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Benzylboronic esters can be deprotonated using LiTMP and
engaged in useful C-C bond-forming processes. Here we report
that they undergo acylation with esters. We also report a fluorina-
tive coupling reaction performed through nucleophilic substitution
of a lithiated benzylboronic ester with an ester, and trapping of the
resultant boron enolate with the fluorinating agent NFSI.

The addition of an organometallic nucleophile, such as a
Grignard or organolithium reagent, to an ester to form a ketone
is not a reliable transformation. As a ketone is more reactive
than an ester the organometallic reagent will typically undergo
some degree of addition to the ketone product, forming an
alcohol and reducing the yield of the reaction (Scheme 1a).
However, the ubiquity of ketones in a range of pharmaceuticals,
natural products and materials makes the direct conversion of
an ester to a ketone very desirable.

There have been solutions to this problem developed previously,
including the Weinreb amide, in which intermolecular coordina-
tion of the metal ion to a hydroxylamine stabilizes the tetrahedral
intermediate formed on addition of an organometallic." However,
most hydroxylamines are toxic and N,0-dimethylhydroxylamine
specifically inhibits enzymes that protect erythrocytes against
oxidative stress.” Strategies that use reagents of lower toxicity
are always valuable. Other methods of achieving the additions
of organometallic carbon nucleophiles to carbonyl compounds
at the ester oxidation level include addition of organometallic
reagents to carboxylic acids (via the carboxylate salt)® or addi-
tions to acid chlorides or anhydrides.” Metal-catalyzed cross
coupling reactions of esters yielding ketones are also known.’
Despite this work, additions to esters to give ketones remains
unusual and unpredictable.
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We felt that the addition of organoboron reagents to esters
presents a potential solution to this problem. Our research group®
along with the groups of Liu’ and Chirik® (Scheme 1b) have
demonstrated that addition of lithitated geminal bis(boron)
compounds® to esters yields boron enolate intermediates that
can be trapped by an electrophile. It is the formation of the boron
enolate that prevents any over-addition in these reactions, as this
intermediate effectively masks the carbonyl group. Geminal
bis(boron) compounds are acidic and can be deprotonated at
the carbon between the boron atoms by moderately strong
sterically-hindered bases such as LiTMP." In our previous work
we have shown that both boron atoms can be trapped by two
equivalents of an electrophile to yield o,0-difunctionalized
ketones.®” Alternatively, nucleophilic reagents such as LiOtBu
lead to anion formation by deborylation.”**'“'*? This allows
trapping with a single equivalent of electrophile yielding mono-
functionalized ketones.

Of course, the need to use a bis(boron) reagent in these
reactions limits their atom economy, and in many cases double
trapping with two equivalents of electrophile is not desired. We
wondered whether equivalent chemistry could be performed
using mono-boron esters. We felt that an additional acidifying
group may facilitate deprotonation of the boronic ester, so
thought that benzyl boronic esters would be a good starting
point (Scheme 1c¢)."* Chirik has reported a single example of the
addition of deprotonated benzyl boronic ester to methyl
butanoate,® whilst Zhan demonstrated more broadly that benzyl-
boronic pinacol ester can be deprotonated using LiTMP and the
anion trapped with alkyl halides, silyl halides and trifluoromethyl
alkenes.™ Furthermore, whilst a range of methods for the synth-
esis of alkyl-substituted geminal bis(boron) compounds has
emerged in recent years, methods that allow the synthesis of
benzyl bis(boron) compounds are more limited and include C-H
borylation of alkylarenes, and cross-coupling of a diborylzinc
reagent."* The majority of these methods are sensitive and rely on
the use of a glovebox and their demonstration on a gram-scale is
limited. In contrast a much wider range of methods exist for the
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Scheme 1 Concept of boron enolate formation by substitution.

synthesis of benzyl mono-boron compounds, including particu-
larly borylation of benzyl halides and decarboxylative borylation.'®
A range of benzyl mono-boron compounds are commercially
available, in contrast to their geminal bis(boron) counterparts.
Our initial focus was on finding suitable conditions for
formation of the boron enolate intermediate using benzyl
boronic pinacol ester, and protonation of this intermediate
using water. Optimization of the reaction (see SI) showed
LiTMP to be a more effective base than NaHMDS, and that
leaving the initial substitution step for longer to form the boron
enolate could also lead to higher yields. The benzylboronic

1) Ar” B(pin) (2equiv.)
% LITMP (2.5 equiv.) THF, 0°C O

OMe 2) Ester (1 equiv) THF, 50°C, 2 hr R
3) H,O (10 equiv.), rt, 15 min

| Benzyl anion also stabilized by boron

E CommerCIaI benzylboron compounds
can be used

ester was first deprotonated at 0 °C using LiTMP which is a
stronger base than NaHMDS. Bulky bases are required to give
deprotonation and prevent deborylation. After deprotonation a
solution of the ester was added and heated to 50 °C for 2 hours
to achieve boron enolate formation by substitution. Finally,
water was added after cooling to room temperature to proto-
nate the boron enolate and yield the desired ketone product.
Once we understood more about the optimal conditions of
this reaction, we wanted to understand its scope (Scheme 2).
Pleasingly, as expected these reactions gave the ketones 2a-m
by substitution of the ester with a benzyl group. Aromatic esters
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Scheme 2 Scope of ketone synthesis; “isolated yield;
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are best tolerated in this reaction 2a-1. A range of aromatic esters
bearing substituents including alkyl groups, halogens, nitriles and
alkoxy substituents at the ortho-, meta- and para-positions success-
fully gave the desired ketone products 2a-e in good yield. Hetero-
cyclic esters including pyridines, furans and pyrazoles were also
good substrates for this reaction, yielding products 2f~h. We also
showed that substituents could be tolerated on the benzylboronic
ester 2i-1. An alkyl ester could also be used, providing ketone 2m in
good yield. We also performed a deuteration experiment by
trapping with D,0. Compound 2aD was formed in good yield,
and although the mono-deuterated compound was obtained as the
major product, incorporation of deuterium was only moderate at
57% (47% mono-deuteration) (see SI).

We then wanted to show that the boron enolates could be
trapped by electrophiles other than a proton. In our previous work
we showed that N-fluorobenzenesulfonimide (NFSI) was an excel-
lent electrophilic source of fluorine for trapping boron enolates
derived from substitution of esters with geminal bis(boron)
compounds,®” providing o,o-difluorinated ketones.'® The fluori-
nated ketones produced are highly electrophilic and have potential
application in medicinal chemistry'” as enzyme inhibitors.'® We
wanted to see whether this approach could be extended to the
synthesis of mono-fluorinated ketones using benzyl-boronic esters.
Mono-fluorination would be expected as in this case only a single
boron atom is available for reaction.

During our optimization (see SI) we observed a tendency to
form a mixture of mono-fluorinated and di-fluorinated products.
After varying reaction conditions, we could optimize this transfor-
mation to afford 62% (NMR yield, isolated to 56%) of the mono-
fluorinated ketone 3a with negligible di-fluorinated product. The
optimized reaction conditions used 1 equiv. LiTMP, 1.5 equiv.
benzylboronic acid pinacol ester and 2 equiv. NFSIL.

The tendency for over-fluorination was not observed in our
previous geminal-bis(boron) work. We believe that it is observed
here due to the acidifying effect of the aryl group introduced from
benzylboronic esters. The di-fluorinated side product is believed to
form via a second fluorination of the mono-fluorinated product in
the presence of residual base and excess NFSI. However, the use of
our optimized conditions means minimal di-fluorinated product
is produced.

Various ester derivatives were subjected to the reaction condi-
tions (Scheme 3), and unsubstituted and para-substituted benzoate
derivatives produced moderate to good yields of the desired mono-
fluoro ketones (3a-c). Isolated yields for ortho substituted benzo-
ates were moderate and largely not affected by the electronics of the
substituted groups (3d-f). It was also important to demonstrate the
mono-fluorinative coupling on alkyl esters, as these have in theory
two enolizable sites. Methyl 4-methoxypropanoate gave a 33% NMR
conversion to the monofluorinated ketone but could not be
isolated to acceptable purity. Methyl 4-chloropropanoate on the
other hand afforded 3g in 38% isolated yield, showing fluorination
only at the site boron was introduced. Changes to the aryl ring of
the benzylboronic ester were also tolerated (3h-i).

In some cases, isolated yields were reduced due to chal-
lenges in purification. The products are, in general, non-polar
in nature and elute with similar Ry values to the starting ester
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and organoboron by-products. It is also important to ensure
that the benzylboronic pinacol ester starting materials are of
high purity, as these reagents do show some degree of instabil-
ity and decomposition. For successful reaction a strong colour
change should be observed on addition of LiTMP to the
benzylboronic ester, which can be hindered in the presence
of decomposition impurities and prevents effective reaction.

We finally wanted to examine the mechanism of this reaction by
attempting to observe the boron enolate intermediate formed on
nucleophilic substitution (Scheme 4). Mixing methyl 4-bromo-
benzoate with benzylboronic pinacol ester in the presence of LiTMP
in dg'THF gave a species that had a 'H signal at 5.83 ppm with a
HSQC correlation to a “>C signal at 97 ppm. This is very indicative of
an electron-rich enol-like alkene. This signal disappeared on addi-
tion of water, and formation of product 2c was confirmed. The
O-bound nature of the boron enolate was further confirmed by
B NMR, which showed a peak at 8.8 ppm which is indicative of
quaternary species bound to oxygen and suggestive that the meth-
oxide leaving group was involved in coordination to boron, which
was also observed in our previous geminal bis(boron) study.®”

In conclusion, we have developed a new method that allows
the synthesis of ketones from esters and benzylboronic pinacol
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esters. This forms a boron enolate that prevents any over-addition,
and can be trapped either by water, providing ketones, or by the
electrophilic fluorinating agent NFSI to provide an efficient route
to fluorinated ketones in a convergent fashion. We have demon-
strated that mono-boron enolates can be prepared by nucleophilic
substitution with deprotonated benzylic boronate esters, improv-
ing atom economy in terms of boron and removing the require-
ment for a bis(boron) compound in these cases.
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