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The hydroboration of alkenes and alkynes using easily accessible
lithium compounds [2,6-ditertbutyl phenolatelithium (1a) and 1,1'
dilithioferrocene (1b)] have been achieved with good yields, high
functional group tolerance and excellent chemoselectivity.
Deuterium-labeling experiments confirm the cis-addition of
pinacolborane. The methodology has been further extended to
myrcene, which undergoes selective 4,3- hydroboration. DFT
calculations provide insights into the mechanism.

Hydroboration of functionalized alkynes and alkenes using
excess pinacolborane (HBpin) is known,! but their catalytic
conversion usually requires a late transition metal catalyst.?
Recently, the demand for supplanting the transition metal
catalysts by more earth abundant and less toxic main group
surrogates is ever increasing. Hydroboration using compounds
with group 2 elements has been limited tothe catalytic
reduction of unsaturated polar bonds, such as aldehydes,
ketones, imines, amides, esters etc.3'4 Although compounds
with p-block elements are emerging as proficient catalysts for
alkyne®>-20 and alkene?'-23 hydroboration, there are very limited
reports on s-block metal catalyzed alkene or alkyne
hydroboration. While Rueping and coworkers reported the first
magnesium catalyzed hydroboration of terminal and internal
alkynes,?* the group of Parkin demonstrated styrene
hydroboration by a terminal magnesium hydride.?> Besides,
Zhao and co-workers reported the hydroboration of carbonyl
groups and styrene substrates using NaOH powder, although
the scope of styrene substrates was somewhat limited.2®

The advantages of using lithium compounds are (i) cheap,
(ii) moderately abundant (65 ppm in the Earth’s crust), (iii)
readily accessible, and (iv) they do not involve in Schlenk
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equilibrium like group 2 elements. Moreover, as most of the
main group catalysts are frequently prepared from the
corresponding lithium reagents, taking advantage of the direct
use of lithium compounds in catalysis, would obviate the need
for such additional transformations. In fact, the group of Mulvey
demonstrated the use of lithium aluminates as catalysts for the
hydroboration of aldehydes, ketones, and imines,?”28 and the
group of Cowley and Thomas used LiAlIH, for the hydroboration
of alkenes,?3 but it was aluminum which is the active catalyst in
both these cases and lithium only influences the reactivity. This
was confirmed by using AlEt; (a surrogate of AlH3) as a single
site catalyst to accomplish the hydroboration.

OLi-THF
1a/1b (28 mol%) T\ ___ PPN Bu Bu Li
RiIsZ g, + Hebpin o0 @B MO) oy Fe  TMEDA
2 Toluene, 100 °C,

- i Li
R4= alkyl/aryl y R4 Ry <
Ry=H/alkyl/aryl 12-18h 1

a 1b
Catalysts

Scheme 1. Lithium compound catalyzed hydroboration of alkene and alkynes.

Hence, the utilization of lithium compounds as catalysts has
been largely neglected. It is only recently that the groups of
Okuda, Mulvey and others have started to use lithium
compounds as single site catalysts for hydroboration of
aldehydes and ketones.?°-33 Recently, n-Buli was shown as an
efficient catalyst for the hydroboration of alkynes with HBpin.3*
However, the substrate scope of the methodology was limited,
and the mechanism was not elaborated. Thus, there remains a
need for the development of alkene and alkyne hydroboration
with lithium compounds as single site catalysts. Last year, we
have reported the hydroboration and cyanosilylation of a range
of aldehydes and ketones using 2,6-ditert-butyl phenolate
lithium  (1a), and 1,1'-dilithioferrocene (1b), and
[Dippznacnac]Li'THF  (1c) and
electronegativity of ligand associated with the Li center

compared how the

influences the catalytic activity.32 The reason to select 1b over
monolithiated ferrocene can be attributed to more to sterics of
the former as well as the ease of synthesis (monolithiated
ferrocene preparation usually needs tBuli, while 1b can be
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prepared from nBuli).3®> Although these compounds are
prepared from alkyllithium reagents, they are solid in nature,
easy to handle, and stable under inert conditions for a long
time. Herein, we report efficient hydroboration of more
challenging alkenes and alkynes by 1a and 1b (Scheme 1). Only
trace amount of conversion was observed when 1c was used as

the catalyst.
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Scheme 2 Hydroboration Scope with alkene substrates. Reaction conditions: Alkene
(0.50 mmol), HBpin (0.55 mmol, 1.1equiv), 4.0-8.0 mol% catalyst, 18 h reaction at 100 °C
temperature in neat or in toluene. Yields were determined by the 'H NMR integration
relative to mesitylene. Henceforth superscripts a and b stand for the catalysts 1a and 1b
respectively. Ratios in parentheses report the distribution of regioisomers (linear vs

branched).
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Scheme 3 Scope of hydroboration with alkyne substrates. Reaction conditions: Alkyne
(0.50 mmol), HBpin (0.55 mmol, 1.1 equiv), 2.0 mol% catalyst, 12 h reaction at 100 °C in
toluene. Yields were determined by the *H NMR integration relative to mesitylene.

A brief screening of catalyst loading, temperature and time
has been carried out for the hydroboration of styrene or
phenylacetylene with 1.1 equivalent of HBpin (See Supporting
Information, Table S1 and S3) to achieve the best conversion.
For hydroboration of alkynes, catalyst loadings are 2.0 mol%
and the reactions were over around 12 h when heated at 100
°C. Note that, the catalyst loading is substantially lesser than
nBuLi (10 mol%) catalyzed alkyne hydroboration.3> For

2| J. Name., 2012, 00, 1-3

comparison purpose, cyclopentadienyllithium \{CpLi)e owas
employed as the catalyst. With 2.0 molRQatalsPleadiry Gt
afforded 65% vyield under the same reaction condition for the
hydroboration of phenylacetylene (See Supporting Information,
Table S3, entry 6). Slightly higher catalyst loading (4.0 mol% for
1b and 8.0 mol% for 1a) and time (18 h) are required for
hydroboration of alkenes. Both aliphatic and aromatic
alkene/alkynes underwent hydroboration to form the
corresponding alkyl or vinyl-boronates in good to excellent
yields (Scheme 2 and Scheme 3), reflecting the high efficiency
of the catalysts.

Smooth hydroboration of different aromatic alkenes or
alkynes with electron donating or withdrawing substituents at
o/m/p position was observed. Both catalysts tolerate functional
groups such as halogens (2f, 20, 2p, 3d, and 3h), alkoxy (2d, 2e,
3b, and 3i), heterocycle (3k), amino (3f) containing substrates.
However, in addition to alkyne hydroboration, lithium-halide
exchange was also observed for 3e in 29% yield. The lithium
halide exchange was more pronounced for 3m as the
metathesis product was obtained in more than 70% vyield.
Intramolecular chemoselective hydroboration of alkyne over
alkene was observed for 3j. In contrast to terminal alkynes,
internal alkynes (3n, 30, and 3p) form their corresponding
boronates in moderate vyields under the optimization
conditions. However, similar to Rueping's magnesium catalyst,
by increasing the catalyst loading (5 mol%) and reaction time
(36 h), good yields are achieved for 30 (80%). We have also
tested unsymmetrical alkyne, phenylpropyne for hydroboration
which afforded a mixture of a- and -vinyl boranates (3p) in 2:3
and 3:7 ratio for 1a and 1b, respectively. Aliphatic alkenes (2m-
2p) or alkynes (3I-3n) were effectively converted to their
corresponding products. Increase of sterics has little effect on
the yield as seen in the cases of hydroboration of 2h, 2k, 3n, and

L8 LK

CH3 CHsz HsC~ “CH. Bpin
128/18b 13“*/15b 738/65b 61%3”

Scheme 4. Selective alkene hydroboration for terpenes.

To further explore the catalytic potential of 1a and 1b,
naturally occurring terpenes have been chosen for the selective
hydroboration of the olefinic bond. Although poor yields were
obtained for R- or S- limonene (4a and 4b), myrcene (4c) and 8-
pinene (4d) were converted to the corresponding alkyl
boronate ester in good yield with excellent selectivity.
Interestingly, 4,3-selective hydroboration of 2-substituted 1,3-
diene (4c) was observed for both the catalysts. Note that,
hydroboration of dienes to access allylboranes is less-
established, and only known with transition metals such as Fe,3®
Co,37 Ni,3® Ir,3° etc. This is the first report of a main group
element catalyzed selective hydroboration of myrcene.

Deuterium labelling experiments were carried out for the
catalytic hydroboration of alkyne to understand the
stereoselectivity. A sharp resonance at 0 6.18 ppm in the 2H

This journal is © The Royal Society of Chemistry 20xx
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NMR for the catalytic reduction of PhC=CD with HBpin
designates a cis configuration of the deuterium and phenyl ring
[(a), Scheme 5]. Similarly, the cis arrangement of deuterium and
the Bpin moiety was confirmed from the resonance at 6 7.28
ppm in the 2H NMR spectrum for the catalytic reaction of
PhC=CH and DBpin [(b), Scheme 5]. This experiment attests a cis
stereoselectivity, which is in good agreement with ScOTf
mediated alkyne hydroboration, reported by Geetharani and
coworkers.?? Intermolecular chemoselective hydroboration of
aldehydes, alkene and alkyne were also studied in three
different sets of the reactions and the results are summarized
in Scheme 6.

Bpin

100°C,12h

/ \ 1a/1b (2.0 mol%)
b) — 4 + D-Bpin
. Toluene (0.75 mL)

100°C,12h

Bpin

/ \ 1a/1b (2.0 mol%)
a) — p + H-Bpi
— Toluene (0.75 mL)

Scheme 5. Deuterium labelling experiment: (a) Hydroboration of phenylacetylene-D with
HBpin. (b) Hydroboration of phenylacetylene with DBpin.
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Scheme 6. Competitive experiment for chemoselective hydroboration.

No appreciable changes in the 'H NMR was observed from
the stoichiometric reaction of 1a with styrene or
phenylacetylene, even after heating at 100 °C overnight.
However, the reaction between 1a and HBpin in toluene-dg
shows a new set of resonance in the 1'B NMR at § 4.7 ppm,
indicating the formation of an intermediate (Int-1)324! along
with a singlet at 6 21.6 and a quintet at —39.8 ppm for the
formation of a trialkoxyborane [2,6-tBu,-CsH3-OBpin] and BHy4
anion, respectively. In addition, a singlet at 6 86.9 and a quartet
at -25.4 ppm were also observed, probably due to the
decomposition of HBpin and Lewis base-BH3 adduct.*2 A white
precipitate is formed in the NMR tube after 3-4 h and the filtrate
part shows only three peaks at § 4.7, 21.6 and -39.8 ppm in the
1B NMR spectrum (see Supporting Information, Scheme S8).
The elimination of LiH could lead to the formation of both
trialkoxyborane and LiBH,4.** However, due to the very high
lattice energy and poor solubility, the involvement of LiH in the
catalytic activity is very unlikely, which was also noted by the
groups of Mulvey,33 Thomas, and Cowley.?3 No conclusive NMR
spectra were obtained from the stoichiometric reactions
between 1b and HBpin and always peak broadening was
observed.

This journal is © The Royal Society of Chemistry 20xx

ChemComm

Full quantum chemical calculations were done wjith.density
functional theory (DFT) at the dispersionCatdlSeRENEXESrPectéd
PBE/TZVP level of theory in order to understand the mechanism
(Scheme 7 and Scheme 8) of the alkene and alkyne
hydroboration reaction in the presence of 1a. [please see the
Supporting Information, Figures 81 and 82 for further details].

OLi
‘H\ Me
Me
Bpln Pdt H-Bpin t Me
28.5)
Int2
(15.2)
H AN
oX H
Me B e
M
= Li- 5 Mee
Me tBu tBu g
Me Me
tBu tBu
TS-1
(35.4) AGI=35.4 Int-1
-0.7)
Ph
Z

H

Scheme 7. The catalytic cycle and reaction mechanism for the alkyne hydroboration by
catalyst 1a, calculated at the PBE/TZVP level of theory with DFT. The relative free energy
(AG) for each species are shown within the parenthesis of the catalytic cycle. AG*
represent the Gibbs free energy of activation respectively. All values are in kcal/mol.
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. H P!
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H
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Scheme 8. The catalytic cycle and reaction mechanism for the alkene hydroboration by
catalyst 1a.

In the first step of the reaction, a weakly coordinating
complex (Int-1) is formed between catalyst 1a and HBpin, with
one of the oxygen atoms of pinacolborane approaching towards
the lithium atom of 1a. The reaction energy (AE) and the Gibbs
free energy (AG) for this step are -11.5 kcal/mol and -0.7
kcal/mol respectively. Another possibility of coordinating
phenolate oxygen to boron atom of pinacolborane leading to a
four-coordinate boron complex (Int-2) was found to be
thermodynamically unfavorable due to high AG (15.2 Kcal/mol)
of the reaction. Following this, the alkene or alkyne substrate
approaches towards the B-H bond of Int-1. This is the overture
to the nucleophilic attack by the C-C double or triple bond of
alkene or alkyne to the boron centre of the HBpin, with the
hydride being transferred from the boron centre to the alkene
or alkyne carbon centre having minimum hydrogen. This occurs
through a four-membered transition state (TS-1)/(TS-1') and
leads to the hydroboration product (Pdt-1)/(Pdt-1') along with
the regeneration of the catalyst. The AE (-32.8 kcal/mol and -
11.9 kcal/mol) and AG (-28.5 kcal/mol and -9.1 kcal/mol) values
for these steps are highly negative and the barriers (AG*s)
corresponding to the transition states are moderate: 35.4
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kcal/mol and 37.8 kcal/mol for the alkyne and alkene
respectively. The moderate barriers explain the delicate
feasibility of the reaction at 100 °C. In the transition states,
there is a significant amount of B-H bond activation (1.27 A vs
1.19 A in the intermediate complex) occurs, which allows the
hydride transfer from the boron to the alkene or alkyne carbon
centre, along with the simultaneous C-C double and triple bond
cleavage and B-O bond formation.

Here we are unwavering the utility of very simple, cost
effective and almost non-toxic lithium compounds (1a and 1b)
for the catalytic hydroboration of a range of alkenes and alkynes
including conjugated terpenes. Chemoselectivity as well as
regioselectivity for the described catalytic process have been
investigated. DFT calculations reveal that the role of the Li
compounds could be interpreted as sterically demanding Lewis
acids which bind to one of the Lewis basic O atoms of HBpin,
and thereby setting up a platform for the HBpin to offer its B-H
bond to the unsaturated alkene and alkyne.
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