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Pd-catalysed conjugate addition of arylboronic acids
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The Pd-catalysed conjugate addition of arylboronic acids to «,B-unsaturated cyclic ketones was
studied under controlled microwave irradiation conditions. A variety of catalysts, bases and solvents
was explored in order to achieve optimum yields in the shortest possible reaction time. Under
optimised conditions (Pd(OAc)2/2,2'-bipyridine and KF in a mixture of toluene, water, and acetic
acid and 10 min microwave irradiation), a range of arylboronic acids was successfully added to
several cyclic enones. With chiral phosphane ligands, a promising enantioselectivity was obtained

(85 % ee).
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Introduction

Microwave irradiation (MWI) is now an estab-
lished technique in organic synthesis (Kappe, 2004;
Kappe et al., 2009; Kappe & Stadler, 2005; Tierney &
Lidstrom, 2005). It is often applied as a substitute for
conventional heating in order to accelerate reactions or
suppress the decomposition or formation of unwanted
by-products. Microwave irradiation is also very use-
ful in the synthesis of biologically active compounds
(Gavande et al., 2010; Helan et al., 2010; Kovacova
et al., 2010). Moreover, applying a closed-vessel tech-
nique enables the heating of solvents far above their
boiling point. The higher reaction temperatures at el-
evated pressures lead to impressive results in respect
of reducing reaction times and improving chemical
yields (Kappe & Dallinger, 2009). Microwave heating
is also beneficial to many transition metal-catalysed
carbon-carbon bond forming reactions (Alonso et al.,
2008; Barge et al., 2008; Larhed et al., 2002; Singh
et al., 2008). Researchers from our laboratory also
contributed to the development of microwave-assisted
metal-catalysed reactions. We demonstrated that mi-
crowave heating was effective in a certain type of
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Pd-catalysed Suzuki-Miyaura reaction (Polackova et
al., 2006; Pol4ckova & Toma, 2007), Pd-catalysed al-
lylic substitution with arylboronic acids (Polac¢kova
et al., 2007), and Cul-catalysed aromatic amination
(Veverkova & Toma, 2008). Elevated reaction tem-
peratures often result in lower enantioselectivity. Mi-
crowave heating, however, has been successfully ap-
plied to accelerate asymmetric reactions without a
decrease in their enantioslectivities (Almansa et al.,
2008; Genov et al., 2007, 2008).

The conjugate addition of organometallic reagents
to enones is a widely used method for the formation
of B-substituted carbonyl compounds, which are ver-
satile synthons for further structural transformations.
Rhodium complexes are the catalysts most frequently
used for the addition of arylboronic acids to enones.
Some Pd-based catalysts have also been described for
this reaction (Bedford et al., 2007; Gutnov, 2008; He
et al., 2007; Cho et al., 1995; Nishikata et al., 2004;
Suzuma et al., 2007; Yamamoto et al., 2006). The first
enantioselective Pd-catalysed conjugate addition of
arylboronic acids to a variety of «,3-unsaturated com-
pounds was reported by Minnaard (Gini et al., 2005).
Product yields and enantioselectivities were high, but
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Table 1. Spectral data of the compounds prepared

Compound Spectral data

il 1H NMR (CDCl3), §: 1.68-1.94 (m, 2H), 2.02-2.25 (m, 2H), 2.30-2.73 (m, 4H), 2.94-3.10
(m, 1H), 7.09-7.49 (m, 5H)

HPLC (hexane/propan-2-ol (¢r = 98 : 2), 0.8 mL min~—!), ¢g/min: 18.3 (major), 20.0
(minor)

v IH NMR (CDCls), §: 1.91-2.05 (m, 1H), 2.24-2.56 (m, 4H), 2.64-2.73 (m, 1H), 3.35-3.50
(m, 1H), 7.20-7.38 (m, 5H)

VI IH NMR (CDCls), 8: 1.92-2.03 (m, 1H), 2.26-2.36 (m, 2H), 2.41-2.51 (m, 2H), 2.64-2.71
(m, 1H), 3.40 (m, 1H), 7.13 (dtd, J = 0.6 Hz, J = 1.8 Hz, J = 7.2 Hz, 1H), 7.22-7.30 (m,
3H)

VIl 'HNMR (CDCl3), §: 1.88-2.02 (m, 1H), 2.24-2.52 (m, 4H), 2.62-2.71 (m, 1H), 3.34-3.46
(m, 1H), 7.19 (d, J = 8.1 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H)
13C NMR (CDCl3), 4: 31.1, 38.8, 41.6, 45.6, 128.1, 128.7, 132.3, 141.5, 217.8

VIII  'H NMR (CDCls), 6: 1.96-2.04 (m, 1H), 2.30-2.37 (m, 2H), 2.46-2.52 (m, 2H), 2.70 (dd,
J=18.3 Hz, J = 7.2 Hz, 1H), 3.49 (m, 1H), 7.38 (d, J = 8.1 Hz, 2H), 7.60 (d, J = 8.1 Hz,
2H)

IX IH NMR (CDCl3), §: 2.17-2.27 (m, 1H), 2.34-2.61 (m, 4H), 2.82 (dd, J = 7.2 Hz, J = 18.0
Hz, 1H), 4.18-4.28 (m, 1H), 7.36-7.61 (m, 4H), 7.75 (d, J = 8.1 Hz, 1H), 7.88-7.91 (m, 1H),
8.10 (d, J = 8.1 Hz, 1H)

X 1H NMR (CDCl3), §: 1.72-1.89 (m, 2H), 2.05-2.19 (m, 2H), 2.34-2.61 (m, 4H), 2.95-3.03
(m, 1H), 7.09 (td, J = 8.4 Hz, J = 1.8 Hz, 1H), 7.21-7.28 (m, 3H)

XI 1H NMR (CDCl3), §: 1.67-1.90 (m, 2H), 2.02-2.22 (m, 2H), 2.29-2.63 (m, 4H), 2.91-3.06
(m, 1H), 7.14 (d, J = 8.1 Hz, 2H), 7.30 (d, J = 8.1 Hz, 2H)

XIT 1H NMR (CDCI;),)7 J: 1.69-1.90 (m, 2H), 2.01-2.20 (m, 2H), 2.29-2.63 (rn7 4H)7 2.92-3.07
(m, 1H), 7.13-7.24 (m, 2H), 6.96-7.08 (m, 2H)

XII  'H NMR (CDCls), &: 1.77-1.92 (m, 2H), 2.09-2.21 (m, 2H), 2.38-2.62 (m, 4H), 3.09 (m,
1H), 7.34 (d, J = 8.3 Hz, 2H), 7.59 (d, J = 8.3 Hz, 2H)

XIV  'H NMR (CDCls), 6: 1.80-2.04 (m, 2H), 2.11-2.28 (m, 2H), 2.36-2.81 (m, 4H), 3.78-3.87
(m, 1H), 7.36-7.54 (m, 4H), 7.73 (d, J = 7.7 Hz, 1H), 7.83-7.87 (m, 1H), 8.02 (d, J = 8.1
Hz, 1H)

XV 1H NMR (CDCl3), 6: 1.45-1.56 (m, 1H), 1.65-1.79 (m, 2H), 1.93-2.10 (m, 3H), 2.53-2.62
(m, 3H), 2.82-2.92 (m, 2H), 7.16-7.22 (m, 3H), 7.28-7.34 (m, 2H)

XVI  'H NMR (CDCls), &: 1.59-1.71 (m, 1H), 1.73-1.95 (m, 2H), 2.02-2.15 (m, 2H), 2.21-2.33
(m, 1H), 2.68-2.74 (m, 2H), 2.79 (td, J = 2.1 Hz, J = 14.2 Hz, 1H), 3.05 (dd, J = 11.7 Hz,
14.2 Hz, 1H), 3.73 (tt, J = 11.4 Hz, J = 2.4 Hz, 1H), 7.35 (d, J = 7,2 Hz, 1H), 7.44-7.55
(m, 3H), 7.73 (d, J = 8.1 Hz, 1H), 7.85-7.88 (m, 1H), 8.06 (d, J = 8.7 Hz, 1H)

XVII  'HNMR (CDCl3), §: 1.46-1.55 (m, 1H), 1.63-1.77 (m, 2H), 1.96-2.10 (m, 3H), 2.52-2.66
(m, 3H), 2.87-2.95 (m, 2H), 7.11 (d, J = 8.4 Hz, 2H), 7.26 (d, J = 8.4 Hz, 2H)
13C NMR (CDCl3), §: 24.0, 29.1, 39.1, 42.1, 43.9, 51.1, 127.8, 128.7, 131.9, 145.3, 213.1

XIX  'H NMR (CDCls), 6: 2.43-2.51 (m, 1H), 2.61-2.72 (m, 1H), 2.94-3.10 (m, 2H), 3.20-3.39
(m, 1H), 4.36-4.44 (m, 1H), 5.93-5.96 (m, 1H), 7.27-7.40 (m, 10H)

XXI  'HNMR (CDCls), 6: 1.97-2.10 (m, 1H), 2.59-2.68 (dd, J = 17.6 Hz, 10.7 Hz, 1H), 2.88-

2.96 (ddd, J = 17.6 Hz, J = 5.9 Hz, J = 1.6 Hz, 1H), 3.19-3.29 (m, 1H), 4.35-4.43 (m, 1H),
4.48-4.54 (m, 1H), 7.20-7.23 (m, 2H), 7.27-7.30 (m, 1H), 7.34-7.39 (m, 2H)
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Reference

(Gini et al., 2005)

(Gini et al., 2005)

(Itooka et al., 2003)

(Kantam et al., 2008)

(Takaya et al., 1999)

(Fujio et al., 1998)

(Ttooka et al., 2003)
(Cho et al., 1995)
(Mariz et al., 2008)
(Takaya et al., 1998)

(Cho et al., 1995)

(Gini et al., 2005)

(Vandyck et al., 2006)

(Gutsche et al., 1958)

(Comins et al., 2001)

(Shintani et al., 2005)

reactions were rather slow.

Conjugate addition of arylboronic acids to enones
is often, even at higher temperatures, a rather slow re-
action. We therefore argued that MWI could be a use-
ful alternative source of energy for this kind of trans-
formation. This paper shows that microwave heating
is indeed effective in promoting Pd-catalysed addition
of arylboronic acids to cyclic enones. Furthermore, we
show that chiral ligands may also be used.

Experimental

Microwave experiments were carried out in the Bio-

tage Initiator reactor (maximum power setting of 300
W). All reactions were performed in an argon atmo-
sphere. The 'H NMR spectra of the compounds dis-
solved in CDCls with tetramethylsilane as an internal
standard were measured using a Varian Gemini spec-
trometer (300 MHz). Enantiomeric excess (ee) was de-
termined by HPLC on Chiralcel OD-H column (Dai-
cel Chemical Industries) with hexane/propan-2-ol as
a mobile phase and UV detection at 208 nm. Assign-
ment of the absolute configuration of product II was
made by comparison of HPLC data with literature
values (Mariz et al., 2008). Ligands XXIT (Hayashi et
al., 1980), XXIII (Togni et al., 1994), XXIV (Almassy
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Table 2. Effect of Pd compounds and bases on the Pd-catalysed 1,4-addition of PhB(OH)2 to enone I with PPhjs as the ligand®

Entry Catalyst Base
1 Pd(OAc)2 -
2 Pd(OAC)2 Cs2CO3
3 Pd(OAc)2 Cs2CO3
4 Pd(OAc)2 KF
5 Pd(OAc)2 KF
6 Pd(OAc)2 K3POy
7 Pdadbag - CHCl3 -
8 Pdadbag - CHCl3 K3PO4
9 Pdadbag - CHCl3 KF
10 Pd(PPh3)4 KF

Temperature/ °C Additive Yield® /%
130 - 0
130 CHCl3 20
170 CHCl3 34
170 - <5
170 AcOH <5
170 - 0
130 - 0
170 - 58
170 - 40
170 - 0

a) Reaction conditions: Pd catalyst (5 mole %), PPh3 (10 mole %), PhB(OH)2 (3 eq), base (3 eq), MWI, 10 min; b) isolated pure

product II.

et al., 2007), XXV, and XXVI (Arnold et al., 2000)
were prepared according to literature procedures.

Typical procedure for Pd-catalysed conjugate
addition of ArB(OH); under MWI

Pd(OAc)2 (5 mole %, 5.6 mg, 0.025 mmol) and
2,2-bipyridine (bpy) (20 mole %, 15.6 mg, 0.1 mmol)
were added to a solution of cyclohex-2-enone (I) (48.0
mg, 0.5 mmol), arylboronic acid (1.5 mmol), and KF
(1.5 mmol, 87.1 mg) in toluene (1 mL), water (0.3
mL), and AcOH (1 mL) under argon. The reaction
mixture in a sealed vessel was heated to 170 °C by
microwave irradiation in the reactor for 10 min. The
reaction mixture was then cooled and neutralised with
saturated NaHCOj (20 mL). The organic layer was ex-
tracted with Et20 (3 x 15 mL). The combined organic
extracts were washed with brine, dried (NaxSOy), and
concentrated under diminished pressure. Flash chro-
matography (SiOg2, hexane/EtOAc (¢, = 9: 1)) of the
crude reaction mixture afforded the product, which
was identified by comparison of its 'H NMR spectrum
with literature data.

Results and discussion

Our preliminary studies focused on optimisation
of the reaction conditions, which included the effect of
reaction temperature, time, solvent, palladium precur-
sors, and ligands. The conjugate addition of phenyl-
boronic acid to cyclohex-2-enone (I) was chosen as a
model reaction (Fig. 1). The aim was to find a simple
catalytic system affording high chemical yields in the
shortest possible time.

The initial studies were conducted with PPhs as
ligand. The addition of phenylboronic acid to I carried
out in the presence of Pd(OAc); and PPhs gave com-
plicated reaction mixtures, which consisted mostly of
the starting materials and biphenyl (homocoupling
product of phenylboronic acid) (Table 2, entries 1-6).
Of the three simple Pd sources and typical bases used
in additions of arylboronic acids, Pds(dba)s in con-

)

o)
ij + PhB(OH), ——> @
Ph
I

/

Fig. 1. Conjugate addition of phenylboronic acid to cyclohex-
2-enone (I). Reaction conditions: i) [Pd]/L, toluene/
H>0, MWL

junction with K3PO,4 gave product I in the highest
yield (58 %) (Table 2, entry 8).

It was shown that 2,2’-bipyridine (bpy) as the lig-
and had a beneficial effect on the conjugate addition
of arylboronic acids to a,3-unsaturated carbonyl com-
pounds by inhibiting (-hydride elimination (Lin &
Lu, 2006). We therefore decided to evaluate Pd-bpy
complex as the catalyst in the test reaction. However,
Pd(OAc)2 and bpy under MWI (130°C, 10 min) af-
forded only the starting material. A paper by Lin and
Lu inspired us to examine the effect of acetic acid as
an additive (Lu & Lin, 2005). The addition of acetic
acid to the reaction mixture in the solvent/H,O did
lead to higher yields of 3-phenylcyclohexanone (II)
(32 % yield in toluene/H0, 55 % in THF/Hy0).
In anhydrous THF, the results were less remarkable
(46 % yield). Interestingly, the addition of acetic acid
had no effect on the catalytic system with PPhs (Ta-
ble 2, entry 5). Subsequently, we tested bases using the
Pd(OAc)2/bpy catalytic system in the solvent mixture
of toluene, water, and acetic acid. Cesium carbonate
only afforded a 10 % yield of 3-phenylcyclohexanone
(Table 3, entry 8). Chloroform was also documented
as a useful additive in the conjugate addition of aryl-
boronic acids (Suzuma et al., 2007). However, in our
system, CHCl;3 only led to a low yield of product IT
both in Pd (OAc)z, and PPhs as well as Pd(OAc),
and bpy (Table 2, entries 2 and 3; Table 3, entries
5 and 9). On the other hand, the catalytic system
Pd(OAc)z/bpy with KsPOy4 as a base in the presence
of acetic acid gave 73 % yield under MWI (170°C, 10
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Table 3. Effect of Pd compounds and bases on the Pd-catalysed 1,4-addition of PhB(OH)2 to enone I with bpy as the ligand®

Entry Catalyst Base Temperature/ °C Additive Yield®/%
1 Pd(OAc)2 - 130 - 0
2 Pd(OAc)2 - 130 AcOH 32
3 Pd(OAc)s - 130 THF, H>0, AcOH 55
4 Pd(OAc)2 KF 170 - 35
5 Pd(OAc)2 KF 170 CHCl3 39
6 Pd(OAc)s KF 170 AcOH 74
7 Pd(OAc)2 K3POy 170 AcOH 73
8 Pd(OAc)s Cs2CO3 170 AcOH 10
9 Pdadbag - CHCl3 - 170 AcOH 5

10 Pdadbag - CHCl3 - 130 - 0
11 Pd(OAc), KF 170 AcOH 18°

a) Reaction conditions: Pd catalyst (5 mole %), bpy (10 mole %), PhB(OH)2 (3 eq), base (3 eq), MWI, 10 min; b) isolated pure
products after flash chromatography; ¢) control experiment performed by conventional heating (170°C, oil bath, 10 min).

Table 4. Conjugate addition of arylboronic acids to cyclic
enones

0] (0]

Pd(OAc),, bpy, KF
+ RB(OH),
(

toluene/H,O/AcOH _

n MWI (170 °C, 10 min) ( n R
l,n=2
I, n=1 V=XVl
IV,n=3
Compound n R Yield/%
v 1 phenyl 71
Vi 1 3-chlorophenyl 62
viI 1 4-chlorophenyl 73
VIl 1 4-trifluoromethylphenyl 44
IX 1 1-naphthyl 14
X 2 3-chlorophenyl 71
XI 2 4-chlorophenyl 83
XIT 2 4-fluorophenyl 48
XIIT 2 4-trifluoromethylphenyl 57
XIV 2 1-naphthyl 16
XV 3 phenyl 34
XVI 3 1-naphthyl 18
XviI 3 4-chlorophenyl 38

min). The control experiment (conjugate addition of
phenylboronic acid to I) performed by conventional
heating in an oil bath (170°C, 10 min) mimicking the
microwave conditions gave only an 18 % yield of prod-
uct II (Table 3, entry 11).

Having established good experimental conditions
for the addition of phenylboronic acid to I, we then
investigated the conjugate addition of several aryl-
boronic acids to cyclic enones (Table 4). The reac-
tions of phenylboronic acid substituted with electron-
withdrawing substituents, such as chloro-, fluoro-, and
trifluoromethyl, resulted in moderate to good yields
(39-83 %) of the corresponding addition products
(VI-VIII, X-XIII, XVII). Cyclopent-2-enone (III)
and I gave comparable yields of addition products,

0]

o)
f‘m + PhBOH), ——> ﬁ
N N” Ph
A

PN

0” oph 0” “oPh
XVl XIX
o) 0
@ || + PhBOH), — O:i
Ph
XX XXI

Fig. 2. Conjugate addition of phenylboronic acid to func-
tionalised enones. Optimised reaction conditions:
1) Pd(OAc)2, bpy, KF, AcOH/toluene/H20, MWI
(170°C, 10 min).

while the reactivity of cyclohept-2-enone (IV) was
lower. Only traces of the addition product with 4-
methoxyphenylboronic acid were observed by NMR.
Similarly, l-naphthylboronic acid was less reactive
with all enones, and the corresponding products IX,
X1V, and XVI were isolated in low yields. A possible
reason for the lower reactivity could be a more pro-
nounced steric effect of 1-naphthylboronic acid. This
effect was already noted in Pd-catalysed coupling re-
actions of sterically hindered arylboronic acids (Cam-
midge & Crépy, 2004; Genov et al., 2006). In this case,
we also examined CsF as a base, but the yield of XIV
was even lower (13 %).

Functionalised substrates, XVIII and XX, were
also submitted to the conjugate addition under op-
timised conditions (Fig. 2). The resulting products,
XIX and XXI, were isolated in rather low yields (10
% and 18 %, respectively). Compounds such as X VIIT
and XX are generally less reactive in conjugate addi-
tions; therefore, more energetic conditions would be
required to achieve higher product yields.

We also inquired whether a chiral ligand rather
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NMe; PCy, PCy»
I ( | I
Fe PPh, Fe PPh, Fe PPh,
Q\i PPh - PPh, .
XX XX XXV
COL,. %, G,
O\P—N)\Me O\P_N)\Me
ey ey o
Ph Me
XXV XXVI
Fig. 3. Conjugate addition of phenylboronic acid to enone
I using chiral ligands. Reaction conditions:
1) Pd2(dba)s - CHCl3, ligand (XXI-XXVI),

K3POy4 - H20, toluene/H20, MWI, 10 min.

Table 5. Screening of selected chiral ligands in the addition of
PhB(OH)2 to enone I*

Entry Ligand Yield®/% ee® /%
1 XXII 12 49 (8)
2 XXIII 21 46 (S)
3 XXIV 37 85 ()
4 XXV 21 19 (R)
5 XXVI 37 12 (R)

a) Reaction conditions: Pd(OAc)2 (5 mole %), chiral ligand (10
mole %), PhB(OH)2 (3 eq), K3PO4 (3 eq), MWI; b) isolated
pure product II; ¢) determined by HPLC.

than bpy would induce a reasonable level of enantios-
electivity under MWTI conditions. Five representative
chiral ligands XXII-XX VI were tested in the addition
of phenylboronic acid to I (Fig. 3). With ferrocenyl
diphosphane ligands XXI-XXIV, the product (S)-IT
was isolated with promising enantioselectivities (up
to 85 % ee). Under anhydrous conditions, using CsF
as the base, yields as well as enantioselectivity were
lower (10 % yield, 50 % ee). Although higher enantios-
electivities have been reported in several cases under
conventional conditions (Gini et al., 2005; Xu et al.,
2010), the result obtained with ligand XXIV under
MWTI conditions is interesting and potentially useful.
The use of phosphoramidite ligands XXV and XX VI
led to only 19 % and 12 % ee, respectively. However, it
should be noted that the reaction conditions using the
above ligands were not optimised. Table 5 summarises
the results of the screening of chiral ligands.

Conclusions

In conclusion, we report the first microwave-
assisted Pd-catalysed conjugate addition of aryl-
boronic acids to a,B-unsaturated cyclic ketones. The
employment of a commercially available and inexpen-
sive catalytic system consisting of Pd(OAc)s2/bpy in
combination with KF as the base in a mixture of
toluene/water/acetic acid led to good yields of addi-
tion products. A range of arylboronic acids may be
added to «,B-unsaturated ketones. Compared with
conventional heating, the microwave-assisted reac-
tions proceed with good yields in dramatically shorter
reaction times (10 min). Less reactive functionalised
substrates may also be used, although product yields
were lower under comparable conditions. Catalysts
with chiral ferrocene diphosphane ligands afford an in-
teresting level of enantiomeric purity of the addition
product (up to 85 % ee).
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