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ABSTRACT

X o 5 mol % Pd(dba)s,
R 12 mol % Ru-phos ~r""0H
R P i5d |
O/ x )J\O \BFSK 1.5 equiv NazCOj3 oy

X=Cl,Br,OTf 1.5 equiv Dioxane/H0 (10/1), reflux 5 10 95% yield

Suzuki—Miyaura cross-coupling reactions of aryl halides and triflates with potassium acetoxymethyltrifluoroborate afforded the corresponding
aryl and heteroaryl methanol products in moderate to excellent yields.

Compounds with a hydroxymethyl group attached to an
aromatic or a heteroaromatic ring are among the most
widely used intermediates for the synthesis of bioactive
molecules. Common starting materials for the synthesis of
hydroxymethyl aromatic compounds include halomethyl-,
formyl-, carboxylate-, ester-, and halogen-substituted aro-
matic compounds. Among these starting materials, aryl
halides are attractive because they are generally inexpen-
sive and are commercially available with a wide variety of
substitution patterns.

A hydroxymethyl group can be introduced into an aryl
halide in the following ways: (i) generation of an arylmetal
species by reaction with an organometal reagent such as
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n-BuLi, followed by the addition of formaldehyde or an
equivalent;' (i) introduction of a vinyl group and subse-
quent oxidative cleavage;” (iii) introduction of a carbonyl
group by reaction with CO gas, followed by reduction;’
and (iv) hydroxymethylation with acyloxymethylzinc
iodides.* However, these methods have some limitations,
including the scarcity of starting materials that are stable
under strongly basic conditions, the need for multiple
reaction steps, and the use of toxic CO gas.

In 1985, Migita and co-workers reported the direct hydro-
xymethylation of aryl bromides with (tributylstannyl)-
methanol.’ This method has the following advantages: the
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reaction conditions are mild, the hydroxymethyl group is
introduced directly, no CO gas is required, and aryl
bromides are inexpensive and readily available. The meth-
od was recently used in the total syntheses of various
natural products.6 However, the method has the following
disadvantages: (i) it is shown that the reaction cannot be
applied to aryl bromides bearing electron-withdrawing
substituents, (ii) only a few examples have been reported
for aryl and heteroaryl chlorides,” and (iii) organostannic
reagents are toxic.

Therefore, we have been working on the development of
a novel method for direct hydroxymethylation of aryl
halides that addresses the issues of reaction generality,
functional group compatibility, and safety.

A number of Suzuki—Miyaura cross-coupling reac-
tions® of aryl halides with trifluoroborates have been
reported over the past decade.” Among them, reactions
for the introduction of a one-carbon unit into aryl halides
were developed by Molander et al.'” and our group.'

In 2005, we succeeded in the direct hydroxymethylation
of aryl halides using acyloxymethyltrifluoroborates.''®
However, the chemical yield of the direct hydroxymethyla-
tion was low in some cases; for example, chloropyridine
was converted to hydroxymethylpyridine in only 14%
yield. Therefore, a more effective direct hydroxymethyla-
tion method that would enable us to obtain a variety of
products in higher yields was still lacking.

Herein, we describe a versatile method for direct hydro-
xymethylation of various aryl and heteroaryl halides with
potassium acetoxymethyltrifluoroborate 1.

Potassium acetoxymethyltrifluoroborate 1 was pre-
pared from pinacol in two steps without the need for
column chromatography (Scheme 1). 2-(Bromomethyl)-
4,455, -tetramethyl-1,3,2-dioxaborolane was prepared in
72% yield from pinacol via a one-pot distillation process
based on a literature procedure.'” Subsequent reaction
with potassium acetate and potassium hydrogen fluoride
smoothly provided 1 (81% yield), which showed satisfac-
tory stability to air and moisture."?
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Scheme 1. Preparation of Potassium Acetoxymethyltrifluoro-
borate 1
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With 1 in hand, we optimized the conditions for the
coupling reaction with 2-chloronaphthalene as a model
substrate. For the initial reactions, we selected Pd(OAc),/
S—phos14 as the catalyst, Cs,COj as the base, and dioxane/
H,O as the solvent. Because we obtained comparable
results with conventional heating (45% yield, reflux, 12 h)
and microwave heating (41% yield, 120 °C, 35 min)
in preliminary studies, we used microwave heating for
the initial studies. A higher-than-usual S-phos/Pd ratio
(2.2—3.0/1.0 compared to 2.0/1.0) was required for high
reproducibility with commercially available solvents that
had not been distilled prior to the reaction. Under these
initial reaction conditions, we investigated various ligands,
palladium sources, and bases (Table 1 and Figure 1).

The Ru-phos'® ligand afforded the best yield from
the coupling reaction (Table 1, entry 3). Reactions with
bidentate ligands such as (S)-BINAP and DPE-phos
afforded only trace amounts of the desired product
(Table 1, entries 7 and 8). The newly reported BI-DIME'®
and Cy-vBRIDP'” ligands were not as effective as Ru-phos
(Table 1, entries 9 and 10). Next, we examined various
palladium sources (Table 1, entries 11—17). When we used
Pd,(dba);eCHCl;, Pdy(dba);, or Pd(dba),, the desired
alcohol was obtained in yields ranging from 65% to 68%
(Table 1, entries 15—17). The cross-coupling reaction did
not proceed in the presence of Pd,(dba);eCHCI; without
the phosphine ligand (Table 1, entry 18).

We found that Na,COs was the optimal base, affording
the desired alcohol in 80% yield (Table 1, entry 19). The
catalyst loading could be reduced to 5 mol % of Pd(dba),
and 12 mol % of Ru-phos (Table 1, entries 20 and 21).
Moreover, the amounts of 1 and sodium carbonate could
be reduced to 1.5 equiv (Table 1, entry 20). Using conven-
tional heating (reflux, 24 h) instead of microwave heating
(120 °C, 35 min), we obtained the desired alcohol in 85%
yield (Table 1, entry 21).

Next, we applied the optimized reaction condi-
tions to various aryl halides and triflates (Table 2).
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Table 1. Optimization of the Suzuki—Miyaura Cross-Coupling
Reaction Conditions

c| Pd (X equiv), ligand (Y equiv)
Cs,C0; (2.0 equiv), borate 1 (2.0 equiv)

OH
Dioxane/H,0 (10/1), Mw? (120 °C, 35 min)

isolated
entry Pd X ligand Y yield (%)
1 Pd(OAc), 0.2 PCy; 0.45 24
2 Pd(OAc), 0.2  S-phos 0.45 41
3 Pd(OAc), 0.2  Ru-phos 0.45 47
4 Pd(OAc)s 0.2 Dave-phos 0.45 19
5 Pd(OAc), 0.2 X-phos 0.45 25
6 Pd(OAc)s 0.2 t-BuX-phos  0.45 trace
7 Pd(OAc), 0.2 DPE-phos 0.22 trace
8 Pd(OAc), 0.2  (S)-BINAP 0.22 7
9 Pd(OAc), 0.2  BI-DIME 0.45 7
10 Pd(OAc), 0.2  Cy-vBRIDP 0.22 29
11 Bedford’s cat. 0.2  Ru-phos 0.45 38
12 Pd(Pt-Bus), 0.2  Ru-phos 0.45 38
13 Pd(dppe)s 0.2  Ru-phos 0.45 31
14 Pd(PPhs), 0.2 Ru-phos 0.45 trace
15 Pdy(dba)3eCHCI; 0.1 Ru-phos 0.45 68
16 Pdy(dba)s 0.1 Ru-phos 0.45 65
17 Pd(dba)s 0.2 Ru-phos 0.45 67
18 Pdy(dba);eCHCl; 0.1 — — trace
19°  Pd(dba)s 0.1  Ru-phos 0.25 80
20° Pd(dba), 0.05 Ru-phos 0.12 77
2144 Pd(dba)s, 0.05 Ru-phos 012 85

“Microwave irradiation. ®Na>CO; (2.0 equiv) instead of Cs,CO5
(2.0 equiv). “ Na,COs5 (1.5 equiv), 1 (1.5 equiv). ¢ Reflux, 24 h.

S-phos Ru-phos Dave-phos DPE-phos {S)-BINAP
.., C 0
PCy, Pt-Buy O > O
i-Pr- i-Prj-pr. i-Pr P\%
O O MeO OMe —
®

i-Pr i-Pr O

X-phos t-Bu-Xphos BI-DIME Cy-vBRIDP

Figure 1. Monodentate and bidentate ligands.

2-Chloronaphthalene and 2-naphthyl trifluoromethane-
sulfonate were converted to 2a in good yields, whereas
the yield from 2-bromonaphthalene was only moderate
(Table 2, entry 1). In addition, the desired alcohol was
obtained in a comparable yield when the reaction of
2-chloronaphthalene was conducted on a 1.0 g scale. The
yield was nearly independent of the electron density on the
benzene ring (Table 2, entries 2—4). Ester, ketone, amide,
pyrrole, aldehyde, amine, and alcohol functional groups
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Table 2. Suzuki—Miyaura Cross-Coupling Reactions of Aryl
Halides and Triflates”

Ar-X 5 mol % Pd(dba},, 12 mol % Ru-phos Ar-CH,0H
or Na,;CO;3 (1.5 equiv), borate 1 (1.5 equiv) or
Vinyl-X Dioxane/H,0 (10/1}), reflux (5-48 h) Vinyl-CH,OH
entry substrate product isolated yield (%)
X - b
; oH X=Cl 85, 79
Br 2a 57
oTf 84
MeO X MeO.
OH X=cl 81
2 2b
OTf 81
OMe OMe
X oH X= Cl 94
3 O Br 2¢ 82
ON 2 oTf 84
NC c NC
4 \©/ \©A°H 2d 87
R=COEt 2e 86
. Cl /E>/\OH COPh  2f 91
[ :] NH, 2 82
R R COl { s}
CN’ 2h 85
R cl R R =CHO 2i 96
6 OH -
NH, 2j 56
OH 2k 62
OMe OMe
Cl
O,N O,N
=MOM 2n 73

TBS 20 66

©
P
o]
o
a
[e]
e}
I
]

10 2p 85

Oé /;
o e}
Oé /§
(o]
o]
I

11 2q 76

\&
(e}
=
OE
[}
I

“Reaction conditions: 1.0 equiv of substrate, 5 mol % of Pd(dba),,
12 mol % of Ru-phos, 1.5 equiv of 1, 1.5 equiv of Na,COj3, dioxane/
H,0 (10/1), reflux. ” 1.0 g (6.1 mmol) scale. © 10 mol % of Pd(dba), and
24 mol % of Ru-phos.

were compatible with the reaction conditions (Table 2,
entries 5 and 6). The sterically hindered substrate 1-chloro-
2-methoxy-4-nitrobenzene was converted to 21 in 88%
yield (Table 2, entry 7). In contrast, the even more hindered
mesityl chloride gave only a moderate yield (Table 2,
entry 8). MOM- and TBS-protected alcohol groups were
stable under these reaction conditions (Table 2, entry 9).
The cross-coupling reactions of a vinyl chloride and tri-
flate smoothly provided desired alcohols 2p and 2q,
respectively, in good yields (Table 2, entries 10 and 11).
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Table 3. Suzuki—Miyaura Cross-Coupling Reactions of
Heteroaryl Halides and Triflates”

5 mol % Pd(dba),, 12 mol % Ru-phos
Na,CO3 (1.5 equiv), borate 1 (1.5 equiv
HetAr-X Chat] (1.5 equiv) (1.5 equiv) HetAr-CH,OH
Dioxane/H,0 (10/1), reflux (10-48 h)

entry substrate product isolated yield (%)
X -
X | X OH X=Cl 81
| NG N/ oTf s 84
S cl X
2 | . 3b 52
N N
N cl N
s < <1 e
O o

/‘KL)~ OH 3d 84
| Pant

OH 3e 80
| / Cl
H b,
6 Etozcw Etozc%j@/\ o 3f 575.¢
N
H

“Reaction conditions: 1.0 equiv of substrate, 5 mol % of Pa(dba),,
12 mol % of Ru-phos, 1.5 equiv of 1, 1.5 equiv of Na,CO;, dioxane/H,O
(10/1), reflux. ® 10 mol % of Pd(dba),, 24 mol % of Ru-phos. ¢2.0 equiv
of 1 and Na,COs.

We further investigated the hydroxymethylation reactions
of various heteroaryl chlorides and triflates (Table 3). The
reactions proceeded in yields ranging from 52% to 84%.
3-Chloropyridine and ethyl-5-chloroindole-2-carboxylate
afforded the desired alcohols in moderate yields in the
presence of 10 mol % of Pd and 24 mol % of Ru-phos
(Table 3, entries 2 and 6).

Then, we examined the selectivity for the reaction
with chloride and triflate substituents (Scheme 2). When
1-chlorobenzene-4-trifluoromethanesulfonate 4 was used
as the substrate, the desired 4-chlorobenzylalcohol 5
was obtained in 65% yield. When the amount of 1 was

Org. Lett,, Vol. 14, No. 5, 2012

Scheme 2. Suzuki—Miyaura Cross-Coupling Reactions of 4
Na,COj (1.5 equiv), borate 1 (1.5 equiv) /@/\OH
Dioxane/H,0 (10/1), reflux, 5 h cl

65% 5
Na,COs (3.0 equiv), borate 1 (3.0 equiv)

OH
N HO
Dioxane/H,O (10/1), reflux, 48 h

73% 6

Pd(dba), (5 mol %), Ru-phos (12 mol %)

oTf

a Pd(dba), (10 mol %), Ru-phos (24 mol %)

increased from 1.5 to 3.0 equiv, 1,4-benzenedimethanol 6
was obtained in 73% yield.

When we used mesylate 7 or tosylate 8 as a substrate
(Scheme 3), microwave irradiation at 130 °C was preferred
over conventional heating, and the reactions afforded the
desired alcohol in 73% and 76% yields, respectively.

Scheme 3. Suzuki—Miyaura Cross-Coupling Reactions of

7 and 8
OH

R=0Ms 73% yield
R=0Ts 76% yield

R Pd(dba); (10 mol %), Ru-phos (24 mol %)

Na,CO; (2.0 equiv), borate 1 (2.0 equiv)
Dioxane/H,0 (10/1), Mw (130 °C, 4 h)

7R=0Ms

8R=0Ts

In summary, we developed a versatile method for direct
hydroxymethylation of aryl and heteroaryl halides and tri-
flates with potassium acetoxymethyltrifluoroborate 1. More-
over, we expanded the scope of this method to tosylate and
mesylate substrates by using microwave irradiation. Further
development of effective methods for the introduction of a
one-carbon unit into aryl halides is being undertaken.
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