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ABSTRACT

A highly regioselective amination of 6-aryl-2,4-dichloropyrimidine with aliphatic secondary amines and aromatic amines has been developed
which strongly favors the formation of the C4-substituted product. The reactions with aliphatic amines are carried out using LiHMDS as the
base and are catalyzed by Pd, while the aromatic amines require no catalyst.

Pyrimidines are widespread heterocyclic motifs found in
numerous natural products as well as synthetic pharmaco-
phores with antibacterial, antimicrobial, and antimycotic
activities.1 The highly electron-deficient nature of the pyri-
midine ring renders the nucleophilic aromatic substitution
reaction (SNAr) a general approach for the synthesis of a
large number of pyrimidine derivatives, especially from
readily available halopyrimidines.1 This feature also translates
to palladium-catalyzed cross-coupling reactions as even
pyrimidine chlorides are highly reactive substrates.2

The reactivity of each position of the pyrimidine halides
follows the general order C4(6)> C2 . C5. This order has
been observed for both palladium-catalyzed reactions and
SNAr displacements.1,2 In palladium-catalyzed C-C bond
formation reactions, Sonogashira reactions showed little
difference in reactivity between the C2 and C4 positions of
halopyrimidines,3 while a strong preference for the C4
position has been observed in Suzuki4 and Stille5 coupling

reactions such that the sequential introduction of different
substituents has been achieved.

The nucleophilic substitution reactions of 2,4-dichloropyri-
midines are generally only moderately selective toward the
formation of the C4-substituted product. For example, the
nucleophilic displacement of 2,4-dichloropyrimidines with
neutral nitrogen nucleophiles affords only 1:1 to 4:1 ratios
of the C4/C2 isomers (eq 1).6-8 This lack of regioselectivity
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makes these amination reactions of limited use synthetically
since the isomers are often difficult to separate. In support
of a recent development program, we required an efficient
C4 regioselective amination of 6-(4-fluorophenyl)-2,4-
dichloropyrimidine3. During the course of our investigations,
we have discovered a highly regioselective amination
protocol of 6-aryl-2,4-dichloropyrimidines which strongly
favors the formation of the C4-isomer. In this paper, we
report our results of this unprecedented regioselective pal-
ladium-catalyzed amination reaction of 2,4-dichloropyrim-
idines.

Pyrimidine 3 was prepared via the Suzuki coupling
reaction of 2,4,6-trichloropyrimidine1 with 4-fluorophenyl-
boronic acid2 using a slightly modified literature procedure
(Scheme 1).4e The reaction of3 with dibutylamine under the

common SNAr conditions (K2CO3, DMAc) gave only a 70:
30 ratio of the C4 isomer4a to the C2 isomer5a (Scheme
1). In an effort to improve the regiochemisty of the reaction,
various solvents and bases were examined. Interestingly, very
different results were obtained for chromatographed3 versus
crystallized9 3 when the reaction was carried out in THF
with LiHMDS as the base. The crystallized material gave
an impressive 99:1 ratio of4a/5a, and the reaction was
completed in less than 0.5 h to afford4a in 95% yield, while
the reaction of the chromatographed material was much

slower and only afforded a 70:30 ratio of4a/5a. This
dramatic difference was later attributed to the presence of
an impurity in the crystallized material, which was isolated
by careful chromatography and was determined by X-ray
crystallography to be the palladium adduct of 2,4,6-trichlo-
ropyrimidine 6 from the Suzuki coupling reaction (Figure
1). Complex 6 was a highly effective catalyst for the

amination reaction. When the amination of the pure chro-
matographed3 was carried out in the presence of 2 mol %
of 6, the reaction gave the same result as the crystallized
material (Scheme 1). A review of the literature revealed that
similar palladium-coordinated pyrimidine complexes have
been isolated and have shown catalytic activity in Stille
coupling reactions.5b Although chloro- and bromopyrimidines
have occasionally been employed as coupling partners in Pd-
catalyzed aminations,10,11 to the best of our knowledge, no
examples of regioselective palladium-catalyzed aminations
of 2,4-dichloropyrimidines have been reported.

Having established that Pd was required for high regiose-
lectivity, the reaction of3 with dibutylamine was screened
with a number of phosphine ligands using Pd(OAc)2 as the
palladium source (Table 1). Unexpectedly, several of the
most general and highly active monodentate phosphine
ligands for the cross-coupling reactions, such as XPhos,12

Josiphos,13 and (t-Bu)3P,14 were poor catalyst systems for
the reaction. Not only were the reactions much slower, the
regioselectivities were also poor (entries 1-3). On the other
hand, the simple and inexpensive monodentate and bidentate
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Scheme 1

Figure 1. ORTEP view of complex6.
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phenylphosphine ligands proved to be very effective (entries
4-8). The most active ligand was found to be the bidentate
ligand dppb (entry 7). With only 1 mol % catalyst loading,
the amination reaction was completed almost instantly at 0
°C to provide>99:1 selectivity for the C4-isomer4a in high
yield. PdCl2(PPh3)2 was another active catalyst for this reac-
tion (entry 9). A screen of bases revealed that only LiHMDS
gave rapid reactions as well as high regioselectivity.

The palladium-catalyzed regioselective amination proved
to be general for a number of aliphatic secondary amines.
As shown in Table 2, while the SNAr reactions gave only

2:1 to 4:1 regioselectivities, the Pd-catalyzed reactions gave
>30:1 ratio for all the secondary amines studied. The acyclic

secondary amines were the best substrates, giving high
regioselectivity with all the effective catalyst systems shown
in Table 1 (entries 4-9). For the cyclic secondary amines,
however, complex6 and Pd(OAc)2/dppb were the only
catalysts that produced high regioselectivities (Table 2,
entries 2-6). The mode of addition was also critical for the
more reactive cyclic amines to obtain high regioselectivity.
The cyclic secondary amines were premixed with LiHMDS
(1 M THF solution) and then added to the THF solution of
the pyrimidine and the catalyst to achieve the catalyzed
reaction. If the amine was added to the dichloropyrimidine
prior to premixing with LiHMDS (with or without the
catalyst), the neutral amine reacted quickly with the dichlo-
ropyrimidine through the SNAr pathway to give much lower
regioselectivities. Although LiHMDS is not basic enough
to fully deprotonate the secondary aliphatic amines,15 it may
complex with the amines to form the active species in the
palladium-catalyzed cycle.16 Unfortunately, the palladium-
catalyzed regioselective aminations was not suitable for the
aliphatic primary amines due to significant side reactions of
bis-arylation of the amines.17

Previous studies of the nucleophilic substitution reactions
of anilines with 2,4,6-trichloropyrimidine gave rise to higher
regioselectivity for the C4-isomer (ca. 10:1) in polar solvents
such as ethanol.7c The nucleophilic substitution reaction of
3 with aniline, however, gave only 70:30 regioselectivity and
the reaction required forcing conditions to go to completion
due to the low nucleophilicity of aniline (Table 2, entry 7).
When the amination was carried out under the palladium
catalyzed conditions, the reaction was completed almost
instantaneously18 even at-60 °C to give a much better ratio
of 91:9 (Table 2, entry 7). We subsequently found that the
reaction gave the same result in the absence of the catalyst.
A plausible explanation was that the aniline was fully
deprotonated by LiHMDS to give the anionic anilide,15 and
direct nucleophilic substitution with the anilide was much
faster than the palladium-catalyzed reaction. Furthermore,
the secondaryN-methylaniline gave an excellent 97:3 ratio
under the same conditions (Table 2, entry 8). Delia and co-
worker reported that the nucleophilic substitution reaction
of 2,4,6-trichloropyrimidine with the anionic phenolate ion
gave a good C4/C2 regioselectivity (90:10).19 This observa-
tion was explained by the reaction at C4 giving a more
favorable para-quinoid Meisenheimer intermediate than the
ortho-quinoid intermediate formed via the C2 substitution
pathway.

(15) The pKa values (in DMSO) for HN(SiMe)3, pyrrolidine, and aniline
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(16) The anionic lithium amides of the aliphatic amines generated with
n-BuLi did not give as high regioselectivity.
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catalyst system provided the same result as our catalyst systems in the
aminations of primary amines with3.

(18) Two equivalents of LiHMDS was required.
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273.

Table 1. Catalyst Screening of the Amination of3 with
Dibutylamine

entry catalyst time
ratio

(4a:5a)a

yieldb of
4a (%)

1 Pd(OAc)2/X-phos (5 mol %)c 6 h 85:15 74
2 Pd(OAc)2/Josiphos (5 mol %)c 10 h 80:20 65
3 Pd(OAc)2P(t-Bu)3 (5 mol %)c 10 h 78:22 61
4 Pd(OAc)2/P(o-tol)3 (5 mol %)c 2 h 94:6 88
5 Pd(OAc)2/PPh3 (5 mol %)c 30 min 98:2 92
6 Pd(OAc)2/dppp (5 mol %) 1 h 95:5 83
7 Pd(OAc)2/dppb (1 mol %) 5 min >99:1 97
8 Pd(OAc)2/dpppe (5 mol %) 1 h 97:3 90
9 PdCl2(PPh3)2 (5 mol %) 5 min 99:1 96

a HPLC ratio.b HPLC assay yield.c 10 mol % of the ligand was used.

Table 2. Aminations of3 with Aliphatic Secondary Amines
and Anilines

a HPLC ratio and HPLC assay yield.b Conditions A: K2CO3, DMAc,
rt, 1 h (entries 1-6) or BuOH, i-Pr2NEt, 125°C, 24 h (entries 7 and 8).
c Conditions B: Pd(OAc)2/dppb (1-2 mol %) or6 (2 mol %), LiHMDS,
THF, 0 °C, 1 h (entry 1) or-20 °C, 1 h (entries 2-6). d No catalyst,-60
°C, 0.5 h.
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To investigate the electronic effect of the C6 substituent
on the amination reaction, the 6-phenyl- and 6-(4-methoxy-
phenyl)-substituted 2,4-dichloropyrimidines7 and10 were
synthesized using the analogous Suzuki reactions as shown
in Scheme 1. The electron-neutral C6-phenyl-substituted
pyrimidine 7 gave the same high reactivity and high
regioselectivity as3 in the Pd-catalyzed amination reactions
with aliphatic amines (Table 3, entries 1-3). The electron-

donating C6-(4-methoxyphenyl)-substituted pyrimidine10
showed slightly lower reactivity and diminished, but still
high, regioselectivity (Table 3, entries 1-3). Complex6 and
Pd(OAc)2/dppb were still the most effective catalysts for both
substrates. Similar to3, the catalyst was not required for the
reactions withN-methylaniline (Table 3, entry 4).

In the previously reported Pd-catalyzed amination reactions
of amines with aR-chiral center, epimerization occurred
through a sequence of theâ-hydride elimination of the Pd-

amine complex and insertion of the resultant Pd-imine
complex.20 To study whether epimerization was possible in
our palladium-catalyzed amination, the chiral 2-methyl
piperazine13 was subjected to the amination reaction with
7 using Pd(OAc)2/dppb (2 mol %) as the catalyst. As shown
in eq 2, the reaction gave the C4-substituted product14with
a 99:1 regioselectivity and essentially no loss of enantiomeric
purity. Presumably, the generation of the Pd-amide inter-
mediate and the following reductive elimination in the
general catalytic cycle10 was much faster thanâ-hydride
elimination.

In summary, we have developed a highly regioselective
Pd-catalyzed amination of 6-aryl-2,4-dichloropyrimidine
which strongly favors the formation of the C4-isomer. One
of the most effective Pd catalysts for the reaction is the
complex arising from oxidative addition of Pd with 2,4,6-
trichloropyrimidine. The scope of the coupling reaction is
currently limited to aliphatic secondary amines and anilines.
Both electron-withdrawing and electron-donating C6-aryl
groups give high regioselectivity with low catalyst loading.
We have also discovered that the reactions of aromatic
amines require no catalyst and also give high regioselectivity.
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Table 3. Aminations of 6-Phenyl- and
6-(4-Methoxyphenyl)-2,4-dichloropyrimidines

a 0 °C, 1 h.b -20 °C, 1 h. c No catalyst,-60 °C, 0.5 h.d HPLC assay
yield.
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