
Advance Publication Cover Page 

 

 

 
 

© 2020 The Chemical Society of Japan 

 
Advance Publication is a service for online publication of manuscripts prior to releasing fully edited, printed versions. Entire 

manuscripts and a portion of the graphical abstract can be released on the web as soon as the submission is accepted. Note that the 
Chemical Society of Japan bears no responsibility for issues resulting from the use of information taken from unedited, Advance 

Publication manuscripts. 

 

 

Sodium-Metal-Promoted Reductive 1,2-syn-Diboration of Alkynes with Reduction- 

Resistant Trimethoxyborane 

 

 Shiori Ito, Mizuki Fukazawa, Fumiya Takahashi, Keisuke Nogi,* and Hideki Yorimitsu* 

 

Advance Publication on the web May 29, 2020 

doi:10.1246/bcsj.20200110 

 

 

 



 
 

Sodium-Metal-Promoted Reductive 1,2-syn-Diboration of Alkynes with Reduction-
Resistant Trimethoxyborane# 
 

Shiori Ito, Mizuki Fukazawa, Fumiya Takahashi, Keisuke Nogi,* and Hideki Yorimitsu* 

Department of Chemistry, Graduate School of Science, Kyoto University, Sakyo-ku, Kyoto 606-8502 

E-mail: knogi@kuchem.kyoto-u.ac.jp; yori@kuchem.kyoto-u.ac.jp 

 
Abstract 

Reductive 1,2-diboration of alkynes has been 
accomplished by means of sodium dispersion in the presence of 
trimethoxyborane as a reduction-resistant boron electrophile. 
Two boron moieties can be introduced onto alkynes with 
excellent syn selectivity to afford the corresponding (Z)-1,2-
diborylalkenes. Bis(borate) species generated in situ can be 
involved in one-pot Suzuki-Miyaura arylation, formal 
arylboration of alkynes thus being executed. 
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1. Introduction 
As represented by trans-hydrogenation of alkynes, alkali-

metal-promoted reduction of carbon–carbon unsaturates is a 
classical yet important synthetic methodology.1,2 These 
transformations generally focus on construction of C–H bonds 
via in situ protonation of vinylic carbanions (Scheme 1a, left). 
Introduction of other atoms (or groups) by means of aprotic 
electrophiles has been far less investigated despite its potent 
synthetic utility (Scheme 1a, right). This situation would be 
attributed to the susceptibility of common aprotic electrophiles, 
like organic halides and carbonyls, toward reduction by alkali 
metals. Such electrophiles are preferentially reduced over 
alkynes, which results in the homocoupling of organic halides or 
carbonyls. Even worse, vinylic radical anions generated via 
single electron reduction (SER) of alkynes rapidly decompose 
via oligomerization3 or polymerization in the absence of proper 
electrophiles. These difficulties have limited alkali-metal-
promoted reductive functionalizations of alkynes to useful yet 
specific intramolecular reactions.4 

Recently, we have developed reductive difunctionalization 
of alkenes by means of alkoxy-substituted boron and carbon 
electrophiles such as B(OMe)3, isobutylene oxide, and 
oxetane.5,6 Owing to the resonance effect of their oxygen atoms, 
alkoxy-substituted electrophiles are resistant to reduction, which 
allows selective SER of alkenes with alkali metals (Scheme 1b, 
step a). The radical anions generated can be instantly trapped by 
the co-existing alkoxy-substituted electrophiles to furnish 
difuctionalization products (Scheme 1b, step b). We envisioned 
that this strategy, reductive difunctionalization with alkoxy-
substituted electrophiles, is applicable to alkynes for the 
synthesis of tetrasubstituted alkenes. Herein, we report sodium-
metal-promoted 1,2-diboration of alkynes with B(OMe)3 
(Scheme 1c).7,8 As opposed to the conventional trans-
hydrogenations, our diboration proceeded with syn selectivity 
resulting in the formation of (Z)-1,2-diborylalkenes. In addition, 
bis(borate) species generated in situ could be employed for one-
pot Suzuki-Miyaura arylation, formal arylboration of alkynes 
thus being executed to afford 1,2,2-triarylalkenylboronate. 

 
Scheme 1. Reductive difunctionalization promoted by alkali 
metals. 
 

2. Results and Discussion  
1,2-Diboraton of diphenylacetylene (1a) with B(OMe)3 

was chosen as a model reaction (Table 1). Na dispersion9 (2.0 
equiv) was added to a THF solution containing 1a and B(OMe)3 

(6.0 equiv) at room temperature. The reaction completed within 
0.5 h because of the particularly large surface area of the Na 
dispersion (average particle size <10 μm). After protection of the 
installed boron moieties with pinacol, an 89% yield of 1,2-
diboration product 2a was obtained (entry 1). In contrast to the 
conventional trans-selective hydrogenation, the present 
diboration proceeded in a syn manner exclusively, and the (Z)-
diboration product was formed as the sole product. Of note, the 
order of adding the reagents was crucial for the reaction. Na 
dispersion must be added to the mixture of 1a and B(OMe)3. 
Treatment of 1a with Na dispersion in the absence of B(OMe)3 
invoked instant decomposition of intermediary vinylic radical 
anions within 1 min, and a complex product mixture containing 
a trace amount of 2a was obtained after an addition of B(OMe)3 
(entry 2). Instead of Na dispersion, Li powder (particle size 120–
250 μm) also promoted the 1,2-diboration whereas the reaction 
suffered from lower conversion of 1a even after 2 h (entry 3). 
The smaller surface area of Li powder caused slower electron 
transfer than that from Na dispersion. Although we conducted 
the reaction using homogeneous reduing agents, lithium and 
sodium naphthalenide (LiNp and NaNp), 2a was obtained in low 
yields with recovery of ca. 60% of 1a (entries 4 and 5). These 
results demonstrate the utility of Na dispersion in alkali-metal-
promoted transformations. We then checked the effects of 
solvents and boron electrophiles. As the solvent, THF was found 
to be optimal and other ethereal solvents including Et2O, 1,2-

(a) Reductive transformation of alkynes

Li or Na
ROH
liq. NH3

Li or Na
electrophile

far less
investigated

(b) Our previous work: 
Difunctionalization of alkenes with alkoxy-substituted electrophiles

(c) This work: (Z)-selective diboration with B(OMe)3

e–

H

H

E

E

B(OMe)3

+ +
B(OMe)3

(Na)

B B

E OR
+

(Li or Na)e–

E OR
+

E

E

resistant to reduction instant trapping

step a step b

E OR = B(OMe)3, O O
,



 
 

dimethoxyethane (DME), and 1,4-dioxane gave the product in 
lower yields with recovery of ca. 20% of 1a (entries 6–8). The 
use of B(OMe)3 was indispensable for the present diboration; 
other common trialkoxyboranes such as B(OiPr)3 and MeOBpin 
significantly lowered the yield and the stereoselectivity of 2a 
(entries 9 and 10). Notably, the use of MeOBpin caused the 
formation of a considerable amount of diborylalkane 3 as a 
byproduct (entry 10, See Scheme 6c for details). Product 2a was 
also obtained in 85% yield with 3.0 equivalents of B(OMe)3, and 
eventually, a 93% yield of 2a was obtained with an increased 
amount, 2.2 equivalents, of Na dispersion (entries 11 and 12). 

 
Table 1. Optimization study with 1a 

 
entry deviations from above 

conditions 
yield of 2a 
(%, Z:E) 

yield of 
3 (%) 

1 none 89 (100:0) 2 
2 Na dispersion then 

B(OMe)3
a) 

<5 0 

3 Li powder instead of Na 
dispersion, for 2 h 

50 (96:4) 6 

4 LiNp instead of Na 
dispersion 

28 1 

5 NaNp instead of Na 
dispersion 

30 1 

6 Et2O instead of THF 45 (100:0) 5 
7 DME instead of THF 64 (100:0) 7 
8 1,4-dioxane instead of THF 65 (88:12) 2 
9 B(OiPr)3  

instead of B(OMe)3 
25 (68:32) 2 

10b) MeOBpin  
instead of B(OMe)3 

48 (79:21) 21 

11 3.0 equiv B(OMe)3 85 (100:0) trace 
12 3.0 equiv B(OMe)3 and 

2.2 equiv Na dispersion 
93 (100:0) 0 

a) B(OMe)3 was added 1 min after completion of the addition of 
Na dispersion. b)Without addition of pinacol. 

 
Under the optimized reaction conditions (Table 1, entry 12), 

2a was isolated in 87% yield (Scheme 2). Pinacol was found to 
be a suitable protective group of the boron moieties of 2a; the 
isolated yield of neopentyl glycol-protected 2a-nep was 52% 
because of decomposition during purification. Although 1,8-
diaminonaphthalene-protected 2a-dan was sufficiently stable 
during purification, the protection step suffered from lower 
efficiency resulting in a moderate yield of 2a-dan.  

We then investigated the substrate scope with respect to 
diarylacetylenes. Electron-rich para-methoxy-substituted 
diarylacetylene 1b smoothly underwent the 1,2-diboration to 
afford 2b in 58% yield. ortho-Methoxy-substituted 1c also took 
part in the reaction to yield 2c. On the other hand, only a 20% 
yield of diboration product 2d was obtained from ortho-methyl-
substituted 1d while most of 1d were consumed. Because of the 
steric hindrance, the C–B bond formation between the radical 
anion generated from 1d and B(OMe)3 would be hampered, 
resulting in decomposition of the labile radical anion. On the 
other hand, coordination of the ortho-methoxy group to sodium 
cation would modulate the reactivity of 1c. To our delight, the 
addition of LiI and the use of THF/TMEDA (N,N,N',N'-
tetramethylethylenediamine) cosolvent system significantly 
improved the yield of 2d. Such positive effects of the additive 
and cosolvent system were observed in our previous reductive 

diboration of alkenes.5 The 1,2-diboration was compatible with 
several functionalities such as methylsulfanyl, fluoro, and NBoc 
groups to yield (Z)-diborylalkenes 2e–g. These products might 
gradually decompose during purification, the isolated yields 
were thus modest. Naphthyl-substituted alkyne 1h could be also 
involved in the reaction while the yield of 2h was moderate. 
Unfortunately, di(thiophen-2-yl)acetylene (1i) did not provide 
the diboration product 2i. Recovery of 53% of 1i indicates that 
sodium metal might be consumed for cleavage of the endocyclic 
C–S bonds. The reaction at –78 °C also did not provide good 
result. Of note, the present diboration preferentially proceeded at 
a C–C triple bond compared to a C–C double bond. Indeed, the 
acetylenic moiety of enyne 1j was converted selectively to 1,2-
diboryl-1,3-diene 2j. 

 

Scheme 2. Reaction scope with respect to diarylacetylenes. 
Yields determined by 1H NMR analysis of the crude products are 
shown in parentheses. a)Neopentyl glycol was used instead of 
pinacol. b)1,8-Diaminonaphthalene was used instead of pinacol. 
The protection step was performed at 65 °C. c)With 2.2 equiv LiI 
in THF/TMEDA (v/v = 9/1). d)3.0 equiv Na dispersion, 4.0 equiv 
B(OMe)3 and pinacol. e)At –78 °C. 

 
Next, we explored the reaction scope with respect to 

alkylarylacetylenes (Scheme 3). Under the conditions shown in 
Scheme 2, 1-phenyl-1-hexyne (1k) underwent the reaction to 
afford 2k whereas the yield was 47%. Gratifyingly, the use of 
larger amounts of B(OMe)3 (6.0 equiv) and Na dispersion (3.0 
equiv) improved the yield of 2k to 80%. The radical anion 
generated from 1k would be less stable than those from 
diarylacetylenes. The use of such an excess amount of B(OMe)3 
would be important to rapidly trap the fragile radical anion. The 
present 1,2-diboration was applicable to gram-scale synthesis; 
1.6 g (77% yield) of 2k was obtained from 5.0 mmol of 1k and 
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2.7 equivalents of Na dispersion. 1-Phenyl-1-propyne (1l) was 
uneventfully converted to the corresponding (Z)-1,2-diboration 
product 2l in 72% yield. The reaction of 
(cyclopropylethynyl)benzene (1m) produced a 38% yield of 
diboration product 2m and several byproducts including ring-
opened allenylic compounds. This indicates that delocalized 
radical anion 1m-A generated through SER of 1m would 
undergo both of two pathways shown in Scheme 4. One is ring-
opening to afford allenyl species via notional intermediate B 
having an α-cyclopropylvinyl radical.10 On the other hand, a part 
of 1m-A can react with B(OMe)3 via notional intermediate B' 
because α-cyclopropylvinyl anion is reluctant to undergo ring-
opening.11 Although the two pathways compete at room 
temperature, the former, undesirable ring-opening via B, could 
be fairly suppressed by decreasing the reaction temperature to –
78 °C to afford 2m in 72% yield. Bulky tert-butyl-substituted 1n 
took part in the reaction to afford product 2n in moderate yield 
(Scheme 3). Terminal alkyne 1o was hardly applicable to the 
reaction. Oligomerization of 1o occurred even at –78 °C to 
diminish the yield of 2o. 1-Phenyl-2-(trimethylsilyl)acetylene 
(1p) also underwent the reaction to afford 2p in good yield. The 
strongly reducing conditions were detrimental to the reaction of 
chloro-, tosyloxy-, cyano-, and hydroxy-substituted alkynes. 
Although we tried the diboration of 1,4-diphenylbutadiyne, a 
complex product mixture was obtained with recovery of 37% of 
the substrate. The diyne would mainly oligomerize under the 
strongly reducing conditions. Alkynes should have at least one 
aromatic ring on the acetylenic carbon; the reaction of 
bis(trimethylsilyl)acetylene gave a complex product mixture 
while 5-decyne was fully recovered after the reaction. 

 
Scheme 3. Reaction scope with respect to other alkynes. Yields 
determined by 1H NMR analysis of the crude products are shown 
in parentheses. a)With 2.2 equiv Na dispersion, 3.0 equiv 

B(OMe)3 and pinacol. b)5.0 mmol scale. With 2.7 equiv Na 
dispersion. c)At –78 °C. 

 

Scheme 4. Possible pathways of the reaction with 1m. 
In place of alkoxy-substituted boron electrophiles, we 

attempted the reaction of 1a with isobutylene oxide that can be 
used in our previous reductive difunctionalization of alkenes.5 

However, decomposition of 1a preferentially occurred and the 
desired bis(hydroxyalkylation) product 4 was obtained only in 
9% yield (Scheme 5).12

 Even at –78 °C, the yield of 4 was only 
7% while 52% of 1a was recovered. 

 
Scheme 5. Attempted bis(hydroxyalkylation) of 1a with 
isobutylene oxide. Yields were determined by 1H NMR analysis 
of crude products. 
 

A possible reaction mechanism of the present diboration is 
shown in Scheme 6a. First, SER of alkyne 1 with Na dispersion 
would generate radical anion A.13 It has been known that, at 
room temperature, the radical anions of an arylalkynes readily 
undergo dimerization in THF.3c–f On the other hand, in the 
presence of B(OMe)3, the labile radical anion can be instantly 
trapped by B(OMe)3 even at room temperature to provide C. 
Subsequent SER would form borylated carbanions D and its 
stereoisomer D'. Because benzylic vinyl anions easily undergo 
isomerization,14 D and D' would be in equilibrium while the 
former would be more stable due to internal coordination of the 
methoxy group to the sodium on the vinylic carbon. Finally, 
second C–B bond formation between D and B(OMe)3 would 
proceed with retention of the stereochemistry to provide (Z)-
bis(borate) E. Although E still has a conjugated C–C double 
bond, the borate structure renders E negatively charged to 
suppress the overreduction with the Na dispersion. 

The unsuccessful result with B(OiPr)3 (Table 1, entry 9) 
would be attributable to the steric hinderance of B(OiPr)3. 
Owing to its bulkiness, trapping of anionic species A and/or D-
iPr would be sluggish to diminish the yield of 2a. Moreover, the 
internal coordination of D-iPr might be hampered by the bulky 
isopropoxy moiety, the stereoselectivity of the diboration thus 
decreased (Scheme 6b). Steric hinderance around the boron 
center poses another problem: overreduction of the diboration 
products observed in the reaction with MeOBpin (Table 1, entry 
10). The reaction with MeOBpin would produce bis(borate) E-
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pin, the methoxide anion of which would readily depart from the 
boron center because of the steric hinderance of the Bpin unit.15 

Less electronegative F-pin thus formed would be compelled to 
undergo overreduction with the remaining Na dispersion to 
generate G-pin that would be delivered to diborylalkane 3 via 
eventual protonation6 (Scheme 6c). The less steric hinderance of 
B(OMe)3 realized efficient and stereoselective C–B bond 
formation in the present diboration. 

 

 

Scheme 6. A possible reaction mechanism and problems with 
trialkoxyboranes other than B(OMe)3.  

Considering the proposed mechanism, we attempted to trap 
borylated carbanion D with another electrophile for 
unsymmetric difunctionalization. At –78 °C, alkyne 1a was 
successively treated with 1.0 equivalent of B(OMe)3 and 3.0 
equivalents of MeI (Scheme 7). However, no methylboration 
product was observed. A 34% yield of diboration product 2a was 
obtained under concomitant recovery of 1a (40%). This indicates 
that borylated carbanion D would react B(OMe)3 faster than 
radical anion A. 

 

Scheme 7. Attempted methylboration of 1a.  

Finally, to utilize in situ generated bis(borate) species E, 
we attempted one-pot Suzuki-Miyaura arylation without 
recourse to additional bases (Scheme 8). According to the 
Suzuki-Miyaura coupling of aryl(trimethoxy)borates,16 we 
performed monoarylation of 1a-E with 4-iodobenzotrifluoride. 
After generation of 1a-E from 1.2 mmol of 1a, 1.0 mmol of 4-
iodobenzotrifluoride and 0.10 mmol of Pd(OAc)2 were added. 
Heating the resulting mixture at 65 °C for 40 h afforded 
monoarylation product 7 in 72% yield. 

 

 

 

Scheme 8. One-pot synthesis of 1,2,2-triarylalkenylboronate 7 
via 1,2-diboration and Suzuki-Miyaura monoarylation.  

3. Conclusion 
We have developed Na-promoted reductive 1,2-diboration 

of alkynes with reduction-resistant and sterically less hindered 
B(OMe)3. The reaction proceeded with excellent syn selectivity 
to provide various (Z)-1,2-diborylalkenes. By employing in situ 
generated bis(borate) species, one-pot synthesis of 1,2,2-
triarylalkenylboronate was accomplished.  
 

4. Experimental 
Instrumentation and Chemicals  

1H NMR (600 MHz), 11B NMR (192 MHz), 13C NMR (151 
MHz), and 19F NMR (564 MHz) spectra were taken on a JEOL 
ECZ-600 spectrometer and were obtained in CDCl3 by using 
CHCl3 (for 1H, δ = 7.26 ppm) and CDCl3 (for 13C, δ = 77.16 
ppm). For the 11B and 19F NMR spectra, BF3·OEt2 (δ = 0.00 
ppm) and fluorobenzene (δ = –113.50 ppm) were used as an 
external standard, respectively. Carbons bearing boron atoms 
were hardly observed due to the quadrupolar relaxation 
mechanism of 11B nucleus. Diboration product 2d provides 
broad signals in their NMR spectra at 25 °C probably due to slow 
rotation of the C(alkenyl)–C(aryl) bonds. To obtain better signals, 
the NMR measurements for 2d were conducted at 50 °C. Mass 
spectra were determined on a Bruker micrOTOF II spectrometer. 
TLC analyses were performed on commercial glass plates 
bearing a 0.25-mm layer of Merck Silica gel 60F254. Purification 
was done by column chromatography using silica gel (KANTO 
CHEMICAL CO., INC., Silica gel 60N, spherical neutral, 
particle size 100–210 µm) or done by preparative recycling gel 
permeation chromatography (GPC) on a JAI LC-9260 II NEXT 
system using CHCl3 as the eluent. The reactions were carried out 
under an atmosphere of nitrogen while the reaction using Li 
powder was conducted under an atmosphere of argon. 
Dehydrated THF, Et2O, and CH2Cl2 were purchased from 
KANTO CHEMICAL CO., INC. and stored under an 
atmosphere of nitrogen. Dehydrated 1,4-dioxane was purchased 
from FUJIFILM Wako Pure Chemical Corporation and stored 
under an atmosphere of nitrogen. DME, TMEDA, and 
triethylamine were purchased from commercial suppliers and 
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distilled prior to use. Unless otherwise noted, materials obtained 
from commercial suppliers were used without further 
purification. Alkynes 1a, 1k, 1o, and 1p were purchased from 
TCI. Alkyne 1l was prepared from phenylacetylene and 
iodomethane with BuLi. Na dispersion (ca. 10 M suspension in 
mineral oil) was provided by KOBELCO ECO-Solutions Co., 
Ltd. The concentration of the Na dispersion was determined by 
acid-base titration: NaOMe generated via the reaction of Na 
dispersion with MeOH was titrated with 1 M aqueous HCl using 
phenolphthalein as an indicator. Li powder was prepared 
according to a modified procedure reported by Yus.17 The 
particle sizes (120–250 μm) of the Li powder were measured by 
SEM (HITACHI, Miniscope TM3030Plus). LiNp and NaNp 
were prepared from naphthalene and Li granule and Na 
dispersion in THF, and titrated according to the literature.18 
Preparation of Materials  

Preparation of diarylacetylenes 1b–d and 1i: A 
modification of the procedure reported by Song and Lee was 
used.19 The synthesis of 1b is representative. A 100-mL two-
necked flask was charged with 4-bromoanisole (2.5 mL, 20 
mmol), propiolic acid (0.62 mL, 10 mmol), PdCl2(PPh3)2 (0.35 
g, 0.50 mmol), 1,4-bis(diphenylphosphino)butane (dppb, 0.43 g, 
1.0 mmol), DMSO (40 mL), and DBU (3.0 mL, 20 mmol). The 
resulting solution was stirred at 80 °C for 32 h, before additions 
of saturated aqueous NH4Cl (4 mL) and H2O (40 mL). The 
mixture was extracted with Et2O (40 mL × 4) and the combined 
organic layer was washed with brine, dried over Na2SO4, filtered, 
and concentrated under reduced pressure. The residue was 
purified by column chromatography on silica gel (hexane/EtOAc 
= 29/1) to give 1b (1.2 g, 5.2 mmol, 52%) as a white solid. 
Alkynes 1c, 1d, and 1i were prepared through the same 
procedure. All the resonances in the 1H and 13C NMR spectra of 
1b,20 1c,19 1d,19 and 1i19 were consistent with the reported values.  

Preparation of diarylacetylenes 1e, 1f and 1h: A 
modification of the procedure reported by Buchwald and Fu was 
used.21 The synthesis of 1f is representative. A 50-mL Schlenk 
tube was charged with 3-fluorobromobenzene (0.55 mL, 5.0 
mmol), PdCl2(PPh3)2 (90 mg, 0.15 mmol), P(tBu)3·HBF4 (39 mg, 
0.30 mmol), CuI (19 mg, 0.10 mmol), diisopropylamine (0.85 
mL, 6.0 mmol), and 1,4-dioxane (5 mL). Phenylacetylene (0.66 
mL, 6.0 mmol) was added dropwise, and the resulting 
suspension was stirred at room temperature. After completion of 
the reaction, the mixture was passed through pads of silica gel 
and alumina with EtOAc as an eluent. The mixture was washed 
with saturated aqueous NH4Cl and brine. The combined organic 
layer was dried over Na2SO4, filtered, and concentrated under 
reduced pressure. The residue was purified by column 
chromatography on silica gel with hexane as an eluent to give 1f 
(0.80 g, 4.2 mmol, 83%) as a yellow oil. Alkynes 1e and 1h were 
prepared through the same procedure. All the resonances in the 
1H and 13C NMR spectra of 1e,22 1f,23 and 1h23

 were consistent 
with the reported values.  

Preparation of alkynes 1g, 1m and 1n: The synthesis of 
1g is representative. A 50-mL Schlenk tube was charged with 
tert-butyl (4-iodophenyl)(methyl)carbamate (3.11g, 9.3 mmol), 
PdCl2(PPh3)2 (0.16 g, 0.23 mmol), CuI (0.11 g, 0.56 mmol), 
degassed NEt3 (1.9 mL, 14 mmol), and THF (14 mL). 
Phenylacetylene (1.2 mL, 11 mmol) was added dropwise, and 
the resulting suspension was stirred at room temperature. After 
completion of the reaction, the mixture was passed through pads 
of silica gel and alumina with EtOAc as an eluent. The mixture 
was extracted with EtOAc (10 mL × 3). The combined organic 
layer was washed with brine, dried over Na2SO4, filtered, and 
concentrated under reduced pressure. The residue was purified 
by column chromatography on silica gel (hexane/EtOAc = 30/1) 
as an eluent to give 1g (2.7 g, 8.7 mmol, 94%) as a white solid. 

Alkynes 1m and 1n were prepared through the same procedure. 
All the resonances in the 1H and 13C NMR spectra of 1m24 and 
1n25 were consistent with the reported values. 

Preparation of alkyne 1j: Modifications of the procedures 
reported by Kotschy26 (for the fist step) and Nicolaou27 (for the 
second step) were used. A 50-mL two-necked flask was charged 
with iodobenzene (1.1 mL, 10 mmol), 1-ethynylcyclohexanol 
(1.5 g, 12 mmol), PdCl2(PPh3)2 (0.21 g, 0.3 mmol), CuI (0.11 g, 
0.6 mmol), and diisopropylamine (20 mL), and the resulting 
mixture was stirred at room temperature. After completion of the 
reaction, the mixture was passed through pads of silica gel and 
alumina with EtOAc as an eluent. The mixture was washed with 
saturated aqueous NH4Cl and brine. The combined organic layer 
was dried over Na2SO4, filtered and concentrated under reduced 
pressure. The residue was purified by column chromatography 
on silica gel (hexane/EtOAc = 10/1 to 5/1) to give 1-
(phenylethynyl)cyclohexanol (1.94 g, 97 mmol, 97%) as a 
yellow solid. A 100-mL flask was charged with 1-
(phenylethynyl)cyclohexanol (1.60 g, 8.0 mmol), CH2Cl2 (50 
mL), and NEt3 (3.9 mL, 28 mmol). Methanesulfonyl chloride 
(1.9 mL, 24 mmol) was added dropwise at 0 ̊ C, and the resulting 
suspension was stirred at 0 ˚C for 15 min, before additions of 
saturated aqueous NH4Cl (3 mL) and H2O (30 mL). The mixture 
was extracted with CH2Cl2 (10 mL× 4). The combined organic 
layer was washed with saturated aqueous NH4Cl, dried over 
Na2SO4 and concentrated under reduced pressure. DBU (12 mL, 
80 mmol) was added portionwise to the residue at 0 ˚C and the 
resulting suspension was stirred at 0 ˚C. The solution was then 
concentrated under reduced pressure. The residue was purified 
by column chromatography on silica gel with hexane as an 
eluent to give 1j (1.31 g, 7.2 mmol, 90%) as a colorless oil. All 
the resonances in the 1H and 13C NMR spectra of 1j were 
consistent with the reported values.28 

Experimental Procedures 
General procedure for 1,2-diboration of 

diarylacetylenes (GP1, Scheme 2): An oven-dried 20-mL 
Schlenk tube was charged with alkyne 1 (1.0 mmol), B(OMe)3 
(0.34 mL, 3.0 mmol), and THF (4.0 mL). Na dispersion (10.0 M 
in mineral oil, 0.22 mL, 2.2 mmol) was added dropwise, and the 
resulting suspension was stirred at room temperature for 30 min. 
Pinacol (0.36 g, 3.0 mmol) was then added, and the resulting 
mixture was stirred at room temperature for an additional 30 min. 
After an addition of aqueous HCl (2 M, 3 mL), the resulting 
mixture was extracted with EtOAc (2 mL × 4). The combined 
organic layer was dried over Na2SO4, filtered, and concentrated 
under reduced pressure. The residue was loaded on a short silica 
gel column (φ = 16 mm, H = 120 mm) and 100 mL of hexane 
was passed through the column to remove the mineral oil in the 
Na dispersion. EtOAc (200 mL) was then passed through the 
column to elute the crude product. After the EtOAc layer was 
concentrated under reduced pressure, the residue was purified by 
GPC (eluent: CHCl3). 

General procedure for 1,2-diboration of alkylaryl- and 
arylsilylacetylenes (GP2, Scheme 3): An oven-dried 20-mL 
Schlenk tube was charged with alkyne 1 (1.0 mmol), B(OMe)3 
(0.67 mL, 6.0 mmol), and THF (4.0 mL). Na dispersion (10.0 M, 
0.30 mL, 3.0 mmol) was added dropwise, and the resulting 
suspension was stirred at room temperature for 30 min. Pinacol 
(0.71 g, 6.0 mmol) was then added, and the resulting mixture 
was stirred at room temperature for an additional 30 min. After 
an addition of HCl (2 M, 3 mL), the resulting mixture was 
extracted with EtOAc (2 mL × 4). The combined organic layer 
was dried over Na2SO4, filtered, and concentrated under reduced 
pressure. The residue was purified by column chromatography 
on silica gel (hexane/EtOAc = 50:1). 

Procedure for gram-scale synthesis of 2k (Scheme 3): 



 
 

An oven-dried 50-mL Schlenk tube was charged with 1k (0.88 
mL, 5.0 mmol), B(OMe)3 (3.4 mL, 30 mmol), and THF (20 mL). 
Na dispersion (1.35 mL, 13.5 mmol) was added dropwise, and 
the resulting suspension was stirred at room temperature for 30 
min. Pinacol (3.55 g, 30 mmol) was then added, and the resulting 
mixture was stirred at room temperature for an additional 30 min. 
After an addition of HCl (2 M, 6 mL), the resulting mixture was 
extracted with EtOAc (5 mL × 4). The combined organic layer 
was washed with brine, dried over Na2SO4, filtered, and 
concentrated under reduced pressure. The residue was loaded on 
a short silica gel column (φ = 32 mm, H = 120 mm) and 400 mL 
of hexane was passed through the column to remove the mineral 
oil in the Na dispersion. EtOAc (800 mL) was then passed 
through the column to elute the crude product. After the EtOAc 
layer was concentrated under reduced pressure, the residue was 
purified by GPC to provide 2k (1.6 g, 3.9 mmol, 77%) as a 
yellow oil. 

Procedure for one-pot Suzuki-Miyaura coupling 
followed by 1,2-diboration (Scheme 8): The arylation step was 
conducted according to the Suzuki-Miyaura coupling of 
aryl(trimethoxy)borates reported by Starichenko.16 An oven-
dried 20-mL Schlenk tube was charged with 1a (0.21 g, 1.2 
mmol), B(OMe)3 (0.80 mL, 7.2 mmol), and THF (4.8 mL). Na 
dispersion (10.0 M, 0.24 mL, 2.4 mmol) was added dropwise, 
and the resulting suspension was stirred at room temperature for 
30 min before additions of Pd(OAc)2 (22 mg, 0.10 mmol) and 4-
iodobenzotrifluoride (0.15 mL, 1.0 mmol). The resulting mixture 
was stirred at 65 ̊ C for 40 h. Pinacol (0.85 g, 7.2 mmol) was then 
added, and the resulting mixture was stirred at room temperature 
for an additional 30 min. After an addition of HCl (2 M, 3 mL), 
the resulting mixture was extracted with EtOAc (2 mL × 4), The 
combined organic layer was dried over Na2SO4, filtered, and 
concentrated under reduced pressure. The residue was purified 
by column chromatography on silica gel (hexane/EtOAc = 75:1) 
to provide 7 (0.34 g, 0.72 mmol, 72%) as a yellow solid.  
 
Characterization Data 

tert-Butyl methyl[4-(phenylethynyl)phenyl]carbamate 
(1g): 1H NMR: δ 7.51–7.53 (m, 2H), 7.48 (dt, J = 8.9, 2.1 Hz, 
2H), 7.31–7.36 (m, 3H), 7.23 (d, J = 8.2 Hz, 2H), 3.27 (s, 3H), 
1.46 (s, 9H); 13C NMR: δ 154.57, 143.86, 131.95, 131.71, 128.49, 
128.36, 125.19, 123.40, 120.01, 89.37, 89.19, 80.80, 37.19, 
28.46. HRMS (APCI-MS, positive): m/z = 308.1633. calcd for 
C20H22NO2: 308.1645 [M+H]+. 

(Z)-1,2-Diphenyl-1,2-bis(pinacolatoboryl)ethene (2a): 
Synthesized via GP1. Purification was done by GPC without 
short silica gel column chromatography. White solid (0.38 g, 
0.87 mmol, 87%). All the resonances in the 1H, 13C, and 11B 
NMR spectra were consistent with the reported values.29 

(Z)-1,2-Bis[(neopentyl glycolato)boryl]-1,2-
diphenylethene (2a-nep): Synthesized via GP1 by using 2,2-
dimethylpropane-1,3-diol (0.31 g, 3.0 mmol) instead of pinacol. 
White solid (0.22 g, 0.52 mmol, 52%). 1H NMR: δ 7.06–7.09 (m, 
4H), 7.02 (t, J = 7.8 Hz, 2H), 6.96–6.98 (m, 4H), 3.72 (s, 8H), 
1.01 (s, 12H); 13C NMR: δ 141.70, 129.39, 127.58, 125.71, 72.83, 
31.89, 22.18; 11B NMR: δ 27.22 (br), 18.36. HRMS (APCI-MS, 
positive): m/z = 512.2352. calcd for C24H31B2O4: 512.2349 
[M+H]+. 

(Z)-1,2-Bis(1H-naphtho[1,8-de][1,3,2]diazaborinin-
2(3H)-yl)-1,2-diphenylethene (2a-dan): Synthesized via GP1 
by using 1,8-diaminonaphthalene (0.47 g, 3.0 mmol) instead of 
pinacol. The protection step was performed at 65 ̊ C. Purification 
was done by column chromatography on silica gel (eluent: 
hexane to hexane/EtOAc = 1/1) according to GP2. White solid 
(0.23 g, 0.45 mmol, 45%). 1H NMR: δ 7.09–7.17 (m, 6H), 6.98–
7.07 (m, 12H), 6.20 (d, J = 6.6 Hz, 4H), 5.85 (s, 4H); 13C NMR: 

δ 142.30, 140.77, 136.35, 129.77, 128.26, 127.71, 126.50, 
119.84, 118.09, 106.35; 11B NMR: δ 28.78 (br). HRMS (APCI-
MS, positive): m/z = 404.2330. calcd for C34H27B2N4: 404.2333 
[M+H]+. 

(Z)-1,2-Bis(4-methoxyphenyl)-1,2-
bis(pinacolatoboryl)ethene (2b): Synthesized via GP1. White 
solid (0.29 g, 0.58 mmol, 58%). All the resonances in the 1H, 13C, 
and 11B NMR spectra of were consistent with the reported 
values.29  

(Z)-1,2-Bis(2-methoxyphenyl)-1,2-
bis(pinacolatoboryl)ethene (2c): Synthesized via GP1. White 
solid (0.33 g, 0.67 mmol, 67%, E:Z = 5:95). 1H NMR: δ 7.00 (dd, 
J = 8.7, 7.5 Hz, 2H), 6.71 (d, J = 7.8 Hz, 2H), 6.63 (d, J = 7.5 
Hz, 2H), 6.52–6.54 (m, 2H), 3.74 (s, 6H), 1.31 (s, 24H); 13C 
NMR: δ 157.07, 132.25, 131.00, 127.40, 120.22, 109.48, 83.70, 
55.05, 25.05; 11B NMR: δ 30.81 (br). HRMS (APCI-MS, 
positive): m/z = 492.2862. calcd for C28H38B2O6: 492.2859 [M]+. 

(Z)-1,2-Bis(2-methylphenyl)-1,2-
bis(pinacolatoboryl)ethene (2d): Synthesized via GP1 in the 
presence of 2.2 equivalents of LiI under THF/TMEDA (v/v = 
9/1) cosolvent conditions. Purification was done by GPC using 
toluene as the eluent. White solid (0.24 g, 0.53 mmol, 53%). 1H 
NMR (at 50 °C): δ 6.93 (d, J = 7.5 Hz, 2H), 6.90 (t, J = 7.5 Hz, 
2H), 6.84 (br, 4H), 2.20 (br, 6H), 1.28 (s, 24H); 13C NMR (at 
50 °C): δ 135.04, 129.36 (br, 2C), 125.97, 124.75 (br, 2C), 83.92, 
24.93, 20.32 (br); 11B NMR (at 50 °C): δ 30.07 (br). HRMS 
(APCI-MS, positive): m/z = 461.3034. calcd for C28H39B2O4: 
461.3039 [M+H]+.  

(Z)-1-[3-(Methylsulfanyl)phenyl]-2-phenyl-1,2-
bis(pinacolatoboryl)ethene (2e): Synthesized via GP1. White 
solid (225 mg, 0.52 mmol, 52%). 1H NMR: δ 7.07–7.10 (m, 2H), 
7.02–7.05 (m, 1H), 6.99 (t, J = 7.6 Hz, 1H), 6.93–6.96 (m, 3H), 
6.77–6.79 (m, 2H), 2.14 (s, 3H), 1.33 (s, 12H), 1.32 (s, 12H); 13C 

NMR: δ 141.95, 141.31, 137.21, 129.35, 127.87, 127.71, 127.55, 
126.27, 126.05, 124.82, 84.27 (2C), 25.04, 25.00, 15.72; 11B 
NMR: δ 30.03 (br). HRMS (APCI-MS, positive): m/z = 
478.2527. calcd for C27H36B2O4S: 478.2524 [M]+. 

(Z)-1-(3-Fluorophenyl)-2-phenyl-1,2-
bis(pinacolatoboryl)ethene (2f): Synthesized via GP1. White 
solid (0.20 g, 0.44 mmol, 44%). 1H NMR: δ 6.96–7.10 (m, 4H), 
6.92–6.95 (m, 2H), 6.65–6.73 (m, 3H), 1.31 (s, 24H); 13C NMR: 
δ 162.40 (d, J = 244.2 Hz), 143.76 (d, J = 8.7 Hz), 140.94, 129.15, 
128.89 (d, J = 8.7 Hz), 127.73, 126.25, 125.30 (d, J = 2.9 Hz), 
116.29 (d, J = 21.7 Hz), 112.78 (d, J = 21.7 Hz), 84.36, 84.30, 
25.01, 24.98; 19F NMR: δ –115.01; 11B NMR: δ 30.27 (br). 
HRMS (APCI-MS, positive): m/z = 451.2627. calcd for 
C26H34B2O4F: 451.2631 [M+H]+. 

(Z)-1-[4-(N-Methyl-N-tert-
butoxycarbonylamino)phenyl]-2-phenyl-1,2-
bis(pinacolatoboryl)ethene (2g): Synthesized via GP1 by 
using 3.0 equivalents of Na dispersion (10.0 M, 0.30 mL, 3.0 
mmol) and 4.0 equivalents of B(OMe)3 (0.45 mL, 4.0 mmol). 
White solid (323 mg, 0.58 mmol, 58%). 1H NMR: δ 7.05–7.08 
(m, 2H), 7.02 (t, J = 7.8 Hz, 1H), 6.94–6.96 (m, 2H), 6.88–6.92 
(m, 4H), 3.17 (s, 3H), 1.38 (s, 9H), 1.32 (s, 12H), 1.32 (s, 12H); 

13C NMR: δ 154.95, 141.62, 141.38, 138.39, 129.63, 129.43, 
127.61, 125.93, 124.55, 84.22 (2C), 80.07, 37.23, 28.42, 25.02; 
11B NMR: δ 31.23 (br). HRMS (APCI-MS, positive): m/z = 
561.3442. calcd for C32H45B2O6N: 561.3438 [M]+. 

(Z)-1-(2-Naphthyl)-2-phenyl-1,2-
bis(pinacolatoboryl)ethene (2h): Synthesized via GP1. White 
solid (0.22 g, 0.45 mmol, 45%). 1H NMR: δ 7.67–7.68 (m, 1H), 
7.62–7.64 (m, 1H), 7.54 (s, 1H), 7.48 (d, J = 8.9 Hz, 1H), 7.34–
7.37 (m, 2H), 6.97–7.04 (m, 6H), 1.34 (s, 12H), 1.33 (s, 12H); 
13C NMR: δ 141.30, 139.11, 133.29, 132.00, 129.57, 128.26, 
128.11, 128.07, 127.67, 127.62, 126.86, 126.01, 125.51, 125.39, 



 
 

84.27 (2C), 25.06, 25.03; 11B NMR: δ 30.35 (br), 22.36. HRMS 
(APCI-MS, positive): m/z = 482.2806. calcd for C30H37B2O4: 
482.2804 [M+H]+. 

(Z)-1-(1-Cyclohexeyl)-2-phenyl-1,2-
bis(pinacolatoboryl)ethene (2j): Synthesized via GP1. White 
solid (0.21 g, 0.53 mmol, 53%, E:Z = 4:96). 1H NMR: δ 7.19–
7.22 (m, 2H), 7.15–7.17 (m, 2H), 7.10–7.13 (m, 1H), 5.36–5.38 
(m, 1H), 1.87–1.91 (m, 2H), 1.67–1.69 (m, 2H), 1.36–1.40 (m, 
4H), 1.33 (s, 12H), 1.27 (s, 12H); 13C NMR: δ 142.50, 138.56, 
128.76, 127.41, 125.87, 125.79, 83.97, 83.72, 28.49, 25.55, 
24.99, 24.93, 22.95, 22.13; 11B NMR: δ 29.74 (br), 22.25. HRMS 
(APCI-MS, positive): m/z = 436.2958. calcd for C26H38B2O4: 
436.2960 [M]+. 

(Z)-1-Phenyl-1,2-bis(pinacolatoboryl)-1-hexene (2k): 
Synthesized via GP2. Purification was done by short silica gel 
column and GPC according to GP1. Yellow oil (0.35 g, 0.84 
mmol, 80%) was obtained from 1.05 mmol (0.17 g) of 1k. All 
the resonances in the 1H, 13C, and 11B NMR spectra were 
consistent with the reported values.30  

(Z)-1-Phenyl-1,2-bis(pinacolatoboryl)propene (2l): 
Synthesized via GP2. Purification was done by short silica gel 
column and GPC according to GP1. Yellow oil (0.27 g, 0.73 
mmol, 72%) was obtained from 1.02 mmol (0.12 g) of 1l. All the 
resonances in the 1H, 13C, and 11B NMR spectra were consistent 
with the reported values.29  

(Z)-1-Cyclopropyl-2-phenyl-1,2-
bis(pinacolatoboryl)ethene (2m): Synthesized via GP2. The 
diboration step was conducted at –78 °C. Yellow solid (0.27 mg, 
0.68 mmol, 72%). 1H NMR: δ 7.28 (t, J = 7.5 Hz, 2H), 7.21 (d, 
J = 7.5 Hz, 2H), 7.16–7.18 (m, 1H), 1.56–1.60 (m, 1H), 1.35 (s, 
12H), 1.23 (s, 12H), 0.77–0.74 (m, 2H), 0.57–0.60 (m, 2H); 13C 
NMR: δ 142.58, 129.29, 127.70, 125.66, 84.04, 83.76, 25.55, 
24.86, 15.95, 7.81; 11B NMR: δ 29.87, 22.36. HRMS (APCI-MS, 
positive): m/z = 396.2644. calcd for C23H34B2O4: 396.2646 [M]+. 

(Z)-1-(3-Methoxyphenyl)-3,3-dimethyl-1,2-
bis(pinacolatoboryl)-1-butene (2n): Synthesized via GP2. 
Purification was done by short silica gel column and GPC 
(eluent: toluene) according to GP1. White solid (0.13 g, 0.30 
mmol, 30%). 1H NMR: δ 7.11 (t, J = 7.8 Hz, 1H), 6.67–6.71 (m, 
3H), 3.76 (s, 3H), 1.38 (s, 12H), 1.16 (s, 12H), 0.98 (s, 9H); 13C 
NMR: δ 158.66, 145.63, 128.18, 121.36, 113.77, 111.48, 83.90, 
83.70, 55.24, 38.38, 31.82, 25.69, 24.76; 11B NMR: δ 29.95 (br), 
22.32. HRMS (APCI-MS, positive): m/z = 442.3068. calcd for 
C25H40B2O5: 442.3065 [M]+. 

(Z)-1-Phenyl-1,2-bis(pinacolatoboryl)-2-
(trimethylsilyl)ethene (2p): All the resonances in the 1H, 13C, 
and 11B NMR spectra were consistent with the reported values.31 

(E)-1,2-Diphenyl-1-pinacolatoboryl-2-[4-
(trifluoromethyl)phenyl]ethene (7): All the resonances in the 
1H, 13C, and 11B NMR spectra were consistent with the reported 
values.32 
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