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Syntheses of pyrazoles featuring a functionalized side chain attached to carbon 3 and varying alkyl
and aryl substituents attached to carbon 5 are presented. Installation of R ) methyl, isopropyl,
tert-butyl, adamantyl, or phenyl groups at C5 is reported here, starting by coupling protected
alkynols with acid chlorides RCOCl, forming alkynyl ketones, which are reacted with hydrazine to
form the pyrazole nucleus. Alcohol deprotection and conversion to a chloride gave 5-substituted
3-(chloromethyl)- or 3-(2-chloroethyl)pyrazoles. This sequence can be done within 2 d on a 30 g
scale in excellent overall yield. Through nucleophilic substitution reactions, the chlorides are useful
precursors to other polyfunctional pyrazoles. In the work here, derivatives with side chains LCH2-
and LCH2CH2- at C3 (L ) thioether or phosphine) were made as ligands. The significance of the
ligands made here is that by placing a ligating side chain on a ring carbon (C3), rather than on a
ring nitrogen, the ring nitrogen not bound to the metal and its attached proton will be available
for hydrogen bonding, depending on the steric environment created by R at C5.

Introduction

It is clear that we can learn much about ligand and
catalyst design by looking to Nature and some of its
catalysts, the enzymes. For example, the active site of
the enzyme carboxypeptidase1 is typical of many metal-
loenzymes,2 containing a Lewis acidic transition-metal
center [a Zn(II) ion] bound tightly to the protein and
several nearby organic functional groups capable of
accepting or donating a proton or a hydrogen bond. It is
thought that the combined effects (cooperativity) of the
metal ion and nearby Brønsted-Lowry acids and bases
are responsible for facilitating the addition of a water
molecule to a carboxylic acid amide, accelerating amide
hydrolysis by a factor of more than 1011.3,4

In simplified systems, the effects of cooperativity have
been studied using a variety of metal ions and organic
functional groups such as phenol,5 imidazole or imida-
zolium,6 and alkylamine or -ammonium moieties.7,8 The
pKa of the phenol, imidazolium, and alkylammonium

moieties used is in the range of 7-10. Recently, organo-
metallic examples of bifunctional catalysis have featured
systems in which a transition-metal hydride and an
electronically coupled N-H or O-H9-14 act in concert to
catalyze addition of hydrogen to polar functional groups
(aldehydes, ketones, imines), in some cases with very
high enantioselectivity.

Metal complexation to the pyrazole heterocycle15-18

could offer a straightforward way to couple the effect of
a metal bound to one heterocyclic nitrogen with the
ability of the N-H to donate a proton or hydrogen bond
(see Chart 1, structures A and B). The ability of metal-
coordinated pyrazole to donate a hydrogen bond intramo-
lecularly to a halide, hydroxide, carboxylate, or peroxo
ligand is well-documented.19 Literature data on proton
donation of metal-coordinated pyrazoles is much more
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rare, but it appears that the acidity of pyrazole itself (pKa

) 14.2)20 moves into the range 5.98-7.21 (similar to that
of protonated imidazole) upon coordination to [M(NH3)5]3+

(M ) Cr, Co, Ru).21,22

Surprisingly, we are unaware of attempts to use
pyrazole proton or hydrogen bond donation properties in
catalysis or enzyme modeling until recently. In 1998, as
we began our work,19e,23 Deters and Krämer reported that
Cu(II) complexes of type B underwent deprotonation and
dimerization (forming structures similar to C or D) rather
than catalyzing phosphate ester hydrolysis.24 This result
shows one of the potential difficulties in maintaining
structures such as A and B: deprotonation of pyrazole
produces a pyrazolate, a monoanionic ligand, usually
bridging two metals by coordination of both nitrogens as
in C or D.25,26 We felt that if we could hinder the
intermolecular approach of hydrogen bond acceptors,
bulky metal fragments, or bases to the pyrazole N-H,
we would be able to focus our studies on the intramo-
lecular hydrogen-bonding interactions schematically il-
lustrated in structures A and B.

In fact, in our pursuit of structure B in which a N-H
bond is retained, we have reported the preparation of
pyrazole ligands 1 (Chart 2) featuring a soft thioether or
phosphine group.19e (For clarity in this paper, in all cases
where two tautomeric forms of a pyrazole are possible

and probable, e.g., 1, only one form will be shown.) In
the crystal structures of Pd(II) species of type B (e.g., 2,
Chart 2) it was obvious that a lack of steric hindrance at
the pyrazole N-H allowed multiple hydrogen-bonding
interactions, both the desired intramolecular one shown
and undesired intermolecular ones. Because we wanted
to study the cooperative effects of intramolecular hydro-
gen bonding, our synthetic tactic, the fruits of which are
reported here, has been to increase steric hindrance at
the NH by introducing alkyl or aryl groups at C5. We
now report a versatile synthesis of pyrazoles which allows
us to vary the steric environment of the pyrazole ring as
well as the length of the side chain spacer between L and
C3 of the heterocycle. The crystal structures of several
PdCl2 complexes show that changing these groups allows
control of the structure of the complexes and their
intermolecular hydrogen bonding.27 The ability to create
pyrazole-containing ligands with different steric and
electronic properties will facilitate future studies of
pyrazole-metal complexes. These synthetic advances
should have application not only to the field of ligand and
catalyst design, but also in pharmaceutical chemistry,
since hundreds of pyrazole derivatives have already been
made as drugs, herbicides, etc.28

Results and Discussion

Synthesis Design. We sought a general route which
would allow one to vary systematically both the steric
and electronic properties of the pyrazole ligand system.
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We wanted to avoid using reducing or oxidizing reagents,
so as to increase the variety of functional groups toler-
ated. Many pyrazoles have been made as ligands, but
virtually all of these feature a substituent on one of the
ring nitrogens. Perhaps the most common type of pyra-
zole-containing ligands are poly(pyrazolyl)borates (e.g.,
structure E).26a Because substitution at one of the ring
nitrogens is such a facile reaction, virtually all pyrazole
ligands have been made by one of two routes, alkylation
at one ring nitrogen with either aldehydes or alkyl
halides or tosylates29 or attachment of a boron.26a,b These
strategies result in blockage of the substituted nitrogen
to coordination and loss of the critical NH group, which
we required.

The number of pyrazole-containing ligands in which
both ring nitrogens are unsubstituted and a side chain
is attached at a ring carbon is rather small,30 probably
because it is relatively difficult to make such systems.
In our reported approach to 1 and 2 (Scheme 1),19e we
overcame this problem by attaching a functionalized side
chain at the pyrazole 3-position starting with pyrazole
itself, which was converted to its N-hydroxymethyl
derivative 3a with formaldehyde. The ring of 3a was
lithiated using n-BuLi, and the resulting species treated
with formaldehyde. After N-deprotection, the hydro-
choride salt of pyrazole-3-methanol (4a) resulted; sub-
sequent conversions of 4a led to 1. In early stages of this
work, we treated 3(5)-tert-butylpyrazole31 with formal-
dehyde, isolating a single N-hydroxymethyl derivative,
3b. The structure shown is tentatively assigned on the
basis of ample literature precedents involving the reac-
tion of sterically biased 3(5)-substituted pyrazoles under
thermodynamic control, which show that N-substitution
is preferred on the less-hindered nitrogen.29,32 However,
limited attempts at lithiation of 3b and trapping with
electrophiles suggested that alternative routes were
desirable. Even if the chemistry proceeded smoothly, if

we were to use lithiation of preformed pyrazole deriva-
tives, for each desired pyrazole 5-substituent we would
have to first make the pyrazole itself and then its
N-hydroxymethyl derivative 3.

Perhaps the most common route to construction of
pyrazoles with different substituents at C3 and C5 is
condensation of hydrazine with an unsymmetrical 1,3-
diketone [path a in Scheme 2, in equilibrium with its
tautomeric enol form(s)].15,33-35 For our purposes, forma-
tion of the requisite 1,3-diketone would require selective,
directed Claisen condensation between compounds such
as those shown in path a. Initial experiments in this
direction were not promising, so another kind of 1,3-bis-
(electrophile) was sought.

There are scattered but increasingly frequent literature
reports that pyrazoles can be made by adding hydrazine
(as a double nucleophile) to other three-carbon units
featuring two electrophilic carbons in a 1,3-relationship.
Vinyl ketones with a potential leaving group â to the
carbonyl are one candidate.36-38 However, a century ago
it was discovered that acetylenic ketones can react with
hydrazine derivatives to give pyrazoles.39-41 Until re-
cently, there have only been a few reports of this
reaction,33,42-48 though in recent years it has assumed
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SCHEME 1. Attempt To Extend Previously Used
Chemistry

SCHEME 2. 1,3-Electrophiles as Pyrazole
Precursors
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greater interest because better routes to the requisite
alkynyl ketones have allowed functionalized or optically
active compounds to be made.49-54 Application of this
chemistry to our study is shown schematically in Scheme
2, path b. We were especially attracted to a report that
acetylenic ketones were readily available by addition of
simple alkynylzinc reagents to carboxylic acid chlorides.55

This chemistry, stoichiometric in lithium and zinc, was
successful, as described in the following section, but
toward the end of our study a further improvement, a
Pd-catalyzed alkyne-acid chloride coupling, was used.47

Pyrazole Synthesis. We reasoned that readily avail-
able THP ethers 5 and 6 (Scheme 3) could be used as
starting materials for our work. Deprotonation of 5 or 6
with n-BuLi and transmetalation with ZnCl2,56 followed
by addition of the appropriate acid chloride,55 gave
ketones 7-11. Addition of hydrazine to 7 or 9-1157

exothermically produced pyrazoles 12-15, which were

deprotected in acidic methanol-water or methanol to
give hydrochloride salts of 5-substituted pyrazole-3-
methanol or pyrazole-3-ethanol (16-19). Free bases 16
and 17 were known, having been made by other
routes.58-62 The hydroxyl group in 16-19 or their hydro-
chloride salts was converted to a chloride using thionyl
chloride, as had been done previously for 4a.19e,63 Overall
yields of the chloro compounds 20-23 as hydrochloride
salts are good to excellent. Several of the intermediates
were isolated and characterized, but this is not necessary
to complete the synthesis. As an example, over 30 g of
22 was made from 5 in a matter of 2 days in overall 71%
yield, with the only purification step being extraction,
rotary evaporation, or precipitation.

The proton NMR spectra of hydrochloride salts such
as 20-23 showed a broad two-proton peak for the NH
protons downfield of δ 10 ppm. Remarkably, the com-
pounds with the tert-butyl group showed good solubility
in CDCl3 or CH2Cl2. Carbon NMR data showed three
signals for the pyrazole ring carbons in the expected
ranges, the one for C4 near 104 ppm and the two for C3
and C5 downfield, near 145 and 158 ppm.64

After showing the beneficial effects of varying the
nature of the pyrazole ring substituents,27 we decided to
improve on the ligand synthesis by examining catalytic
methods of constructing the carbon skeleton. Especially
attractive was the report of Giacomelli et al.,47 in which
alkynyl ketones were constructed by Pd- and Cu-
catalyzed addition of unfunctionalized terminal alkynes
and acid chlorides in triethylamine solvent. Concerns
that an oxygenated functional group at a propargylic
position would interfere were quickly dispelled by suc-
cessful use of Pd and Cu cocatalysts with a variety of
acid chlorides (see Scheme 4). Although as little as 0.1%
Pd catalyst is effective, with hindered acid chlorides such
as t-BuCOCl complete reaction requires several days at
ambient temperature. In distinct contrast, i-PrCOCl
appeared to react completely within hours. The slower
reactions can be accelerated so that consumption of
alkyne is complete within 1 day by using 0.5-1.0% Pd,
which is still a reasonably small amount. Overall yields
of (hydroxymethyl)pyrazoles were excellent (61-77%).

Finally (Scheme 5), the desired sulfur- or phosphorus-
based ligand 29 or 30 was produced in 47-82% yield by
nucleophilic substitution of the chloride. An excess of
nucleophilic reagent (LiPPh2 or lithium thioalkoxide) was
applied because of the two acidic protons on the pyrazole
ring (for comparison, the two pKa values of protonated
pyrazole are pKa1 ) 2.5 and pKa2 ) 14.2).20 A variety of
sulfur-based nucleophiles were employed, producing 29b,
29d, 29e, 29f, 29g, and 30d. Using excess lithium
diphenylphosphide, ligands 29a and 29c were obtained
as air-sensitive oils, whereas 30c was a solid. From
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literature precedents, all of the unsymmetrical pyrazole
derivatives in this study would exist as two tautomers,
only one of which is shown for clarity. However, in the
13C NMR spectra of 29 and 30 (as well as those of 12-
15) the two downfield resonances for C3 and C5 were
unusually broadened, a result ascribed to the dynamic
equilibrium between the two tautomers and the espe-
cially large change in chemical shift for the two ring
carbons (C3 and C5) closest to the shifting proton.64

Conclusions

Here we present flexible syntheses of pyrazoles with
two different substituents at C3 and C5, which are

expected to be of interest not only to coordination and
organometallic chemists, but to anyone who wants to
make pyrazoles with functionalized substituents in de-
fined positions on the heterocycle. Although the focus of
this paper is the synthesis of thioethers and phosphines,
we note that 3-(chloromethyl)pyrazole itself and its
5-methyl derivative 20 have been converted to a number
of amines and other products through nucleophilic
substitutions.61,63,65-67 Future reports from our laborato-
ries will show ways in which the new, related chloroalkyl
compounds 21-23 display similar reactivity and versatil-
ity.

Experimental Section

General Procedures. Compounds 5 and 6 were either
purchased or readily made by reacting the appropriate alcohol
with dihydropyran under catalysis of toluenesulfonic acid. Dry
THF and ether were distilled from benzophenone and sodium.
Other solvents for manipulations of phosphines were deoxy-
genated by bubbling nitrogen through them. Other reagents
were purchased and used as received. Reactions were per-
formed under nitrogen using a combination of Schlenk and
inert-atmosphere glovebox techniques, and workups were done
in air unless otherwise specified.

Unless otherwise specified, NMR spectra were recorded
using a 200 or 500 MHz spectrometer at room temperature.
1H and 13C NMR chemical shifts are reported in parts per
million downfield from tetramethylsilane and referenced to
residual solvent resonances (1H NMR, 7.27 ppm for CHCl3 in
CDCl3, 2.05 ppm for CHD2COCD3 in acetone-d6, 2.50 ppm for
CHD2SOCD3 in DMSO-d6, 3.31 ppm for CHD2OD in CD3OD;
13C NMR, 77.23 ppm for CDCl3, 29.92 ppm for CD3COCD3,
39.51 ppm for CD3SOCD3, 49.15 ppm for CD3OD), where 1H
NMR signals are given followed by multiplicity, coupling
constants J in hertz, and integration in parentheses. For
complex coupling patterns, the first coupling constant listed
corresponds to the first splitting listed, e.g., for “(dt, J ) 3.2,
7.9 Hz, 1 H)” the doublet exhibits the 3.2 Hz coupling constant.
31P{1H} NMR chemical shifts were referenced to external 85%
H3PO4(aq). Elemental analyses were performed at NuMega
Resonance Labs (San Diego).

General Procedure for the Synthetic Route shown in
Scheme 3. 5-tert-Butyl-3-(chloromethyl)pyrazole hydro-
chloride (22) and Intermediates 6-[(Tetrahydro-2H-
pyran-2-yl)oxy]-2,2-dimethylpent-4-yn-3-one (10), 5-tert-
Butyl-3-[(tetrahydro-2H-pyran-2-yl)oxy]methylpyra-
zole (14), and 5-tert-Butylpyrazole-3-methanol Hydro-
chloride (18‚HCl). A solution of 5 (30.0 g, 0.214 mol) in dry
THF (250 mL) under a nitrogen atmosphere was cooled to -78
°C. A solution of n-BuLi in hexane (2.5 M, 85.0 mL, 0.214 mol)
was added dropwise over 30 min to the cold reaction mixture.
The mixture was stirred for 1 h at -78 °C and slowly warmed
to room temperature. After being stirred for 2.5 h, the mixture
was cooled to -40 °C. A solution of ZnCl2 (29.17 g, 0.214 mol)
in THF (100 mL) was slowly added over 15 min before the
reaction mixture was warmed to room temperature and stirred
for 1 h. The reaction mixture was cooled to 0 °C, and pivaloyl
chloride (25.5 g, 0.214 mol) was added. The reaction was slowly
warmed to room temperature and stirred overnight (14 h)
before addition of saturated NH4Cl solution, followed by NH3

in water. The organic layer was extracted with diethyl ether
(2 × 100 mL). The organic phases were combined, dried with
MgSO4, and filtered, and the filtrate was concentrated by

(65) Di Vaira, M.; Mani, F.; Stoppioni, P. J. Chem. Soc., Dalton
Trans. 1994, 3739-3743.

(66) Meyer, F.; Beyreuther, S.; Heinze, K.; Zsolnai, L. Chem. Ber./
Recl. 1997, 130, 605-613.

(67) Yuan, Y.; Jiménez, M. V.; Sola, E.; Lahoz, F. J.; Oro, L. A. J.
Am. Chem. Soc. 2002, 124, 752-753.

SCHEME 4. Pd-Catalyzed Route

SCHEME 5. Ligands from Side Chain
Functionalizations
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rotary evaporation. The residue containing 10 was dissolved
in methanol (100 mL) and the resulting solution cooled to 0
°C. Hydrazine monohydrate (10.7 g, 0.214 mol) was added to
the cold reaction mixture. Within a minute, the reaction had
warmed to reflux by itself but was allowed to cool to room
temperature and stirred for 2 h. To deprotect the THP
derivative 14, the reaction solution was acidified with aqueous
HCl until the pH of the mixture reached 2 and then stirred
for 14 h. The reaction mixture was concentrated by rotary
evaporation and the residue placed under vacuum for 14 h to
give crude hydrochloride salt 18‚HCl. The solid residue was
then stirred in thionyl chloride (100 mL) for 15 h. After hexane
was added, precipitated solid was filtered, washed with hexane
(100 mL), and placed under vacuum to give hydrochloride salt
22 (31.9 g, 0.152 mol, 71% from 5): 1H NMR (CDCl3, 200 MHz)
δ 14.8 (br s, 2 H), 6.42 (s, 1 H), 4.79 (s, 2 H), 1.46 (s, 9 H) ppm;
13C{1H} NMR and APT δ 158.6, 144.5, 103.7, 33.6 (CH2), 32.1
[-C(CH3)3], 29.7 [-C(CH3)3] ppm. Anal. Calcd for C8H14N2Cl2

(209.12): C, 45.95; H, 6.75; N, 13.39. Found: C, 45.70; H, 6.97;
N, 13.13.

Spectral data for a sample of 10 purified by chromatography
(silica; hexanes/ethyl acetate, 4:1): 1H (CDCl3, 500 MHz) δ 4.74
(t, J ) 5.5 Hz, 1 H), 4.36 (s, 2 H), 3.75 (m, 1 H), 3.47 (m, 1 H),
1.8-1.62 (2 H), 1.6-1.42 (4 H), 1.12 (s, 9 H) ppm; 13C NMR
(CDCl3, 125.7 MHz) δ 193.3, 97.1, 89.6, 82.9, 62.0, 53.8, 44.6,
30.2, 25.9, 25.3, 18.9 ppm. Anal. Calcd for C13H20O4 (240.30):
C, 69.61; H, 8.99. Found: C, 69.23; H, 9.02.

Spectral data for a sample of 14 purified by chromatography
(silica; hexanes/ethyl acetate, 4:1): 1H (CDCl3, 500 MHz) δ
9.3-11.0 (br, 1 H), 6.09 (s, 1 H), 4.75 (d, J ) 12.3 Hz, 1 H),
4.72 (narrow m, 1 H), 4.56 (d, J ) 12.3 Hz, 1 H), 3.93 (ddd, J
) 3, 8, 11 Hz, 1 H), 3.54-3.58 (m, 1 H), 1.82-1.90 (m, 1 H),
1.72-1.78 9m, 1 H), 1.50-1.68 (m, 4 H), 1.33 (s, 9 H) ppm;
13C{1H} NMR (125.7 MHz, CDCl3) δ 156.8 (br), 146.4 (br),
101.0, 98.3, 62.5, 62.3 (sl br), 30.7, 30.5, 25.6, 19.6 ppm. Anal.
Calcd for C13H22N2O2 (238.33): C, 65.55; H, 9.30; N, 11.75.
Found: C, 65.86; H, 8.91; N, 11.79.

1H NMR data for hydrochloride salt 18‚HCl in CDCl3 were
as follows: δ 6.28 (s, 1 H), 4.85 (s, 2 H), 1.41 (s, 9 H)
(resonances for OH and NH not assignable) ppm.

5-Methyl-3-[(tetrahydro-2H-pyran-2-yl)oxy]methylpyra-
zole (12) and Intermediate 5-[(tetrahydro-2H-pyran-2-
yl)oxy]pent-3-yn-2-one (7). Following the first part of the
general procedure above, to 5 (14.93 g, 107 mmol) and dry THF
(60 mL) cooled to -78 °C was added dropwise n-butyllithium
(50 mL, 120 mmol, 2.4 M in hexanes). After addition was
completed a solution of ZnCl2 (14.65 g, 107 mmol) in THF (80
mL) was added dropwise. The reaction slurry was slowly
brought to 0 °C, and acetyl chloride (9.15 g, 117 mmol) was
added at once. The solution was heated for 30 min at 40 °C
and then cooled to room temperature. The reaction was
quenched with saturated aqueous NH4Cl (50 mL), and the
phases were separated. The aqueous phase was extracted with
Et2O (2 × 75 mL). The combined organic phases were washed
with saturated aqueous NaHCO3 (50 mL) and saturated
aqueous NH4Cl (5 × 50 mL), dried over MgSO4, filtered, and
concentrated. To a solution of the crude residue in methanol
(100 mL) was added hydrazine hydrate (7.50 g, 150 mmol).
The mixture warmed, then cooled to ambient temperature, and
stirred for 12 h before the solvent was removed by rotary
evaporation. The crude material was normally carried to the
next step without further purification. For characterization
purposes a small sample was chromatographed (SiO2, 25%
ethyl acetate/petroleum ether and then Et2O) to give 12 as a
thick colorless oil: 1H NMR (CDCl3, 500 MHz) δ 10.04 (br s, 1
H), 6.03 (s, 1 H), 4.73 (d, J ) 12.3 Hz, 1 H), 4.72-4.68 (m, 1
H), 4.55 (d, J ) 12.3 Hz, 1 H), 3.91-3.86 (m, 1 H), 3.54-3.50
(m, 1 H), 2.28 (s, 3 H), 2.00-1.40 (m, 6 H) ppm; 13C{1H} NMR
(CDCl3, 125.7 MHz) δ 146.6, 143.3, 104.2, 97.9, 62.3, 61.7, 30.6,
25.5, 19.4, 11.9 ppm; IR (neat, NaCl) 3200, 2948, 1580, 1441,
1385, 1343, 1262, 1200, 1120, 1023 cm-1. Anal. Calcd for

C10H16N2O2 (196.25): C, 61.20; H, 8.22; N, 14.27. Found: C,
60.87; H, 8.12; N, 13.94.

From another reaction, a sample of 7 was purified using
silica gel and exhibited the following data: 1H NMR (CDCl3,
500 MHz) δ 4.79 (t, J ) 3.3 Hz, 1 H), 4.44-4.37 (m, 2 H), 3.84-
3.80 (m, 1 H), 3.56-3.52 (m, 1 H), 2.34 (s, 3 H), 1.85-1.71 (m,
2 H), 1.66-1.51 (m, 4 H) ppm; 13C{1H} NMR (CDCl3, 125.7
MHz) δ 184.1, 97.4, 87.9, 85.4, 62.2, 54.0, 32.7, 30.3, 25.4, 19.0
ppm; IR (CDCl3) 2214, 1677, 1442 cm-1.

5-Phenyl-3-[(tetrahydro-2H-pyran-2-yl)oxy]methylpyra-
zole (13) and Intermediate 4-[(tetrahydro-2H-pyran-2-
yl)oxy]-1-phenylbut-2-yn-1-one (9). In a manner similar to
that used to make 12, 5 (1.4898 g, 10.6 mmol) in THF (10 mL)
was cooled to -78 °C, and n-butyllithium (4.3 mL, 10.7 mmol,
2.5 M in hexanes) was added dropwise. After addition was
completed, the cooling (dry ice) bath was removed for 10 min
before being returned. To the cold flask was added dropwise a
solution of ZnCl2 (1.448 g, 10.6 mmol) in THF (10 mL). After
0.5 h, a water/ice bath was put around the flask. After an
additional 1 h at 0 °C, Pd(PPh3)4 (0.22 g, 0.19 mmol) was added
as a suspension in THF, followed 20 min later by benzoyl
chloride (1.49 g, 10.6 mmol). The solution was heated for 30
min at 40 °C and then cooled to room temperature. The
reaction was quenched with saturated aqueous NH4Cl. The
crude material from further workup was chromatographed
over a silica column (15 cm long × 2.2 cm diameter) using ethyl
acetate/petroleum ether (1:10) to afford alkynyl ketone 9 as a
pale yellow oil (1.266 g, 49%): 1H NMR (CDCl3, 500 MHz) δ
8.08-8.06 (m, 2 H), 7.55-7.52 (m, 1 H), 7.42-7.41 (m, 2 H),
4.80 (s, 1 H), 4.48 (s, 2 H), 3.82-3.78 (m, 1 H), 3.52-3.48 (m,
1 H), 1.79-1.68 (m, 2 H), 1.63-1.48 (m, 4 H) ppm; 13C{1H}
NMR (CDCl3, 125.7 MHz) δ 177.3, 136.4, 134.2, 129.5, 128.5,
97.4, 90.5, 83.5, 62.0, 54.0, 30.1, 25.2, 18.9 ppm; IR (CDCl3)
2233, 1646, 1450 cm-1. To a solution of the ketone (0.987 g,
4.04 mmol) in methanol (10 mL) at room temperature was
added hydrazine hydrate (0.202 g, 4.04 mmol). Immediate
warming of the mixture was noted. After 1 h, TLC using ethyl
acetate/diethyl ether (1:10) and anisaldehyde showed a single
major spot with Rf ) 0.9 as well as a trace of impurity with Rf

) 0.5. The mixture was concentrated by rotary evaporation
and the residue stored overnight under vacuum. Only the
major TLC spot (Rf ) 0.9) remained. Compound 13 was
obtained as a pale yellow, thick oil (1.03 g, 98% from 9, 48%
overall from 5): 1H NMR (CDCl3, 500 MHz) δ 7.72 (t, J ) 7
Hz, 2 H), 7.36 (dd, J ) 7.0 Hz, 7.3 Hz, 2 H), 7.29 (t, J ) 7.3
Hz, 1 H), 6.58 (s, 1 H), 4.80 (d, J ) 12.5 Hz, 1 H), 4.72 (t, J )
3.8 Hz, 1 H), 4.64 (d, J ) 12.5 Hz, 1 H), 3.93-3.88 (m, 1 H),
3.57-3.52 (m, 1 H), 1.85-1.82 (m, 1 H), 1.75-1.70 (m, 1 H),
1.64-1.50 (m, 4 H) ppm; 13C{1H} NMR (CDCl3, 125.7 MHz) δ
148.9, 145.3, 132.0, 128.8, 128.1, 125.8, 102.2, 98.2, 62.5, 61.3,
30.6, 25.5, 19.5 ppm; IR (neat, NaCl) 3268 (νNH), 2943, 1746,
1461, 1438, 1113 cm-1.

5-Methylpyrazole-3-methanol (16). Crude THP-protected
(hydroxymethyl)pyrazole 12 (21.00 g, 107 mmol) was dissolved
in methanol (100 mL) along with p-TsOH‚H2O (0.250 g, 1.0
mmol). The reaction solution was brought to reflux for 8 h,
then cooled to room temperature, and quenched with solid K2-
CO3. The reaction slurry was concentrated on a rotary
evaporator, and the crude residue was chromatographed (SiO2;
ethyl acetate/petroleum ether, 1:1) to yield 16 (3.89 g, 35.7
mmol, 32%, two steps from 5) as an off-white powder: mp 78-
80 °C (lit. mp 86-87 °C,58 80 °C,59 86 °C60); 1H NMR (acetone-
d6, 500 MHz) δ 11.94 (br s, 1 H), 5.98 (s, 1 H), 4.58 (s, 2 H),
2.23 (s, 3 H) ppm; 13C{1H} NMR (acetone-d6, 125.7 MHz) δ
151.1, 143.3, 103.4, 57.9, 11.8 ppm; IR (neat, NaCl) 3226, 2876,
1579, 1437, 1303, 1143, 1023, 1002 cm-1. Anal. Calcd for
C5H8N2O (112.13): C, 53.56; H, 7.19; N, 24.98. Found: C,
53.52; H, 7.12; N, 24.37.

5-Phenylpyrazole-3-methanol Hydrochloride (17‚HCl).
The THP ether 13 (1.02 g, 3.98 mmol) was dissolved in
methanol (12 mL), and at room temperature a solution of
concentrated aqueous hydrochloric acid and methanol (1:1) was
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added slowly until the pH of the reaction mixture was 2. After
the mixture was stirred for 3 h, TLC showed conversion to a
new product (Rf ) 0.8; ethyl acetate/petroleum ether, 1:10;
anisaldehyde]. The solution was concentrated under vacuum
and the white crystalline residue recrystallized from CH2Cl2,
affording 17‚HCl (0.616 g, 74%) as white crystals: 1H NMR
(200 MHz, DMSO-d6) δ 7.82 (d, J ) 6.8 Hz, 2 H), 7.38-7.42
(m, 3 H), 6.73 (s, 1 H), 4.54 (s, 2 H) ppm; 13C{1H} NMR (50.3
MHz, DMSO-d6) δ 148.9, 147.2, 130.9, 129.0, 128.4, 125.6,
101.1, 55.3 ppm. Anal. Calcd for C10H11ClN2O (210.66): C,
57.00; H, 5.26; N, 13.29. Found: C, 56.97; H, 5.07; N, 13.26.

General Procedure for the Palladium-Catalyzed Route
Shown in Scheme 4. 5-Phenylpyrazole-3-methanol (17).
To a solution of 5 (5.00 g, 35.7 mmol) in triethylamine (100
mL) at room temperature under a nitrogen atmosphere was
added PhCOCl (5.01 g, 35.7 mmol). Catalytic amounts of CuI
(0.339 g, 1.78 mmol) and (PPh3)2PdCl2 (0.25 g, 0.36 mmol) were
added to the mixture, which was stirred for 15 h, at which
time analysis of an aliquot by NMR spectroscopy showed that
the reaction was complete. The mixture was filtered and the
filtrate concentrated by rotary evaporation. The residue was
passed through a short silica gel column, eluted with diethyl
ether. The eluant was concentrated by rotary evaporation. The
concentrate was dissolved in methanol (30 mL), and hydrazine
monohydrate (1.790 g, 35.7 mmol) was added. After 5 s, the
reaction warmed by itself but was stirred for 2 h. The solution
was acidified until pH 2 using concentrated aqueous HCl and
heated under reflux for 15 h. After cooling, the reaction
mixture was neutralized with saturated aqueous NaHCO3, and
water (100 mL) was added. Extraction with diethyl ether (50
mL) resulted in some precipitation (which turned out to be
product), which was removed by filtration and washed with
ether. The aqueous phase was further extracted with CH2Cl2

(3 × 50 mL). Combined organic extracts were dried over
MgSO4 and filtered, and the filtrate was concentrated. The
residue was purified over a short column of silica. The
combined yield of product 17 as a solid was 3.41 g, 19.6 mmol,
55%. In another run on a smaller scale, the crude product was
recrystallized from acetone and petroleum ether to give 17
(61%): mp 149.0-149.4 °C; 1H NMR (CD3OD, 200 MHz) δ 7.71
(d, J ) 7.2 Hz, 2 H), 7.41-7.24 (m, 3 H), 6.59 (s, 1 H), 4.66 (s,
2 H) ppm; 13C{1H} (CD3OD, 125.7 MHz) δ 154.8, 145.1, 132.9,
129.9, 129.2, 126.7, 102.2, 57.7 ppm; IR (acetone-d6) 3518,
3302, 3064, 2940, 2876, 1607, 1463, 1267, 1259, 1200, 956, 918,
771, 698 cm-1. Anal. Calcd for C10H10N2O (174.20): C, 68.95;
H, 5.79; N, 16.08. Found: C, 68.67; H, 5.86; N, 16.12.

3-(Chloromethyl)-5-methylpyrazole Hydrochloride (20).
To thionyl chloride (20 mL) was added slowly the free base of
hydroxymethyl compound 16 (1.566 g, 14.0 mmol). After the
addition the reaction solution was heated to 80 °C for 1 h. The
reaction was cooled to room temperature, and hexanes (50 mL)
was added. The resulting precipitate was filtered and washed
with hexanes (2 × 10 mL). The solid was placed under vacuum
to give 20 (2.11 g, 12.7 mmol, 91%) as a light brown powder:
1H NMR (DMSO-d6, 200 MHz) δ 14.24 (s, 2 H), 6.31 (s, 1 H),
4.71 (s, 2 H), 2.25 (s, 3 H) ppm; 13C{1H} NMR (DMSO-d6, 50.3
MHz) δ 145.6, 143.0, 105.3, 36.6, 10.7 ppm; IR (KBr) 3400,
2745, 1596, 1292, 1240, 1161 cm-1. Anal. Calcd for C5H8Cl2N2

(166.01): C, 35.95; H, 4.83; N, 16.77. Found: C, 35.92; H, 4.78;
N, 16.62. This compound was made previously without NMR
or analytical data.58,61

3-(Chloromethyl)-5-phenylpyrazole Hydrochloride (21).
Hydroxymethyl compound 17‚HCl (0.59 g, 2.79 mmol) was
dissolved in thionyl chloride (5.8 mL, 80 mmol), and the
resulting mixture was heated at 40 °C for 2 h, followed by
heating at 65 °C for 10 min. The mixture was allowed to cool
to room temperature, and hexanes (12 mL) was added. The
resulting white solid was filtered off and dried under vacuum,
affording 0.608 g (95%) of the product 21: mp 171.8-172.4
°C dec; 1H NMR (200 MHz, DMSO-d6) δ 9.42 (s, 2 H), 7.80 (d,
J ) 8 Hz, 2 H), 7.28-7.60 (m, 3 H), 6.78 (s, 1 H), 4.75 (s, 2 H)

ppm; 13C{1H} NMR (50.3 MHz, DMSO-d6) δ 146.3, 145.8,
130.2, 129.1, 128.4, 125.5, 102.6, 37.9 ppm; IR (KBr) 3152,
3000-2200, 1605, 1595, 1458, 1266 cm-1. Anal. Calcd for
C10H10Cl2N2 (229.11): C, 52.42; H, 4.39; N, 12.23. Found: C,
52.46; H, 4.23; N, 12.26. This compound was made previously
with only elemental analysis for N reported.58

Palladium-Catalyzed Route to 5-tert-butylpyrazole-3-
methanol (18). To a solution of 5 (5.00 g, 35.7 mmol) in
triethylamine (50 mL) was added 2,2-dimethylpropionyl chlo-
ride (4.70 g, 39.0 mmol), followed by CuI (0.0312 g, 0.0164
mmol, 0.5%) and (PPh3)2PdCl2 (0.0342 g, 0.00489 mmol, 0.1%).
The mixture was stirred for 4 days, after which time the
reaction was complete on the basis of the disappearance of the
alkyne (Rf ) 0.70; petroleum ether/dichloromethane, 8:1). This
reaction time can be shortened to a day by using 5-10 times
more of the two catalysts. The mixture was diluted with water
(100 mL), and the aqueous layer was extracted with diethyl
ether (2 × 100 mL). The organic phases were combined and
washed with 2 N HCl (50 mL), followed by saturated NaHCO3

(50 mL) and then H2O (50 mL). The organic phase was dried
with MgSO4 and filtered. The organic solution was concen-
trated by rotary evaporation, leaving crude alkynyl ketone
(7.00 g). The crude ketone was dissolved in methanol (30 mL),
and hydrazine monohydrate (1.57 g, 31.4 mol) was added to
the mixture. After 5 s, the reaction warmed to reflux temper-
ature. After being stirred for another 2 h, the reaction mixture
was acidified until pH 2 with concentrated HCl and allowed
to stir for 15 h. The reaction mixture was neutralized with
solid NaHCO3 and concentrated by rotary evaporation. To the
residue was added diethyl ether (100 mL), and insoluble solids
were filtered off. The filtrate was concentrated by rotary
evaporation, and the residue was purified by Kugelrohr
distillation at 120 °C and ca. 1.5 Torr to give 18 (4.13 g, 26.8
mmol, 75%) as a thick oil of sufficient purity for subsequent
use (1H NMR): mp 108.0-108.8 °C; 1H NMR (CD3OD, 500
MHz) δ 6.10 (s, 1 H), 4.56 (s, 2 H), 1.30 (s, 9 H) ppm; 13C {1H}
(CD3OD, 50.3 MHz) δ 158.0, 151.3, 101.1, 58.4, 32.3, 30.9 ppm;
IR (neat oil, NaCl plates) 3248 (br), 3138, 2952, 2919, 2865,
1560, 1458, 1357, 1294, 1232, 1143, 997, 802 cm-1. For
elemental analysis, the oil was crystallized from a minimum
of acetone and petroleum ether to give a crystalline solid. Anal.
Calcd for C8H14N2O (154.21): C, 62.31; H, 9.15; N, 18.17.
Found: C, 62.12; H, 8.91; N, 18.18.

5-tert-Butyl-3-(chloroethyl)pyrazole Hydrochloride (23)
and Intermediates 7-[(Tetrahydro-2H-pyran-2-yl)oxy]-
2,2-dimethylhept-4-yn-3-one (11), 5-tert-Butyl-3-{2-[(tet-
rahydro-2H-pyran-2-yl)oxy]ethyl}pyrazole (15), and 5-tert-
Butylpyrazole-3-ethanol Hydrochloride (19‚HCl). Follow-
ing the general procedure, to THP-protected butynol 6 (5.30
g, 34.4 mmol) in dry THF (60 mL) cooled to -78 °C over 10
min was added a solution of n-BuLi in hexane (1.6 M, 22.0
mL, 34.4 mmol). The mixture was slowly warmed to -30 °C
and stirred for 0.5 h. The reaction mixture was stirred for 2.5
h and then cooled to -40 °C. A solution of ZnCl2 (4.68 g, 34.4
mmol) in THF (30 mL) was slowly added to the reaction
mixture over 5 min. The reaction mixture was warmed to room
temperature and stirred for 15 min before pivaloyl chloride
(4.14 g, 34.4 mmol) was added. The reaction was slowly
warmed to room temperature and stirred overnight (14 h),
after which the reaction mixture was quenched with saturated
NH4Cl solution, followed by NH3 in water. The organic layer
was extracted with diethyl ether (2 × 50 mL). The organic
phases were combined, dried with MgSO4, and filtered. The
solution was concentrated by rotary evaporation. The residue
was dissolved in methanol (50 mL) and cooled to 0 °C.
Hydrazine monohydrate (1.72 g, 34.4 mmol) was added to the
cold reaction mixture. After a few seconds, the reaction had
warmed to reflux, but cooled quickly. Stirring was continued
for 2 h. (In another run, volatile materials were removed,
leaving a gummy residue. Trituration of the residue with ether
and filtration led to isolation of pure THP derivative 15 as a
solid. See the spectral data below.) The reaction solution was
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acidified to pH 2 using concentrated aq HCl (as monitored
using pH paper) and stirred for 14 h. The reaction mixture
was concentrated by rotary evaporation and the residue
containing 19‚HCl placed under vacuum for 14 h. The solid
residue was then dissolved in thionyl chloride (12 mL) and
dichloromethane (150 mL) and the resulting solution stirred
for 72 h. The precipitate occurred when petroleum ether (200
mL) was added to the reaction mixture. After concentration
under vacuum, the residual solid was washed with petroleum
ether (50 mL) and placed under vacuum to give hydrochloride
salt 23 (6.40 g, 28.7 mmol, 83%): 1H NMR (CDCl3, 500 MHz)
δ 15.6 (br s, 2 H), 6.24 (s, 1 H), 3.86 (t, J ) 6.5 Hz, 2 H), 3.33
(t, J ) 6.5 Hz, 2 H), 1.43 (s, 9 H) ppm; 13C{1H} NMR (CDCl3,
125.7 MHz) δ 158.2, 145.3, 103.8, 42.1, 32.2, 30.0, 29.0 ppm.
Anal. Calcd for C9H16Cl2N2 (223.14): C, 48.44; H, 7.23; N,
12.55. Found: C, 48.83; H, 6.91; N, 12.36.

Data for alkynyl ketone 11: 1H NMR (CDCl3, 500 MHz) δ
4.67 (t, J ) 3.5 Hz, 1 H), 3.92-3.86 (m, 2 H), 3.64-3.60 (m, 1
H), 3.56-3.51 (m, 1 H), 2.70 (t, J ) 6.8 Hz, 2 H), 1.86-1.80
(m, 1 H), 1.75-1.70 (m, 1 H), 1.64-1.52 (m, 4 H), 1.20 (s, 9 H)
ppm; 13C{1H} NMR (CDCl3, 125.7 MHz) δ 194.1, 98.9, 92.5,
79.5, 64.8, 62.2, 44.7, 30.6, 26.1, 25.5, 20.7, 19.3 ppm; IR
(CDCl3) 2213, 1668, 1477 cm-1.

Data for THP-protected intermediate pyrazole 15: 1H NMR
(CDCl3, 500 MHz) δ 9.65 (br, 1 H), 5.94 (s, 1 H), 4.63 (t, J )
3.5 Hz, 1 H), 4.02-3.98 (m, 1 H), 3.83-3.79 (m, 1 H), 3.69-
3.65 (m, 1 H), 3.49-3.47 (m, 1 H), 2.93 (t, J ) 6.5 Hz, 2 H),
1.85-1.80 (m, 1 H), 1.75-1.69 (m, 1 H), 1.61-1.51 (m, 4 H),
1.31 (s, 9 H) ppm; 13C{1H} NMR (CDCl3, 125.7 MHz) δ 157.8,
145.5, 100.4, 98.8, 66.6, 62.2, 31.4, 30.7, 30.4, 27.7, 25.4, 19.5
ppm.

Data for intermediate hydrochloride salt 19‚HCl: mp
188.9-189.7 °C; 1H NMR (CDCl3, 500 MHz) δ 15.3 (br, 2 H),
6.21 (s, 1 H), 3.98 (s, 2 H), 3.10 (s, 2 H), 1.44 (br s, 1 H), 1.43
(s, 9 H) ppm; 13C{1H} NMR (CDCl3, 125.7 MHz) δ 158.2, 146.8,
103.5, 60.3, 32.1, 30.0, 29.3 ppm; IR (CDCl3) 3406, 3387 (br),
1598, 1481 cm-1.

Palladium-Catalyzed Route to 5-Isopropylpyrazole-3-
methanol (27) via Intermediates 1-[(Tetrahydro-2H-
pyran-2-yl)oxy]-5-methylhex-2-yn-3-one (8) and 5-Isopro-
pyl-3-(tetrahydro-2H-pyran-2-yl)oxymethylpyrazole (25).
To a solution of 5 (5.00 g, 35.7 mmol) in triethylamine (50 mL)
at room temperature under a nitrogen atmosphere was added
isobutyryl chloride (4.18 g, 39.2 mol), followed by CuI (0.0312
g, 0.0164 mmol, 0.5%) and (PPh3)2PdCl2 (0.0342 g, 0.00489
mmol, 0.1%). After 2 h, the mixture had become so thick with
precipitate that more Et3N (5 mL) was added to aid stirring.
The reaction was complete on the basis of the disappearance
of the alkyne, but as a precaution the reaction was stirred for
an additional 14 h. The mixture was diluted with water (100
mL) and extracted with diethyl ether (2 × 100 mL). The
organic phases were combined and washed with 2 N HCl (50
mL), followed by saturated NaHCO3 (50 mL). The organic
phase was dried with MgSO4 and filtered and the filtrate
concentrated by rotary evaporation, leaving crude alkynyl
ketone 8 (6.88 g). The crude ketone was dissolved in methanol
(30 mL). Hydrazine monohydrate (1.64 g, 32.7 mol) was added,
after 5 s leading to reflux. After an additional 2 h, the reaction
was acidified to pH 2 with concentrated HCl and stirred for
15 h to deprotect 25. The reaction mixture was neutralized
with solid NaHCO3 and concentrated by rotary evaporation,
and to the residue was added diethyl ether (100 mL). Insoluble
solids were filtered off, and the filtrate was concentrated by
rotary evaporation. The crude residue was purified by Kugel-
rohr distillation at 120 °C and ca. 1.5 Torr to give 27 (3.14 g,
22.4 mmol, 63%) as a thick oil: 1H NMR (CDCl3, 500 MHz) δ
6.96 (br s, 2 H), 5.99 (s, 1 H), 4.63 (s, 2 H), 2.93 (sept, J ) 7.0
Hz, 1 H), 1.23 (d, J ) 7.0 Hz, 6 H) ppm; 13C{1H} (CDCl3, 50.3
MHz) δ 154.4, 149.8, 100.4, 57.8, 26.6, 22.6 ppm; IR (neat,
NaCl plates) 3220 (br), 3141, 2962, 2926, 2869, 1567, 1459,

1358, 1165, 994, 800 cm-1. Anal. Calcd for C7H12N2O
(140.18): C, 59.98; H, 8.63; N, 19.98. Found: C, 58.93; H, 8.42;
N, 18.90.

In another run, alkynyl ketone 8 was purified by chroma-
tography over silica and exhibited the following data: 1H NMR
(CDCl3, 500 MHz) δ 4.79 (t, J ) 3.3 Hz, 1 H), 4.40 (s, 2 H),
3.83-3.78 (m, 1 H), 3.55-3.50 (m, 1 H), 2.62 (q, J ) 7 Hz, 1
H), 1.82-1.69 (m, 2 H), 1.68-1.49 (m, 4 H), 1.16 (d, J ) 7 Hz,
6 H) ppm; 13C{1H} NMR (CDCl3, 125.7 MHz) δ 191.5, 97.3,
89.0, 84.0, 62.2, 54.0, 43.0, 30.3, 25.4, 19.0, 17.9 ppm; IR
(CDCl3) 2213, 1677, 1468 cm-1.

Similarly, data for THP-protected pyrazolemethanol deriva-
tive 25 were obtained: 1H NMR (CDCl3, 500 MHz) δ 9.6 (br s,
1 H), 6.05 (s, 1 H), 4.74-4.70 (m, 2 H), 4.53 (d, J ) 12 Hz, 1
H), 3.91-3.87 (m, 1 H), 3.55-3.51 (m, 1 H), 2.99 (q, J ) 7 Hz,
1 H), 1.83-1.79 (m, 1 H), 1.72-1.67 (m, 1 H), 1.61-1.49 (m, 4
H), 1.24 (d, J ) 7 Hz, 6 H) ppm; 13C{1H} NMR (CDCl3, 125.7
MHz) δ 154.3, 146.4, 101.3, 98.1, 62.3, 62.0, 30.6, 26.7, 25.5,
22.6, 19.5 ppm.

Palladium-Catalyzed Route to 5-(Adamantan-1-yl)-
pyrazole-3-methanol (28) via Intermediates 4-(Tetrahy-
dro-2H-pyran-2-yl)oxy-1-(adamantan-1-yl)but-2-yn-1-
one (24) and 3-(Tetrahydro-2H-pyran-2-yl)oxymethyl-5-
(adamantan-1-yl)pyrazole (26). To a solution of 5 (2.50 g,
17.8 mmol) in triethylamine (40 mL) at room temperature
under a nitrogen atmosphere was added 1-adamantanecarbo-
nyl chloride (3.90 g, 19.6 mmol), followed by CuI (0.0312 g,
0.0164 mmol, 0.9%) and (PPh3)2PdCl2 (0.0342 g, 0.00489 mmol,
0.3%). After 5 days of stirring, the reaction was complete on
the basis of the disappearance of the alkyne. This reaction time
can be shortened to a day by using 5-10 times more of the
catalysts. The mixture was diluted with water (100 mL) and
extracted with diethyl ether (100 mL). The combined organic
phases were washed with 2 N HCl (50 mL), followed by
saturated NaHCO3 (50 mL) and then H2O (50 mL). The organic
phase was dried with MgSO4 and filtered and the filtrate
concentrated by rotary evaporation, leaving crude alkynyl
ketone 24 (4.64 g). The crude ketone was dissolved in methanol
(30 mL). Hydrazine monohydrate (0.783 g, 15.6 mol) was
added, and within 5 s, the reaction had warmed to reflux. The
cooling mixture was stirred for 2 h, acidified to pH 2 with
concentrated HCl, and stirred for an additional 15 h to
deprotect 26. The reaction mixture was neutralized with solid
NaHCO3, diluted with water (50 mL), and extracted with ethyl
acetate (2 × 100 mL). The organic phases were combined, dried
with MgSO4, and filtered, and the filtrate was concentrated
by rotary evaporation. The crude residue was recrystallized
from a minimal amount of acetone and hexane, affording 28
(3.20 g, 13.7 mmol, 77%) as a solid: mp 171.2-172.0 °C; 1H
NMR (CD3OD, 200 MHz) δ 6.08 (s, 1 H, H4), 4.55 (s, 2 H),
2.03 (s, 3 H), 1.95 (s, 6 H), 1.80 (s, 6 H) ppm; 13C{1H} (CD3OD,
50.3 MHz) δ 158.1, 151.5, 100.4, 58.5, 43.6, 37.9, 34.4, 30.1
ppm; IR (KBr) 3213 (br), 3155, 2919, 2855, 1566, 1445, 1359,
1159, 1051, 987, 808 cm-1. Anal. Calcd for C14H20N2O
(232.32): C, 72.38; H, 8.68; N, 12.06. Found: C, 71.98; H, 8.34;
N, 11.90.

From another run, alkynyl ketone 24 was purified on silica
using hexanes/ethyl acetate solution (4:1) and exhibited the
following data: 1H NMR (CDCl3, 500 MHz) δ 4.79 (t, J ) 3
Hz, 1 H), 4.39 (s, 2 H), 3.79 (m, 1 H), 3.49 (m, 1H), 2.0-1.4
(m, 21 H) ppm; 13C NMR (CDCl3, 125.7 MHz) δ 193.1, 173.3,
97.1, 89.5, 83.0, 62.1, 53.9, 44.7, 42.2, 38.3, 37.9, 36.5, 36.3,
30.2, 27.9, 27.4, 25.3, 19.0 ppm; IR (neat, NaCl plates) 2216,
1668 cm-1. Anal. Calcd for C19H26O3 (302.41): C, 75.46; H, 8.66.
Found: C, 75.19; H, 8.36.

Similarly, purified THP-protected pyrazolemethanol deriva-
tive 26 exhibited the following data: 1H NMR (CDCl3, 500
MHz) δ 6.08 (s, 1 H), 5.3-6.1 (br s, 2 H), 4.74 (d, J ) 12 Hz,
1 H), 4.73 (narrow m, 1 H), 4.55 (d, J ) 12 Hz, 1 H), 3.92 (dt,
J ) 2.5, 9.5 Hz, 1 H), 3.54-3.57 (m, 1 H), 1.5-2.1 (m, 21 H)
ppm; 13C NMR (CDCl3, 125.7 MHz) δ 157.2 (br), 146.9 (br),
100.5 (br), 98.4, 62.5, 62.4, 42.7, 39.2, 36.9, 36.7, 30.7, 28.7,
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28.2, 25.6, 19.6 ppm; IR (neat, NaCl plates) 2216, 1668 cm-1.
Anal. Calcd for C19H28N2O2 (316.44): C, 72.12; H, 8.92.
Found: C, 72.10; H, 9.18.

3-(Diphenylphosphinomethyl)-5-methylpyrazole (29a).
To a flask purged with argon were added dry THF (20 mL)
and diphenylphosphine (3.191 g, 17.1 mmol). The solution was
cooled to -78 °C in an acetone/dry ice bath, and n-BuLi was
added dropwise (7.5 mL, 2.50 M in hexanes, 18.8 mmol). The
resulting red solution was stirred for 2 h at -78 °C before
hydrochloride salt 20 (0.576 g, 3.45 mmol) was added as a solid.
The cold bath was removed, and the reaction was stirred at
room temperature for 19 h. Degassed water (25 mL) was
added, and the layers were separated. The aqueous layer was
extracted with Et2O (2 × 25 mL), and the combined organic
layers were dried over MgSO4, filtered, and concentrated. The
crude residue was purified by radial chromatography using
SiO2 and ethyl acetate/petroleum ether (1:9) to give pure 29a
(0.7521 g, 2.68 mmol, 78%) as a thick colorless air-sensitive
oil: 1H NMR (CDCl3, 500 MHz) δ 10.14 (br s, 1 H), 7.45-7.40
(m, 4 H), 7.36-7.30 (m, 6 H), 5.77 (s, 1 H), 3.41 (s, 2 H), 2.21
(s, 3 H) ppm; 13C{1H} NMR (CDCl3, 125.7 MHz) δ 145.5 (br
s), 143.8 (br s), 138.4 (d, J ) 14.2 Hz), 132.9 (d, J ) 18.9 Hz),
129.0, 128.6 (d, J ) 6.5 Hz), 104.6 (d, J ) 5.0 Hz), 27.3 (d, J
) 15.2 Hz), 12.3 ppm; 31P{1H} NMR (CDCl3, 81.0 MHz) δ
-14.56 ppm; IR (neat, NaCl) 3192, 3134, 3027, 2926, 1582,
1480, 1433, 1306, 1096, 1026 cm-1.

5-(Methylthiomethyl)-3-phenylpyrazole (29b). To the
chloride 21 (0.286 g, 1.25 mmol) suspended in dry THF (5 mL)
under nitogen was added lithium thiomethoxide (0.135 g, 2.5
mmol) as a slurry in THF (5 mL). After the mixture was stirred
for 4 h, a clear solution resulted. TLC (ethyl acetate/petroleum
ether, 1:1) showed a new compound, Rf ) 0.7. The reaction
solution was diluted with water (10 mL) and extracted with
CH2Cl2. The organic phases were combined, dried over MgSO4,
and filtered, and the filtrate was concentrated, leaving 29b
(0.211 g, 82%) as a pale brown oil. From another run starting
with 21 (0.500 g), product was purified by Kugelrohr distilla-
tion (170 °C, 0.8 mmHg) to give analytically pure product in
48% yield: 1H NMR (CDCl3, 200 MHz) δ 12.0 (s, 1 H), 7.50-
7.80 (m, 2 H), 7.10-7.30 (m, 3 H), 6.43 (s, 1 H), 3.60 (s, 2 H),
1.98 (s, 3 H) ppm; 13C{1H} NMR (CDCl3, 50.3 MHz) δ 148.2,
146.6, 131.2, 128.9, 128.3, 125.8, 102.3, 29.5, 15.3 ppm. Anal.
Calcd for C11H12N2S (204.29): C, 64.67; H, 5.92; N, 13.71.
Found: C, 64.45; H, 5.72; N, 13.50.

5-tert-Butyl-3-(diphenylphosphinomethyl)pyrazole
(29c). A dry argon-filled Schlenk flask was charged with a stir
bar and triphenylphosphine (1.0356 g, 3.948 mmol), followed
by dry THF (10 mL). The resulting solution was cooled to 0
°C, and lithium ribbon (0.0558 g, 8.039 mmol) was added. After
15 min the mixture was allowed to warm to room temperature
and stirred until lithium metal was gone (4 h). The resulting
dark red solution was cooled in a dry ice/acetone bath, and
solid 22 (0.2792 g, 1.335 mmol) was added all at once before
the reaction mixture was slowly allowed to warm to room
temperature. After 16 h, water (1 mL) was added. The organic
layer was separated, dried over MgSO4, and filtered and the
filtrate concentrated. The residue was purified by radial
chromatography using petroleum ether, followed by diethyl
ether to elute product 29c (0.279 g, 47%) as a thick air-
sensitive oil: 1H NMR (CDCl3, 500 MHz) δ 8.73 (br s, 1 H),
7.42-7.46 (m, 4 H), 7.33-7.35 (m, 6 H), 5.75 (s, 1 H, H4), 3.41
(s, 2 H), 1.26 (s, 9 H) ppm; 13C{1H} NMR (CDCl3, 125.7 MHz)
δ 157.3 (br s), 145.4 (br s), 138.5 (d, J ) 14.7 Hz), 133.0 (d, J
) 18.9 Hz), 129.0 (s), 128.6 (d, J ) 6.4 Hz), 101.6 (d, J ) 4.7
Hz), 31.5 (s), 30.5 (s), 27.5 (d, J ) 15.1 Hz), 15.5 (s) ppm; 31P-
{1H} NMR (CDCl3, 80.95 MHz) δ -14.31 ppm; IR (NaCl) 3186,
3071, 2963, 1567, 1481, 1462, 1434, 1366, 1299, 1237, 1184,
1097, 1027, 999, 910, 736, 695 cm-1.

5-(tert-Butyl)-3-(methylthiomethyl)pyrazole (29d). Chlo-
romethyl compound 22 (1.00 g, 4.78 mmol) was partially
dissolved in dry THF (25 mL) under a nitrogen atmosphere.
At room temperature, lithium thiomethoxide (0.52 g, 9.60

mmol) was added to the mixture. The reaction mixture became
slightly brown. While the reaction was stirring, it was moni-
tored with TLC. It was complete after 5 h on the basis of TLC
(Rf ) 0.52; THF/hexanes, 2:1). The reaction was quenched with
water (3 mL), and the organic phase was extracted with diethyl
ether (3 × 25 mL). The organic phases were combined, dried
over MgSO4, filtered, and concentrated. The crude residue was
purified by Kugelrohr distillation at 135-150 °C under oil
pump vacuum (1.4 Torr) to give 29d (0.66 g, 3.59 mmol, 75%)
as a solid: mp 62.9-63.5 °C; 1H NMR (CDCl3, 500 MHz) δ
6.82 (br s, 1 H), 6.09 (s, 1 H), 3.72 (s, 2 H), 2.11 (s, 3 H), 1.35
(s, 9 H) ppm; 13C{1H} NMR (CDCl3, 125.7 MHz) δ 156.6, 147.7,
101.0, 31.4, 30.6, 30.5, 15.6 ppm; IR (KBr) 3167, 3082, 2974,
2914, 2870, 1663, 1567, 1464, 1366, 1301, 1236, 1143, 1015,
834 cm-1. Anal. Calcd for C9H16N2S (184.31): C, 58.65; H, 8.75;
N, 15.20. Found: C, 58.32; H, 8.87; N, 14.94.

5-(tert-Butyl)-3-(phenylthiomethyl)pyrazole (29e). To
a solution of benzenethiol (526.7 mg, 4.78 mmol) in dry DMF
(5 mL) was added NaH (191.1 mg of a 60% suspension in oil,
4.78 mmol). The mixture was allowed to stir for 0.5 h before
the chloride 22 (0.500 g, 2.39 mmol) was added in one portion.
After 21 h, the mixture was worked up with ether and water,
followed by radial chromatography over silica using ethyl
acetate/petroleum ether, affording 29e as a thick oil (479.7 mg,
63%): 1H NMR (CDCl3, 500 MHz) δ 7.37 (∼d, J ≈ 8 Hz, 2 H),
7.27 (∼t, J ≈ 8 Hz, 2 H), 7.19 (tt, J ) 1.5, 7.5 Hz, 1 H), 6.01
(s, 1 H), 4.16 (s, 2 H), 1.31 (s, 9 H) ppm; 13C{1H} NMR (CDCl3,
125.7 MHz) δ 156.1, 147.1, 136.6, 129.7, 129.0, 126.4, 101.1,
31.4, 31.4, 30.4 ppm; IR (KBr) 3179, 3089, 2968, 2879, 1573,
1478, 1362, 1301, 1234, 1139, 1017, 839, 734, 689 cm-1. Anal.
Calcd for C14H18N2S (246.37): C, 68.25; H, 7.36; N, 11.37.
Found: C, 67.86; H, 7.70; N, 11.35.

5-(tert-Butyl)-3-[(2-hydroxyethyl)thiomethyl]pyra-
zole (29f). Chloromethyl compound 22 (0.204 g, 0.976 mmol)
was dissolved in dry DMF (5 mL) under a nitrogen atmo-
sphere. At room temperature, a mixture of 2-mercaptoethanol
and lithium hydroxide monohydrate (0.153 g, 1.95 mmol, and
0.0819 g, 1.95 mmol, respectively) in dry DMF (5 mL) was
added to the solution. After the reaction was stirred overnight
(15 h), it was complete (TLC Rf ) 0.2, ether). The reaction
mixture was poured into diethyl ether (25 mL) and the solution
washed with water (5 × 50 mL). The organic phases were dried
over MgSO4 and filtered, and the filtrate was concentrated.
The residual oil was placed under oil pump vacuum (1.4 Torr)
to give 29f (0.126 g, 0.586 mmol, 60%) as a solid: mp 85.7-
86.9 °C; 1H NMR (CDCl3, 500 MHz) δ 6.02 (s, 1 H), 5.70 (v br
s, 2 H), 3.74-3.76 (m, 4 H), 2.73-2.76 (m, 2 H), 1.32 (s, 9 H)
ppm; 13C{1H} and DEPT NMR (CDCl3, 125.7 MHz) δ 156.3
(br, C), 148.5 (br, C), 100.8 (CH), 61.2 (CH2), 35.0 (CH2), 31.4
(C), 30.4 (CH3), 28.4 (CH2) ppm; IR (NaCl, CDCl3) 3467 (sharp),
3244 (br), 2966, 2867, 1556, 1461, 1283, 1139, 1056, 1000, 800,
755, 650 cm-1. Anal. Calcd for C10H18N2OS (214.32): C, 56.04;
H, 8.49; N, 13.07. Found: C, 56.19; H, 8.79; N, 13.06.

5-(tert-Butyl)-3-(tert-butylthiomethyl)pyrazole (29g).
Tert-Butyl disulfide (0.74 mL, 3.85 mmol) was dissolved in dry
THF (4 mL) under a nitrogen atmosphere. At -78 °C, n-BuLi
(2.40 mL, 3.85 mmol) was added to the mixture. After 2 h and
at room temperature, the chloromethyl compound 22 (0.2689
g, 1.28 mmol) was added to the mixture. As monitored by TLC,
the reaction was complete after 31 h (diethyl ether/petroleum
ether, 1:1; plate stained with iodine). The reaction was
quenched with water (150 mL), and the organic phase was
extracted with diethyl ether (3 × 25 mL). The organic phases
were combined, washed with brine, dried over MgSO4, filtered,
and concentrated. The crude residue was purified by Kugelrohr
distillation at 120-190 °C under oil pump vacuum (1.4 Torr)
to give 29g (0.1421 g, 0.628 mmol, 49%) as a white solid: 1H
NMR (CDCl3, 500 MHz) δ 9.04 (br s, 1 H), 6.05 (s, 1 H), 3.79
(s, 2 H), 1.34 (s, 9 H), 1.31 (s, 9 H, C(CH3)3) ppm; 13C{1H} NMR
(CDCl3, 125.7 MHz) δ 156.7, 147.5, 100.9, 42.9, 31.5, 31.0, 30.5,
25.6 ppm; IR (neat, NaCl) 3200, 3103, 3047, 2956, 2900, 2865,
1567, 1461, 1367, 1267, 1161, 1006, 800, 739 cm-1. Anal. Calcd
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for C12H22N2S (226.39): C, 63.66; H, 9.80; N, 12.38. Found:
C, 63.53; H, 9.89; N, 12.01.

5-tert-Butyl-3-(2-diphenylphosphinoethyl)pyrazole
(30c). Triphenylphosphine (1.15 g, 4.38 mmol), lithium ribbon
(61 mg, 8.77 mmol), and naphthalene (10 mg, 0.078 mmol)
were dissolved in dry THF (25 mL) and stirred for 2 days, until
all of the lithium had dissolved. The reaction was cooled in a
water/ice bath to 0 °C, and solid hydrochloride 23 (195 mg,
0.88 mmol) was added. The reaction was warmed to room
temperature and stirred for 5 h, at which point degassed
ethanol (5 mL) was added. Removal of the solvent on a high
vacuum line yielded a brown oil, which was purified by radial
chromatography (ethyl acetate/petroleum ether, 1:1) under a
N2 atmosphere to give phosphine 30c (258 mg, 0.78 mmol,
88%) as a clear oil which solidified to a white solid: mp 90.9-
91.6 °C; 1H NMR (CDCl3, 500 MHz) δ 10.06 (br s, 1 H, NH),
7.46 (td, 3JHH ) 7.5 Hz, JPH ) 1.5 Hz, 4 H), 7.32-7.36 (m, 6
H), 5.91 (s, 1 H), 2.62-2.75 (m, 2 H), 2.35-2.45 (m, 2 H), 1.30
(s, 9 H) ppm; 13C{1H} NMR (CDCl3, 125.7 MHz) δ 138.5 (d,
JPC ) 12.6 Hz), 134.0, 133.9, 132.9 (d, JPC ) 19 Hz), 128.8,
128.7 (d, JPC ) 6.6 Hz), 100.1, 31.8, 30.6, 28.0 (d, 2JPC ) 12
Hz), 22.9, 14.3 ppm; 31P{1H} NMR (CDCl3, 80.95 MHz) δ ∠17.3
ppm; IR (CH2Cl2 solution evaporated on NaCl plate) 3192,
2963, 1570, 1480, 1434, 1364, 999, 796, 740, 650 cm-1. Anal.
Calcd for C21H25N2P (336.41) C, 74.98; H, 7.49; N, 8.33.
Found: C, 74.85; H, 7.54; N, 7.97.

5-tert-Butyl-3-(2-methylthioethyl)pyrazole (30d). Meth-
yl disulfide (890 mg, 9.45 mmol) was dissolved in dry THF

(20 mL) and the solution cooled to -78 °C. A solution of n-BuLi
(6.00 mL, 1.6 M in hexane, 9.60 mmol) was added over 5 min
from an addition funnel. The reaction was warmed to room
temperature over 2 h, and a white precipitate formed. Hydro-
chloride 23 (1.05 g, 4.69 mmol) was added as a solid, and the
solution was allowed to stir overnight. The reaction was
quenched with water (5 mL) and concentrated on a rotary
evaporator. The residual brown oil was purified by Kugelrohr
distillation at 145-150 °C under oil pump vacuum to give 30d
(854 mg, 4.30 mmol, 92%) as a yellow oil: 1H NMR (CDCl3,
500 MHz) δ 8.2 (br s, 1 H), 5.92 (s, 1 H), 2.92 (t, 2 H, J ) 8
Hz), 2.79 (t, 2 H, J ) 8 Hz), 2.12 (s, 3 H), 1.31 (s, 9 H) ppm;
13C{1H} NMR (CDCl3, 125.7 MHz) δ 156.8, 148.8, 100.3, 34.0,
31.4, 30.5, 28.0, 15.8 ppm; IR (neat, NaCl) 3188, 3132, 3101,
2961, 2868, 1573, 1463, 1438, 1365, 1302, 1274, 1237, 1207,
1138, 1109, 1010, 957, 927, 796 cm-1. Anal. Calcd for C10H18N2S
(198.12): C, 60.56; H, 9.15; N, 14.12. Found: C, 60.21; H, 9.49;
N, 13.82.
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