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CF3CH,0H, 10 eq. TFA,

NO,  rt-75°C, air
3 2 )
R /\r
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R* ethylene glycol,
120 -150 °C, air

Yield: 19%-81%. 19 examples
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Two general protocols are developed for the regioselective

Note

the Knorr reaction suffers one major drawback, i.e., the lack of
regiospecificity (Scheme 1, path @)Modifications of this
method by replacing the 1,3-diketones with acetylenic or olefinic
ketones usually allow better control of the regioselectifity.
Nevertheless, in the cases that?Aand AP are similarly
substituted with only minor differences both electronically and
sterically, the complete control of regioselectivity becomes a
daunting task. Meanwhile, 1,3-dipolar cycloaddition reactions
have long been utilized in the syntheses of heterocyclic
compounds including pyrazoles, usually regioselectively.
Sporadic examples are found in the literature that describe the
reaction of N-monosubstituted hydrazones and nitroolefins
affording pyrazole or pyrazolidine products (path b), presumably
proceeding through the 1,3-dipolar azomethine imine intermedi-
ates generated in situ from hydrazoAk€ompared to Knorr
pyrazole synthesis where regioselectivity relies on differentiating
the reactivity of the two carbonyl groups, path b is intrinsically
more regiospecific because of the significant electronegativity
difference of the N and the C atoms of the hydrazone.

Recently, we have shown that indeed excellent regioselectivity

synthesis of 1,3,5-tri- and 1,3,4,5-tetrasubstituted pyrazolesc@n be achieved on the reaction of N-monosubstituted hydra-

by the reaction of electron-deficieNtarylhydrazones with
nitroolefins. Studies on the stereochemistry of the key
pyrazolidine intermediate suggest a stepwise cycloaddition
mechanism.

zones with various nitroolefins in MeOH at room temperature
under air atmospherf@.Good yields of pyrazole products were
usually obtained with electron-rich hydrazones suchNas
alkylhydrazones. However, even at reflux temperature, electron-
deficientN-arylhydrazones gave low yields df-arylpyrazole
products that are of most interest to the pharmaceutical

Substituted pyrazo|es are an important class of Compoundsindustry?fs Hence, there was a clear need of improved reaction

in the pharmaceutical industty Particularly interesting to

conditions suitable for electron-deficient hydrazones. Herein,

medicinal chemists are the 1,3,5-tri- and 1,3,4,5-tetrasubstitutedWe report two complementary general protocols, one neutral
pyrazoles, which constitute the core structures of commercial @nd the other acidic, for the syntheses of a wide range of 1,3,5-
drugs such as Celebrex, Viagra, and Acomplia, as well as tri- and 1,3,4,5-tetrasubstituted pyrazoles. The ready availability
numerous developmental compounds across a wide spectrunff N-arylhydrazones and nitroolefins makes this method par-

of therapeutic areas such as anti-inflammafoanalgesic,
antibacteriaf, and anti-cancet1,3,5-Triarylpyrazoles have also
been employed as novel ligands in transition-metal-catalyzed
cross-coupling reactiorfsAccordingly, pyrazole synthesis has

ticularly appealing for the library synthesis of the pharmaceuti-
cally relevant pyrazole compounds for drug discovery efforts.
A revised, stepwise mechanism is also proposed based on the
new stereochemistry evidence of the key pyrazolidine interme-

long been the subject of interest, which goes back to the 19th diates.

century when Knorr prepared 1,3,5-trisubstituted pyrazoles via
condensation of hydrazines with 1,3-diketori&ince then, the

(8) (a) Silva, V. L. M,; Silva, A. M. S;; Pinto, D. C. G. A.; Cavaleiro,

Knorr pyrazole synthesis has been adapted as the standard: A. S.; Elguero, JEur. J. Org. Chem2004 4348-4356. (b) Heller, S.

method because of its convenience and versatility. However,
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(2) (@) Sui, Z.; Guan, J.; Ferro, M. P.; McCoy, K.; Wachter, M. P.;
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Bioorg. Med. Chem. Let200Q 10, 601-604. (b) Bekhit, A. A.; Abdel-
Aziem, T. Bioorg. Med. Chem2004 12, 1935-1945. (c) Selvam, C.;
Jachak, S. M.; Thilagavathi, R.; Chakraborti, A. Bioorg. Med. Chem.
Lett. 2005 15, 1793-1797.
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(4) Tanitame, A.; Oyamada, Y.; Ofuji, K.; Fujimoto, M.; Suzuki, K.;
Ueda, T.; Terauchi, H.; Kawasaki, M.; Nagai, K.; Wachi, M.; Yamagishi,
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SCHEME 1. Pyrazole Synthesis TABLE 2. Acid Additive Screening and Optimization
o] cl Ph. N
i Al \Q N N0z ¢onditions N\\ O cl
AP A AN P | Phoy Ny e O
Arly Nz or R a TUONTNA NS AR Ho 2 3
H + o] — = and "\ /)
s 3
Af3/\\\HJ\Ar2 Ar R AR R entry solvent acid conditions result
R 1 AcOH 118°C, 16 h 58%
1 .N )
A N AP /_<N02 b AN A 2 TFA 72°C,16h  complex
u = A R e mixtures
Ar R 3 MeOH TFA, 10 equiv rt,3d 0%
) ) _ 4 MeOH MeSQH, 10 equiv  rt, 3d complex
TABLE 1. Solvent Screening on the Pyrazole Formation Reaction mixtures
cl <~_NO Ph.y-N 5  MeOH HSQy, 10 equiv r,3d complex
Q/ /©/\/ 2 ) O cl mixtures
Ph~ N > + —> =,
N conditions O 6 MeOH HCI2 10 equiv rt,3d 52%
1 2 3 7  HO(CH).0H AcOH, 2 equiv 70C, 16 h 45%
entry solvent bp, °C condition result 8 HO(CH).OH TFA, 2 equiv 50°C, 16 h 62%
1 MeOH 65 reflux, 4 d 35% 9 HO(CH,).OH  TsOH, 2 equiv 70C, 16 h complex
2 flux, 1 d trace _ mixtures
CF3CH,0H 78 rerux 10 HO(CH):OH MeSQH,2equiv 70°C,16h  complex
3 IPA 82 reflux, 2 d trace mixtures
4 t-amylOH 102 reflux, 2 d trace 11  HO(CH)OH HCl/aq, 4 equiv 50C,16h  complex
5 1-pentanol 136 120°C, 16 h trace mixtures
6 1-heptanol 174 150°C.16h  trace 12 CRCHOH  TFA,5equiv 1, 16 h 63%
> H 0,
7 1-octanol 19 180°C, 16 h trace 13 CRCHOH TFA, 10 equiv rt, 16 h 70%
8 ethylene ggcol 196 120°C. 16 h 69% aHCI solution in MeOH (ca. 1.25 mol/L from Aldrich).
H s
o 187 120°C,16h  38% i =— iti i
G s equiv of TFA (K; = —0.25) as the additive, no formation of

pyrazole3 was observed at room temperature (entry 3). Whereas
MeSGH (pKy = —2.6) and HSO; (pKa = —3.0) gave
complicated reaction mixtures (entries ), HCI solution (K4

10 HO”"TJOH 214 120°C, 16 h  incomplete
OH
11 g " 230 120°C,16h incomplete

12 HO\/K/OH 2(;1§1?1<Hg 120°C, 16 h 25% =-8.0)in MeQH5 did facilitate a room-temperature pyrazole

s - 53 . . formation rea_ctlon in 52% yle_ld (entry 6). At Iea;t 2 equiv of

o 120 OC, 16h no reaction HCI was requwed_ for the reaction to goto C(_)mpletlon. Hovv_ever,
DMSO 189 120°C, 16 h  no reaction varying the equivalents of HCI did not improve the yield.

Various acid additives were also screened in ethylene glycol

During our previous study on the pyrazole-forming reaction (PKa = 14.1) that was the optimal solvent under thermal

between hydrazones and nitroolefins, alcoholic solvents (MeOH, conditiogs as shown previously. Slightly elevated temperature
EtOH) proved to be optima® However, when then optimized ~ (°0—70 °C) had to be employed due to the poor solubility of
conditions were applied to electron-deficient hydrazones such 1€ substrates. In this case, weaker acids such as AcRH{(p
asN-phenylhydrazond, a low yield of pyrazol@ was isolated ~ 47) and TFA (Ka = —0.25) were sufficient to provide pyrazole
even after refluxing for 4 days (Table 1, entry 1). Changing to 3N 45% and 62% yield, respectively (entries 7, 8). TSOK4(p
higher boiling point alcohols and increasing reaction tempera- — —2-1), MESQOH (pKa = —2.6), and HCl(aq) (8a = —8.0)
tures did not show any improvement (entries73. Interestingly, all caused decomposition (entrlgsfﬂl). The_ above results
diols effectively facilitated the reaction at 12 affording the ~ @PPear to suggest that more acidic alcoholic solvett (p
desired pyrazol@ (entries 8-11), which suggests that perhaps 14..1. for ethylene glycol vs 15.5 for MeOH) would require less
temperature is not the lone determining factor. Among the diols, &cidic additive (K, = —0.24 for TFA vs—8.0 for HCI). This
ethylene glycol gave the cleanest reaction in 69% isolated yield ©PServation prompted us to choosesCH;OH (pKa = 12.5)
after heating at 126C for 16 h (entry 8). Glycerol also provided ~ @S the solvent. Now the pyrazole-_formlng reaction could be
the desired pyrazold, however in low yield (25%), probably ~ Performed at room temperature with TFAKp= —0.25) as
due to the poor solubility of the substrates even at“2¢entry the additive (entries 12 and 13). Whereas 5 equiv of TFA was

12). In contrast, polar, aprotic solvents such as DMF and DMSO sufficient, 10 equiv of TFA afforded a slightly better isolated
were not effective for this reaction (entries 13 and 14). yield at 70%. It is important to note that Lewis acids such as

The above solvent screening results suggested that protonaBFs"ERO, SnCh, TiCls, AICls, FeCh, ZnCh, Znl,, Zn(OTf),
tion-deprotonation might play an important role in the reaction SC(OTfk, and Yb(OTf}-H,0O are not effective promoters for
pathway. Literature reports also indicated that acids assisted the"® Pyrazole-forming reaction. These results suggest that Bron-
cycloaddition reactions of hydrazones with various dipolaro- Stéd acidity, not Lewis acidity, is a critical factor for this
philes!® Indeed, with AcOH (K, = 4.74% as the solvent, reaction.
pyrazole3 was obtained at reflux temperature (1°18) in 58% 13) (2 Sehmidt R. RA on Nt Ed. Enclo73 12 212
yield (Table 2, entry 1). Using a stronger acid, TFAGp= 5,050 S0t e e, e ranta7a 36,
—0.25) as the solvent, however, caused mostly decomposition1821-1824. (c) Shimizu, T.; Hayashi, Y.; Miki, M.; Terashima, &.Org.
even at a lower temperature (72, entry 2). Encouraged by = Chem.1987 52, 2277-2285. (d) Kobayashi, S.; Hirabayashi, R.; Shimizu,
these results, we set out to screen various acids as additiveé"-?(H)"g‘(”'*\/;dezﬁnmsvjlg?w gg‘ﬂiﬁﬁd“’” Lett2003 44, 3351-3354.
with the aim to perform the reaction at ambient temperature. (1s) Used as the solvent (1.25 moliL, Aldrich). Bubbling HCI (g) into

MeOH (K, = 15.5) was first chosen as the solvent. With 10 MeOH gave a very messy reaction.
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TABLE 3. Reaction Scope with Respect to Nitroolefin TABLE 4. Reaction Scope with Respect to Hydrazone
cl
CF3CHO0H  Ph_ N RU Ny R? S__NO, Conditions N -N
. /Nv©/ . Ra/\/Noz 10 eq. TFA N7\ al H + Tol/?/ 2 - /K)\
“N 4 i, ar, 2d ~
H 1 R R3 R4 entry hydrazone condition® product yield

entry nitroolefin product yield

ﬁ A 120°C, 16h >—< )—OMe
76%
22
~n-N
N 0, NMe,
XxNO N 70% 2
1 Tol” 2 c 2 A, 120°C, 16 h )\)_Q’

COOMe
4 o Nﬁ A, 120°C, 16 h /‘\)_@
SN .
H

52% MeO. cl @
5 \©\ Nﬁ A 120°C, 16 h
N

56% g ON cl
\©\N—Nv©/ A, 150°C, 16 h
H a7 19%

O e
7 N’NV@ B,50°C,3d
g H 18 )\)_@

ol

NMez 55%

38%

COOMe
29%

63%

-

O

56% 78%

=

NC.

NG cl \Q
8 0
\©\N'N*/©/ B,75°C, 16 h NN
H 19

=~

28

51%

=

ol

o MeO,S
68% Me0,S \©\
N-
N—@m 62%
~
ol

T

30
NO, Sy-N
10 N\/©/ A,120°C, 16 h \\>—< )—NO;  58%
SN 2 Tol 31

H

aKey: (A) ethylene glycol, heatindB) CRCH,OH, 10 equiv of TFA.

31%

36% 4). The same trend was observed at tHepBsition. Whereas
heating at 120°C in ethylene glycol was sufficient for the
reaction to proceed with electron-rich hydrazdré(entry 5),
electron-poor hydrazonk7 demanded even higher temperature
(150°C) and the yield was very low (19%, entry 6). Similarly,
other electron-withdrawing substituents such as F, CN, and SO
Me at the R position also called for higher reaction temperatures
(entries 79). We find that the two sets of reaction conditions,
With the optimized CECH,OH/TFA system, the reaction one neutral and the other acidic, are complementary to each

55%

scope on nitroolefins was probed with hydrazdn@ able 3). other in terms of functional group compatibility. When the
All reactions were performed under the standard conditions functional groups are insensitive to acid, thesCH,OH/TFA
without individual optimization. Substitutions at thé position system is preferred. For example, in the reaction shown in entry

are well tolerated (entries 2 and 3). At thé jposition, various 3, which involves an acid-stable yet temperature-sensitive
electron-donating and electron-withdrawing groups on the aryl phenolic substrate, the @EH,OH/TFA system works well at
ring are compatible with the reaction conditions (entries8% room temperature to furnish the desired pyrazole product in
An aliphatic nitroolefin also affords good yield of pyrazole excellent yield. Alternatively, for the acid-sensitive substrates,
product (entry 3). It is noteworthy that even a sterically heating in ethylene glycol is a viable option (entries 2, 4, and
demanding nitroolefin affords reasonably good yield of the 10). Entry 10 is a particularly interesting example. In our
pyrazole product (entry 5). Heterocycles such as a thiopheneprevious study involving the same substrates with MeOH as
are also compatible with the reaction conditions (entry 9). the solvent, a Michael addition product was the exclusive
We next turned our attention to defining the scope of the product in 90% vyield, even at room temperatifeSimply
reaction with respect to the hydrazones (Table 4). Either the switching the solvent to ethylene glycol, the pyrazole product
thermal condition in ethylene glycol(] or the acidic condition 31 was obtained in 58% vyield (entry 10). Notably, the isolated
in CRCH,OH/TFA (B) was applied, depending on functional Michael addition product does not cyclize to pyraz8leupon
group compatibility. The electronic properties of the hydrazone heating in ethylene glycol even at 183C. This observation
substituents appear to be the dominant factor controlling indicates that the formation of Michael addition product is
reactivity. For example, hydrazones with electron-donating irreversible.
substitution at Rposition afford the pyrazole products in decent Previously, we had demonstrated that the pyrazole-forming
yields under standard conditions (entries3). In contrast, the reaction goes through a pyrazolidine intermediate. Analogous
yield is much lower with electron-deficient hydrazones (entry to the mechanism proposed for the reaction of hydrazones with

2414 J. Org. Chem.Vol. 73, No. 6, 2008



SCHEME 2. NMR Study on the Stereochemistry of the
Pyrazolidine Intermediates
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39

other electron-negative olefii%,we proposed a concerted

cycloaddition pathway in which the hydrazone tautomerized to
azomethine imine and then underwent a 1,3-dipolar cycload-
dition reaction with nitroolefins (Scheme 2) to generate the

pyrazolidine intermediatgd-12However, definitive evidence for

a concerted mechanism was not obtained at that time. To
differentiate a concerted or stepwise mechanism in a cycload-

dition reaction, stereochemistry is arguably the best todfl.

JOCNote

SCHEME 3. A Revised, Stepwise Pathway
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41

of the pyrazolidine formation step. From intermedidfe two
competing reaction pathways can take place. One is an irrevers-
ible protonation to afford the Michael addition prodd& The
other is an intramolecular cyclization to furnish the pyrazolidine
intermediatet3. The key intermediaté3then undergoes a slow
oxidation by air, followed by a fast elimination of HNQo
furnish the pyrazole produét.

In conclusion, a practical, regioselective synthesis of 1,3,5-
tri- or 1,3,4,5-tetrasubstituted pyrazoles from electron-deficient
N-arylhydrazones and nitroolefins has been demonstrated. Two
general protocols were developed, which are complementary
to each other in terms of functional group compatibility. This
pyrazole formation reaction is quite general with respect to
hydrazones and nitroolefins with a variety of substituents, and
the yields range from moderate to good. A revised stepwise

the pyrazolidine formation step is concerted, the configuration
of the nitroolefin should be retained in the pyrazolidine
intermediate. Our previous study did show that the trans
configuration of nitroolefirB3 was retained in pyrazoliding6.12
However, we recently found that under the same reaction  General Procedures for Pyrazole Synthesis. Method AA
conditions cis-nitroolefin 34 also afforded the same pyrazolidine  mixture of 4-methylg-nitrostyrene (163 mg, 1 mmol, 1.0 equiv)
36 exclusively. No pyrazolidin&7 with the retention of the cis  and 4-chlorobenzaldehyde phenylhydrazone (276 mg, 1.2 mmol,
configuration was observed whatsoever. This was further 1.2 equiv) in ethylene glycol (10 mL) was heated at 220open
complicated thatis-nitroolefin 34 isomerized to trans isomer  to air for 16 h and then cooled to room temperature. The reaction
33in the reaction mixture, although it remained stable in pure solution was partitioned between EtOAc and brine. The organic

cycloaddition mechanism was also proposed.

Experimental Section

CD30OD.18 To avoid the confusiongis-nitroolefin 39 was

prepared, which does not isomerize in the reaction solution

during the time frame of the experiments. Bathns-38 and
cis-39were then reacted with hydrazo82in CD;OD in NMR
tubes under B In both experiments, the same pyrazolidite

layer was separated, dried over MggS€iltered, and concentrated.
The crude product was purified by flash column chromatography
with EtOAc/hexanes as eluent to afford the pure compound as a
light yellow solid (235 mg, 0.69 mmol, 69%ylethod B. A mixture

of 4-methylf#-nitrostyrene (163 mg, 1 mmol, 1.0 equiv) and
4-chlorobenzaldehyde phenylhydrazone (276 mg, 1.2 mmol, 1.2

in the trans configuration was again generated exclusively. The equiv) was dissolved in GEH,OH (10 mL), and TFA (0.77 mL,
lack of stereospecificity in the pyrazolidine formation step 10 mmol, 10 equiv) was added. The reaction mixture was stirred

clearly indicate a stepwise mechanism.

at room temperature open to air for 2 days. The solvent was

In light of the above results, a revised mechanism of pyrazole evaporated, and the residue was directly purified by flash column
formation may be proposed as outlined in Scheme 3. Nucleo- chromatography with EtOAc/hexanes as eluent to afford the pure

philic attack of hydrazone on nitroolefin affords a neutral

intermediate41l. Since the G-C single bond between®Rand
R* can rotate freely, eitherans or cis-nitroolefin affords the
same intermediatél, which results in the nonstereospecificity

(16) (a) Grigg, R.; Dowling, M.; Jordan, M. W.; Sridharan, Vetra-
hedron1987, 43, 5873-5886. (b) Padmavathi, V.; Reddy, K. V.; Padmaja,
A.; Reddy, D. B.Synth. Commur002 32, 1227-1235.

(17) Huisgen, RAdv. Cycloaddition1988 1, 1—31.

(18) Same isomerization afs-nitroolfin was observed in the following
literature: Burdisso, M.; Gamba, A.; Gandolfi, R.; PevarelloT &rahedron
1987, 43, 1835-1846.

compound as a light yellow solid (239 mg, 0.70 mmol, 70%).
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