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A wide range of organoboron reagents can be used as
alternative reagents to boronic acids in Suzuki-Miyaura (SM)
coupling reactions.l'! The readily prepared,” convenient to
handle potassium trifluoroborates, RBF;K, which have been
developed by the groups of Genet® and Molander,™ are often
the reagents of choice for these transformations. Although
extensive optimization of the base, solvent, and temperature
is required for each class of substrate,*! their utility in SM
coupling reactions has led to their widespread commercial
availability. Apart from a preliminary study in 2003, their
mode of action has not been investigated in detail, and the
origin of their efficacy™>¥ remains to be elucidated. Herein,
we report the SM coupling of aryl trifluoroborate 1 with aryl
bromide 2 to generate biaryl®! 3 (Scheme 1). We show that
endogenous aryl boronic acid 4 and fluoride, both arising
from 1, play key roles in the coupling reaction, being involved
at all stages: from catalyst activation and catalytic turnover,
through to the inhibition of side reactions. Collectively, these
phenomena result in the exceptional performance of the
reagent in the SM coupling.!

The SM coupling of 1 with 2 was studied in a toluene/
water (3:1)P"<! biphasic solution, and in a tetrahydrofuran/
water (10:1)P%7 solution, both systems being commonly
employed for the SM coupling of trifluoroborates.”! The
reactions in toluene/water, failed to go to completion:
turnover ceased after 6 hours, affording 55% of the base-
catalyzed® protodeboronation product 6 and <32% of
coupling product 3. In aqueous tetrahydrofuran (Scheme 1)
the reaction proceeded much more efficiently (5.5 h; >95%
yield of 3), with few side products (<0.1-2 %), even when the
reaction was performed in air.

In contrast, reaction of the boronic acid (4) under
identical conditions, gave 3 in variable yield, and afforded
substantially more of side products 9/10 (2-40 %), compared
to trifluoroborate substrate 1.
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Scheme 1. SM coupling of trifluoroborate 1 with bromide 2 to generate
biaryl 3 together with the three major side products arising from
protodeboronation (6), homocoupling (9), and oxidation (10).

The performance of aryl boronic acid reagents can be
improved by the addition of KF,® whereas trifluoroborate
reagents require aqueous solvent systems for SM coupling
with standard substrates.”'! This observation has led to
suggestions that mixed borates, [RBF;_,(OH),] .,[">"*! are
the true transmetalating species.**>*1%1%°] Base titration of 1
in a solely aqueous medium (D,0) was monitored by "F and
"B NMR spectroscopy. Trifluoroborate 1 underwent hydrol-
ysis via boronic acid 4 to give boronate 5; the transformation
required approximately three equivalents of K,CO; or
Cs,CO;, or six equivalents of KOH to proceed to completion.
At ambient temperature, boronate 5 slowly gave rise to
fluorobenzene 6 by protodeboronation;® the process was
substantially faster at 55 °C. Rapid equilibrium between 4 and
5 gave rise to time-averaged '’F NMR chemical shifts (p-F-Ar
nuclei), from which analysis of Adg values versus [base] was
used to establish the mol % of boronate 5 (e.g. Figure 1a).

When the dibasic nature of M,CO; was taken into
account, there was no significant difference in the curve
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Figure 1. a) Titration of 1 and 4 with K,CO; in D,O (71 mm) and in
THF/D,0O (8 mm). There is no significant difference in using Cs,CO; or
KOH as the base. b) The effect of D,O concentration on the fraction of
5 (mol%) in 4/5, generated from 144 equiv K,CO; in THF.
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obtained with K,CO;, Cs,CO;, or KOH, and after addition of
the theoretical amount of base required to replace the three
fluoride ions in 1, the shape of the curve was identical to that
observed for the boronic acid 4. At low concentrations of
base, the effect of additional fluoride (4, 8, and 12 equiv KF)
on the titration of 1 with K,CO; was to slightly increase the
proportion of 5, because of the slight increase in the pH value
caused by the aqueous fluoride. However, under the concen-
trations of base employed for the SM coupling, the effect was
negligible (Scheme 1).

Protodeboronation to give 6 is the major pathway for the
inefficient SM coupling of 1 in a toluene/water biphase,” but
is not detected under the standard aqueous tetrahydrofuran
conditionsP™ (see Scheme 1). The effect of tetrahydrofuran
on homogeneous solutions of 5, generated in situ from 1 with
4 equivalents K,CO; in D,0, was studied by “FNMR
spectroscopy. As the D,O concentration was reduced from
55M (100% D,O) to Om (100% THF; see Figure 1b), the
equilibrium population shifted from >98% boronate (5) to
>98% boronic acid (4), thereby resulting in complete
suppression of the protodeboronation reaction (5—6). In
5.1m D,0 (10:1 THF/water, Scheme 1),° where the equi-
librium population of 5 is almost independent of base
concentration (Figure 1a), protodeboronation is negligible:
<0.1% 6 was generated in 12 days, as opposed to 46 % 6 in
47m D,0O.

F NMR analysis of the SM coupling reaction confirmed
that 1 undergoes hydrolysis,'*" but the growth in biaryl
product (3) was substantially in advance of the boronic acid 4
for the first 20-30 turnovers. No intermediate mixed species
(7, 8, or the related neutral intermediates, ArBX,; X=
F,OH,0D) were observed under these conditions."*! How-
ever, at higher water concentrations, an intermediate was
detected, reaching a maximum (8% of the total Ar—B
species) when 0.5 equivalents K,CO; was added in a THF/
D,0 (1:10, 45m D,0) solution (Scheme 2).

P
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Scheme 2. '°F EXSY contacts (----- 7=25-40 ms) observed between
7,8 and 5 on hydrolysis of [dg]-1 in 1:10 THF/D,O (45m D,0).

F EXSY analysis showed that this species, tentatively
assigned by integration as [ArBF,(OD)]"K* (8)," was in
rapid equilibrium (7 < 40 ms) with boronate 5 and KF, but not
with trifluoroborate 1. However, reversible generation of
trifluoroborate 1 was confirmed under the SM coupling
conditions from the observation of a smooth equilibration
between [Dg]-1 and [D,4]-4 with [D,]-1 and [D,]-4, respectively
(Scheme 3).

In parallel with F/OH exchange at boron, fluoride
sequestration by the base and the glassware!™ progressively
drove the equilibrium towards the boronic acid 4 (>98%).
No intermediate species were detected by "B or "F NMR

Angew. Chem. 2010, 122, 5282 —5286

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
Chemie

D,/D. THF/D,O D,/Dy
¢ IO ~BFK  cs,co, \x-B(OD),
/ - =
F F
[Dol-1/[D,J-1 [Dol-4/[D -4
AS = 0.56 ppm . 7 Adg = 0.54 ppm
. CF, [Pd]-cat.
D./D,
l\\ CF,
=
F [Dol-3/[D,)-3
Adg = 0.51 ppm

Scheme 3. Interconversion of [D,]-4/[Dy]-1 with [Dg]-4/[D,]-1 in 10:1
THF/D,0 (5.1m D,0) with 3 equiv Cs,CO; at 55°C. Also shown is the
palladium-catalyzed SM coupling with 2; see Figure 3 a.

spectroscopy, although they must be present, albeit at low
concentrations (<60 pm), to facilitate the indirect equilibri-
um between 1 and 4. To contribute significantly to the
catalytic flux for SM coupling, these mixed species, such as 7
and 8, need to be exceptionally active towards transmetala-
tion. To assess this aspect, we studied (B3LYP/6-
31G*,lacv3p)!'®! phenyl transfer from [PhBX;]~ (X =F, OH)
to [Pd(Br)Ar(L),] (L =PPhs; n=1,2), generated by oxidative
addition of PhBr to [Pd(PPhs),], in tetrahydrofuran. As
illustrated in Figure 2, the energy barrier towards transmeta-
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Figure 2. Energies (kcalmol™') for Ph transfer to [Pd(Br)Ar(L),] from
[PhBX;]™ (X=F, OH; L=PPh;); lower energy (n=1) complexes are
shown; (n=2) follows the same order, but are ca. 20 kcal mol™
higher: 1A2/TSA2=—33.9:5.5); —31.9:13.2; —31.2:17.6; —26.9:10.9.1""

lation increases with increasing ligation of boron by fluoride,
consistent with the decreasing ability of the boron reagent to
complex to Pd (intermediate IA2) and the reduced nucleo-
philicity of the phenyl moiety (transition state TSA2). We
expect catalytic flux to proceed almost exclusively through
phenyl transfer from PhB(OH), (cf 4) to [Pd(OH)-
(PPh;)(Ph)], or from [PhB(OH);]~ (cf 57) to [Pd(PPh;)(Ph)]*;
without significant contribution from 1, 7, or 8.

This conclusion was tested by performing the SM coupling
reactions of mixtures of [Dy]-1 and [D,]-4, in initial ratios
90:10, 70:30, 50:50, 30:70, and 10:90 (Figure 3a).! Catalytic
turnover (2—3) proceeded in parallel with the equilibration
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Figure 3. a) Isotope distribution (% [D,]) in 3 as a function of the
conversion of 2, during coupling with [Dg]-1/[D,]-4 in the initial ratios
indicated. b) SM coupling efficiency ([3]/[9+10]) as a function of [2],,
and [4],, in reactions conducted in air. Solid lines are solely as a guide
for the eye.'

between 1 and 4, and, after complete conversion of 2, the
isotope distribution in the SM coupling product 3 (%[D,]),
reflects the initial [D,)/[D,] ratio of 1:4. However, prior to full
equilibration, the isotope distribution in the evolving SM
coupling product 3 reflects the isotope distribution in the
reactive component. The product that was initially generated
was predominantly [D,]-3, even if the mixture of boron
reagents contained just 10% [D,]-4, thus confirming that
boronic acid 4 is the dominant transmetalating species. These
results reinforce the conclusion that 1 serves as a reservoir for
4, via an unobserved intermediate species, such as 7 and 8,
which themselves do not contribute directly to the SM
coupling.

The question then arises as to why the indirect reaction,
that is, starting from 1 rather than 4, is more efficient. The
significant difference lies not in the rate, but in the substantial
decrease in the amount of side products obtained with
trifluoroborate 1. Indeed, reactions starting directly from
boronic acid 4 proceeded to completion faster than reactions
starting from 1; predominantly because the slow and some-
what variable!" rate of hydrolysis (1—4) can limit the rate of
catalytic turnover.

For SM coupling in aqueous tetrahydrofuran, the rate of
protodeboronation (5—6) is negligible, and thus only two of
the three side products (6, 9, and 10) differentiate the use of
trifluoroborate reagent 1 from boronic acid 4. Under routine
synthetic conditions, that is, reagents and solvents that have
not been rigorously purified, the SM coupling of 2 with 4 in
aqueous tetrahydrofuran generated 9 and 10 in two stages:
rapid initial production followed by a progressive accumu-
lation during the catalytic turnover. As shown below, these
side products arise from three different processes: one
generates 9, one generates 10, and one generates both. All
three processes are substantially suppressed in reactions
starting from 1, in which 4 is generated in situ.

In reactions that employ 4 directly, the precatalyst,
[PACL,(PPh;),], is reductively activated by a two-stage trans-
metalation/reductive elimination sequence to generate [Pd-
(PPhs),] and homocoupled product 9. The latter is detected by
“FNMR spectroscopy immediately after turnover begins,
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and its stoichiometry is in direct proportion to the catalyst
loading.'®) However, in reactions employing trifluoroborate 1,
which generates 4 in situ, there is no trace of 9 (< 0.1 %), even
with high catalyst loadings (5mol%). The quantitative
reduction of [PdCl,(PPh;),] must therefore take place
before any significant build up!'” of 4 has occurred. Endog-
enous"™ fluoride can catalyzel the reduction™ of the
precatalyst, [PdCL,(PPh;),], for example, by hydrolysis of a
fluorophosphonium species generated from a phosphorane®!
complex (11). *'P NMR spectroscopic analysis of the SM
coupling of 1 in THF/"®*OH, (10:1) confirmed that hydrolytic
catalyst activation generates PhyP="0 (Adp = 0.04 ppm), and,
nominally, a monophosphane Pd” complex.”

- |
Cl PPhg H o, B~x
~~70
Pd, ? Ar
Phsf  ClI N

1 12

Phenol 10 is also produced (observed by “FNMR
spectroscopy) at the beginning of SM coupling reactions in
which 4 is employed directly, and in quantities that depend on
the purity of the tetrahydrofuran. However, phenol 10 is
absent in reactions that employ 1 to generate 4 in situ. A
tetrahydrofuran-derived oxidant™® is thus consumed by a
non-phenolic pathway, prior to significant hydrolysis of 1.
Control experiments confirmed that at 55°C, trifluoroborate
1 is able to mediate the decomposition of aqueous tetrahy-
drofuran solutions of tetrahydrofuran-2-hydroperoxide.® In
contrast, boronic acid 4 is efficiently oxidized into phenol
10 under the same conditions. The difference in outcome
between 1 and 4 may arise from a bifurcation in the
conventional oxidation pathway (12, X =OH), in which an
[1,2]-Ar shift leads to 10. The increased Lewis acidity of the
boron center (X=F) would both reduce the migratory
aptitude of the Ar group, and affect the polarity of the O—
O moiety, for example, to induce its regioisomeric cleavage
via a [1,2]-H/CH, shift from the tetrahydrofuran ring,™ or an
a-CH elimination."!

In the SM coupling of boronic acid 4, incomplete
degassing of the aqueous tetrahydrofuran solvent prior to
reaction, or an ingress of air during sampling of the reaction,
results in the generation of side products 9 and 10 in a 1:1 ratio
throughout catalytic turnover. This process is almost absent
when 1 is employed, even though the reactions proceed
through 4.”! The mechanism of the palladium-catalyzed
aerobic oxidative homocoupling™ of aryl boronic acids has
been shown by Amatore, Jutand, and co-workers?¥ to involve
a peroxo intermediate [Pd(x*-O,)]. This species reacts with
two molecules of aryl boronic acid and water to generate a
biaryl species (cf 9) and perboric acid, B(OH),O0H. The
latter oxidizes a third molecule of aryl boronic acid to the
phenol (10).

Consideration of a mechanism for SM coupling in
competition with oxidative homocoupling (Scheme 4) sug-
gests that a Pd’ intermediate (13) is partitioned between
oxidative addition of the aryl bromide (2) versus reaction with
oxygen and the boronic acid to form 14.
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Scheme 4. Schematic mechanism for the SM coupling of ArBr 2 (by
oxidative addition of 2 to Pd® complex 13 leading to biaryl 3) versus
the oxidative homocoupling of 4 with O, via 14, which leads to biaryl 9
and phenol 10. [Pd] =cis/trans [Pd(PPh;),], where n=0,1,2; X=Br, OH.

Conducting the SM coupling of 4 under air, so that [O,] is
approximately constant, confirmed a linear relationship
between [2] and [3]/([9] +[10]), see the open circles in
Figure 3b. An analogous, but inverse relationship was found
for the boronic acid ([3]/([9] + [10]) o [4] "), thus suggesting a
reversible,® or boronic acid facilitated O, addition (13—14,
via [Pd(x*-O,)]). The high sensitivity of the oxidative pathway
to the concentration of boronic acid is key to the efficiency of
the indirect process that starts from trifluoroborate 1: slow
hydrolysis®™ of 1 relative to turnover keeps the concentration
of 4 low, thus reducing the partitioning of 13 via the [Pd(x*-
0,)(4)] intermediate 14. This conclusion was tested by
syringe-pump addition (0.2 ums ) of a THF/H,O (10:1)
solution of 4+ Cs,CO; to an SM coupling of 2 that was
conducted under air. The effect was substantial, affording a
[3]/([9] + [10]) ratio of > 9.5, as compared to a ratio of only 3.5
with 1 under the standard conditions (Scheme 1).

Seven key points emerging from this study are outlined
below. These may also be of importance when considering
mechanisms for turnover, for precatalyst activation, and for
oxidative side reactions in other areas of transition-metal
catalysis that use RBF;K reagents under aqueous condi-
tions.[*331
1) Reagent 1 undergoes hydrolytic equilibrium with boronic

acid 4; an accompanying sequestration of fluoride by base

and glassware!™ resulted in slow but complete conversion

into 4.

2) Low water concentrations reduce the equilibrium popu-
lation of borate 5 (Figure 2b), thus suppressing proto-
deboronation.

3) Mixed intermediates 7 and 8 are not detected (< 60 um)
and computationally (Figure 2) are found to be less
efficient than 4 at aryl transfer to Pd" in the trans-
metalation step.

4) The majority of catalytic turnover proceeds via 4 (Fig-
ure 3a).

5) The use of 1 results in fluoride-catalyzed!" hydrolytic
reduction® of the precatalyst, possibly via 11, bypassing
the generation of 9.

6) Trifluoroborate 1 mediates the decomposition of traces of
tetrahydrofuran hydroperoxide in the aqueous tetrahy-
drofuran, possibly via a Lewis acid induced bifurcation in
12, thus avoiding generation of the phenol 10.

7) The competing Pd’-catalyzed aerobic homocoupling via
14, which consumes three molecules of boronic acid 4 per
cycle, is suppressed by high concentrations of 2 and low
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concentrations of boronic acid 4 (Figure 3b). Slow hydrol-
ysis of trifluoroborate 1 relative to catalytic turnover
ensures low concentrations of 4.

The above factors account for the exceptional perfor-
mance of the RBF;K reagent 1 under routine synthetic
conditions. This insight will be of use in the scale-up of biaryl
SM coupling reactions. For example, the slow addition of
boronic acid 4 circumvents prior conversion into trifluorobo-
rate 1.2 This procedure avoids corrosion of the reaction
vessel by fluoride, requires just one equivalent of base instead
of three, and still benefits from a hydrolytic Pd" precatalyst
activation.['”)

The extensive optimization of base, solvent, and temper-
ature in SM coupling reactions with other trifluoroborates
and other organohalides and pseudohalides!** may reflect the
requirement to balance the rate of hydrolysis with the rate of
catalytic turnover, so that side reactions, such as protode-
boronation and oxidative homocoupling, are suppressed.’
Our analysis also suggests that partially fluorinated borates
(R-BF;_,X,, X=0H, OR) can participate in the transmeta-
lation event, albeit less efficiently than the boronic acid;
however, most studies show that mixed intermediates
undergo rapid disproportionation to the fully fluorinated
and non-fluorinated species.’*12 13
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