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ABSTRACT: Molecular complexes of vanadium catalyze cis-selective anti-Markovnikov hydroboration of alkynes to gener-
ate vinyl boronate esters with appreciable turnover numbers of up to 4,000 at room temperature. This represents the first 
example of the use of vanadium in homogeneous catalytic hydroboration of alkynes. The method is tolerant to various func-
tional groups, including C=C double bonds. Accordingly, 1-hexen-5-yne can be quantitatively and selectively reduced at the 
triple bond, leaving the double bond unaffected. Preliminary computational analysis of the catalytic cycle reveals both two-
state reactivity and previously unknown complexity associated with the redox-active ligand. Specifically, it was found that 
the ligand can shuttle up to two electrons back-and-forth to and from the metal, which thus adapts three different oxidation 
states on the catalytic reaction coordinate.  
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Vinyl boronic esters (vinyl boronates) are versatile building 
blocks in organic synthesis.1 Selected examples of their use 
include Suzuki–Miyaura couplings,2 Chan–Lam couplings,3 
Petasis-borono Mannich reactions,4 and Hayashi–Miyaura 
conjugate additions.5 Multiple strategies have been developed 
for the synthesis of vinyl boronates.1b Among these methods, 
hydroboration of alkynes with mild and dry air-stable 
dialkoxyborane compounds such as Brown’s catecholborane 
and the more robust Knochel’s pinacolborane (HBpin) is of 
special importance.6 Over the past decades, various 
uncatalyzed, base- and acid-catalyzed, and metal-catalyzed 
reactions have been reported for the stereo- and/or 
regioselective hydroboration of alkynes to vinyl boronates 
with these reagents.6-7 The demands placed by the need to 
access boronate esters of many differing substitution patterns, 
stereochemistries and functional groups triggered the 
development of well-defined transition metal catalysts, 
selected examples of which are shown in Scheme 1A-B.8 Here 
we report an example of stereo- and regioselective 
hydroboration of terminal and internal alkynes with HBpin 
leading to pinacol vinyl boronate esters catalyzed by well-
defined vanadium (V) molecular complexes 1‒2,9 illustrated 
in Scheme 1C (selectivity: E).  

Vanadium is the 20th most abundant element in the Earth’s 
crust and sixth most abundant among the transition metals.10 
Catalysis is the second largest application for V after its use as 
an additive to improve steel production. Vanadium has found 
several uses in catalytic homogeneous transformations, most 
often in oxidations.11 In contrast, the applications of vanadium 
in catalytic reductions are extremely sparse. To the best of our 
knowledge, only four examples, with three involving H2 as the 
reductant,12 and one involving HBpin9 have been reported  

Scheme 1. A. Diversity of products in the catalytic hydroboration 
of internal and terminal alkynes. B. Selected examples of well-
defined transition metal molecular catalysts for this reaction 



 

(selectivity signifies preferential formation, S/C = 
substrate/catalyst ratio). *Structure of a possible active species 
is [RhH(Cl)(BR2)(PiPr3)2].14i C. V catalysts in this work for stereo- 
and regioselective hydroboration of alkynes to vinyl boronates.13 

Table 1. Reactivity Test for V-Catalyzed Hydrobora-
tion of Phenylacetylene with Pinacolborane to Af-
ford 3a.a  

Entry Catalyst S/C Solvent 
Yield 
(%)b 

1 None - Et2O trace 
2 VCl3/tpy 100 Et2O trace 
3 1 100 Et2O 94 
4 2 100 Et2O 88 
5 1 100 THF 76 
6 1 100 toluene 72 
7 1 100 benzene 65 
8 1 100 pentane 78 
9 1 100 neat 80 

10 1 200 Et2O 94 
11 1 1,000 Et2O 92 
12 1 10,000 Et2O 35 

aConditions: phenylacetylene (1.0 mmol), pinacolborane (1.1 
mmol) and solvent (1 mL), 25 °C, 16 h, N2. bDetermined by GC 
analysis with hexamethylbenzene as an internal standard. S/C: 
substrate-to-catalyst ratio. 

under homogeneous conditions. Developed at our laborato-
ries, complexes 1‒29 are notable in the fact that they are sup-
ported by redox and/or chemically non-innocent ligands.13 
Molecular catalysis based on such ligands is an active field of 
study: such ligands might temporarily store electrons and/or 
participate in a catalytic reaction through bond cleav-
age/formation events, and both these properties might affect 
a catalytic reaction in several ways.14 

Table 1 compares the catalytic efficiency of VCl3/tpy (tpy = 
terpyridine) and complexes 1 and 2, as well as complex 1 in 
some different solvents and under different substrate-to-
catalyst ratios (S/C), in phenylacetylene hydroboration with 
HBpin. While the reaction barely occurs in the absence of a 
catalyst7b or with a VCl3/tpy combination (entries 1–2, Table 
1), both 1 and 2 catalyze the hydroboration of 
phenylacetylene with pinacolborane to give the 
corresponding anti-Markovnikov product 3a (selectivity E as 
in Scheme 1A), with 1 producing slightly higher GC yields (S/C 
= 100, entries 3–4, Table 1). Solvent effect tests (entries 3, 5–9, 
Table 1) indicate that diethyl ether is the solvent of choice; 
additionally, this transformation has been achieved under 
neat conditions. The reaction can also proceed under higher 
S/C ratios of 200 and even 1,000, providing the product in 
>92% yield (entries 10 and 11, Table 1). Increasing the S/C 
ratio to 10,000 affords 3a in 35% yield (entry 12), which 
increases to 40% after 45 h, after which remains unchanged 

(41% at 62 h). Thus, a turnover number (TON)15 of ~4,000 

(TON = S/C  (yield, %)/100) is achieved for this catalytic 
system prior to catalyst deactivation. 

Scheme 2 provides further information on the substrate 
scope using precatalyst 1 under the optimized conditions 
(diethyl ether, rt, S/C = 1,000), including isolated yields and 
the X-ray structure of one of the products. Terminal aryl 
alkynes bearing electron-withdrawing or donating 
substituents are hydroborated with pinacolborane and 1, 
affording the corresponding anti-Markovnikov E-
vinylboronates 3b–g in moderate to good isolated yields (54–
75%), except for 3f, which is obtained in 40% yield and is also  

Scheme 2. The substrate scope of 1-catalyzed alkyne hydrobora-
tion with pinacolborane. Conditions: alkyne (1.0 mmol), pinacol-
borane (1.1 mmol), catalyst 1 (S/C = 1,000) and Et2O (1 mL), 
room temperature, N2, 16 h. Yields of isolated products. S/C: sub-
strate-to-catalyst ratio. aReaction run with S/C = 20. bRatio of two 
E-regioisomers. cGC yield using hexamethylbenzene as an inter-
nal standard. 

Scheme 3. (a) The competing hydroboration of 1-hexyne vs 2-
hexyne, GC analysis against internal standard; (b) the competing 
hydroboration of 1-hexyne vs 1-hexene (issue of  C≡C vs. C=C 
chemoselectivity), GC analysis against internal standard; (c–d) 
hydroboration of substrates containing both a double and triple 
bond (issue of intramolecular C≡C vs. C=C chemoselectivity), 
isolated yields are shown; (e) Deuterium-labeling experiment; (f) 
Isolation of pinBCH2Si(CH3)3 from the stoichiometric reactions 
between 1 and 2 equiv. of HBpin. 

contaminated by 10% of a regioisomer. Product 3e was addi-
tionally characterized by X-ray diffraction, and the solid-state 
structure confirmed the identity of the product. Heterocyclic 
3-ethynylthiophene and terminal aliphatic alkynes were hy-
droborated in the same stereo- and regioselective fashion, 
affording 3h and 3i–3n in better isolated yields of 80% and 
72–98%, respectively, except for 3k, which was obtained from 
1-dodecyne in 42% yield. Alkynes containing an NH2, NHR or 
OH groups were not suitable substrates for hydroboration, 
possibly because of the competing dehydrocoupling reaction 
or catalyst deactivation,16 e.g. only traces of anti-Markovnikov 
E-vinylboronate 3o were observed in the hydroboration of 3-
ethynylaniline. Finally, internal alkynes, 2-hexyne and diphe-



 

nylacetylene, were hydroborated to give 3p and 3q in 84% 
isolated and 69% GC yields, respectively. In the former case, 
the product contains ~10% of the regioisomer. As a last point, 
gram-scale hydroboration of terminal alkynes was demon-
strated with the example of phenylacetylene. Thus ~2g of the 
product 3a was isolated in 88% yield from ~1g of the starting 
material (Scheme S1). 

In the next step, we performed a series of catalytic and 
stoichiometric studies useful for analysis of the reaction selec-
tivity and mechanism with precatalyst 1, as shown in Scheme 
3. The competing hydroboration of 1-hexyne vs 2-hexyne 
shows preferential hydroboration of the terminal alkyne 
(Scheme 3a), suggesting the importance of sterics in the rate-
determining transition structure. The competing hydrobora-
tion of terminal C≡C vs C=C shows excellent (>99%) chemose-
lectivity in favor of the C≡C bond, in agreement with its higher  

 

Scheme 4. Plausible catalytic cycles for the phenylacetylene 
hydroboration with pinacolborane catalyzed by vanadium mo-
lecular complexes supported by redox non-innocent (A) and 
chemically non-innocent (B) ligands. X = H or CH2Si(CH3)3. The 
drawings for the 4′-CH2Si(CH3)3-substituted terpyridine ligand 
are simplified for clarity. The operation of cycle A seems to be 
more probable, see discussion in the main text. 

nucleophilicity (Scheme 3b–d). For example, products 3r and 
3s were isolated in >98% yield from commercially available 1-
hexen-5-yne and 3-(allyloxy)-1-propyne, respectively. The 
competitive hydroborations of terminal C≡C vs keto, ester, 
carboxamide and imine groups9 were also performed, see 
Scheme S2. The following activity trend has been established: 
C=N (imino) << C(NHR)=O (amido) < C(OR)=O (ester) ~ C≡C 
<< C=O (keto). Thus, reacting N-benzylideneaniline, 
phenylacetylene and HBpin in  a 1:1:1 ratio affords 3a in 88% 
GC yield. On the contrary, substituting the imine in this 
reaction with acetophenone affords 3a in only 4% GC yield. A 

deuterium-labeling experiment, shown in Scheme 3e, 
confirms the cis-addition of pinacolborane to alkynes. The 
stoichiometric reactions between 1 and 5 equiv. of HBpin 
and/or phenylacetylene were not informative: NMR spectra 
were silent as expected from the open-shell nature of 1,9 while 
attempts to crystallize the reaction product are not currently 
successful in our hands. Reacting 1 and 2 equiv. of HBpin 
(diethyl ether, 1 h) afforded pinBCH2Si(CH3)3 in ~65% 
isolated yield,9 as shown in Scheme 3f. Isolation of 
pinBCH2Si(CH3)3 in the reaction between 1 and HBpin 
suggests that vanadium monohydride and/or dihydride 
compounds could be relevant catalytic species, Scheme 4, 
complexes 4‒5.7a  

Figure 1. Computed by density functional theory free energy 
profiles in kcal∙mol‒1 for the first step of the catalytic cycle A 
(Scheme 4) taking place on quartet and doublet surfaces. Three 
different oxidation states for V are depicted in circles. The draw-
ings for the 4′-CH2Si(CH3)3-substituted terpyridine ligand are 
further simplified for clarity. Red arrows: α-spin electron. Blue 
arrows: β-spin electron. Yellow circles represent MECPs. 

Catalyzed hydroboration may occur by an array of mech-
anisms.7a With respect to the unique nature of 1,13 two plausi-
ble catalytic cycles can be envisoned based on intermediary 
complexes 4 and 5 (Scheme 4). Catalytic cycle A is based on a 
redox non-innocent ligand, consistent with the observed cis-
stereoselectivity and regioselectivity of the major final prod-
uct (Scheme 4). On the contrary, plausible catalytic cycle B 
based on a chemically non-innocent ligand and radical charac-
ter of the reaction could be arguably excluded based on pre-
dicted trans-stereoselectivity and/or opposite regioselectivity 
(Scheme 4).17 The operation of cycle A is also consistent with 
the identity of 2, a V complex supported by a redox non-
innocent ligand. 
         As the last point, catalytic cycle A, if operative, might 
involve two-state reactivity.18 Indeed, based on the electronic 
structure of catalyst precursors 1‒2,9 one could imagine in-
volvement of two spin surfaces with the total spin S of 3/2 and 
1/2. Figure 1 shows free energy profiles computed by 
unrestricted and broken-symmetry density functional theory 
(DFT) for the first step of the catalytic cycle A, taking place on 
quartet and doublet surfaces (see SI for more details). Three 
important conclusions can be made from these calculations: 
1) the reaction coordinate for phenylacetylene coordination 
on the metal starts on the quartet surface but ends on the 
doublet surface; 2) the minimum energy crossing point 
(MECP)18d for this hopping occurs after the transition state 
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region of triple bond coordination; 3) on each surface the 
oxidation state of the metal changes from +3 to +2 (quartet 
surface) or from +3 to +4 (doublet surface). Such a change in 
the oxidation state of the metal is possible due to additional 
one-electron oxidation or reduction (the ligand and metal can 
shuttle up to two electrons). Although hopping from one 
surface to another is the core phenomena in the context of 
two-state reactivity,18 we note here that the ability to 
reversibly shuttle up to two electrons between the ligand and 
the metal as well as the possibility for ferro- or 
antiferromagnetic coupling between unpaired electrons 
localized in these domains to conserve total spin is a notable 
advance in undertstanding molecular catalysis based on redox 
non-innocent ligands. A detailed investigation of this effect as 
well as overall sophisticated catalytic reaction described here 
is warranted in the future. 

In summary, this paper reports the first example of 
vanadium-catalyzed alkyne hydroboration to generate 
alkenylboronates in a cis-selective and anti-Markovnikov 
fashion, representing a rare application of well-defined low-
valent vanadium complexes for reductive catalysis. Turnover 
numbers of up to 4,000 place this vanadium(III) catalyst 
among the most effective molecular catalysts for this reaction 
(up to 98% isolated yield under S/C = 1,000). Preliminary 
computational analysis of the catalytic cycle reveals both two-
state reactivity and signifigantly underappreciated complexity 
associated with the redox-active ligand, which might accept 
up to two electrons or be completely regenerated to its initial 
form, leading to the change of of the oxidation state of the 
metal from +3 to +2 or +4, respectively. 
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