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Abstract
Pyrazoles are important azole heteroarenes frequently found in pharmaceuticals and protein ligands
and there has been a growing interest in new synthetic methods for their preparation. We report the
first catalytic intermolecular C-H arylation of pyrazoles, namely SEM-protected pyrazoles and N-
alkylpyrazoles, which lays the foundation for a new approach to the synthesis of complex arylated
pyrazoles, where new arene rings are directly attached to predetermined positions of the heteroarene
nucleus. Through a systematic search we identified a palladium-pivalate catalytic system as the most
effective protocol and mapped the reactivity of all three C-H bonds of the pyrazole (C-5 > C-4 ≫
C-3). To circumvent the low reactivity of C-3 position, we developed a “SEM switch”, which
transposes the SEM-protecting group from one nitrogen to the other in one step, and in the process
transforms the unreactive C-3 position to the reactive C-5 position. The SEM switch thus enables
sequential arylation of C-5 and C-3 position, providing rapid access to protected or free 3,4,5-
triarylpyrazoles (C-4 arene ring is readily introduced by bromination and Suzuki coupling).
Furthermore, N-alkylation of SEM-protected pyrazoles allows for regioselective introduction of the
amine substituent, addressing the low regioselectivity of N-alkylation of pyrazoles lacking sufficient
steric bias. Thus, the catalytic C-H arylation combined with the protecting group transposition and
N-alkylation provides a rapid route to fully substituted pyrazoles with complete regiocontrol of all
substituents. The particular strength of this strategy is the ability to commence the synthesis from
either the parent pyrazole or practically any pyrazole intermediate.

Introduction
Azole heteroarenes are structural units frequently found in biologically active compounds,
including natural products, protein ligands, and pharmaceuticals.1 These structures represent
indispensable components of the modern medicinal chemistry repertoire.2 Pyrazoles, while
rarely found in nature, serve as important core structures of many pharmaceuticals and
pharmaceutical leads with a wide range of biological activities (e.g., cholesterol lowering,3
anti-inflammatory,4 anti-cancer,5 anti-depressant and anti-psychotic agents6). As a result,
there is a continuing interest in the development of versatile methods to access highly
substituted pyrazoles. Traditionally, pyrazoles have been synthesized via de novo condensation
reactions of 1,3-dicarbonyls and hydrazines or by cycloadditions of diazoalkanes and alkynes.
7 Although recent efforts greatly expanded the generality of de novo approaches, each method
has its scope and efficiency limitations.8
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We propose a conceptually different approach to the assembly of complex arylated pyrazoles
based on direct C-H bond arylation (Figure 1). Following this logic on a strategic level, new
aromatic rings would be directly attached to the existing pyrazole core at desirable positions
(“topologically obvious synthesis”),9 which suggests a rapid entry into functionalized
heterocycles and an approach enabling efficient synthesis of series of pyrazole analogs and
regioisomers.

In order to realize this goal, we developed the first catalytic method for intermolecular C-
arylation of pyrazoles and explored its regioselectivity trends. On the basis of these results, a
general approach was devised for the synthesis of mono-, di- and tri-arylpyrazoles (Scheme
1). The first aryl group can be installed regioselectively in the 4-position of pyrazole by
bromination and Suzuki coupling; other substituents can also be introduced at this position due
to its high nucleophilicity. The first direct C-H arylation takes place with good selectivity at
the 5-position, providing a concise approach to unsymmetrical diarylpyrazoles. The subsequent
arylation is however inefficient, owing to the low reactivity of the 3-position. To address this
problem, we have developed a simple one-step protocol to shift the SEM-group from one
nitrogen to the other, which transforms the unreactive position 3 to the reactive position 5, and
enables the second C-H arylation to proceed in an efficient manner, affording a short route to
protected and free triarylpyrazoles (Scheme 1).10 Furthermore, regioselective introduction of
a nitrogen substituent becomes possible by the N-alkylation of unsymmetrical SEM-pyrazoles
(Scheme 1). Thus, this strategy allows for rapid assembly of fully substituted pyrazoles with
complete regio-control of all C- and N-substituents. Complex pyrazoles with different number
and position of aryl rings can be readily synthesized from common precursors by choosing the
desirable haloarene donor and the order of the arylation and alkylation reactions.

Results
Development of C-H Arylation Protocol for SEM-protected Pyrazoles

We have previously reported catalytic methods for direct C-arylation of indoles, pyrroles, and
imidazoles using palladium11 and rhodium12 catalysts and carboxylate bases. However, these
protocols were inefficient for arylation of pyrazoles, calling for the development of new
conditions.13,14,15 We rationalized the low reactivity of pyrazoles in terms of relatively high
Lewis basicity of these compounds and the ability to deactivate the catalyst. We chose to
examine SEM-protected pyrazoles as the substrates [SEM = 2-(trimethylsilyl)ethoxymethyl]
due to the stability of this protecting group under the catalytic arylation conditions11c,16 as
well as the ability of SEM group to be transposed from one nitrogen to another and enabling
sequential arylations as outlined above.

Systematic examination of the reaction parameters (metal catalyst, ligand, base, and solvent)
for the coupling of SEM-pyrazole and bromobenzene led to a robust method which uses the
following conditions: 5 mol % Pd(OAc)2, 7.5 mol % P(n-Bu)Ad2, and 3 equivalents KOPiv,
in DMA as the solvent and heating at 140 °C (Figure 2). Once again, an unbiased search for
catalytic C-H arylation conditions identified a carboxylate salt as the best base, consistent with
the previous results in our group that demonstrated the importance of carboxylate base in the
metallation step of heteroarenes.11,12 Furthermore, these conditions are very similar to those
developed independently by Fagnou and colleagues for arylation of benzene aromatics.17

Following Fagnou's lead, potassium pivalate can be replaced with potassium carbonate and a
sub-stoichiometric amount of pivalic acid, resulting in a more practical procedure; both
versions of this protocol (PivOK or PivOH/K2CO3) afford comparable yields of arylated SEM-
pyrazoles.
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Regioselectivity of C-Arylation of SEM-Protected Pyrazoles
The next key question centered on establishing the regioselectivity of the catalytic C-H
arylation method (Figure 2). The parent SEM-pyrazole 1 when submitted to the catalytic
conditions gave a mixture of products, which indicated the higher reactivity of the 5-position
relative to the 4-position, and very low reactivity of the 3-position (Figure 2B). In addition to
the monoarylated products, the bis-arylation product 4 was also formed in a significant amount.
This trend was confirmed by examining the reaction of 1-SEM-3-phenylpyrazole 5, which
gave a 5:2 ratio of products 6 and 7. In contrast, compound 3 was arylated at the 5-position
with high selectivity to provide compound 4 in 80% yield; the regioisomer stemming from
arylation at the 3-position was not detected, and only a small amount of the bis-arylation
product 7 was formed (16:1 ratio, 4:7). Arylation of compound 2 was also selective, taking
place at the 4-position to afford product 4 as the major product; however, the yield was lower
compared to arylation of the 5-position. These results demonstrate that the arylation is
inefficient at the 3-position, which is consistent with the low reactivity of this site (to both
electrophiles and strong bases), while arylation can be achieved at both C-4 and C-5 positions
with preference for the latter.

These reactivity trends laid the foundation for the general synthetic strategy shown in Scheme
1. The information provided by these reactions is sufficient for planning regioselective
elaboration of either the parent pyrazole or substituted pyrazoles.

Rationale for the Observed Regioselectivity
Although this paper focuses on the method and strategy development, we provide some context
for the potential rationale for the observed selectivity preferences. It is well established that
the 4-postion of pyrazole is most nucleophilic and readily undergoes electrophilic substitution
while the 5-position carries the most acidic C-H bond which can selectively be deprotonated
by strong bases (e.g. lithiation).18 The previous results suggest that both the palladium-
acetate11b and the rhodium-pivalate12 catalytic systems developed in our laboratory, as well
as related systems developed by others, proceed via an electrophilic-like mechanism,19 in the
context of indoles, pyrroles and imidazoles, where the metal acts as an electrophile, breaking
the aromaticity, and the carboxylate ligand as the base, removing the proton. On the other hand,
Fagnou's laboratory generated compelling evidence which shows that the palladium-pivalate
system, in the context of benzene arenes, selectively targets acidic C-H bonds via a “σ-
deprotonation mechanism” where the metal-carboxylate moiety directly engages the C-H bond.
17,20 The C-5 selectivity may thus be explained by the preference of the catalytic system for
the acidic C-H bonds; however, an alternative rationale akin to the one proposed for C-2
arylations of indoles involving an electrophilic-like mechanism with the migration of palladium
to the position adjacent to the nitrogen, is also reasonable.11b Importantly, the ability to
accommodate both electron-deficient benzenes and electron-rich heteroarenes suggests
substantial plasticity of the palladium-pivalate catalytic system, which may also account for
the ability to arylate both C-5 and C-4 positions of the pyrazole system. The phosphine ligand
modulates the reactivity of this catalytic system; in the context of pyrazoles, strong σ-donor
phosphines also protect the catalyst against the inhibition by the basic sp2 nitrogen of the
substrate. Detailed mechanistic studies to answer these mechanistic questions are under way
in our laboratories and will be reported in the future.

Arene Donor Substrate Scope
Compound 3 was used to examine the reaction scope of the arylation method; it was synthesized
in short order by bromination of free (NH)-pyrazole at the 4-position,21 N-alkylation with
SEM-Cl and the Suzuki reaction with phenylboronic acid (see Supporting Information). The
arylation reactions may be performed on the benchtop under argon, and the scope of the reaction
is quite broad, tolerant of a wide variety of functional groups on the bromoarene donor,
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including ketone, ester, nitro, dimethylamino, and pyridyl groups (Table 1). Electron-deficient
and electron-neutral bromoarenes perform best in the reaction, whereas bromoarenes with
electron-donating substituents in the para-position or steric bulk in the ortho-position give
lower yields of desired products.

Pyrazole Substrate Scope
Substitution on the phenyl ring in the 4-position of the pyrazole is also tolerated as illustrated
by the ortho-tolyl- and para-trifluoromethylphenyl-substrates, which give the corresponding
products 16 and 17, respectively, in good yields (Table 1, entry 10 and 11). Furthermore, the
method is compatible with substituents other than aryl groups as demonstrated by efficient
arylation of the substrate containing electron-withdrawing ester functionality directly attached
to the pyrazole nucleus in the 4-position, affording product 18 in 75% isolated yield (Table 1,
entry 12). Thus, this method allows for synthesis of 4,5-diaryl-SEM-pyrazoles in one step from
readily available 4-aryl-SEM-pyrazoles.

SEM-group Transposition (SEM-group Switch)
After the installment of the second arene ring, the subsequent arylation would have to take
place at the 3-position which bears the last available C-H bond. However, as shown is Figure
2, the arylation of this site is not feasible due to its low reactivity; no reaction or very low yields
of the desired product were obtained. To solve this problem, we considered switching the SEM
group from one nitrogen atom to another, which would transform the unreactive position 3 to
the reactive position 5 (Scheme 2).

It has been reported that a mixture of unsymmetrical N-protected imidazoles could be
equilibrated by heating in the presence of alkylating agents, leading to formation of the
thermodynamic product.22 Applying this approach to SEM-pyrazoles, we were able to achieve
the SEM switch by heating the starting material with 10 mol % of SEM-Cl in acetonitrile.
Alkylation of the pyrazole nitrogen lone pair by SEM-Cl forms a pyrazolium salt, which
enables the equilibration of the two regioisomers, ultimately producing the thermodynamically
favored, less hindered product (Scheme 2). The SEM-switch gives an average of ∼90%
conversion as demonstrated with four different substrates (Table 2). The two isomers were
frequently difficult to separate via flash chromatography; in such cases, reverse-phase HPLC
was used to separate and purify these compounds. However, when triarylpyrazoles are
desirable, separating the two regioisomers is not necessary, as the “unswitched material” may
readily be removed after the subsequent arylation. The SEM-group switch transforms in one
step an unreactive compound to a reactive substrate, avoiding the need for deprotection and
reprotection, and enables the two sequential C-H arylations.

The Second C-Arylation and Preparation of 3,4,5-Triarylpyrazoles
Scheme 3 illustrates the brevity of the sequential arylation scheme for preparation of 3,4,5-
triarylpyrazoles. Compound 8, available in one arylation step from starting material 3, was
submitted to the SEM-group transposition to provide compound 20. The second arylation with
4-bromo-trifluoromethylbenzene proceeded in high yield under the standard catalytic
conditions to give SEM-protected triarylpyrazole 23, which after deprotection furnished
triarylpyrazole 24. Thus, all three arene rings are introduced to the pyrazole nucleus with
complete regiochemical control; two of the rings are attached directly via C-H bond
functionalization.

The scope of the arylation catalytic method was further examined in the context of 1-SEM-3,4-
diarylpyrazole substrates (Table 3). Good to excellent yields of SEM-protected triarylpyrazoles
were obtained with a variety of functional groups on both the pyrazole substrate and the
bromoarene donor.
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Deprotection of SEM-pyrazoles
Free (NH)-pyrazoles are readily accessible by the deprotection of the SEM group, which is
accomplished by the action of hydrochloric acid in ethanol.23 To confirm the generality of this
protocol in the context of complex pyrazoles, triarylpyrazoles 23 and 25 (Table 3) as well as
diarylpyrazoles 4, 8, and 10 (Table 1) were deprotected to afford high yields of the
corresponding free pyrazoles (Supporting Information, section VI). It is well known that free
pyrazoles exist as a mixture of tautomers.24,25 While the signal for the NH proton is broad in
CDCl3, the two peaks are resolved in DMSO-d6 (δ 13-14.5 ppm); in the case of compound
24, both tautomers are present in a 56:44 ratio (Supporting Information).

Regioselective N-Alkylation/C-Arylation Sequence Enabled by the SEM Group
The sequential arylation mediated by the SEM-group switch, described above, provides a rapid
access to protected and free triarylpyrazoles and offers an attractive alternative to the de
novo approaches. However, when N-alkylated products are desirable, the N-alkylation of free
N-H pyrazoles that lack a sufficient steric bias – such as the triarylpyrazole 24 (Scheme 3) –
suffers from lack of regioselectivity, giving a mixture of two regioisomers. To address this
issue, we considered the idea of using the SEM group to selectively introduce the alkyl group
at the desired nitrogen of the pyrazole. We tested a number of methylating reagents (dimethyl
sulfate, methyl iodide, and trimethyloxonium tetrafluoroborate), out of which Me3O-BF4 gave
best results, yielding N-methylated pyrazolium salts at room temperature in dry
dichloromethane. For example, compound 12 was methylated and deprotected to produce a
single regioisomer of the alkylated pyrazole, namely the compound 33 (Scheme 4). This two-
step procedure not only selectively alkylates the nitrogen of choice, but also serves to transform
the unreactive 3-position of the pyrazole to the reactive 5-position. The N-methylpyrazole
33 was then arylated with 3-bromopyridine to afford complex pyrazole 27. Thus, the
regioselective N-alkylation is incorporated into the sequential arylation scheme to afford the
fully substituted pyrazole as a single isomer.

One limitation of this approach is that other nucleophilic functions present in the substrate
would also undergo methylation; namely, pyridyl and dimethylamino groups are not
compatible with the methylation reaction conditions. For anilines, this problem can be solved
by introducing the nitrophenyl ring (Table 1 and Table 3), and reducing the nitro group after
the alkylation step. Another solution is to conduct the alkylation earlier in the sequence and
thus introduce the alkylation-prone groups by C-arylation after the N-alkylation step as
illustrated in Scheme 4. The pyridine ring is attached in the last step of the sequence, combining
the utility of the regioselective N-alkylation with direct C-H arylation.

Conclusions
Pyrazoles are an important class of heteroarenes frequently found in pharmaceuticals and
protein ligands and there has been a growing interest in new synthetic methods for their
preparation. We here present a strategically new approach based on the synthetic logic enabled
by direct C-H bond functionalization, where new substituents are directly attached to
predetermined positions of the heteroarene nucleus.9 This approach enables functionalization
of all five pyrazole positions with complete regiocontrol and allows for the efficient synthesis
of analog series and regioisomeric series from common precursors. The particular strength of
this strategy is the ability to commence the synthesis from either the parent pyrazole or
practically any pyrazole intermediate.

Owing to the intrinsic reactivity preferences of pyrazole, the sequential C-arylation of free N-
H pyrazoles or N-alkylated pyrazoles is not possible and therefore we devised a strategy based
on the SEM-protecting group and its transposition. The SEM group fulfills three major roles:

Goikhman et al. Page 5

J Am Chem Soc. Author manuscript; available in PMC 2010 October 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



first, it protects the pyrazole amine group and thus enables the C-arylation (free pyrazoles are
not good substrates); second, it enables the regioselective sequential C-H arylation via the SEM
group switch; and third, it allows for regioselective N-methylation which can be coupled to
subsequent C-arylation. In sum, the catalytic C-H arylation combined with the protecting group
transposition and N-alkylation, provides a rapid route to fully substituted pyrazoles with
complete regiocontrol of all substituents.

Significant advances have recently been reported for the de novo synthesis of pyrazoles, both
in terms of regiocontrol and scope.8 Also, major improvements have been achieved in the area
of Suzuki coupling of pyrazoles; many of the problems associated with inefficient preparation
of azolyl boronate esters and the low yielding coupling process have recently been addressed.
10,26 Our approach is complementary to these methods and together they will greatly enable
molecular designers to rapidly access a wide variety of complex pyrazole compounds. It is
apparent that the sequential C-arylation approach will also be applicable to imidazoles and
triazoles; these results will be described in separate publications in the near future.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A new approach to synthesis of complex pyrazoles via direct C-H arylation
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Figure 2.
A/ General reactivity properties of pyrazole. B/ Reactivity profile of pyrazoles toward
palladium-catalyzed C-H arylation. The C-5 position exhibits the highest reactivity. (a)
Reaction conditions: Pyrazole, PhBr (1.5 equiv), Pd(OAc)2 (5 mol %), P(n-Bu)Ad2 (7.5 mol
%), K2CO3 (3 equiv), HOPiv (25 mol %), 2.5 M DMA, 140 °C for 12 hours. Isolated yields
are shown except for substrate 1, where the substrate conversion and the product ratio was
determined by 1H NMR of the crude mixture. All product ratios were confirmed by 1H NMR
of crude mixtures.
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Scheme 1.
Sequential C-arylation enabled by SEM group switch provides a rapid access to
triarylpyrazoles with complete control of regioselectivity. The SEM group also allows for
regioselective N-alkylation.
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Scheme 2.
SEM group transposition (SEM switch)
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Scheme 3.
Synthesis of triarylpyrazoles via sequential C-arylation
Conditions: (a) Pyrazole, SEMCl (10 mol %), MeCN, 95°C, 24 hr, 84% yield. (b) Pyrazole,
ArBr (1.5 equiv), Pd(OAc)2 (5 mol %), P(n-Bu)Ad2 (7.5 mol %), K2CO3 (3 equiv), HOPiv
(25 mol %), 2.5 M DMA, 140°C, 12 hours; 77% yield. (c) 3N HCl, EtOH, reflux, 3 h, 75%
yield. In DMSO-d6, compound 24 exists as a mixture of tautomers. Yields are an average of
at least two separate isolated yields.
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Scheme 4.
Sequential C-arylation and N-methylation provides a rapid access to 1-methyl-3,4,5-
triarylpyrazoles with complete regioselectivity control
Conditions: (a) Pyrazole, Me3O-BF4 (1.2 equiv), CH2Cl2, RT, 1 hr. (b) 3N HCl, EtOH, reflux,
1 h; 70% yield over 2 steps. (c) Pyrazole, ArBr (1.5 equiv), Pd(OAc)2 (5 mol %), P(n-Bu)
Ad2 (7.5 mol %), K2CO3 (3 equiv), HOPiv (25 mol %), 2.5 M DMA, 140 °C for 12 hours;
70% yield. Yields are an average of at least two separate isolated yields.
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Table 1

Arylation Substrate Scope

Entry R ArBr Product Isolated Yield, %

1 Ph 80% (5% bis)

2 Ph 65% (15% bis)
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Entry R ArBr Product Isolated Yield, %

3 Ph 82%

4 Ph 74% (13% bis)
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Entry R ArBr Product Isolated Yield, %

5 Ph 58%

6 Ph 76%

7 Ph 35%
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Entry R ArBr Product Isolated Yield, %

8 Ph 74%

9 Ph 58%
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Entry R ArBr Product Isolated Yield, %

10 o-tol 79%
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Entry R ArBr Product Isolated Yield, %

11 69% (8% bis)
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Entry R ArBr Product Isolated Yield, %

12 COOEt 75%

Reaction conditions: Pyrazole, ArBr (1.5 equiv), Pd(OAc)2 (5 mol %), P(n-Bu)Ad2 (7.5 mol %), K2CO3 (3 equiv), HOPiv (25 mol %), 2.5 M DMA,
140 °C for 12 hours. Isolated yields are an average of at least two separate reactions.
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Table 2

SEM switch scope

Entry Aryl Group Product % Conversiona

1 19 85%

2 20 90% (84%)b

3 21 91% (80%)c

4 22 90%

(a)
Determined by 1H NMR.
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(b)
Isolated yield (flash chromatography).

(c)
Isolated yield (HPLC).
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Table 3

C-arylation of diarylpyrazoles. Substrate scope.

Entry Product Isolated Yield

1 77%

2 88%

3 64%
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Entry Product Isolated Yield

4 70%

5 67%

6 53%

7 54%
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Entry Product Isolated Yield

8 43%

Reaction conditions: Pyrazole, ArBr (1.5 equiv), Pd(OAc)2 (5 mol %), P(n-Bu)Ad2 (7.5 mol %), K2CO3 (3 equiv), HOPiv (25 mol %), 2.5 M DMA,
140 °C, 12 hours. Yields are an average of at least two separate isolated yields.
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