a diboron reagent (0.10 mmol, 0.5 equiv),
and a base (0.40 mmol, 2.0 equiv) in a solvent (1.0 mL) at 60 °C under Ar for 12 h. bYields were determined by GC with mesitylene as an internal
standard. The value in parentheses is the isolated yield. nr indicates no reaction. cB2(OH)4 (0.30 equiv).

dB2(OH)4 (1.0 equiv).
eNiCl2·DME (0.10

equiv). fReactions were performed on a 1.0 mmol scale in the presence of B2(OH)4 (0.20 equiv), NiCl2·DME (0.01 equiv), and 1,10-phen (0.01
equiv) at room temperature.
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93% (entry 17). Further optimization showed that in the
presence of 1.0 mol % NiCl2·DME and 1.0 mol % 1,10-
phenanthroline, the amount of B2(OH)4 can be decreased to
0.2 equiv with the yield remaining as high as 92% (Table 1,
entry 18). It is noteworthy that in the absence of B2(OH)4, no
expected product was obtained (Table 1, entry 19). Given that
1,10-phenanthroline might interact with diboron to produce
electron donors or radicals, an experiment with 1,10-
phenanthroline was conducted in the absence of Ni(II). The
result showed that 1,10-phenanthroline alone has a weaker
effect on the yield (Table 1, entry 20). On the basis of
screening results described above, we chose the reaction
conditions in entry 18 as the optimal conditions.
With the optimized reaction conditions in hand, the scope of

alkynols was investigated (Scheme 2). Substrates containing
either electron-donating or electron-withdrawing groups can
be compatible under the standard conditions, resulting in
target compounds 3a−3m in 61−85% yields. The Z
configuration of 3e was determined by NOE. It is worth

noting that aryl bromide in compound 3g would readily
undergo oxidative addition of Ni(0). However, no cross-
coupling compound was observed, which partially indicates the
absence of Ni(0) species. This protocol is also tolerant toward
aza- and thia-heterocycles, although the yields were slightly
lower (3n and 3o). Moderate to good yields (3p−3r) were
obtained with polycyclic aromatic substrates. For substrates
with a secondary alcohol, the corresponding ketone products
resulted in >90% yields (3s and 3t). The higher yields can be
ascribed to the secondary carbon-based radicals being more
stable than the primary carbon-based radicals. However, the
substrate containing a nitro group led to a messy mixture with
no expected products (3u). Moreover, an alkyl acetylene
substrate and aryl acetylene substrates with shorter or longer
carbon chains or a functional group between the alkynyl and
hydroxyl motifs have been tried, and no expected products
were detected (see Scheme S1).
The scope of fluoroalkylated halides was also investigated

(Scheme 3). Perfluorobutyl iodide also displayed a good

reactivity and resulted in perfluoroalkylated products in
moderate yields (5a−5c). Ethyl bromofluoroacetate can also
be applied in this transformation in moderate to good yields
(5d−5f). Remarkably, ethyl bromoacetate and ethyl 2-
bromopropionate can also participate in the reaction with
62% and 35% yields, respectively (5g and 5h, respectively).
However, ethyl 2-bromo-2-methylpropanoate failed to produce
the desired product (5i) perhaps due to the weak electro-
philicity of the corresponding radical.
To gain insight into the role of B2(OH)4 and the nickel

complex, a series of control experiments were carried out. It is
possible that in the presence of Ni(II) species, the reaction
proceeds through an alternative nickel-initiated radical process.
However, as shown in Table 1 (entry 19), no expected product
was obtained in the absence of B2(OH)4. It is possible that
B2(OH)4 serves as a reducing reagent so that Ni(II) can be
reduced to Ni(I), which is prone to a single-electron transfer

Scheme 2. Scope of Alkynolsa

aReaction conditions: 1 (1.0 mmol, 1.0 equiv), 2a (1.5 mmol, 1.5
equiv), B2(OH)4 (0.2 mmol, 0.20 equiv), NiCl2·DME (1.0 mol %),
1,10-phen (1.0 mol %), and DMF (5.0 mL) at room temperature for
12 h. The yields in parentheses are isolated yields. The Z/E ratio was
determined by 1H NMR analysis.

Scheme 3. Scope of Perfluoroalkyl/Fluoromethyl Halidesa

aReaction conditions: 1 (1.0 mmol, 1.0 equiv), 4 (1.5 mmol, 1.5
equiv), B2(OH)4 (0.2 mmol, 0.20 equiv), NiCl2·DME (1 mol %),
1,10-phen (1 mol %), and DMF (5.0 mL) at room temperature for 12
h. The yields in parentheses are isolated yields. The Z/E ratio was
determined by 1H NMR analysis.
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process to produce the CF2CO2Et radical. Therefore, Zn,
25a

Mn,25b,c Mg,25d or other stronger reductants that have been
reported to be highly effective for reducing Ni(II) to Ni(I)
were added to the system in place of B2(OH)4, and no product
was obtained. This excludes the possibility of a nickel-initiated
radical process. On the basis of these results, we proposed that
B2(OH)4 might serve as the key radical initiator. To confirm
this hypothesis, a typical radical scavenger, 2,2,6,6-tetramethyl-
1-piperidyloxy (TEMPO), was added to the reaction mixture
under standard conditions in the absence of alkyne. In the
presence of 0.5 equiv of B2(OH)4, 45% TEMPO-CF2CO2Et
was produced. When the amount of B2(OH)4 was increased to
1.0 equiv, the yield of TEMPO-CF2CO2Et correspondingly
increased to 78% (Scheme 4, eq 1). However, when we

conducted the reaction in the presence of only NiCl2·DME, no
TEMPO-CF2CO2Et was detected, indicating that no
•CF2CO2Et could be generated without B2(OH)4 (Scheme
4, eq 2). Although the detailed mechanism for formation of
•CF2CO2Et promoted by B2(OH)4 is still unclear at present,
the control experiments described above indicate that the
formation of •CF2CO2Et is initiated by B2(OH)4. We also
conducted the experiment that included deuteration to confirm
the intramolecular 1,5-HAT process (Scheme 4, eq 3).
On the basis of the control experiments described above, we

proposed the following mechanism as outlined in Scheme 5.
First, reaction of BrCF2CO2Et (2a) with B2(OH)4 in DMF
affords radical •CF2CO2Et (6). Then •CF2CO2Et (6) adds to

the CC bond of 1 to deliver a radical intermediate 7. A 1,5-
HAT process then takes place, producing radical 8. The single-
electron transfer of 8 will lead to 9, deprotonation of which will
afford 3. In the presence of nickel, the amount of B2(OH)4 can
be decreased to 0.2 equiv. The role of nickel remains unclear
here, and we think it might serve as a single-electron transfer
reagent.
In conclusion, we have developed a novel tetrahydrox-

ydiboron-promoted radical difluoroalkylation of internal
alkynes followed by the 1,5-HAT process. This process
provides a convenient strategy for various fluoroalkyl-
substituted alkenes with pendent aldehydes or ketones. The
rich abundance of functional groups in the products makes
them important organic building blocks for natural product
synthesis. Preliminary mechanistic studies showed that the
process might be initiated by DMF-assisted B2(OH)4
homolytic cleavage resulting in a boron radical. The current
protocol will open up new possibilities for application of
tetrahydroxydiboron as a mild, low-toxicity radical initiator in
organic transformations. Further studies to elucidate the
detailed reaction mechanism are underway in our laboratory.
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