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Phosphine-catalyzed 1,2-cis-diboration of 1,3-butadiynes

Weipeng Li,*® Robert Ricker,” Ka Lok Chan,” Pak Fung Lau, Nicklas W. Buchbinder,™
Johannes Krebs,™ Alexandra Friedrich,” Zhenyang Lin,*'¥ Webster L. Santos,*

Udo Radius,*™ and Todd B. Marder*™

Trialkyl phosphines PMe; and PEt; catalyze the 1,2-cis-dibora-
tion of 1,3-butadiynes to give 1,2-diboryl enynes. The products
were utilized to synthesize 1,1,2,4-tetraaryl enynes using a

Introduction

Transformations of borylated unsaturated building blocks are a
major aspect of modern synthetic chemistry, with the Suzuki-
Miyaura reaction being among the most frequently used
methods to construct C—C bonds."’ While arylboron reagents
are widely available, both synthetically and commercially, and
the number of synthetic protocols for the preparation of alkenyl
boronates has recently increased, improvements can still be
made in the synthesis of alkenyl-boron reagents.” Diborylal-
kenes can be used for the construction of tetrasubstituted
alkenes,” providing synthetic access to materials such as
helicenes™ and tetraphenylethene dyes.”’ Diborylalkenes are
also useful as building blocks towards pharmaceuticals, such as
the antiestrogen tamoxifen™ and in the synthesis of
enediynes,” a class of antitumor antibiotics.® Diboration of
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Suzuki-Miyaura protocol and can readily undergo proto-debor-
ylation.

alkynes to give 1,2-diborylalkenes is a commonly used
procedure, featuring good atom economy and low toxicity of
the compounds involved in the process (Scheme 1a).?* Since
its discovery in 1993 by Miyaura et al.,"” using a platinum-based
precatalyst,"" the diboration of alkynes has been demonstrated
to work as well with Pd,"® Fe,™ Ru,™ Ni,™ Co,"® Rh,™ |r,l'®
Cu," and Au.® Thus far, there have been only three reports on
the metal-catalyzed diboration of 1,3-butadiynes (Scheme 1b).
In 1996, Marder and Norman reported that 1,3-butadiynes could
be diborated or tetraborated employing [(PPh,),Pt(n-C,H,)] or

Previous work:
a) Diboration of ethynes.
Pt, Co, Ir, Cu
— Au, Fe, Ni . ReB _ BRy
R—R y o —
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Bpin 7 R
R——= HBoin - 7
n-BusP R
H
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d) First organocatalytic diboration of diynes
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Scheme 1. Borylations of ethynes and 1,3-butadiynes yielding vinyl bis-
boronates.
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cis-bis-(phosphine)platinum(ll) bis(boryl) complexes."™ In 2011,
Braunschweig et al. developed a diboration of 1,3-butadiynes,
using a diboraplatinaferocenophane complex.”" In 2022, Walko-
wiak et al. used [Pt(PPh;),] as the precatalyst to prepare 24
examples of 1,2-cis diborated enynes from 1,3-butadiyne
substrates.”? In the latter work, the authors expanded the
technique from trimethylsilyl and anisole-substituted symmetric
1,3-butadiynes to asymmetric substrates while also including
further aryl- and alkyl-substituted diynes. In the initial work of
Marder et al., using precatalysts [(PPh;),Pt(n-C,H,)] and cis-
[(PPh,),Pt(B(4-But-cat)),], it was found that diboration of 1,3-
butadiynes could be achieved using B,pin, as the boron source,
while the more reactive B,cat, gave rise to tetraborated
products. Walkowiak et al. employed [Pt(PPh;),] with B,pin,,
which gave predominantly diboration products, while other
precatalysts (PtCl, or H,PtClg with B,pin,) gave partial tetrabora-
tion. Interestingly, Erker etal. reported the addition of the
frustrated Lewis pair B(CFs);/PR; to butadiynes, leading to
zwitterionic 1,2,3-butatriene products.”®

Recently, examples of base mediated metal-free vicinal cis
and trans diborations of alkynes emerged.?” The first diboration
of alkynes employing phosphine-organocatalysis, which gives
anti-selective products from alkynoate substrates, was recently
demonstrated by Sawamura etal,”” while Yoshimura etal.
reported a phosphine-catalyzed photoinduced trans-selective
diboration of terminal alkynes.” In contrast to nearly all
transition metal-catalyzed diborations of alkynes, this organo-
phosphine-catalyzed addition of B,pin, to alkynes under broad
band UV irradiation (Hg lamp) yielded the corresponding vicinal
trans-diborated alkenes with good stereoselectivity.

Recently, our groups developed a protocol for the transition
metal-free, regioselective trans-hydroboration of 1,3-diynes that
affords (E)-1-boryl-1,3-enynes using HBpin as the boron source
and n-Bu;P as the catalyst (Scheme 1c).”” This reaction
proceeded with excellent selectivity for boron addition to the
external carbon atom of the 1,3-diyne framework, and displayed
a broad substrate scope, including unsymmetrical diynes, to
generate products in high yield. We further elucidated that, in
the first step of the transformation, the phosphine catalyst
binds to and activates the diyne, rather than the HBpin reagent.
We now expand upon this approach to report the first
organocatalytic diboration of 1,3-butadiynes (Scheme 1d).

Results and Discussion

Our  diboration study commenced with 1,4-bis(4-
(trifluoromethyl)phenyl)buta-1,3-diyne (1) as the diyne substrate
and B,pin, as the diboration reagent, and the reaction was first
carried out at 80°C in the presence of 20 mol% of "BusP as the
phosphine catalyst (Table 1). A solvent screen (entries 1-4),
including toluene, MTBE, THF, and MeCN, identified THF as the
optimal choice, providing a 64 % yield of diboration product (2)
with a 2.5:1 Z/E selectivity (entry 3). Increasing the amount of
B,pin, to 1.5 equivalents gave a better yield (entry 5). Phosphine
catalysts, catalyst quantities, and reaction temperatures were
screened (entries 6-12), revealing that phosphines with less
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steric hindrance generally offered better selectivity (entry 5 vs.
entry 7, entry 9 vs. entry 10, for more details, see Supporting
Information, Table S3). Increasing the catalyst loading to
20 mol% of Et;P (entry 7) resulted in a decreased reaction yield
compared to 10 mol% of Et;P (entry 8). This result can be
attributed to the formation of oligomeric phosphine-diyne
adducts with varying number of phosphines and diynes.”™
Lowering the reaction temperature enhanced the Z/E selectivity
(entries 8-12). The yield was finally optimized to 70 % with a Z/E
selectivity as high as 23:1, employing 20 mol% of Me;P as the
catalyst and THF as the solvent at 50°C (entry 12). Although
Et;P gave a lower Z/E selectivity than MesP (entry 8), its lower
price. makes Et;P a promising catalyst for this diboration
reaction. The structures of products (2)-2 and (E)-2 were
determined by single-crystal X-ray diffraction (see Table 1,
bottom).

With the optimized reaction conditions in hand, we
investigated the scope and limitations of symmetric 1,3-diynes
(Scheme 2). Arylated 1,3-butadiynes with electron-withdrawing
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Scheme 2. Substrate-scope of symmetric 1,3-diynes. Reaction conditions:
1,3-diyne (0.2 mmol), B,pin, (0.3 mmol), Me;P (20 mol %), THF (2 mL), 50°C,
15 h. For additional details, see Supporting Information. Unless otherwise
stated, the yields given are isolated yields of two isomers (Z and E). Unless
otherwise stated, the Z/E selectivity was determined by GC-MS. a) Yield and
selectivity were determined by 'H NMR with 4-bromobenzaldehyde as an
internal standard, Et;P (10 mol %) was used as the catalyst. b) 60°C. c)
Estimated yield determined by GC-MS based on the conversion of B,pin,. d)
45 °C, MesP (10 mol%). e) 80 °C, Me;P (30 mol %). f) 80 °C, Me,P (40 mol %).
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Table 1. Optimization of reaction conditions.”

B,Pin, (1.5 eq.) ) Bpin
o RaP (10-20 mol%) BRI CANS
oY== .
solvent (0.5 mL), T/ °C Ar r
Teq. 2(ZorE)
1
Entry solvent T/°C RsP Yield/%" Z/IEY
14 toluene 80 n-BusP (20 mol %) 30 25:1
2 MTBE 80 n-BusP (20 mol %) 71 1.7:1
3 THF 80 n-Bu,P (20 mol %) 64 25:1
4 MeCN 80 n-BusP (20 mol %) NR -
5 THF 80 n-Bu;P (20 mol %) 72 2.8:1
6 THF 80 PhMe,P (20 mol %) 48 3.2:1
7 THF 80 Et;P (20 mol %) 70 7:1
8 THF 80 Et;P (10 mol %) 77 7:1
9 THF 60 Et;P (10 mol %) 68 8:1
10 THF 60 Me;P (10 mol %) 63 17:1
11 THF 50 Me,P (10 mol %) 54 23:1
12 THF 50 Me;P (20 mol %) 70 23:1

X
P

Solid-state structure of (2)-2 Solid-state structure of (E)-2

[a] Reaction conditions: In an argon-filled glove box, 1,3-diyne (1) (1 eq., 0.05 mmol) and B,pin, (1.5 eq., 0.075 mmol) were added to a 10 mL thick-walled
reaction vessel. Then, THF (0.5 mL) and the phosphine catalyst (10-20 mol %) were added to the vessel in sequence. The vessel was sealed with a crimp top,
removed from the glove box, and heated for 15 h. [b] Yields were determined by GC-MS with biphenyl as an internal standard. [c] Selectivity was
determined by GC-MS. [d] B,pin, (1 eq., 0.05 mmol). Ar=4-CF;-C,H,. NR=no reaction. For more optimization details, see Supporting Information Tables S1-

3.

substituents, such as trifluoromethyl and methyl ester, were
compatible, providing the diboration products (2, 3) in good
yields with excellent Z/E selectivities. For halide-containing
substrates, including those with fluoro-, chloro- and bromo-
substituents on the aryl ring, the diboration products (4-8)
were isolated in moderate yields and selectivities. Substituents
at the ortho position resulted in lower yields than those with
para substituents (2 vs. 10, 5 vs. 9), possibly due to steric
hindrance. The substrate containing four trifluoromethyl groups
showed high efficiency in this transformation, affording the
corresponding product (11) in 70% yield and 10:1 selectivity
with 10 mol% of Me;P at 45°C. Highly electron-deficient
substrates, such as polyfluorobenzene substituted 1,3-diynes,
gave the desired products in over 90% isolated yields, but with
poor selectivities (12,13). Substrates with electron-donating
groups on the aryl ring showed lower reactivity in this
diboration transformation (14-16). The symmetric alkenyl-
substituted diynes tested showed no reactivity in this dibora-
tion transformation (for more details, see Supporting Informa-
tion, Scheme S1).

Next, the scope of unsymmetric 1,3-diynes was investigated
(Scheme 3). For unsymmetric substrates, the diboration requires
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control of both stereoselectivity (Z- or E- isomer) and regiose-
lectivity (diboration on two different triple bonds). Further
condition optimization revealed that Et;P showed better
regioselectivity than MesP when unsymmetric 1,3-diynes were
employed. The 1,3-diyne bearing electron-withdrawing (CF;)
and electron-donating (Me) groups on the aryl rings was tested
first, and four diboration products were detected by GC-MS
(labeled 17-CF; and 17-Me) with a total isolated yield of 67 %.
The major diboration site was the triple bond adjacent to the
electron-deficient aryl ring (17-CF;). The stereoselectivity was
moderate (Z/E=8:1 of 17-CF;) while the regioselectivity was
poor (17-CF;:17-Me=3.5:1). Then, 1,3-diynes substituted with
an aryl and an alkyl group at either end of the triple bond were
investigated. For these substrates, the diboration reaction
proceeded with excellent stereoselectivity and regioselectivity.
For example, reaction of 1-(deca-1,3-diyn-1-yl)-4-
(trifluoromethyl)benzene, a 1,3-diyne substituted with 4-
(trifluoromethyl)phenyl and n-butyl moieties, produced dibora-
tion product (18) in 83% yield with 15:1 Z/E selectivity, and
only a small amount of diboration occurred on the triple bond
adjacent to the alkyl moiety. For the 1,3-diyne bearing electron-
withdrawing groups that are capable of delocalizing negative

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 3. Substrate scope of unsymmetric 1,3-diynes. Reaction conditions:
1,3-diyne (0.2 mmol), B,pin, (0.3 mmol), Et;P (20 mol %), THF (2 mL), 50°C,
15 h. See the Supporting Information for more details. Unless otherwise
stated, the yields given are isolated yields of two isomers (Z and E). Unless
otherwise stated, the Z/E selectivity was determined by GC-MS. a) Total yield
of four isomers. The diboration position was determined by *C, '"H HMBC
NMR spectroscopy b) Diboration products on the other triple bond (17-Me)
were detected by GC-MS. Selectivity of the four isomers was determined by
GC-MS. c) A trace amount of diboration on the other triple bond was
detected by GC-MS. d) Only two isomers were detected by GC-MS. e)
Reaction performed at 40°C in the presence of 10 mol % Et;P.

charge along the n-system, such as CO,Me (19) and CN (20), the
reactions proceeded with exclusive regioselectivity towards the
triple bond connected to the aryl moiety. In both cases,
diboration at the triple bond adjacent to the alkyl chain was
not detected either by GC-MS or NMR spectroscopy. A 1,3-diyne
bearing a cyclopropyl group was also diborated with excellent
selectivity, giving Z-(21) as the sole product. The 1,3-diyne
substituted with a bulky Si(i-Pr); group on one side yielded
product (22) in 73% yield with 5:1 Z/E selectivity, leaving the
Si(i-Pr); group intact. A 1,3-diyne substituted with one alkenyl
and one aryl group underwent diboration smoothly with
10 mol % catalyst at 40°C, giving Z-(23) in 35% yield. The low
yield can be attributed to the instability of the alkenyl-
substituted 1,3-diyne, which was prone to oligomerization even
at room temperature.

The synthetic utility of this reaction was demonstrated by a
gram-scale reaction and downstream transformations of the
resulting diboration product (Scheme 4). The reaction of (1)
with B,pin, was carried out on a 5 mmol scale with 5 mol% of
Me;P to give diboration product (2) in 49% yield with 15:1 Z/E
selectivity (Scheme 4a). Then, applications of diboryl-1,3-enyne
(2) in further transformations were examined (Scheme 4). Proto-
deborylation of (2), catalyzed by AgNO; in the presence of
methanol (6 equiv.), led to 1,3-enyne (24) in 58% yield
(Scheme 4b). Treatment of in situ generated (2) with AgNO,
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a) Gram-scale reaction

Bpin
Bpin A §
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FsC == ) —CFa
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CF3
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CF3
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26, 64% yield Solid-state structure of 26

Scheme 4. Synthetic applications.

(25 mol%) and methanol-d, afforded dideutero-1,3-enyne (25)
in 35% yield (Scheme 4c). When the diboration product (2) was
employed in a Suzuki-Miyaura cross-coupling reaction with 4-
iodotoluene (2.4 equiv.), tetrasubstituted 1,3-enyne (26) was
obtained in 64 % yield. The structure of (26) was determined by
single-crystal X-ray diffraction (Scheme 4d).

To understand the mechanism of the diboration reaction,
we carried out DFT studies using the unsubstituted 1,4-
diphenylbuta-1,3-diyne as the substrate and PMe; as the
catalyst. Our calculations indicate that the addition of
bis(pinacolato)diboron to the 1,3-diyne (diboration reaction)
follows a mechanism similar to that of the addition of
pinacolborane (HBpin) (hydroboration reaction) we reported
previously,” as illustrated in Scheme 5. The calculated energy
profiles shown in Scheme 5b and Scheme 5c also closely
resemble those calculated for the hydroboration reaction (see
Scheme 6 in reference 7b). Despite the similarity, the relative
preferences among the possible pathways starting from the key
intermediate D are slightly different.

In the hydroboration reaction reported previously,” the
corresponding Pathway 1 is strongly favored over Pathway 2.
This preference can be attributed to the presence of a hyper-
conjugation interaction between the “hydride” (the hydrogen
atom from HBpin) and the o* orbital of the trans C—P bond in
the corresponding intermediate E. This interaction stabilizes the
corresponding intermediate E, making it noticeably more stable
than the corresponding intermediate E, Additionally, it stabil-
izes the transition state leading to the formation of the trans
product. However, in the current diboration reaction, the
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Scheme 5. Proposed catalytic cycle and energy profiles calculated and obtained by DFT calculations at the M06-2x/6-31G(d,p) level of theory. (a) Possible
catalytic cycle. (b) Formation of the key intermediate D. (b) Divergent pathways starting from the key intermediate D. Relative free energies and electronic
energies (in parentheses) are given in kcal/mol. The green colored paths lead to the trans product while the blue ones give the cis product.

“hydride” is replaced by a Bpin group, and thus, the hyper-
conjugation is absent. As a result, the energy difference
between intermediates E and E, is narrowed, making both
Pathways 1 and 2 competitive.

Furthermore, in Pathway 1 via the intermediate E, the path
to the cis product (the green colored path), is slightly more
favorable than the path to the trans product (the blue coloured
path) (Scheme 5c¢). This preference can be explained as follows:
the transition states for both the green and blue colored paths
involve B—C bond breaking as well as rotation along the central
C—C bond. The favorable transition state (the green colored
path) involves a rotation that alleviates steric repulsion between
the Bpin group on the 3-coordinate carbon and the Ph group
on the other carbon. The DFT results for both Pathways 1 and 2

Chem. Eur. J. 2024, €202401235 (5 of 8)

(shown in Scheme 5c) indicate that the green colored path in
Pathway 2 is the least favorable, as significant repulsive
interactions exist between Bpin on the 3-coordinate carbon and
both PMe; and Bpin on the other carbon in the transition state.
However, the blue colored path in Pathway 2 is competitive
with respect to both the blue and green colored paths in
Pathway 1.

Based on the rate-determining barriers for the three
favorable paths, employing Boltzmann distribution factors leads
to an estimated cis:trans product ratio of 3.7:1, which is in very
good agreement with the experimental value of 6:1 for
compound 14,

One final issue concerns the experimentally observed cis/
trans selectivities shown in Scheme 2. It is evident that electron-
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