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ABSTRACT

1) CyJohnPhos (2 mol %),
0 CuCl (2 mol %), NaOtBu (30 mol %), 0 BF;K

Bo(OH), (1.2 equiv), EtOH, rt
R! ZN =t
2) KHF,, MeOH, H,0

RZ

R! R3
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The copper-catalyzed j-boration of o,3-unsaturated carbonyl compounds with tetrahydroxydiborane has been developed. This diboron
reagent allows direct, efficient access to boronic acids and their derivatives. Primary, secondary, and tertiary o, 5-unsaturated amides are
converted to the corresponding fS-trifluoroboratoamides in good to excellent yields. The 5-boration of a variety of o, 5-unsaturated esters

and ketones is also reported.

Boron homoenolates are versatile compounds that have
been developed as synthetic intermediates for a variety of
transformations,' including Suzuki coupling reactions.’
Significantly, secondary f-trifluoroboratoamides have been
demonstrated to react stereospecifically with inversion of
configuration in palladium catalyzed cross-couplings.?
These developments have greatly expanded the utility of
trifluoroborato homoenolates in organic synthesis.

A particularly appealing approach to the synthesis of
these compounds is the transition metal-catalyzed S-boration
of readily available o.f-unsaturated carbonyl compounds
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using diboron reagents. The -boration of o -unsaturated
carbonyl compounds with bis(pinacolato)diboron is
well established.® Rhodium,* platinum,’ palladium,®
nickel” and copper®®®® catalyzed methods have been
previously reported. Of these, the copper catalyzed
systems have received the most attention. Yun and co-
workers were instrumental in expanding the substrate
scope from the more traditional unsaturated ketones
and esters to include the more challenging a,f3-unsa-
turated amides.’

Although previously reported catalytic systems provide
efficient access to pinacol boronate esters, they are less
convenient for the syntheses of other boronate derivatives.
Conversion of the pinacol esters to the corresponding
trifluoroborate can be problematic,'” as pinacol can be
difficult to remove from the crude reaction mixtures, requir-
ing tedious purification protocols. Additionally, in the inter-
est of atom economy, use of a borylating reagent that does
not require the intermediacy of the pinacol ester would prove
beneficial.
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Table 1. Catalyst Load Optimization”

1} CyJohnPhos, CuCl

O\ ] NaOt-Bu, Bo(OH)4 (1.2 equiv), O\ 0 OH
EtOH, rt
NJJ\%\ NJJ\)\

H 2) NaOH, H,0, H
1a 2a
CuCl CyJohnPhos  NaO¢tBu reaction P:
entry  (mol %) (mol %) (mol %) time (h) SM?
1 10 10 30 18 >20:1
2 5 5 15 18 1.4:1
3 3 3 9 18 0.4:1
4 5 5 30 18 >20:1
5 3 3 30 18 >20:1
6 1 1 30 18 >20:1
7 1 1 30 1 >18:1
8 1 1 30 2 >19:1
9 1 1 30 3 >19:1

“ All reactions were carried out on a 0.3 mmol scale in 3 mL of EtOH
with 1.2 equiv of BBA. ? Ratio of product to starting material calculated
by '"H NMR.

Despite the interest in copper catalyzed beta-boration,
there have been only a few publications examining alter-
native diboron reagents,'' each of which provides access to
a single boronate ester. Our group has recently established
tetrahydroxydiborane (bisboronic acid, BBA)'? as an ef-
fective replacement for bis(pinacolato)diboron in palla-
dium catalyzed Miyaura borylation reactions.'® This
reagent offers direct access to boronic acids, simplifying
purification and providing access to a variety of boronate
derivatives through a single intermediate. Herein we report
a method for the S-boration of o,f-unsaturated carbonyl
compounds using BBA as an effective and atom economic-
al source of boron. To our knowledge, this is the first
example of the f-boration of a.B-unsaturated carbonyl
compounds with BBA, as well as the first copper-catalyzed
reaction of this reagent.

Reaction conditions for the -borylation were optimized
on (E)-N-cyclohexylbut-2-enamide. For ease of analysis, the
initially formed boronic acid was converted in situ to the
corresponding alcohol by oxidation with NaOH/H,0,. A
screen of various solvents, alkoxide bases, copper(I) sources
and phosphine ligands established EtOH, NaOs-Bu, CuCl,
and 2-(dicyclohexylphosphino)biphenyl (CyJohnPhos) as the
preferred conditions. A 1:1 ratio of ligand to copper and 1.2
equiv of BBA was effective for >90% conversion after 4 h.
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We next sought to reduce the catalyst loading. Interest-
ingly, initial attempts to reduce the catalyst load resulted in
incomplete conversion even at long reaction times (Table
1, entries 1—3), despite the relatively short reaction times at
high catalyst load. Consequently, attention was focused on
the mechanism of the process and specifically the role of
the base in these transformations (Scheme 1).”'

Scheme 1. Proposed Mechanism
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Previous studies have established that the base is critical
in the formation of an sp®-sp’ species (I), creating a
more nucleophilic intermediate that facilitates trans-
metalation to the active borylcopper species IL.'' In-
sertion of the a,3-unsaturated carbonyl compound into
the copper boron bond of Il gives a copper enolate (III),
which accepts a proton from EtOH to give the bory-
lated product IV, regenerating a copper alkoxide cata-
lyst. We hypothesized that the formation of a borate
ester byproduct V sequestered the NaOr7-Bu necessary
for catalyst regeneration as the reaction proceeded
toward completion. Therefore, the incomplete conver-
sion at low catalyst loads could be due to insufficient
quantities of base rather than of catalyst.

Encouragingly, we found that keeping 30 mol % of
NaO¢-Bu allowed a reduction in the amount of CuCl and
CyJohnPhos to 1 mol % while retaining efficient conver-
sion to the product (Table 1, entries 4—6). Reactions run
with 2 mol % of CuCl and CyJohnPhos were found to be
more reproducible, and thus, 2 mol % of both catalyst and
ligand were used as the general conditions for subsequent
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Table 2. f-Boration of a.-Unsaturated Amides with Bisboro-
nic Acid“

1) CyJohnPhos (2 mol %),

0 CuCl (2 mol %), NaO¢-Bu (30 mol %), le) BF3K
J\f Bo(OH), (1.2 equiv), EtOH, rt M
1 S m3 1 3
RN k2 R 2)KHF,, MeOH, H,0 AN R2 R
1a-l 3a-l
time yield”
entry (h) product %)
BF3K
1 2 N 3a 90 (82)°
H
2 2 O\ 3b 89
)k/\ BF3
s CL .
)H/\BFsK 3c 9
BF3K
4 2 3d 86
BF3K
5 18 3e 754
BF3
6 18 3 A
BF3K
7 24 3g 98
BF3
8 2 3h 96
BF5K
9 2 ﬁ 3i 90
BF,K
10 2 'T‘ 3j 90
QO  BFK
" 2 AHM k88
O BFK
12 18 31 78
H,N Ph

“General conditions: Amide (1.0 equiv), BBA (1.2 equiv), CuCl
(2mol %), CyJohnPhos (2 mol %), NaO#-Bu (30 mol %), EtOH (0.1 M), rt.
After filtration and solvent removal, MeOH, KHF; (8.2 equiv), 0 °C to rt,
20 min. * Yield is given for isolated products.  Gram scale. “ Used 2.0 equiv
BBA, CuCl (10 mol %), NaOz-Bu (50 mol %) CyJohnPhos (10 mol %).

reactions. Increasing the amount of NaOz-Bu beyond
30 mol % provided no advantage.

With optimized conditions in hand, we examined the
substrate scope of this reaction (Table 2). We first varied the
substitution on a series on N-cyclohexyl amides. Methyl
substitution at the o position was well tolerated, as was
monoalkyl or phenyl substitution at the beta position.
Branching at the gamma position was tolerated but required
a longer reaction time, increased catalyst loading, and 2 equiv
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Table 3. f-Boration of a,f-Unsaturated Carbonyl Compounds
with Bisboronic Acid”

1) CyJohnPhos (2 mol %),

0 CuCl (2 mol %), NaOt-Bu (30 mol %), lo) BF,K
J\/\ Bo(OH), (1.2 equiv), EtOH, rt
R! = "R3 R! RS
R2 2) KHF,, MeOH, H,0 R2
4a-h 5a-h
T . 3
entry U(I;ll)e product y;;l)()i
[¢) BF3K
1 2 Sa 71
O
2 2 é\ 5b 93
BF3K
O
3 24 Sc 77
4 2 5d 76
\)J\ABFB
5 2 Se 93
kﬁsﬁ
0O BFK
6 2 5f 84
EtO/U\)\
o]
7 2 Q 5g 82
BF3K
0 BFK

MeO/U\)\/ 5h 83

“ General conditions: Carbonyl substrate (1.0 equiv), BBA (1.2 equiv),
CuCl (2 mol %), CyJohnPhos (2 mol %), NaOz-Bu (30 mol %), EtOH (0.1
M), rt. After filtration and solvent removal, MeOH, KHF, (8.2 equiv), 0 °C
to rt, 20 min. * Yield is given for isolated products.

of BBA for efficient conversion (Table 2, entry 5). Effective
conversion could not be obtained, however, for compounds
containing multiple substituents at the beta position, pre-
sumably for steric reasons (Table 2, entry 6). Next we exa-
mined the effect of the amine portion of the amide on the
borylation reaction. Primary, secondary and tertiary amides
were all tolerated, although primary amides (Table 2, entry 12)
required longer reaction times. The reaction could be run
on gram scale with only a slight reduction in yield (Table 2,
entry 1). Unfortunately, attempts to isolate the boronic acid
intermediate synthesized from la yielded an inseparable
mixture of boronic acid and what appears to be boroxine,
along with ligand and traces of starting material.

We were gratified to find that a,S-unsaturated esters and
ketones were also efficiently borylated under the standard
reaction conditions (Table 3). A variety of substitution
patterns were effective for ketones, with cyclic and acyclic sub-
strates proving to be good substrates for the reaction. Even
sterically hindered ketones were borylated in good yield, albeit
with a longer reaction time (Table 3, entry 3). Esters were
equally effective coupling partners (Table 3, entries 5—8), and
notably lactone 4g was a competent substrate.

In summary, we have developed an efficient copper
catalyzed method for the synthesis of -trifluoroborato
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carbonyl compounds using bisboronic acid as a source
of boron—the first copper-catalyzed process for this
atom economical reagent. This method uses EtOH as
an environmentally benign solvent, avoids purification
difficulties encountered in the conversion of pinacol
esters to the corresponding trifluoroborates, and pro-
vides efficient access to f-amido trifluoroborates. Ef-
forts toward an enantioselective variant are ongoing in
our laboratory.
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