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Synthetic routes to 3(5)-phosphonylated pyrazoles
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This review comprehensively covers the currently available synthetic routes to 3(5)-phosphonylated pyrazoles. There are
demonstrated significant advances in this field over the last 10— 15 years caused by the use of the Bestmann — Ohira reagent
[as well as (diazomethyl)phosphonates and phosphonylated hydrazonoyl halides] in reactions with diverse dipolarophiles.
1,3-Dipolar cycloaddition of diazo compounds to a,B-unsaturated phosphonates as well as intramolecular heterocyclization
of (1-diazoallyl)phosphonates and (3-diazo-1-propenyl)phosphonates are discussed. Synthetic potential of cyclocondensa-
tion of organophosphorus 1,3-dielectrophilic compounds with hydrazines is shown. Ways to introduce a phosphonate group
into the pyrazole ring are considered. Examples of chemical transformations of 3(5)-phosphonylated pyrazoles are reported.
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1. Introduction

C-Phosphonylated pyrazoles, which combine two pharma-
cophore moieties in a molecule, are of interest, first of all, as
biologically active compounds. Indeed, among compounds
of this class, efficient pesticides, such as derivatives 1
(Ref. 1) and 2 (Ref. 2) have been found. The former have
been patented as a means for the control of arthropods
(including insects and arachnids) and helminths (including
nematodes) and the latter, as an agent for protection against
brown planthopper Nilaparvata lugens.

A mimetic of t-phosphohistidine 3, resistant to hydrol-
ysis and isomerization, and its analogue 4 have been used as
haptens for generation of specific antibodies.?© In in vitro
and in silico experiments, it has been shown that compound

N.S.Goulioukina. PhD, Associate Professor of the Division of Organic
Chemistry at the Department of Chemistry, MSU.

Telephone: + 7(495)939 — 4828, e-mail: goulioukina@org.chem.msu.ru
N.N.Makukhin. PhD, Junior Researcher at the same Division.
Telephone: + 7(495)939 —4828, e-mail: makuhin.nikolai@gmail.com
L.P.Beletskaya. Academician, Doctor of Chemical Sciences, Professor of
the same Division.

Telephone: +7(495)939—-3618, e-mail: beletska@org.chem.msu.ru
Current research interests of the authors: metal complex catalysis in organic
and organometallic chemistry, organocatalysis, organic derivatives of
lanthanides, carbanions, nucleophilic aromatic substitution, chemistry of
organophosphorus compounds.

Received 10 June 2015
Translation: G.A.Kirakosyan

5 inhibits the binding of phosphatidylinositol 3,4,5-triphos-
phate with BTK and GRP1 PH domains and Epsin 1 ENTH
domain.”-8
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Pyrazolylphosphonates 6 and 2,3-dihydro-1H-pyrazolyl-
phosphonates 7 have been used in synthesis of a series of
cytostatic drugs 8 (Scheme 1); for some of these compounds
(Ar = R? = Ph, R! is vinyl, Ph), the in vitro antitumour
activity exceeding the carboplatin activity has been
reported.’
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C-Phosphonylated pyrazoles are used in the chemistry
of coordination compounds, especially biologically active
ones. In particular, it has been demonstrated that Cull
complex 9 is a biomimetic of natural antioxidants.!® In a
search for new antitumour drugs, cisplatin analogues, Pt!!
and Pd"' complexes 10 and 11 have been synthesized.'!- 12
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Catalysis with pyrazolyl metal complexes is a dynamic-
ally developing field.'>~ '8 5-Phosphonylated pyrazole 12
has proved to be a convenient intermediate in synthesis of
Bippyphos phosphine ligands, a decent alternative to Buch-
wald ligands in Pd-catalyzed amination (Scheme 2).!7 19
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An increasing interest in C-phosphonylated pyrazoles
has been reflected in a number of reviews addressing
methods of their synthesis;??~ 24 however, they have mainly
focused on 4-pyrazolylphosphonates, while 3(5)-pyrazolyl-
phosphonates have received much less attention. This is
partially due to the fact that experimental data on 3(5)-
phosphonylated pyrazoles, the first representative of which
was described in 1963,%° were initially rather descriptive:
their formation was merely detected when studying the
reactivity of organophosphorus compounds. The develop-
ment of practical procedures for the synthesis of 3(5)-
pyrazolylphosphonates was started in earnest only 15 years
ago. As a result, the numbers of publications devoted to
different synthetic routes were distributed very unevenly
over the years. Therefore, in this review, we do not restrict
our consideration to the literature data reported in the last
ten years, as usually; rather, to create an objective picture,
we intend to examine as comprehensively as possible all
available information.

The known methods of synthesis of 3(5)-phosphony-
lated pyrazoles can be classified on the basis of the number
of C—C and/or C—heteroatom bonds forming at the key
stage of synthesis (Scheme 3). First of all, this can be a C—P
bond forming in the course of phosphonylation of the
pyrazole ring (path 7). Reactions of o,B-unsaturated phos-
phonates with diazo compounds or their synthetic equiv-
alents lead to the formation of two bonds, C—N and C—-C
(path 2). In the inverted pair, a-phosphonylated 1,3-dipoles
are used (path 3). One C—N bond is formed through the
intramolecular heterocyclization of (3-diazoprop-1-enyl)-
phosphonates (path 4) or (1-diazoallyl)phosphonates (path
5). Finally, two C—N bonds appear in the reaction of
organophosphorus 1,3-dielectrophilic compounds with
hydrazine (path 6). This classification is used as a basis for
presentation of the available literature data.

Scheme 3

Recall that pyrazoles are characterized by annular pro-
totropic tautomerism;'3- 26 therefore, we try to use ‘neutral’
presentation of structural formulas, without specifying the
position of a proton. Only if the authors of an original work
have argued in favour of a certain tautomeric form (based
on X-ray diffraction or spectral data), we use the authors’
presentation. Consideration of structural data is beyond the
scope of this review.
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I1. Phosphonylation of the pyrazole ring

It is known that the direct phosphorylation of pyrazole
gives N-phosphorylated products;?” when the nitrogen atom
is protected with an alkyl or aryl substituent, the electro-
philic attack (for example, in the reaction of N-phenyl-
pyrazole with POCI3) occurs at the 4-position (Scheme 4).%8

Scheme 4
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The electrophilic substitution occurs at the 5-position
and is considerably promoted if 5-lithium derivatives rather
than N-substituted pyrazoles are used; the former are
produced, for example, by metallation with n-butyllithium
in synthesis of compounds 12 and 13 (Scheme 5).!°

Scheme 5
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1) Bu"Li, hexane, —78 °C, 1 h
2) CIP(O)(OEt),, 20 °C, 18 h

Ar is 1,3,5-triphenyl-1 H-pyrazol-4-yl (12, 90% yield), Ph (13, 79%)

Nucleophilic substitution in activated 1,4-dinitropyra-
zoles occurs through the cine-substitution mechanism and
affords 5-substituted 4-nitropyrazoles. When trimethyl
phosphite is used as a nucleophile, the reaction is accom-
panied by the Arbuzov rearrangement to give 5-dimethoxy-
phosphonyl-3-methyl-4-nitropyrazole (14) (Scheme 6).2°
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Recently, Cossy and co-workers3® have developed a
palladium-catalyzed phosphonylation of iodo- and
bromo-substituted N-SEM-pyrazoles (SEM =
CH,OCH,CH>SiMes) under the Hirao reaction conditions.
Diethyl phosphite readily reacts with 5- and 3-iodo-N-SEM-
pyrazoles in the presence of 2 mol.% of the Pd(OAc),—
2 XantPhos precatalyst, triethylamine as a base and cata-
lytic amounts of potassium acetate (Scheme 7). The reac-
tion leads to derivatives 15 and 16, respectively, in good
yield.

5-Bromo-N-SEM-pyrazole also reacts, but the loading
of the precatalyst should be increased to 10 mol.%
(Scheme 8). Products 15 and 17-20 form in moderate or
good yield.

The 2-trimethylsilylethoxymethyl protective group at
the nitrogen atom is removed by treatment with a trifluoro-
acetic acid excess in CH»Cl, at room temperature

Scheme 7
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Compound (OR)2 Yield (%)
15 (OEt) 75
17 (OMe), 47
18 (OPh)> 46
19 (OCH,CF3), 40
20 OCH>CMe,CH->0O 86

(Scheme 9).3% For example, this reaction converts com-
pound 20 into N-unsubstituted pyrazole 21.
Scheme 9
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II1. Cycloaddition of diazo compounds to
o, B-unsaturated phosphonates

The reaction of a,B-unsaturated phosphonates with diazo
compounds proceeds by the 1,3-dipolar cycloaddition
mechanism through the intermediate formation of a pyrazo-
line ring, and its further aromatization leads to phosphony-
lated pyrazoles. In the reaction of ethynylphosphonates 3!
with diazomethane or diazoacetic ester, as, for example, in
synthesis of compounds 22 and 23 (Scheme 10), aromatiza-
tion of the heterocyclic system is achieved through proton
migration.3? 33

When an excess of diazomethane is used, the reaction is
accompanied by N-methylation of the nascent pyrazole,
which leads, for example, to product 24 (Scheme 11).23
Note that it was Saunders and Simpson?’ who described
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Scheme 10
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for the first time the synthesis of 3(5)-phosphonylated
pyrazoles.

Scheme 11
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Complete regioselectivity of the processes is provided
only by terminal or symmetric alkynes. In the general case,
1,3-dipolar cycloaddition to 2-substituted ethynylphospho-
nates affords a mixture of products, and the ratio between
them is determined, first of all, by the electronic effect of a
substituent. In particular, diazomethane reacts with an
equimolar amount of diethyl 1-propynylphsphonate to
give 3(5)-diethoxyphosphoryl-4-methylpyrazole (25) in
35% yield (Scheme 12).34
Scheme 12
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The presence of an additional strong electron-withdraw-
ing group at the triple bond is responsible for the preferred
formation of 4-phosphonylated pyrazoles. For example, the
reaction of diazomethane with methyl 3-(diisopropoxyphos-
phoryl)propynoate gives a mixture of 3(5)-phosphonylated
pyrazole 26 and its 4-phosphonylated isomer 27
(Scheme 13).33
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When benzoyl is substituted for the ester moiety, 4-pyra-
zolylphosphonate 28 is the only product of the reaction
(Scheme 14).35

Scheme 14
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The same tendency is observed for diazoacetic ester. The
reaction with I-propynylphosphonates does not yield
4-phosphonylated pyrazole (Scheme 15).3¢ Conversely, the
reaction with 3,3,3-trifluoro-1-propynylphosphonates gives
a mixture of 3(5)- and 4-phosphonylated pyrazoles, even if
with a significant predominance of the former.37
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The reaction of diazomethane with allenylphosphonates
and vy,y-dimethylallenylphosphonates gives phosphonylated
pyrazoles (Scheme 16). Due to the activating effect of the
electron-withdrawing dialkoxyphosphoryl group, cycload-
dition occurs at the a,B-double bond of allenylphosphonate,
and aromatization of the nascent pyrazoline involves an
exocyclic multiple bond.3* 4-Methyl- or 4-isopropylpyrazol-
3(5)-ylphosphonates 25, 33 and 34 were obtained in
36% —49% yields; the products of N-methylation with
diazomethane — 1,4-dimethyl- and 4-isopropyl-1-methyl-
pyrazol-3(5)-ylphosphonates — were isolated as minor
species (8% —12%).

Scheme 16
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At the same time, the 1,3-dipolar cycloaddition of ethyl
diazoacetate to diethyl vy,y-dimethylallenylphosphonate
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(100 °C, 16 h) affords only a mixture of isomeric 2-pyrazo-
lines in total yield of 46%.3¢

In addition to dialkoxyphosphoryl-substituted alkynes
and allenes, vinylphosphonates are also able to enter into
the 1,3-dipolar cycloaddition reaction with diazo com-
pounds. In this case, the pyrazoline intermediate is aromat-
ized through elimination of a leaving group located, as a
rule, at the a-carbon atom of the starting vinylphosphonate.
When diethyl 1-(p-tolylsulfinyl)vinylphosphonate reacts
with diazomethane and diazoacetic ester, p-toluenesulfenic
acid is eliminated spontaneously to give corresponding
3(5)-phosphonylated pyrazoles 35 and 23 in high yield
(Scheme 17).38

Scheme 17
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The reaction of B-methyl- or B-phenyl-substituted
diethyl-1-(p-tolylsulfinyl)vinylphosphonates with diazome-
thane leads mainly to N-methylated product 36 or 37,
respectively (Scheme 18). This is likely due to the reduced
reactivity of these dipolarophiles so that the reaction time
increases and a considerable excess of diazomethane should
be used.3®

Scheme 18
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The reaction of diazomethane with B-substituted diethyl
a-(methylsulfonyl)vinylphosphonate is not accompanied by

Scheme 19
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spontaneous elimination of methanesulfinic acid: the reac-
tion ‘stops’ at 1-pyrazoline 38, and its aromatization to
pyrazole 39 proceeds only under the action of a strong base
(Scheme 19).%°

The same researchers 3° have reported that cyanide ion
can be used as a leaving group. Treatment of thermally
unstable diastereomeric 1-pyrazolines, synthesized in situ by
the reaction of diazomethane with B-substituted diethyl
a-(cyano)vinylphosphonate, leads to a mixture of 3(5)-
phosphonylated 4-styrylpyrazole 39 and approximately
equal amounts of 3- and 5-phosphonylated 1-methyl-4-styr-
ylpyrazoles 40 and 41 (Scheme 20).
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The aromatization of tautomeric 1- and 2-pyrazolines 42
and 43, synthesized by the reaction of diazomethane with
diethyl [3-diethylamino-4-(4-methoxyphenyl)-1,1-dioxo-
1 H-isothiazol-5-yl]phosphonate, to give pyrazole 44 is also
promoted by bases [refluxing in ethanolic KOH or heating
in the presence of an equimolar amount of 1,8-diazabicy-
cloundec-7-ene (DBU) at 100 °C]. Under these conditions,
the isothiazole dioxide moiety is split into SO, and
diethylcyanamide (Scheme 21).40

Scheme 21
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Pyrazolines produced by 1,3-dipolar addition of diazo
compounds to dimethyl 1-formamidovinylphosphonate are
aromatized in an acid medium (Scheme 22).#1-42 It has been
demonstrated that the reaction is accompanied by the
elimination of formamide. Products 45—48 are obtained in
moderate to high yields.
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Scheme 22
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The formation of 3(5)-phosphonylated pyrazoles in the
reaction of 2-nitrovinylphosphonate with diazo com-
pounds, which is accompanied by the elimination of nitrous
acid, is a rare example where the leaving group is located at
the B-carbon atom of the starting vinylphosphonate.*3-44
Unfortunately, this example is not very good since the
presence of two strong electron-withdrawing groups in the
dipolarophile (nitro- and phosphonate) leads to the non-
selectivity of the 1,3-dipolar cycloaddition stage. Scheme 23
shows an approximate composition of the products of the
reaction of bis(2-chloroethyl)-2-nitrovinylphosphonate with
phenyldiazomethane.*? The isomerization of the nascent
1-pyrazolines to 2-pyrazolines 49 and 50 competes with
elimination of a nitrogen molecule (to give cyclopropane
51), and aromatization of the 2-pyrazolines is accompanied
not only by the elimination of nitrous acid but also by
dehydrogenation leading to phosphonylated pyrazoles with
and without the nitro group (52-55).

The addition of N-phenylsydnone to allenylphospho-
nate and its y-methyl-substituted analogues yields a mixture
of two isomeric pyrazoles (compounds 5659 and 56’ —59’,
Scheme 25).47

Scheme 25
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T N7 8-10h
— . — + . ‘ \):O e ———
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D |
Ph Ph
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Compounds R! R2 Alk Overall yield (%)
56, 56' H H Et 65
57,57 Me H Et 57
58, 58' Me Me Et 59
59,59’ Me Me Pr® 42

The reaction of N-phenylsydnone with diethyl a-phenyl-
allenylphosphonate is accompanied by the migration of the
phenyl moiety in the o-position of the dipolarophile to

o Scheme 24  ultimately give 3-diethoxyphosphoryl-4-methyl-1,5-diphe-
L 71‘\1/ o 150 °C nylpyrazole (60) (Scheme 26).#8 It is worth noting that no
Me—==—"P(O)(OEt): + TN~ similar migration of the vinyl moiety has been observed in
ph” the reaction of 1-vinyl-3-methylbuta-1,2-dienylphospho-
nates with diazomethane.*’
Me PO)(OE: Me P(O)(OE(); Scheme 26
0 \ 130— 140 °C,
NS I\ POXOED: o 130
o~ —C0: N + . =0
| N
\ Ph Ph rr
Ph 56 (53%)
Me P(O)(OEt)2
In addition to diazo compounds, N-phenylsydnone is / \
able to enter into the 1,3-dipolar cycloaddition with unsa- —> Ph N
turated phosphonates, and the formation of the pyrazole 1‘\]
ring in compound 56 is accompanied by the elimination of Ph 60 (58%)
CO; (Scheme 24).4>-46
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IV. Reactions of the Bestmann— Ohira reagent
with various dipolarophiles
The most developed methods for synthesis of 3(5)-phospho-

nylated pyrazoles are based on the use of the Bestmann—
Ohira reagent (BOR).’°~32 This reagent is known as a

synthetic equivalent of  (diazomethyl)phosphonate
(the Seyferth— Gilbert reagent) (Scheme 27).
Scheme 27
i
Me )\‘/P(O)(OMe)z HO- or MeO— HTP(O)(OMe)z
—_—
N2 NZ
BOR
Seyferth — Gilbert
reagent

The Bestmann-—Ohira reagent is stable and is easily
produced in one stage (Scheme 28) from commercially
available 2-oxopropylphosphonate3® [in contrast to the
multistage synthesis of (diazomethyl)phosphonate®].

The BOR has gained popularity as an efficient reagent
for conversion of aldehydes into terminal alkynes with
chain elongation by one carbon atom — a convenient
alternative to the Corey—Fuchs reaction. At the same
time, the (diazomethyl)phosphonate anion is a 1,3-dipole
and is able to enter into cycloaddition reactions with
various dipolarophiles.

Scheme 28

aor
Me)\/P(O)(OMC)z Me)YP(O)(OMe)Z
N>

(a) TsNs, K>CO3, MeCN, 0 °C, 5 h (86% yield); (b) 1) NaH, THF,
PhH, 0-5°C, 1 h; 2) TsNs, 20 °C, 2 h (80% yield); Ts = 4-MeCsH,4SO>

Namboothiri and co-workers>%>3% were the first who
demonstrated the possibility of using the BOR in synthesis
of phosphonylated pyrazoles by the example of reactions
with B-substituted and o,B-disubstituted conjugated nitro-
alkenes, as well as with 2-substituted 3-nitro-2 H-chromenes.
The reaction is carried out with a small BOR excess
(1.2 equiv.) in the presence of a nucleophilic base (EtONa)
in a proton-donating solvent (EtOH) (Scheme 29).T It has
been noted that the yield of the product depends only
slightly on the nature of the substituents at the double
bond and their number.

Generally, the reaction of BOR with allyl and benzyl
bromides proceeds by a nucleophilic substitution mecha-
nism and can be used as a convenient method for synthesis
of a-(diazoalkyl)phosphonates; however, with
(E)-1-(3-bromo-2-nitro-1-propenyl)-4-methoxybenzene, the
BOR reacts as a 1,3-dipole with the only difference that the
reaction is accompanied by solvolysis of the allyl bromine
atom to give product 61 (Scheme 30).°7

The method has been extended even to some aromatic
nitro compounds, in particular, 2-nitronaphthalene and
2-methyl-6-nitroquinoline give annulated pyrazoles 62 and

+The acronym BOR is also used for the corresponding diethyl ester.

Scheme 29
NO» 0
F< o M royory, _EoNa
] ) O EtOH, 20 °C,
R R N 15— 120 min
2
R! P(O)(OEt),
. \
RZM
N
H

(49% —77%)

R! = Ph, 4-MeOC¢Hy, 4-CICcH4, 4-O-NCeHy, 3-OoNCgHy,
2-0,NCgHy, benzodioxol-5-yl, 2-Fu, 2-Th, MexN, cyclo-CgH 1,
(E)-PhCH=CH, (E)-2-MeOCsH4CH=CH; R? = H, Me, Ph, HOCH,,
Ac(CHa>)», EtO>C(CHa»),, EtO,CNHN(CO:EY),

TsNHC(Ph)H; Fu is furyl, Th is thienyl

(0]
NO, ‘
X M P(O)(OEt) EtONa
S EtOH, 20 °C,
0~ TAr N, 0.5-12h
P(O)(OE),
(0]
N
N
Ar H
(57—64%)
Ar = Ph, 4-MeOCgHy, 2-Th
Scheme 30
NO,
B i
Br Mo S POOMe: KoM
‘ ‘ MeOH, 20 °C,
N2 15 min
MeO
MeO
P(0)(OMe),
—_—
N
N
MeO H
61 (65%)

63 (Scheme 31).5¢ Nitrobenzene and m-dinitrobenzene do
not enter into this reaction, presumably because of the
higher degree of aromaticity.

The suggested reaction mechanism (Scheme 32) involves
cleavage of the BOR, as a result of the attack of the
nucleophile at the carbonyl carbon atom, and the 1,3-dipo-
lar cycloaddition of the generated diethyl 1-(diazomethyl)-
phosphonate anion to a nitroalkene.>> Stabilization of the
resulting cyclic adduct 64, leading to the formation of the
pyrazole ring, can occur in two ways: either via protonation
with subsequent base-catalyzed elimination of HNO;
(path a), or via initial elimination of the nitro group with
subsequent intramolecular proton shift (path b).
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Scheme 31  the BOR reacts with B-aryl-a-bromo-a-nitroethenes (Sche-

_ NO, I me 33).%%3% In the case of strong electron-donating sub-
/[t@/ + N POXOEY, EONa stituents in the ring, a mixture of products 65 and 66 is
R \X 1‘\12 ]25;?1]—] 0°C, formed, while in the absence of such substituents, the only

product is phosphonylated nitropyrazole 65. This is an
important result in the context of the considerable synthetic
potential of the nitro group and its effect on the biological
activity of compounds.

The reaction of the BOR with 2-bromobenzo[d Jtropone
is accompanied by the elimination of HBr to give tricyclic
product 67 (Scheme 34).58

Scheme 34
Compound X R Yield (%) Br (‘)‘
_ _HA__P(O)(OE), KOH
62 CH H 38 OO O+ Mem EtOH, 20 °C,
63 N Me 52 N> 7h
It follows from Scheme 32 that if the initial nitroalkene
P(O)(OEt),

molecule has an appropriate a-X-substituent, aromatization
can be accompanied by the elimination of not only HNO,
but also of HX. This competition is actually observed when

Scheme 33 O 67(71%)
1
/_< )YP(O)(OEt)z __ EtONa The sulfonyl group can also act as the leaving group
Ar EtOH 20 °C, 15 min (Scheme 35).5° The reaction proceeds rapidly to give prod-
ucts 6871 in good yield.
Ar P(O)(OEt)» Ar P(O)(OEt), Scheme 35
. n 0
/ZC—QEJ /@5\‘ SO-Ph \
0NN Br N < P(O)(OEY), Cs2C0;
H H K Co.E EtOH, 0 °C, 15 min
65a—d 66a—d 2 t
Com- Ar Yield 65+ 66 (%) Ratio R P(O)(OE1),
pounds 65:66 N /Z—<
EtO,C zN
65a, 66a 4-MeOCgHy4 54 61:39 Ny
65b, 66b Benzodioxol-5-yl 50 52:48 68—71
65c, 66¢ 4-CIC¢Ha4 38 100:0
65d, 66d Ph 47 100:0 R = cyclo-CgHj; (68, yield 67%), 3-BrCgHs (69, 70%),
4-MeOC¢Hy4 (70, 72%), benzodioxo-5-yl (71, 74%)
Scheme 32
o 9 o- 9 o]
Il _OEt I| _OEt \  OFt
\ - P | P
Me™ T SoE: < MeT ST Nopr < MeT T og
N* N* N*
1u1* N w} EtOH H R P(O)(OEt),
path a K { EtO—
- X o
o 9 Eo(0- @ EtO  OEt N —HNO,
(H ‘IL/OE‘ I‘)/OEt R \PQ/O\, ON" N7 (or HX)
Mej\“/ SOEt —>  Me 7 SOoEt —>  Hud //) — H .
Bo-" N R N NN WX POx0oED:
le) N\ ~ ath i, H
L I R R LN o g
X NO, 64 —NO; (or X7) v \N/N
R P(O)(OEt)
—
YN
H

X =H, Alk, Br; Y = NOj or X
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Smietana and co-workers °° have suggested using, as the
dipolarophile, substituted acrylonitriles readily formed in
situ by the Knoevenagel reaction from available aldehydes
(aromatic, heteroaromatic, aliphatic, or o,B-unsaturated)
and malonodinitrile or its analogues of general formula
XCH>CN [X = CO:Me, C(O)NH-, C(O)NHBn]
(Scheme 36). Since the Knoevenagel condensation proceeds
more rapidly than the reaction of an aldehyde with the
BOR, the authors have developed a three-component one-
pot method of synthesis of disubstituted 3(5)-phosphony-
lated pyrazoles. In all cases, the reaction is accompanied by
the elimination of HCN.

A series of 3-acyl-4-phenylpyrazol-5-ylphosphonates
have been synthesized in high yield by the regioselective
reaction of the BOR with substituted chalcones and
(2E,4E)-1,5-diarylpenta-2,4-dien-1-ones (Scheme 37).%%

Since chalcones are the products of the Claisen—
Schmidt condensation of aromatic aldehydes with methyl
ketones, the above transformation can be accomplished as a
two-step one-pot process (Scheme 38).6! It is of interest to
compare the time required for the synthesis by two
methods. For example, it takes two days to synthesize and
purify dimethyl [3-benzoyl-4-(4-bromophenyl)-1H-pyrazol-5-
yl]phosphonate by the two-stage scheme with isolation of the
intermediate chalcone, while the one-pot procedure takes 10 h,
and the yield of the target product increases from 70% to
77%.

Scheme 36
i
(0]
‘ N T )YP(O)(OMe)Z KOH
RJ\H NE X+ Me | MeOH, 20 °C,
N> lh
R P(0)(OMe),
- -
X \N/NH

(73% —95%)

R = Ph, 4-BrC¢H4, 4-HOC¢H4, 4-MeOCsHy, 4-O-NCgHa, 2-OoNCgHy,
2,4-Cl,CeH3, 2-[(HO),B]C¢Ha4, pyren-1-yl, 2-Th, Fc,
(E)-CsH|1CH=CH, cyclo-C;H2;; X = CN, CO,Me, C(O)NH,,
C(O)NHBn; Fc is ferrocenyl

Scheme 37
o]
J\A + I P(O)(OEt), _ KOH _
Ar R Me/\( EtOH, 20 °C,
N, 1-20h

O (77%-93%)

Ar = Ph, 4-MeCgHy, 4-CIC¢Hy; R = Ph, 4-MeOCgHa,
3,4,5-(MeO)3CgHa, 4-MeoNCgHy, 4-CIC6H,, 4-O;NCgHy, 2-Th,
2-Fu, (E)-PhCH=CH

Scheme 38
j)\ ﬁ KOH
+ _—
R Me Ar/\H MeOH, 55 °C,
1-3h
(0]
Me P(O)(OMe)
N> (2equiv.)

=
—0
\

Ar MeOH, 20 °C,2—-16h

Ar P(O)(OMe),

7
O (30%-91%)

R = Ph, 4-MeOC¢Hy4, N-methylpyrrol-2-yl, But;
Ar = Ph, 4-BI'C6H4, 4-MBOC5H4, 3-MCOC6H4, 4-02NC6H4,
2,4-Cl,C¢Hs3, 4-(HC=C)C¢Hg4, 2-Th

In general, the yields of the products are rather high.
Among the limitations of the one-pot procedure, the
authors note, first, that it is impossible to use acetophe-
nones with strong electron-withdrawing substituents in the
ring (for example, nitro group) since in this case the reaction
is dominated by their self-condensation. Second, the yield of
pyrazole decreases in the presence of ortho-substituents in
an aromatic aldehyde, which presumably hinder the attack
of the (diazomethyl)phosphonate anion. Indeed, the yield of

MeO vO—

/H\/P(O)(OMe)z P(O)(OMe),

—

MeO— N2 N2

Ar' P(O)(OMe),
Ar\k&
i

C(‘) P(O)(OE P<
) (O)(OED), Me S S0k
/N Ar

Et0-~ N2

Z

— |
N>

Scheme 39

Ar(\

CAANE

T 0, AR oo
“PO)OMe, /D) Afﬁ .

/OEt ,
\ Ar P(O)(OEt)»
//D OEt y
N//N Ar N/N
O oh

2-Pyrazoline
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phosphonylated pyrazole in the reaction of 2,4-dichloro-
benzaldehyde with methyl (N-methylpyrrol-2-yl) ketone
and the BOR is only 30%. The reaction of o-methoxyben-
zaldehyde (as distinct from para and meta isomers) with
acetophenone and the BOR leads only to the corresponding
substituted chalcone.

The cycloaddition mechanism has been interpreted dif-
ferently. Martin ef al.%' assume a Michael-type addition of
the (diazomethyl)phosphonate anion followed by a cycliza-
tion to give 1-pyrazoline (Scheme 39). At the same time,
Verma er al.’® assume a concerted mechanism (analogous to
the mechanism presented in Scheme 32) leading to 2-pyrazo-
line.

Scheme 40
Ar P(O)(OR), Ar P(O)(OR)»
or \ 05 (air)
Ar _ N Ar _N E—
O N N
(0] (0]

R = Me, Et

The 100% diastereoselectivity of formation of a spiro-
adduct when the BOR is added to (E)-2-benzylidene-
3,4-dihydronaphthalen-1(2H )-one is evidence in favour of
the second mechanism.>® Both versions agree in that the
subsequent oxidative dehydrogenation of pyrazoline to
pyrazole is promoted by air oxygen during the workup of
the reaction mixture and chromatographic isolation of the
product (Scheme 40).

Among other dipolarophiles that react with the BOR,
1,4-naphthoquinone is noteworthy (Scheme 41); the reac-
tion gives tricyclic compound 72.58

Scheme 41
0
| i
KOH
P(O)OEt), — —2%
O‘ + Me/\H/ (O)OEL) EtOH, 20 °C, 4 h

| N:
ﬁ P(O)(OEt),
-
- ~ /N]-I
-
O 72(65%)

The reaction of the BOR with cinnamaldehyde and its
analogues has a specific feature: when an excess of the
reagent (2.5 equiv.) is used, the rapid reaction leads to vinyl-
substituted, rather than to formyl-substituted phosphony-
lated pyrazoles (Scheme 42).62

The fact that the reaction of stoichiometric amounts of
the reactants leads to a mixture of vinyl- and formyl-
substituted products 73 and 74 allows one to assume that
formyl-substituted 2-pyrazoline 75 serves as an intermedi-
ate, which is either oxidized (as discussed above) or reacts
with a BOR excess to give ethynyl-substituted 2-pyrazoline
(Scheme 43). Subsequent 1,3-H shift leads to aromatization
of the heterocyclic moiety.

Scheme 42

[__poxome, KOHESemn
‘ MeOH, 25 °C, 6 min

N2 (2.5 equiv.)

R0 + Me

R P(0)(OMe),
_ \
/ pt
N
/ H
(46% —95%)

R = Ph, 4-M€OC(,H4, 4-B1‘C6H4, 4-C1C(,H4, 4-FC(,H4, 2-M€OC(,H4,
3-MCOC5H4, 2—BrC6H4, 2,4-C12C6H3, 2,6-C12C5H3, 3,4-(M€O)2C5H3,
3,5-(MeO),CsH3, 3,4,5-(Me0)3;CgH», benzodioxol-5-yl, 1-Naph,
2-Fu, 2-Th, (E)-PhCH=CH, Pr"; Naph is naphthyl

Scheme 43

(‘) KOH (2.5 equiv.)
P(O)YOMe)  “ oH 25-C

‘ 6 min

Nz (1equiv.)

P X" + Me

Ph P(O)(OMe), Ph

/) o

e e
/ N / N
H (0] H

73 (33%) 74 (16%)

P(0)(OMe),

N

0

R P(0)(OMe)»

\ Me)%( P(0)(OMe)>
N N>

e

/ N
H

75
R P(0)(OMe),

HY, SN \
- _N
H N
H

1,3-H shift
—_

R_H P(O)OMe) R P(0)(OMe),
\ 1,3-H shift

— A" X =
¢,<)/ N/ N/N
H+ H / 3

In addition, activated alkynes can act as dipolarophiles
in the reaction with the BOR.®3 It is evident, that oxidative
aromatization is not required in this case. The reaction

Scheme 44
i
(0]
Y )vP(O)(OMe)Z KOH
A — +
T M MeOH, 20 C.
R N> 10 min
Ar P(O)(OMe),
— R S~ _NH

N
O (79% —90%)

Ar = Ph, 4-MeC¢Hy4, 4-FC¢H4; R = Ph, 3-MeOCg¢Hy, 2-Fu, Pri, Bu!,
r‘l—C5H1 1, CyClO-C()H“
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proceeds smoothly under mild conditions to give 4-substi-
tuted 3-acyl-5-dimethoxyphosphorylpyrazoles in high yields
(Scheme 44).

3-Aroyl-5-dimethoxyphosphorylpyrazoles 7678 with-
out a substituent in the 4-position can be synthesized from
1-aryl-3-(trimethylsilyl)-2-propyn-1-ones (Scheme 45). The
protective trimethylsilyl group is hydrolyzed in the course of
reaction.%?

Scheme 45
i
(0]
oy P(O)(OMe), KOH

MesSi—— +
et \ t Me \ MeOH, 20 °C,

R N> 10 min

P(O)(OMe)>

O 76-78

R = Ph (76, yield 87%), 3-MeOCgHy (77, 86%), 2-Fu (78, 84%)

The reactivities of activated double and triple bonds
(with respect to the BOR) have been compared by the
example of (E)-1,5-diphenyl-1-penten-4-yn-3-one (79)
(Scheme 46). The structure of isolated product 80 indicates
that cycloaddition occurs, first of all, at the double bond,
while the triple bond acts as a Michael-type acceptor for the
addition of the methoxide ion.%3

i
N Me)YP(O)(OMe)Z
N>
(2.4 equiv.)

P(O)(OMe),

Scheme 46

KOH
—_—

MeOH,
20 °C,
10 min

MeO—
—_—

OMe O

80 (79%)

Nonactivated alkynes, in particular, 4-nitrophenylacety-
lene, react with the BOR only in the presence of a copper
catalyst.®* Since terminal alkynes are conveniently prepared
by the action of the BOR on aldehydes, a two-step one-pot
method of synthesis of 5-aryl-3-diethoxyphosphorylpyra-
zoles directly from aromatic aldehydes has been suggested
(Scheme 47). Careful optimization of synthesis conditions
showed that it is expedient to use Cs,COs3 in ethanol as a
base in the first step, while the second step requires the
presence of Cul as a precatalyst and a stronger base (KOH).

Since both steps involve a nucleophilic attack of the
(diazomethyl)phosphonate, a decrease in the LUMO energy
of both the aldehyde and acetylene should generally have a
favourable effect. Indeed, aromatic aldehydes containing
strong electron-withdrawing substituents (NO,, CF3, F,

Scheme 47

O
] €203 (3 equi)

P(O)(OEt)»
ArCHO + Me EtOH, ~0.5h

N2 (2.5equiv.)

(0}

P(O)(OEt), P(O)(OEt),

Me
N2 (1.5 equiv.) / \
Cul (20 mol.%), Ar N/

KOH (2 iv.),
KoK (2equiv) H (46% 81%)

— [Ar—==] N

Ar = Ph, 4-02NC(,H4, 4-F3CC(,H4, 4-FC6H4, 4-C1C6H4, 4-B1‘C6H4,
3-B1‘C(,H4, 4-MCOC(,H4, 2-MCOC(,H4, 4-MGC()H4, 4—Pr‘C(,H4,
3,4-(MeO),CeH3, benzodioxol-5-yl, 1-Naph, 2-Fu,
2-Th, 3-Th

Cl), especially in the para-position, react faster to give the
products in higher yields. The reaction with aliphatic
aldehydes and cinnamaldehyde has failed.

The reaction mechanism suggested by Kumar et al.%*
(not indisputable in detail) is based on analogy with copper-
catalyzed azide —alkyne cycloaddition > (Scheme 48).

Scheme 48
_ _P(O)(OEY),
Cul \(
_ Cul i o N>
Ar——— —> Ar———= —> Ar———Cul >
—Cu
Voo ICu P(O)(OEt),
Ar .
%bu I EtOH
— —> —
N /

N7 TPO)OED),  ArT N~

P(O)(OEt),

s / \

Ar N/
H

N

The possibility of using (diazomethyl)phosphonate itself
in synthesis of 3(5)-phosphonylated pyrazoles has been
demonstrated only recently by the example of its micro-
wave-assisted (MW) regioselective 1,3-dipolar cycloaddi-
tion to P-substituted ethyl acrylates® (Scheme 49).
Manganese(1V) oxide was used for oxidative aromatization
of cycloaddition products — 2-pyrazolines — to give target
pyrazoles 81a, 81b and 82.

Scheme 49

R N,>CHP(O)(OPr),
VL/\COZEL S
MW, 30—80 min

R P(O)(OPr'),
MnOz

e S
NH CH)Cl,, 20 °C, 24 h

EtO,C \N/

R P(O)(OPr),

—~
EtO,C N N
H

81a,b, 82

R = Me (81a, yield 85%), Pr" (81b, 82%), Ph (82, 72%)
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The only currently known alternative to the BOR [or
(diazomethyl)phosphonate] as a source of a phosphonylated
1,3-dipole are hydrazonoyl halides, synthesized from [(2-
phenylhydrazino)carbonyl]phosphonates, for example,
compound 83 (Scheme 50).67

H
©\ _N__P(0)(OMe),
N

H
83 O

%@N

H
84 (70%)

Scheme 50

CBr4, PPh3
[ B
CH:Cl, 20 °C, 18 h

wNYP(O)(OMe)z

Dimethyl [bromo(2-phenylhydrazono)methyl]phospho-
nate (84) is readily dehydrobrominated in the presence of a
base to give phosphonylated nitrile imine — a 1,3-dipole
that reacts with both activated and unactivated terminal
acetylenes (Scheme 51). The character of the substituent at
the triple bond has no essential effect on the regioselectivity
of the process, and the major products (although the yields
are generally low) are S-substituted 1-phenyl-1H-pyrazol-
3-ylphosphonates 85a—d (along with an admixture of
4-substituted isomers 86a—d), which can be isolated chro-
matographically.

Scheme 51
©\ N P(O)YOM NaHCO3
Nm Y (O)( € —>
H Br
84
[Pr—N— ] oo
—> | P N—N=—P(0)(OM
(0)(OMe), A 24k
P(O)(OMe), R P(O)(OMe),
a a
—> R ]‘\T/N + 1‘\I/N
Ph Ph
85a—d 86a—d
Compounds R Yield 85 (%) Ratio 85:86
85a, 86a CO,Me 34 78:22
85b, 86b Ph 40 90:10
85c¢, 86¢ Bu" 18 95:5
85d, 86d n-CoH9 12 81:19

The regioselectivity is manifested to a greater extent in
the reaction of phosphonylated nitrile imine with terminal
alkenes leading to the predominant formation of 5-substi-
tuted 1-phenyl-4,5-dihydro-1H-pyrazol-3-ylphosphonates
(for example, of compound 87), which can be oxidized to
the corresponding pyrazoles with pyridinium dichromate
(PDC) in DMF (Scheme 52).67

The reaction of diisopropyl [chloro(4-nitrophenylhydra-
zono)methyl]phosphonate (88) with acetylacetone in an

Scheme 52
Ph\NWNYP(O)(OMe)z PhCH=CH,, NaHCO;_
H B EtOAc, A, 24 h
84 °F
P(O)(OMe), Ph P(O)(OMe),
\ \
. "
WL L
| |
Ph Ph
87 (30%) (97:3)

PDCl DMF, 20°C,4h
P(O)(OMe)>
Ph  85b (80%)

alkaline medium leads to 3-phosphonylated pyrazole 89
(Scheme 53).98

Scheme 53
Ac P(0)(OPr),
Ar\N N PO)OPr); _AcxCH, / \N
H MeONa, Me N/
o8 Cl 20°C,2h ‘
Ar 89 (23%)

Ar = 4-02NC5H4

V. Intramolecular heterocyclization of
(1-diazoallyl)phosphonates and
(3-diazo-1-propenyl)phosphonates

The reduction of the BOR with sodium borohydride with
subsequent water elimination under the action of phos-

phoryl chloride in the presence of triethylamine leads to
1-diazoallylphosphonate 90 (Scheme 54).9°

Scheme 54
(0]
‘ NaBH4
P(O)(OEt), — »
Me H MeOH
N>
OH POCls,
M P(O)(OEt), EtN /YP(O)(OEt)z
—> Me —_—
‘ CHxCly, ‘
N 0-20°C, N
12-16h 90 (55%)

Substituted (1-diazoallyl)phosphonates 91—94 are syn-
thesized by base-induced cleavage of tosylhydrazones
(Scheme 55).70-72

Scheme 55
NilzCO}
R P(O)(OMe); —— " » R P(O)(OMe),
= H,0, Et,0, = |
NNHTs 20°C,4-10h N, 91-94

R = 4-MeOCgH, (91, yield 51%), Ph (92, 56%),
(E)-MeCH=CH (93, 86%), (E)-PhCH=CH (94, 84%)
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These compounds are among relatively stable (1-diazo-
allyl)phosphonates, which can be isolated by crystalli-
zation’™ or by chromatography.®®7!  Subsequent
heterocyclization to give, for example, products 35, 47, 95
and 96 is carried out either on heating in benzene or toluene
or at room temperature (usually in diethyl ether) in the dark
(Scheme 56).6% 71

Scheme 56
P(O)(OAIK)>
Ro_~_PO)(OAIk), —> /<—<
oo = G
N> H
90-93 35,95, 47,96
Compounds R Alk Yield (%)
90, 35 H Et -
91,95 4-MeOC¢Hy4 Me 82
92,47 Ph Me 80
93, 96 (E)-MeCH=CH Me 62

In some cases, intramolecular cyclization occurs sponta-
neously even at the stage of synthesis of (1-diazoallyl)-
phosphonate. This reaction yields, for example, pyrazoles
97100 (Scheme 57).71-73

Scheme 57
R2 R? P(O)(OAIk),
R! P(O)(OAIk), _ N2C0:
7 H:0,20-100°C | QN
NNHTs N H
97-100
Compound R! R? Alk Yield (%)
97 Me Me Me 65
98 Ph Me Me 86
99 Pri H Pri 87
100 (CHa)4 Et 52

Thermal decomposition of (3-oxo-1-alkenyl)phospho-
nate tosylhydrazones occurs analogously to give corre-
sponding pyrazoles 99, 101 —103 (Scheme 58).73

Scheme 58
N PO)(OPr), — €0
TsHN W argon, H0, 100 °C
R
, P(O)(OPri),
R P(O)OPri
j‘/\v (O)OPr') [<
Na R N N
H
99, 101103

R = Pri (99, 88% yield), Me (101, 85%), Bu' (102, 85%), Ph (103, 75%)

Vinylphosphonate 104, containing a diazo ester moiety
in the B-position, can be obtained by the diazo transfer
reaction.” This compound is stable on storage at—30 °C
for several months and is cyclized on heating to give
pyrazole 105 (Scheme 59).

Scheme 59

TsN3, DBU
_— >
CH>Cl», 20 °C, 8 h

i
MeO )\/VP(O)(OEt)z

| S P(O)(OEt), PhH

—> McO
¢ ‘ A,12h
N> 104 (380%)

P(O)(OEt),

— f(

MeO:C™ Ny N

H

105 (71%)

VI. Cyclocondensation of 1,3-dielectrophilic
compounds with hydrazines

A classical method of formation of a pyrazole ring is
through the condensation of hydrazine with 1,3-dicarbonyl
compounds (the Knorr synthesis) or 1,3-dielectrophilic
compounds, which are their analogues, in particular, with
a,B-unsaturated carbonyl compounds containing an extra
leaving group.”>~77 As applied to the synthesis of 3(5)-
phosphonylated pyrazoles, this approach has been devel-
oped in several variants differing in the type of starting
organophosphorus substrate, and the availability of the
latter is essential in this case.

The method was pioneered by Penz and Zbiral,”® who
demonstrated that the reaction of diisopropyl (3-oxo-2-
tosyloxy-1-alkenyl)phosphonates with hydrazine affords
phosphonylated pyrazoles (for example, compounds 99
and 101) in high yields (Scheme 60). The initial compounds
are prepared by hydroxylation of corresponding (3-oxo-1-
alkenyl)phosphonates under the action of OsO4—H»O>
with subsequent treatment with tosyl chlorides in pyridine.

Scheme 60

1) 0804, HzOz

RW/\VP(O)(OPri)g 2) TsCl, Py
0

—> R(0)CC=CHP(0O)(OPr}) NoHs
— i [ A
\ > EtOH, 60°C, 24 h
OTs
P(O)(OPr)
— ﬂ
RTNR N
H
99, 101

R = Pri (99, yield 70%), Me (101, 90%); Py is pyridine

The condensation of phenylhydrazine with diethyl
(3-ox0-1-chloro-1-propenyl) phosphonate leads, quite
expectedly, to phenylhydrazone, which is cyclized into
pyrazole 13 when sodium hydride is added to the reaction
mixture (Scheme 61).79-81
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Scheme 61
O\\/YP(O)(OEt)z PhNHNH,
CH,Cl»,30°C,2h

Cl

{PhNHNWP(O)(OEt)ﬂ NaH

3%)
A
—> (Et0),(0)P N

Y
13(66%) Ph

Hydrazine and methylhydrazine react analogously in the

presence of potassium carbonate to give pyrazoles 35 and
106, respectively (Scheme 62).8!

OWP(O)(OEt)z

Cl

vy
—> (EtO),(O)P N/N

\
35,106 R

Scheme 62

RNHNH:, K,CO3
CH.Cl, H,0,30°C,2-3h

R = H (35, yield 51%), Me (106, 61%)

The initial compound is synthesized as a mixture of Z-
and E-isomers (Z: E = 93:7) by the reaction of the Vilsme-
ier reagent with acetylphosphonate (Scheme 63).

Scheme 63

Me._ _P(O)(OEt), POCLDMF__ O._~__P(O)OEV;
T CH,Cl5, 35°C, 30 h VY
(6] Cl

It is worth noting that the same reactants — acetyl-

phosphonate and phenylhydrazine — can be used for syn-
thesis of isomeric 3-phosphonylated product 107 if the steps
of formylation and hydrazone formation are swapped
(Scheme 64).7%-80 The yield of the product is low (only
30%), since the reaction is hindered by further formylation
of the ring; however, when propionyl- and benzoylphosph-
onates are used, the yields of corresponding 56 and 108 are
as high as 61% and 73%.

Scheme 64
R PONOED: prNHNH,
I -
(0]
P(O)(OEt), POCI;, DMF
—> R ‘ _— >
20-80°C,5-10h
NNHPh
R P(O)(OEt), H(O)C P(O)(OEL)
)\ POCl;, DMF )\
/N /N
N (R =H) N
| |
Ph Ph
56,107, 108

R = H (107, yield 30%), Me (56, 61%), Ph (108, 73%)

Acetylphosphonate 2 as well as (FE)-3-ethoxyacryloyl
chloride 83 have been used to produce yet another reagent
in synthesis 3-phosphonylated pyrazoles (Scheme 65).

Scheme 65

HC(OEY);
Me. _P(O)(OR), ——2203
\H/ Ac:0, A, 1h
(R = Et,
yield 63%)

. Etov/\(P(O)(OR)2
o]

P(OMe);
25°C, 5h,
(R = Me,
yield 79%)

EtO\/\H/Cl
(0]

(E)-Diethyl (3-ethoxy-2-propenoyl)phosphonate (109)
reacts with hydrazine and alkyl(aryl) hydrazines to form
N-substituted (3-pyrazolyl)phosphonates 35, 107, 110 and
111 in moderate yields (Scheme 66).82

Scheme 66

P(O)(OED),

RNHNH, // \(N

1
EtO&\/KP(O)(OEt)z CH,CL, 1 h N

109 \
R 35,107,110, 111

R = H (35, 26% yield), Ph (107, 35%), Me (110, 30%),
4-MeCgH, (111, 41%)

Lu and Yang?® have shown that 1-methylsulfanyl-
2,2-dicyano- and 1-methylsulfanyl-2-cyano-2-ethoxycarbo-
nylvinylphosphonates can be introduced into condensation
with hydrazine (Scheme 67). The yields of products
112—-117 are nearly quantitative. The method is unique in
that 3-phosphonylated pyrazoles 112—117 contain an
amino group. The initial synthones are formed through the
addition of dialkyl phosphites to a,a-dicyano- or a-cyano-
a-ethoxycarbonyl ketene dithioacetals, produced in several
steps from malonodinitrile or ethyl cyanoacetate, respec-
tively.

Scheme 67
NC SMe HP(O)(OAIK)» NC SMe RNHNH,
X: /\SMe NaH, THF X: /\P(O)(OAlk)z AlkOH, —5-0°C
X P(O)(OAIlk)»
N \
H,N [ N
2 N
\
R 112-117
Compound X Alk R Yield (%)
112 CN Et H 96
113 CN Et Ph 94
114 CN Pri H 90
115 CN Pri Ph 89
116 COEt Et H 95
117 COEt Et Ph 93
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VII. Reactions of 3(5)-phosphonylated pyrazoles

Chemical transformations of 3(5)-phosphonylated pyra-
zoles have been sparingly reported. We mentioned the
Vilsmeier — Haack formylation of diethyl 1-phenyl-1H-pyr-
azol-3-ylphosphonate (107) at the 4-position (see Sec-
tion VI),79-80 N-methylation with diazomethane
(see Section I1I)25-34.38.39 and the possibility of removal of
the SEM-protecting group at the nitrogen atom (see
Section I1).3% It has been reported that a dialkoxyphos-
phoryl moiety of N-phenyl-substituted (3-pyrazolyl)-
phosphonates is hydrolyzed in a mixture of hydrochloric
acid and ethanol on heating under reflux to give product
118 in 15% yield 82 or by the McKenna method (reaction
with Me3SiBr with subsequent methanolysis) #8387 afford-
ing acid 119 in quantitative yield (Scheme 68).67

Scheme 68
P(O)(OED), P(O)(OH),
< 1) HCl (aq.), EtOH, A, 12 h <
/ /\N 2) propylene oxide, 20 °C, 10 kl / /\N
) Y
Ph 107 Ph 118 (15%)
P(0)(OMe), P(O)(OH),
/ \ 1) MesSiBr, CH2Cl, / \
N 20°C,4h N
Ph N Ph N
| 2) MeOH, 20°C, 1 h |
Ph 85b Ph 119 (100%)

The reduction of the phosphonate group with lithium
aluminiumhydride in the presence of trimethylchlorosilane
leads to 5-pyrazolylphosphines — intermediates in synthesis
of ligands for metal complex catalysis. For example, pyr-
azoles 12 and 13 are converted into phosphines 120a,b
(Scheme 69).1°

Scheme 69
/4/—\\ LiAIHa, Me3SiCl /F\
_— >
EOROP~ > N THE 0°C ~16h HPT N N

\
12,13 Ar 120ab  Ar

Compounds Ar Yield 120 (%)

12, 120a 1,3,5-triphenyl-1 H-pyrazol-4-yl 99
13, 120b Ph 82

Acylation of diethyl 4-isopropyl-3-pyrazolylphospho-
nate (34) with acetyl chloride in ether leads to 1-substituted
pyrazole 121 in good yield (Scheme 70).34

Scheme 70
Pri P(O)(OEt), Pri P(O)(OEt),
Z—< AcCl, EGN Z—(
QN Et,0, 20 °C, 0.5 h N
Ny, 1‘\1
34 Ac 121 (53%)

N-allylation of 5-vinyl-substituted 3-pyrazolylphospho-
nate 122 has been described (Scheme 71).62

Scheme 71
OMe OMe
P(O)(OMe), %> P(0)(OMe),

\ \

/ e / N
N [N

122 v
123 (75%)

(a) 1) NaH, THF, 0 °C, 0.5 h; 2) CH,=CHCH,Br, 20 °C, 14 h

Product 123 has been used in synthesis of fused pyrro-
lopyrazole 124 by the metathesis reaction in the presence of

the second-generation Grubbs (Grubbs I18%) catalyst
(Scheme 72).62
Scheme 72
OMe OMe
P(O)OMe)  a P(O)(OMe),
\ \
/ e / ¥
[ N N
L~ \
123 124 (94%)

(a) Grubbs II (0.02 mol.%), CH»Cl», 40 °C, 72 h

Finally, it has been shown that 3(5)-phosphonylated
pyrazoles with an ethynyl substituent at the periphery can
be involved in click chemistry reactions.®® ¢! In the known
examples, the second component was a biologically signifi-
cant molecule (such as a nucleoside or carbohydrate)
modified with azido group (Scheme 73). The azide—alkyne
cycloaddition was carried out as a step of a general one-pot
process involving the synthesis of the pyrazole ring. The
reaction requires using an equimolar amount of a Cu
catalyst, which is explained by the authors by the possibility
of competing binding of Cu!' ion to the pyrazole moiety.

We have performed a systematic analysis of the synthetic
routes to 3(5)-phosphonylated pyrazoles with the aim to
reproduce, as completely as possible, the spectrum of the
currently known structures and pay some attention to the
availability of the starting compounds. Information pre-
sented in this review demonstrates that various synthetic
routes to 3(5)-phosphonylated pyrazoles have been devel-
oped to a different extent. Some methods are actively
developed. In particular, significant progress has been
made in using the Bestmann-—Ohira reagent. Other
approaches are still represented by a set of fragmentary
experimental facts, and relevant studies are in their infancy.
We hope that the data reported in this review will help
organic chemists to properly assess trends in the develop-
ment of different synthetic approaches and will stimulate
further progress in those areas whose potential has not yet
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HO OH
HO
C(O)Ph CHO
HO N\ ~N .
\ \ \ -~
NQN NH
(55%) P(0)(OMe),

(a) 1) BOR, CH2(CN),, KOH, MeOH; 2) 3'-azidothymidine,
CuSOy4, Na ascorbate;

(b) 1) PhC(O)Me, KOH, MeOH; 2) BOR; 3) 5'-azidothymidine,
CuSOy4, Na ascorbate;

(¢) 1) PhC(O)Me, KOH, MeOH; 2) BOR; 3) 1-azidoglucopyranose,
CuSOy4, Na ascorbate

been elucidated. Practical interest in 3(5)-phosphonylated
pyrazoles, which are structural isomers of 4-pyrazolyl-
phosphonates and phosphorus analogues of pyrazole-3(5)-
carboxylates, in some areas, such as organic synthesis and
medicinal and coordination chemistry, has only recently
been aroused. Development of new preparative reactions
should extend the range of available structures and poten-
tial fields of their application.

The preparation of this review was supported by funding
from the Russian Foundation for Basic Research (Project
No. 15-03-04594).
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