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Asymmetric Ketone Hydroboration Catalyzed by Alkali Metal
Complexes Derived from BINOL Ligands

Darren Willcox,*? Jamie L. Carden,® Adam J. Ruddy,? Paul D. Newman,*? and Rebecca L. Melen*?

The ability of alkali metal complexes featuring functionalized
BINOL-derived ligands to catalyze ketone hydroboration reactions
was explored. The reduced products were formed in excellent yield
and with variable enantioselectivities dependent upon the nature
of the ligand and the alkali metal cation.

Catalytic carbonyl hydroboration to give, ultimately, primary
or secondary alcohols has been realized utilizing a plethora of
different catalysts derived from transition metal or f-block
metal complexes.k2 Many of these catalysts are expensive
and/or their preparation is synthetically challenging. This has
prompted a number of groups to explore the application of
main group compounds as alternative catalysts for this and
other reductions.3 While p-block elements have dominated this
research,* the exploration of s-block catalysts is less prevalent
with the alkaline Earth metals (mainly magnesium and calcium)
taking centre stage.>

Encouraging results demonstrating the effective catalytic
ability of group | metals in carbonyl hydroborations have been
reported recently (Figure 1). Pioneering work by the Okuda
group revealed that a well-defined lithium hydridotriphenyl
borate, bearing a chelating ligand (tris{2-
(dimethylamino)ethyl}amine)), was an extremely efficient
catalyst for carbonyl reductions with low catalyst loadings
(0.001 mol%).6 The Mulvey group demonstrated that carbonyl

using a heterobimetallic
capable of participating in

reduction achievable
lithium/aluminium complex
cooperative catalysis leading to high yields of the desired

was

alcohols.” Despite these elegant approaches, the applicability of
these complexes is limited, mainly due to ligand specificity and
catalyst pre-preparation. As a result, the utilization of simple,
commercially available group | metal salts has been at the

forefront of this research area.
Scheme 1. Previously reported s-block ketone hydroboration catalysts; Dipp = 2,6-
diisopropylphenyl.

Several groups have recently made major advancements
demonstrating that simple sodium salts (NaO!Bu, NaH and
NaOH)310 and lithium salts ("BulLi and LiHBEt3)11-13 are highly
active catalysts for carbonyl reductions. The simplicity of these
alkali metal species suggests that they could serve as ideal pre-
catalysts for the development of enantioselective s-block
catalyzed ketone reductions in the presence of a chiral ligand.
This in situ approach would bypass the need to synthesize
complex species from lithium intermediates and could facilitate
significant advancements in main group chemistry.

To this end, we sought to explore whether alkali metal
catalysts in the presence of chiral alcohols, may be utilized for
ketone Asymmetric

enantioselective hydroboration.
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hydroborations are attractive as the products of such reactions
furnish optically active organoboron compounds which are
valuable building blocks for accessing a number of chiral
structures.'*#1> The wide application of BINOL-derived
frameworks in asymmetric catalysis led us to choose ligands L1-
L7 for this study. Our initial investigations focussed on the
reduction of acetophenone (1a).

Table 1. Selected optimization of reaction conditions.



5 mol% LDA, 10 mol% L1

o) HBPin (1.2 equiv), OH
1,4-dioxane, 18 h, RT
©)LMe then ©/LM9
1M NaOH, 1 h, RT
1a 2a
entry Deviation from standard Yield (%)>  e.r. (%)c
conditions?
1 none 94 79:21
2 No LDA NRd -
3 No LDA or Ligand NRd -
4 No ligand 85 50:50
5 L2-L7 instead of L1 Listed below
6 5 mol% L1 95 58:42
7 LiO'Bu instead of LDA 99 70:30
8 LiH instead of LDA 70 68:32
9 THF instead of 1,4-dioxane 98 70:30
10 CH,Cl; instead of 1,4-dioxane 98 56:44
11 Toluene instead of 1,4-dioxane 96 50:50
12 HBCat instead of HBPin 98 56:44
13 10 °Cinstead of RT 27 56:44
s, (g, s
PPh, PMes, P(mexyl),

o

L3
96% (57.5:42.5 e.r)

o O

94% 7921er 99% 5842er

0, 0O, OO, T,
O e O O

97% (5347er) 81%(5248er) 97% (51 49er) 55% (50 50 e.r.)

lal All the reactions were run on a 0.25 mmol scale. ! The yield was determined by
1H NMR spectroscopy using 1,1,2,2-tetrachloroethane as the internal standard.
Icle.r. % determined by chiral HPLC analysis. Mexyl = 3,5-dimethylphenyl; mesityl
= 2,4,6-trimethylphenyl. [9Conversion analysed by 'H NMR spectroscopy before
workup. NR denotes no reaction.

Under optimized reaction conditions, 1.2 equivalents of
HBpin, 5 mol% of lithium diisopropylamide (LDA) and 10 mol%
L1 in 1,4-dioxane for 18 h (Table 1, entry 1) (see SI for
optimization tables), the scalemic alcohol product (2a) was
formed in 94% vyield and 79:21 enantiomeric ratio. Ligand L1
was chosen initially as it contains a single alcoholic proton,
which would ideally lead to a single deprotonated species upon
deprotonation by LDA. Furthermore, it was thought that the
presence of the closely tethered phosphine oxide group may be
required for stabilizing the alkali metal catalyst. Control
experiments showed that, in the absence of alkali metal catalyst
then no reaction occurred (entries 2 and 3). However, in the
presence of LDA but absence of ligand, no enantioselectivity
was observed although the product was still observed in a high
yield (85%, entry 4). A change in the stereoelectronic properties
of the substituents on the phosphine oxide moiety of the ligand
(L1-L4) proved to be critical for enantioselectivity (entry 5).
Indeed, changing the phenyl group for the more sterically
encumbered mesityl (L2) or mexyl (L3, 3,5-xylyl) groups led to
the product with significantly decreased enantioselectivity (99%
and 96% vyield, and 58:42 and 57.5:42.5 e.r. respectively).
Changing the electronic properties of the phosphine oxide from

phenyl to isopropyl groups (compare L1 and L4), delivered the
product in high vyield but again with low levels of
enantioselectivity (53:47 e.r.). (R)-BINOL (L5) and the simple
monomethylated BINOL (L6) were also tested with the products
being observed in good yields but low enantioselectivity. In the
case of L5, the low e.r. could be due to the presence of two
alcoholic protons potentially producing complex mixtures of
active species upon deprotonation. Finally, (S)-1,1’-Binaphthyl-
2,2'-diyl-hydrogenphosphate (L7) was also screened as a ligand
as chiral phosphoric acids have been demonstrated to be
privileged ligands for certain asymmetric transformations.1®
Unfortunately, under our conditions L7 produced racemic
product. Decreasing the catalytic loading of L1 from 10 mol% to
5 mol% was deleterious to the enantioselectivity (entry 6). The
combination of LDA and (S)-2a was catalytically competent but
gave 0% e.r. of product proving that L1 for
enantioselective induction.

The influence of the base was next evaluated. Replacing LDA
for 5 mol% LiO!Bu led to the desired product in an extremely
high yield with a moderate 70:30 e.r. (entry 7). Given the by-
products from the pre-mixing of L1 with either LDA or LiO!Bu
were diisopropylamine or tert-butanol respectively, it was
possible these were forming catalytically competent racemic
species in situ. With this in mind, we envisaged changing LDA
for LiH would lead to higher enantioselectivity, as the by-
product from pre-mixing would be H,. Interestingly, an e.r. of
68:32, very similar to LiO!Bu but lower than LDA (entry 8), was
observed suggesting that either the by-products are innocent
and do not influence the catalyst or they are important for
enantioselectivity (mainly for diisopropylamie). The reaction
also proceeded in other ethereal solvents such as THF in good
yields albeit with a slightly reduced e.r. (entry 9). The use of
other polar non-coordinating solvents, such as CH,Cl, gave good
yields but reduced e.r. (56:44, entry 10). Changing from 1,4-
dioxane to toluene, a non-polar and non-coordinating solvent
led to only racemic products being observed (entry 11). This
result can be attributed to the low solubility of the lithium
phenolate salt in toluene (mixture remained heterogeneous).
Replacing pinacol borane with catechol borane was also
effective however due to the higher reactivity of catechol
borane a decreased enantiomeric ratio was observed (entry 12).
Finally, lowering the reaction temperature to 10 °C provided the
desired product in low yield and enantioselectivity (entry 13).
We attribute the lower e.r. to insolubility of the lithium salt in
this solvent at this temperature.

With suitable conditions in hand, we next explored a small

is critical

substrate scope for this reaction (Scheme 2). A series of simple
acetophenone (1a-1l) derivatives exhibiting different steric and
electronic properties on the phenyl ring were evaluated. When
electron neutral acetophenone derivatives were employed, the
desired alcohols (2a and 2b) could be obtained in good yields
with moderate to good enantiomeric ratios (79:21 and 65:35,
respectively). Introduction of electron withdrawing groups such
as fluorine or nitrile onto the phenyl ring were tolerated,
resulting in good yields of the products (2c and 2d) with
moderate enantiomeric ratios (up to 77:23).



5 mol% LDA, 10 mol% L1 }
0 HBPiIn (1.2 equiv), OH
1,4-dioxane, 18 h, RT ;
then '

1M NaOH, 1 h, RT

1a-1 2a-j
OH O OH OH OH
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F NC
2a 95% 2b 77% 2c 88% 2d 95%
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(74:26 e.r.) (64:36 e.r.) [ limitations ------------- i

Scheme 2. Substrate scope. [PJAll the reactions were run on a 0.25 mmol scale.
ble.r. % determined by chiral HPLC analysis and given in parentheses. NR denotes
no reaction.

When the phenyl ring was substituted with mild inductive
electron donating groups, such as methyl (2e-2g), good yields of
the product could be observed for the para and meta-
substituted acetophenones and similar enantiomeric ratios to
acetophenone itself were observed. Moving the methyl group
into the ortho-position (2g) led to an observed decrease in yield
and enantiomeric ratio (47% and 62:38 respectively). The
addition of a strong mesomeric electron-donating group, such
as p-methoxy (2h), led to a decreased yield compared to the
para-substituted methyl variant however similar enantiomeric
ratios were observed (75:25 vs 72:28). This lower yield can be
attributed to a decreased electrophilicity of the carbonyl group.
Altering the substitution on the alkyl side of the acetophenone
was also achievable with both ethyl- (2i) and cyclohexyl- (2j)
groups being tolerated in good to excellent yields. From this
substrate scope, it is evident that steric factors play an
important role in both the yield and enantioselectivity.
Acetophenone derivatives bearing either ortho substituents (2b
and 2g) or bulky alkyl substituents (2j) all resulted in the
formation of the desired products albeit with reduced yields
and enantioselectivity. Whereas very sterically hindered
substrates such as mesityl or cyclopropyl (1k and 1l) resulted in
recovery of the starting material. These observations suggest
that there is a steric interaction between the active catalytic
species, bearing the bulky binaphthyl backbone and the
substrate, possibly favoring a faster uncatalyzed background
reaction and resulting in diminished enantioselectivity.

In an effort to examine the nature of the species generated
in solution, we first performed a stoichiometric reaction
between L1 and LDA in 1,4-dioxane (with benzene-ds lock) and
probed it using multinuclear NMR spectroscopy. As expected,
deprotonation of the phenolic proton occurred rapidly and
cleanly (within 5 mins) and the loss of this proton was indicative

by the disappearance of a resonance at 8 = 9.28 ppm in the H
NMR spectrum.

The stoichiometric between L1, LDA
pinacolborane in 1,4-dioxane was subsequently explored. There
was no observable change in chemical shift in both the aromatic
region and for the tetramethyl protons of the pinacol group In
the 'H NMR spectrum. However, two new singlets appeared at
3 = 0.53 and 0.20 ppm. The B NMR spectrum identified the
presence of three boron containing species (6 = 28.4, 21.5, and
7.2 ppm). The doublet at 5 = 28.4 (LUgy = 173.0 Hz) is attributed
to pinacolborane, indicating incomplete consumption of
pinacolborane. The second resonance at 6 = 21.5 ppm can be
attributed to the formation of the borate species. This species
was also identifiable when L1 and pinacolborane were reacted
in a stoichiometric fashion. The final 11B resonance at 6 = 7.2
ppm can be attributed to the formation of the lithium
trialkoxyborohydride species. This 1B NMR resonance is
consistent with trialkyloxyborohydrides reported by Brown and
Clark (& = 0-7 ppm).817 The resonance observed at 6 = 7.2 ppm
is significantly less intense than the corresponding resonance at
3 =21.5 ppm and it was noted that, at the concentration these
stoichiometric reactions were performed (0.1M), a large
quantity of precipitate was observed and that the borohydride
species was only sparingly soluble at this concentration.
Evaluation of the 31P NMR spectrum showed negligible changes
in chemical shift upon both deprotonation and coordination
with the pinacolborane. A repeat experiment using two
equivalents of L1 to mimic the most successful catalytic systems
gave similar results to those detailed above except complete
consumption of the pinacol borane and full conversion to the
borate species at & = 21.5 ppm was observed. There was no
observable lithium trialkoxyborate species in the NMR spectra
under these conditions.

In conclusion, we have developed an enantioselective s-
block catalyzed hydroboration of acetophenones. The chiral
catalyst is comprised of a BINOL derived ligand and LDA. Using
multinuclear NMR spectroscopy, we found that the phenolic
proton in the ligand is cleanly deprotonated with LDA and
subsequent addition of pinacol borane leads to the formation
of a chiral trialkyloxyborohydride species. This catalyst provides

reaction and

access to scalemic secondary alcohols in good to excellent yields
and is operationally simple. This methodology opens the door
for other asymmetric s-block based catalysis.



LDA (1.0 equiv)

HBPin (1.0 equiv)

8 =215 ppm

Scheme 3. NMR experiments to try and elucidate the nature of the catalytic
species. All reactions were performed on a 0.1 mmol scale.
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