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The development of a general and mild method for Pd-catalyzed o-arylation of a variety of ketones bearing multiple heteroatoms is described.
The ligand to metal ratio and the position of the heteroatoms with respect to the carbonyl moiety significantly impact the efficiency of these
transformations. In addition, these conditions were successfully applied to the a-arylation of cyclic imines. A detailed investigation of the
scope of this methodology, including the effect of the ligand to metal ratio, is discussed.

The a-aryl carbonyl functionality is an important component
of many pharmaceuticals and bioactive molecules Hence,
significant efforts have been devoted to the construction of this
motif using transition meta catalysis. In particular, the pal-
ladium-catalyzed o-arylation reaction is an attractive method
for the rapid congtruction of C—C bonds o to a carbonyl
moiety.” Miura® Buchwald,* Hartwig,” and others” have shown
that this transformation is effective for the coupling of various
aryl halides with esters, amides, unfunctionaized ketones, and
aldehydes. Both dectron-deficient and eectron-rich aryl halides
have been successfully employed, rendering the o-arylation
resction versatile and syntheticaly valuable. Furthermore, a
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recent report by Buchwald and co-workers expanded the scope
toward arylation of heteroaromatic ketones® Despite these
advances, to the best of our knowledge, there have been no
reported examples for a-arylation of multi-heteroaromatic
ketones. This condtitutes a limitation due to the ubiquitous
presence of heteroaryl moieties in pharmaceuticals and agro-
chemicals. In addition, the strong bases typically employed for
the arylation of smple methyl aryl ketoneslimits the functional
group compatibility of these reactions. Hence, a genera and
mild method for the monoarylation of awide array of methyl
heteroaromatic ketones is desirable. Herein, we report the
palladium-catalyzed a-arylation of substrates containing mul-
tiple heteroatoms using a mild base. Careful optimization of
the ligand to metal ratio was critical in the development of these
transformations.

Fluorinated arenes are widely prevalent in pharmaceuticals
dueto their enhanced metabolic stability, bioavailahility, binding
efficacy, sdlectivity, and solubility.” However, surveying the
literature reveal s that the use of fluorinated arenes, for example,
2-fluorobromobenzene (A), in a-arylation reactionsisrare® In
addition, S-arylated pyrazine matifs are often found in biologi-
cally active molecules.® Therefore, our initial studies focused
on o-arylation of 2-acetylpyrazine 1 with A (Table 1).
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references therein.

(8) Ehrentraut, A.; Zapf, A.; Beller, M. Adv. Synth. Catal. 2002, 344,
209. The only reported example of arylation of 1-chloro-2-fluorobenzene
with acetophenone used nBuPAd; as the ligand, 1 mol% of Pd(OAc),, and
K3PO, asthe base in dioxane at 100 °C. The monoarylated product is formed
in 57% yield, as a 2.5:1 mixture of mono and diarylated products.



Table 1. Screening o-Arylation of 2-Acetylpyrazine (1)

UVQ

2 mal % Pd(OACc),
Xantphos

- Eﬁ

Dioxane:THF Tol (4:1:1) N
*) 100°C, 18 h (14)
Entry L:M Ketone:ArBr Solution yield?
1 1:1 1:1 40%
2 1:1 2:1 69%
3 1.5:1 2:1 21%
4 2:1 2:1 22%
5 0.5:1 2:1 76%
6 0.5:1 2:1 92%"

2 In-process yield obtained with 4 mol % of Pd(OAc), and 2 mol % of
Xantphos. Aryl bromide A as the limiting reagent. ® Solution yield
determined using an HPLC calibration, see Sl for further information.

Extensive screening using Pd(OAc), as the metal precursor
and K3PO, as the base demonstrated Xantphos to be the most
competent ligand in implementing the o-arylation, abeit
affording the product 1A in only 40% solution yield (entry 1).
Increasing the concentration of 1 relative to A (entry 2)
enhanced the yield of the desired product.’® We reasoned that
the presence of multiple heteroatoms might be impacting the
effective ligand to metal ratio by binding to the metal. In order
to test this hypothesis, we conducted a systematic screening of
the ligand to metal ratio (L:M) required for this transformation
(entries 3—5) and were gratified to observe increased yields
when the L:M was reduced to 0.5 (entry 5). The highest in-
process yield (92%) of 1A was obtained with an increased
catalyst loading of 4 mol % of Pd(OAc),, 2 mol % of Xantphos,
and 2.8 equiv of K3PO, in 4:1:1 1,4-dioxane/ THF/toluene at
100 °C for 18 h (entry 6). Interestingly, under these conditions,
none of the diarylated product was observed. The results in
Table 1 suggest that under our conditionsthe reactivity of multi-
heteroaromatic ketones greatly depends on the ligand to metal
ratio. In order to determine the generdity of this effect, we
studied the impact of varying ligand and metal stoichiometries
on the o-arylation reaction of various heteroaromatic ketones
(acetylpyridine 2, acetylpyrazine 1, 5-acetyl pyrimidine 3, and
4-acetylpyrimidine 4).

As depicted in Figure 1, an interesting correlation was
observed between the L:M and the number and position of
heteroatoms in the substrate. The optimal L:M range (2.5—2)
for 2, containing only one heteroatom, is analogous to that
of acetophenone 5. Thisis in sharp contrast to the 1:1 L:M
reported for Xantphos for a-arylation reactions in the
literature.*® On the other hand, a lower L:M is required to
obtain good yields for the arylation of substrates containing
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T. P; Huynh, T. P.; Mann, G.; Mann, L. W.; Takeuchi, C. S. Preparation
of substituted pyrazines as protein kinase modulators. WO 2003093297,
November 13, 2003.
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Ligand to Metal Ratio Studies for Substrates (1-5)
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Figure 1. Ligand to meta ratio studies for substrates 1—5.

multiple heteroatoms (1, 3, and 4). The application of these
studies toward obtaining optimum yields for the arylation
of substrates 1—7 is summarized in Table 2.

Table 2. Screening o-Arylation for Heteroaromatic Ketones

4 mol % Pd(OAc), o
e} Xantphos
+
R)J\ Br R
2.8 equiv K3POy F

F
(A) Dioxane : THF : Tol {4:1:1)

2 equiv 1 equiv 100°C, 18 h
Entry Substrate Product L:M Yield?
o 0
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#|solated yields and average of two runs.

As shown in Table 2, the position of the heteroatom in
the substrate appears to dictate the optimal L:M.*? For
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example, ketones 1, 3, and 4 differing only in the relative
positions of the two nitrogens, require L:M ranging between
0.5—1, 1.0—1.5, and 0.5, respectively, to obtain the optimum
yield of the arylated product. In addition, the bidentate
chelation of the substrate to the metal appears to impact both
the L:M and the efficiency of these transformations. Thisis
exemplified by the arylation of substrates bearing a nitrogen
atom ortho to the carbonyl moiety. For example, substrates
1 and 4 require lower L:M relative to other ketones while
2-acetylpyridine and 2-acetylpyrimidine exhibit extremely
poor reactivity. The difference in reactivity between 1 (and
4) and 2-acetylpyridine (and 2-acetylpyrimidine) suggests
that the presence of multiple heteroatoms facilitates the
arylation of substrates capable of bidendate chelation to the
metal. In al, these studies suggest that a complex interplay
of the number, position, and chelating ability of heteroatoms
dictates the optimal L:M required for the arylation of multi-
heteroaromatic ketones.

With these results in hand, we next studied the versatility
of these mild conditions for the arylation of other ketones.
A variety of heteroaromatic substrates were successfully
o-arylated with A (Table 3). Besides methyl ketones,

Table 3. Substrate Scope for a-Arylation

4 mol % Pd(OAc), v
Y Xantphos
+
RJ\ Br R
2.8 equiv K3PO, F

E
Y=N,0O (A) Dioxane : THF : Tol (4:1:1)
2 equiv 1 equiv 100°C, 18 h
Entry Substrate Product LM Yield®
0 o}
1 (j)\/ B 21 2%
P — F
N (8) N (8A)
Q o}
' o
2 7 , g , 2:1 82%
$779) s (9a) F
o o}
3 2:1 45%
@fj /]
S S F
(10} (10A)
Q o}
4 & 2:1 79%
o]
(11)
o]
5 (Ij)K 21 75%
N
6 2:1 75%
MeQ
7 N 2:1 69%
MeO. =N
MeO O
(14) 20" 14

@ |solated yields and average of two runs.
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Table 4. Scope of Aryl Halides

v R 4 mol % Pd(OAc), R
)J\ 4 Z24 Xantphos v //[
R x
X 2.8 equiv K;PO, R X
Y=N, O X=gr, ¢/ Dioxane: THF :Tol{4:1:1)
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a|solated yields and average of two runs. ® Ratio of monoarylated:
diarylated product.

arylation of ethyl ketone 8, having increased substitution at
the o-carbon, is aso feasible. Substrates such as acetylth-
iophene 9 and acetylfuran 11 were compatible under our
conditions. Regardless of the heteroatom, the optimal L:M
range for ketones containing a single heteroatom such as 9
and 11 was 2.0—2.5, consistent with the trend observed in
Figure 1. In addition, these reaction conditions were compat-
ible with electron-rich arenes (entry 7, Table 3) and benzylic

(10) Refs 4 and 5 illustrate that excess ketone is generaly used for
a-arylation reactions.

(11) Along with Xantphos, high yield of the arylated product 2A was
obtained with cataCXiumPOMeCy asligand (L:M 2:1) and K3PO, as base
in toluene at 100 °C. To the best of our knowledge, thisis the first report
of using cataCXiumPOMeCy as aligand for an a-arylation reaction, making
it avaluable alternative.
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hydrogens (entry 7, Table 2 and entries 3—5 and 7, Table
3). Notably, the selective arylation of methyl ketone versus
the amide in substrate 12 exemplifies the chemosel ectivity
for these reactions (entry 5, Table 3).

We were also interested in studying the arylation of imines
such as 13 and 14, which would allow access to motifs
prevalent in many biologically active molecules.™ Impor-
tantly, our conditions were mild, selective, and genera
enough to successfully o-arylate these challenging hetero-
cyclic substrates (entries 6 and 7, Table 3).

Surveying the imine arylation literature reveals that only
NaOtBu, LiOtBu, and a few examples with Cs,CO; have
been reported to promote a-arylation of imines, abeit in low
selectivity for mono- versus diarylation.'* Hence, the success
of our mild basic conditions for affording monoarylated
products 13A and 14A in high selectivity is an important
addition to the previously reported imine arylations. We are
currently expanding the boundaries of this process.

The scope of the ketone arylation reaction with respect to
the aryl halide was investigated next. As shown in Table 4,
electron-rich (G), eectron-deficient (B—E), and heteroaryl
halides (1,J) were effective substrates. In generd, better selectiv-
ity for monoarylation versus diarylation was observed for
electron-deficient or heteroaryl halides.™ Interestingly, while
diarylation was not observed with 1-bromo-2-fluorobenzene®
27% diarylated product is formed with 1-bromo-4-fluoroben-
zene. This difference in selectivity can be attributed to the more
electron-deficient character of 1-bromo-2-fluorobenzene over
1-bromo-4-fluorobenzene. Such eectronic effects with ortho-
and para-fluorinated arenes have been previoudy documented. '
Notably, aryl chlorides such as D and F are also effective
coupling partners for the a-arylation reaction (entries 3 and 5,
Table 4). However, given the option, preferentia oxidative
addition into the C—Br bond is observed (entry 7, Table 4).

(12) The effect of the position of the heteroatom on reactivity in the
context of Suzuki reactions has been studied. Kondolff, I.; Doucet, H.;
Santelli, M. J. Heterocycl. Chem. 2008, 45, 109.
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723.

(14) (a) Barluenga, J.; Jimenez-Aquino, A.; Vades, C.; Aznar, F. Angew.
Chem,, Int. Ed. 2007, 46, 1529. (b) Barluenga, J.; Jimenez-Aquino, A.;
Aznar, F.; Vades, C. J. Am. Chem. Soc. 2009, 131, 4031.
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An important feature of these a-arylation reactions is that the
required L:M is dictated by only the ketone coupling partner.
As illustrated in Figure 1, the range of L:M preference was
1-1.5for 5-acetylpyrimidine 3 and 0.5—1 for 2-acetylpyrazine
1. Unexpectedly, the a-arylation of 3 or 2 with J proceeded
similarly a L:M ranging from 0.5 to 2.0. These preliminary
resultsindicate that heteroaryl halides do not significantly impact
the ligand to metal ratio.*’

In summary, we have reported a-arylation reactions of
an unexplored class of multi-heteroaromatic ketones, namely,
pyrazines, pyrimidines, and quinoxaline. The reactivity of
these substrates was dictated by the ligand to metal ratio. In
addition, we have developed a mild, chemoselective, and
general method to effectively a-arylate avariety of substrates
such as imines, acetylthiophenes, acetylfurans, and acetylpy-
ridines. We are currently conducting mechanistic studies to
elucidate the intriguing effect of the ligand to metal ratio on
the reactivity of these substrates.

Acknowledgment. The authors wish to acknowledge
David Leahy, Antonio Ramirez, Phil Baran, and Dave
Kronenthal for reviewing the paper and helpful discussions.
The authors also want to acknowledge Charles Pathirana,
Michael Peddicord, Frank Rinaldi, and Merrill Davies for
analytical support.

Supporting Information Available: Experimental details
and spectroscopic and analytical datafor al new compounds.
This material is available free of charge via the Internet at
http://pubs.acs.org.

OL 1000318

(15) Ref 5adiscussesthat the selectivity between mono- and diarylation
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