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ABSTRACT: Three metallacrown nickel complexes [Ni;(u-
OH)(L1);](PF¢), (1, L1 = 3-((N-methylimidazolylidenyl)-
methyl)-S-methylpyrazolate), [Niz(u-OH)(L2)5](PF¢), (2,
L2 = 3-((N-mesitylimidazolylidenyl)methyl)-S-methylpyrazo-
late), and [Ni3(«-OH)(L3);](PF), (3, L3 = 3-((N-pyrimidin-
2-ylimidazolylidenyl) methyl)-S-methylpyrazolate) were obtained
by the reactions of corresponding silver—NHC complexes with
Raney nickel powder at 45 °C. The same reaction at 80 °C
afforded [Ni;(L2),](PFg¢), (4). The carbene-transfer reaction
of the silver—carbene complex with [(5*-C5Hs)PdCl], yielded
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the heterotrimetallic complex [AgPd,(17°-C5Hs),(L2),](PF¢) (5), whereas the carbene-transfer reaction with Pt(cod)Cl, gave
[Pt,(L3),](PFg), (6). All of these complexes have been fully characterized by ESI-MS, NMR spectroscopy, and elemental analysis.
The molecular structures of 1—6 were also studied by X-ray diffraction analysis. In 1—3, three nickel centers are bridged together by
three pyrazole—NHC ligands and a hydroxide group, forming a 9-metallacrown-3 topology. Complex 4 is paramagnetic, consisting
of two square-planar nickel(I) ions and one tetrahedral nickel ion in which three Ni ions are bridged by four pyrazolate units. In the
mixed Pd—Ag complex 5, two palladium and one silver centers are bridged by two pyrazole—NHC ligands. Complex 5 showed good
catalytic activity in the Sonogashira coupling reaction of aryl bromides and phenylacetylene under mild conditions typically

catalyzed by Pd—Cu systems.

B INTRODUCTION

Pyrazole derivatives have adjacent nitrogen atoms that could
incorporate more than one reactive metal atom in close proxi-
mity, thus facilitating potentially unique chemical reactivity and
physical properties. Many homo- or heterometallic complexes
of pyrazole derivatives containing short metal—metal distances
have found wide applications in material science,' bioinorganic
chemistry,” and homogeneous catalysis.® Although many poly-
nuclear complexes with pyrazoles or pyrazolates are known,* the
most notable examples are the trinuclear cyclic complexes of
coinage metals. For example, the triangular pyrazole-based copper
complexes with a Cuz(1-X), core (X = Cl, Br) may relate to the
active sites of particulate methane monooxygenase.” The analo-
gous [Cus(u-OH)(u-pz);] complex (Hpz = pyrazole) acts as a
valuable catalyst or catalyst precursor in the peroxidative oxida-
tion of cyclohexane and cyclopentane to the corresponding
ketones and alcohols.® Moreover, the macrocyclic structure has
a topology of metallacrown, which can be considered as analo-
gous of crown ethers with the repeat unit of —[metal —-N—N]—
in which the metal atoms are oriented toward the center of the
cavity.” Metallacrowns of different sizes are a new class of
molecular recognition agents that can selectively encapsulate
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cations and anions in their cavities.® A few well-defined pyrazole-
based metallacrown complexes have been reported, and their
physical properties have been studied.” However, the metalla-
crown complexes involving N-heterocylic carbene ligands have
not been known so far.

N-Heterocylic carbenes (NHCs) have been extensively stu-
died as ligands in organometallic chemistry and homogeneous
catalysis due to their strong o-donor properties and ease
of preparation.'® Multidentate NHCs containing additional
nitrogen functionalities may significantly improve catalyst stabi-
lity, and their potential hemilability make ease of generation of
vacant coordination sites and catlytically active species. Multi-
dentate NHCs have been used for construction of multinuclear
metal complexes showing interesting optophysical properties.''
Transition-metal complexes of multidentate ligangs have found
wide applications in C—C coupling,'” hydrosilylation,"
polymerization,'* and hydrogenation reactions.'> Our interest
in this area involves the design and synthesis of metal -NHC
complexes bearing various functional groups, such as pyridine,

Received:  June 7,2011
Published: July 27,2011

dx.doi.org/10.1021/ic2012233 | Inorg. Chem. 2011, 50, 8671-8678



Inorganic Chemistry

Scheme 1. Synthesis of Ligand Precursors
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pyrimidine, triazole, and naphthyridine, because such mixed C"N
ligands would allow a further fine-tuning of the metal coor-
dination.'® We have reported that pyrazole-linked bis(NHC)
ligands were able to construct multinuclear silver and gold clusters
displaying luminescence.'” The dinuclear nickel complexes con-
taining pyrazole-functionalized bis(NHC) ligands showed re-
markable enhancement of catalytic activities in homogeneous
catalysis compared to corresponding mononuclear nickel com-
plexes.'® Other related dinuclear and multinuclear pyrazolate
NHC complexes have also been described." In this paper, we
describe the synthesis and characterization of a few pyrazole-
functionalized NHC ligands, the corresponding three trinuclear
metallacrown nickel complexes, [Niz(u-OH)(L1);](PFg),
(1, L1 = 3-((N-methylimidazolylidenyl)methyl)-S-methylpyra-
zolate), [Niy(u-OH)(L2)5](PF¢), (2, L2 = 3-((IN-mesitylimida-
zolylidenyl) methyl)-S-methylpyrazolate), and [Ni;(«-OH)(L3)5]-
(PF¢), (3, L3 = 3-((N-pyrimidin-2-ylimidazolylidenyl )methyl)-
S-methylpyrazolate), and a linear trinuclear nickel complex
[Ni5(L2)4](PFg), (4). Dinuclear palladium and platinum com-
plexes [Agpdz(’?3‘C3Hs)2(L2)2] (PFe) (5) and [Pty(L3),](PFs),
(6) are also detailed.

B RESULTS AND DISCUSSION

Synthesis of Ligand Precursors. As shown in Scheme 1,
3-(chloromethyl)-S-methylpyrazole hydrochloride salt was synthe-
sized from reduction of ethyl 5-methyl-1H-pyrazole-3-carboxylate
and subsequent chlorination. Further reaction of 3-(chloromethyl)-
S-methyl-1-(tetrahydro-pyran-2-yl)pyrazole with N-alkylimidazole
after removal of tetrahydropyran and anion exchange with NH,PFq
gave the corresponding imidazolium salts, 3-(N-methylimidazoli-
umylmethyl)-S-methyl-1H-pyrazole ([H,L1](PF)), 3-(N-mesity-
limidazoliumylmethyl)-S-methyl-1H-pyrazole ([H,L2](PF)), and
3-(N-pyrimidin-2-ylimidazoliumylmethyl)-S-methyl-1H-pyra-
zole ([H,L3](PF)) as white solids. The three imidazolium salts
have been characterized by NMR and elemental analysis. The "H
NMR spectra of these imidazolium salts in dmso-dg exhibit their
acidic imidazolium protons at 9.12, 9.70, and 10.22 ppm as
singlets and pyrazole NH protons at 12.67, 12.69, and 12.67
ppm as broad singlets, respectively.

Synthesis and Characterization of [Nis(#3—OH)(L)3]1(PF),.
Direct reaction of metal powders with imidazolium salts is the
most convenient procedure for the synthesis of metal -NHC
complexes.'*® A solution of silver—NHC complexes, resulted
from  5-(N-alkylimidazoliumylmethyl)-3-methyl-1H-pyrazole
salts in acetonitrile with an equivalent of Ag,O at 45 °C, was
treated with an excess of Raney nickel powder overnight and
yielded yellow solutions, and the trinuclear nickel complexes

[Ni3 (43— OH)(L1);](PFs), (1), [Nis(u3—OH)(L2)3](PFe)y,
(2), and [Niz(u3—OH)(L3);](PFg), (3) were isolated as yellow
solids in 22—51% vyields (Scheme 2). We have previously
reported the synthesis and structure of nickel hydroxide com-
plexes of NHC ligands, and the hydroxide ion is assumed to come
from water in solvent.'® In the case of [H,L2](PF), another
trinuclear complex [Nij(L2),](PFs), (4) was also obtained
simultaneously. Complexes 1 and 3 could also be obtained through
typical carbene-transfer reactions of silver complexes with Ni-
(PPh;),Cl,, as we previously described in comparable yields.'®
Interestingly, when we applied the same procedure to
[H,L2](PFs), we found that, at 25 °C, complex 2 was exclusively
afforded, whereas at 80 °C, complex 4 was obtained as the sole
product. However, we were not able to prepare analogous
[Ni3(L1)4](PFg), and [Ni3(L3),](PF¢), even at higher tem-
perature by the carbene-transfer route, and only 1 and 3 could be
obtained. Moreover, 2 is stable at 80 °C and could not convert to
4 upon heating. Complexes 1—4 have been fully characterized by
elemental analysis, NMR, and ESI spectroscopy.

The "HNMR spectra of complexes 1 and 3 in dmso-dg and 2 in
acetone-ds show three singlet signals at 7.62, 7.39, and 6.01
ppm for 1; 7.85,7.54,and 5.81 ppm for 2; and 8.08, 7.87, and 5.56
ppm for 3, which can be assigned to the imidazolylidene back-
bone and pyrazole CH protons. The resonance signals of the
methylene protons appear as doublets at 5.59 and 5.33 ppm for 1,
5.65 and 5.37 ppm for 2, and 5.61 and 5.19 ppm for 3,
respectively, illustrating that the rotation of the methylenes in
1-3 is prohibited. The resonances of hydroxide groups are
observed at 2.08 and 2.34 ppm for 1 and 3, respectively. However,
the hydroxide group of complex 2 is found at 0.79 ppm. The *C
NMR spectra of 1—3 exhibit resonance peaks at 152, 154, and
158 ppm, which are ascribed to the carbenic carbon atoms.”’ In
the ESI-MS spectra (positive ions in CH3CN), the peaks at
866.89, 1176.65, and 1054.74 amu are ascribed to [Niz(u-OH)-
(L)3(PFs)]" and the peaks at 717.24, 1029.1S, and 909.03 amu
are ascribed to [Niy(u-OH)(L);]** fragments. The existence of
hydroxide ions is also supported by their IR spectra with broad
absorptions at 3398, 3431, and 3422 cm™ ' for 1—3. Complex 4
shows unusual "H NMR and "*C NMR spectra. Although all the
"H NMR peaks are sharp and their intensities are consistent with
the formulation of 4, they appeared in the range of —3.44
to 10.69 ppm, whereas 13C NMR resonances appear in the range
of 12.0—200.2 ppm due to its paramagnetic nature induced by
the tetrahedral nickel(II) ion. In the ESI-MS spectrum (positive
ions, CH3CN) of 4, the peaks at 1347.12 and 646.45 amu are
ascribed to [Niy(L2)4(PFg)]* and [Niz(L2),]* fragments.

The structures of 1—3 were identified by X-ray single-crystal
diffraction analysis. The single crystals suitable for X-ray diffrac-
tion were grown by slow diffusion of Et, O into their CH3;CN and
DMSO solutions. The three complexes have the same structures
consisting of a triangular Nij core in which three nickel ions are
linked by three NHC ligands and a t3-OH group, and therefore,
only the structure of 1 is shown in Figure 1. The structures of 2
and 3 are given in the Supporting Information. In the structure of
1, each two nickel(Il) ions are bridged by a pyrazolate ion,
forming a nine-membered ring capped by a hydroxide. Each
nickel(II) center is coordinated by two pyrazolates, one NHC,
and one OH group, displaying typical square-planar geometry.
Two pyrazolates coordinated to the same metal are trans-
arranged. The hydroxide ion is equally bonded to the three
metals in 77° fashion with an average Ni—O distance of 1.93 A and
is 0.620 A out of the plane defined by three metal centers.
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Scheme 2. Synthesis of the Nickel—Carbene Complexes
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Figure 1. Cationic structure of 1 represented by thermal ellipsoids at 30%
probability. Hydrogen atoms have been omitted for clarity. Selected bond
distances (A) and angles (deg): Ni(1)—N(10) 1.852(7), Ni(1)—N(1)
1.855(8), Ni(1)—C(15) 1.862(9), Ni(1)—0(1) 1.938(6), Ni(2)—O(1)
1.929(6), Ni(2)—N(2) 1.833(8), Ni(2)—N(5) 1.869(8), Ni(2)—C(24)
1.879(12), Ni(3)—N(9) 1.857(8), Ni(3)—N(6) 1.858(9), Ni(3)—C(6)
1.871(12), Ni(3)—0(1) 1.933(6), Ni(2)—O(1)—Ni(3) 110.9(3), Ni-
(2)—0O(1)—Ni(1) 110.0(3), Ni(3)—O(1)—Ni(1) 110.2(3), N(10)—Ni-
(1)—N(1) 169.7(4), N(2)—Ni(2) —N(5) 169.9(4), N(9) —Ni(3) —N(6)
170.0(4), C(15)—Ni(1)—O(1) 1682(4), C(24)—Ni(2)—0(1)
168.9(4), C(6)—Ni(3)—0(1) 169.8(4).

The Ni—Ni distance is 3.174 A, showing no metal—metal
interaction. The Ni—C and Ni—N bond distances fall in the
ranges of 1.862—1.879 and 1.833—1.869 A, respectwely, wh1ch
are normal for square-planar nickel (I1) ~NHC complexes.”* The
distances between the three nickel ions and ¢3-OH are similar
[Ni(1)—O(1) = 1.938(6), Ni(2)—0(1) = 1.929(6), and Ni-
(3)—0O(1) = 1.933(6)] and longer than those reported for other
triangular complexes containing the [Niz(¢3-O)] core. ! The
three pyrazole rings extend to the same side of the Ni; plane with
dihedral angles between the pyrazole rings and the Ni; plane
being 16.46, 13.51, and 15.85°, respectively, whereas the three
NHC moieties extend to the other side of the Ni; plane.
Complexes 1—3 represent rare examples of inverse 9-metalla-
crown-3 with three repeating —[Ni—N—N]— units supported
by NHC ligands. The center of the metallacycle accommodated a
triply bridging hydroxide. The most common metallacrown
structures containing three [M—N—N] units rely on the group

Figure 2. Cationic structure of 4 represented by thermal ellipsoids at 30%
probability. Hydrogen atoms have been omitted for clarity. Selected bond
distances (A) and angles (deg): Ni(1)—N(5) 1.954(5), Ni(1)—N(9)
1.969(5), Ni(1)—N(13) 1.971(5), Ni(1)—N(1) 1.977(5), Ni(2)—
C(23) 1.861(6), Ni(2)—C(6) 1.869(6), Ni(2)—N(2) 1.922(5), Ni-
(2)—N(6) 1.930(5), Ni(3)—C(40) 1.860(6), Ni(3)—C(57) 1.865(6),
Ni(3)—N(14) 1.927(4,) Ni(3)—N(10) 1.927(5), N(5)—Ni(1)—
N(9) 116.6(2), N(5)—Ni(1)—N(13) 107.3(2), N(9)—Ni(1)—N(13)
102.47(19), N(5)—Ni(1)—N(1) 102.81(19), N(9)—Ni(1)—N(1)
112.84(19), N(13)—Ni(1)—N(1) 115.16(19), C(23)—Ni(2)—C(6)
89.4(2), C(23)—Ni(2)—N(2) 156.2(2), C(6)—Ni(2)—N(2) 89.4(2),
C(23)—Ni(2)—N(6) 87.8(2), C(6)—Ni(2)—N(6) 156.0(2), N(2) —Ni-
(2)—N(6) 102.51(19), C(40)—Ni(3)—C(57) 89.8(2), C(40)—Ni(3)—
N(14) 157.9(2), C(57)—Ni(3)—N(14) 88.3(2), C(40)—Ni(3)—
N(10) 88.4(2), C(57)—Ni(3)—N(10) 156.0(2), N(14)—Ni(3)—N(10)
101.92(19).

11 elements copper, silver, and gold.”** The tetracoordinated
nickel(II) complex with a pyramidal #3-OH core is hard to
achieve considering the square-planar framework compared with
other hexacoordinated nickel(II) compounds with the similar
structure.

The molecular structure of 4 is shown in Figure 2. X-ray
analysis reveals that 4 contains a linearly arranged trinuclear
nickel moiety supported by four pyrazolate—NHC ligands. The
central Ni(II) ion is linked to each terminal Ni(II) ion through
two pyrazolate groups, forming a Ni,N, ring with a twisted chair
conformation. The two terminal nickel(II) ions are coordinated
by two nitrogen atoms of pyrazoles and two carbon atoms of
imidazolylidenes, respectively, forming a distorted square-planar
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Scheme 3. Synthesis of §
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Figure 3. Structure of S represented by thermal ellipsoids at 30%
probability. Hydrogen atoms have been omitted for clarity. Selected
bond distances (A) and angles (deg): Pd(1)—C(6) 2.052(6), Pd(1)—
N(2) 2.086(5), Pd(1)—C(18) 2.112(7), Pd(1)—C(19) 2.144(7), Pd-
(1)—C(20) 2206(7), Ag(1)—N(1) 2081(S), C(6)—Pd(1)—N(2)
86.5(2), C(6)—Pd(1)—C(18) 100.2(2), N(2)—Pd(1)—C(18) 172.9(2),
C(6)—Pd(1)—C(19) 132.3(3), N(2)—Pd(1)—C(19) 137.1(2), C(18)—
Pd(1)—C(19) 37.9(3), C(6)—Pd(1)—C(20) 168.8(2), N(2)—Pd(1)—
C(20) 104.7(2), C(18)—Pd(1)—C(20) 68.6(3), C(19)—Pd(1)—C(20)
37.8(3), N(1)—Ag(1)—N(1)#1 176.1(3). Symmetry code: #1 —x + 2,
¥ —z+1/2.

geometry. The bond distances of Ni—C [1.860(6)—1.869(6) A]
and Ni—N [1.922(5)—1.930(5) A] and the bond angles between
adjacent donating atoms (within the bond angles from 87.8° to
102.51° for Ni(2) and 88.3° to 101.92° for Ni(3)) are in the
normal range as compared to many known nickel-NHC com-
plexes having a square-planar geometry.”® The central Ni(II) ion
is coordinated by four pyrazolate nitrogen atoms. Unlike the two
terminal nickel ions, the central nickel ion adopts a distorted
tetrahedral geometry with N—Nil —N bond angles of 102.47—
116.59°. The steric hindrance of methyl groups on the pyrazole
rings prevents a typical square-planar structure. The tetrahedral
coordination geometry of nickel ion confirmed its paramagnetic
nature due to the presence of two unpaired electrons. The bond
distances of Ni(1)—N are in the range of 1.954(5)—1.977(5) A,
which are significantly longer than other Ni—N distances around
the square-planar Ni(II) ions.

Synthesis and Characterization of [AgPd,(5*-C5Hs),-
(L2),](PFg). The reactions of the in situ generated silver—NHC

Scheme 4. Synthesis of [Pt,(L3),](PFs), (6)
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complexes from the pyrazole-imidazolium salts with Pd(cod)Cl,
or Pd(CH;CN),Cl, yielded pale-yellow solutions after removal
of AgCl. Unfortunately, we were not able to isolate Pd—NHC
complexes because they quickly decomposed to palladium black.
When [(77°-C3Hs)PdCl], was used, a mixed palladium—silver
complex 5 was obtained (Scheme 3). The complex was char-
acterized by 'H and *C NMR spectra, elemental analysis, and
ESI spectroscopy. In its "H NMR spectrum, the imidazolylidene
backbone and pyrazole CH protons appear at 7.78, 7.45, and
6.18 ppm as three singlets. The '>C NMR spectrum exhibits a
resonance peak at 175 ppm ascribed to the carbenic carbon
atoms. In the ESI-MS spectrum (positive ions, CH;CN), the
peaks at 962.99 and 427.21 amu were ascribed to [AgPd,(1°-
C3H;),(L2),]" and [Pd(n*-C3Hs)L2]" fragments.

Single crystals of 5 were obtained by slow evaporation of its
acetonitrile solution. As shown in Figure 3, the structure of §
consists of two tetracoordinated Pd(II) and one bicoordinated
Ag(I) atom. The coordination geometry around Pd is distorted
square-planar with one carbene, one pyrazole, and an ally group.
The Pd(1)—C(6) distance (2.052(6)) is normal as compared to
those of known palladium—NHC complexes (1.8—2.1 A).>* The
Ag atom is linked by two pyrazoles in linear geometry with a
N—Ag—N of 176.1(3)°. The Ag—N distance (2.081(5) A) is
also in the normal range of other silver complexes.**

Synthesis and Characterization of [Pt,(L3),](PF¢),. As shown
in Scheme 4, the carbene-transfer reaction with [Pt(cod)Cl,] in
acetonitrile gave [Pt,(L3),](PFq4), (6) as a yellow solid. The
cationic section of 6 is depicted in Figure 4. The two platinum(II)
ions were linked by two pyrazolates, forming a Pt,N, ring with a
boat conformation, and the molecule as a whole displays a beautiful
saddle-like conformation. Each Pt(II) ion is coordinated by two
pyrazoles, one pyrimidine, and one NHC carbon in a square-planar
geometry. The dihedral angle between the two pyrazole planes is
40.9°. The pyrimidine, pyrazole, and imidazolylidene rings of the
same ligand are roughly coplanar. In the ESI-MS spectrum
(positive ions, CH;CN), the peaks at 1012.85 and 434.61 amu
were ascribed to [Pty(L3),](PFs)" and [PtL3]" fragments.

Catalytic Studies. Transition metal-NHC complexes have
proven to be useful catalysts in various C—C coupling reactions.
The mixed Pd—Ag complex offers us an opportunity to examine
its efficiency for Sonogashira coupling. Although the Pd—Cu
system is more frequently used, the Pd—Ag system is also a
choice.”® The well-defined Pd—Ag catalyst would be superior to
the commonly used two-component catalysts taking account of
practical convenience. Under the conditions we previously
used,”® we examined the catalytic activity of S. A brief investiga-
tion showed that 5 alone is inefficient for the coupling reaction of
p-acetylphenyl bromide and phenylacetylene. Activation of the
Pd—Ag catalyst was achieved by addition of 1 mol % of PPhs.
Phosphine is believed to stabilize low valent palladium species,
which is the actual catalyst. A survey of the reaction of aryl halides
with phenylacetylene using 1 mol % of § in the presence of
Cs,CO3 at 80 °C was done, and the results are given in Table 1.
The palladium—silver complex was found to be good for the
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Figure 4. Molecular structure of 6 represented by thermal ellipsoids at a
30% level. Selected bond lengths (A) and angles (deg): Pt(1)—C(18)
1.915(14), Pt(1)—N(8) 1.982(10), Pt(1)—N(11) 2.074(10), Pt(1)—
N(1) 2.096(10), Pt(2)—C(6) 1.912(13), Pt(2)—N(2) 1.970(10), Pt-
(2)—N(5) 2.049(11), Pt(2)—N(7) 2.061(10), C(18)—Pt(1)—N(8)
86.7(5), C(18)—Pt(1)—N(11) 79.0(5), N(8)—Pt(1)—N(11) 164.2(4),
C(18)—Pt(1)—N(1) 170.5(5), N(8)—Pt(1)—N(1) 95.2(4,) N(11)—
Pt(1)—N(1) 100.1(4), C(6)—Pt(2)—N(2) 88.2(5), C(6)—Pt(2)—
N(S) 78.7(5), N(2)—Pt(2)—N(5) 164.7(4), C(6)—Pt(2)—N(7)
170.3(4), N(2)—Pt(2)—N(7), 95.4(4) N(5)—Pt(2)—N(7) 98.8(4).

coupling of aryl bromides bearing electron-withdrawing or
electron-donating substituents and phenylacetylene in good-
to-excellent yields (entries 1—S5). The catalyst system is also
efficient for the coupling reaction of heteroaryl bromides, and
the target products could be obtained in nearly quantita-
tive yields (entries 6—8), although the reaction time is longer.
Aliphatic alkynes show lower activity than aromatic alkynes
(entries 9—10). The Sonogashira reaction of 4-chloroacetophene
is also successful, giving a moderate yield within 24 h (entry 11).
In summary, we have synthesized and fully characterized a few
nickel—, palladium—, and platinum—NHC complexes of pyr-
azole—NHC ligands. Nickel complexes 1—3 have a topology of
inverse 9-metallacrown-3 with three repeated [Ni—N—N] units,
and the metallacycles host a triply bridging hydroxide represent-
ing the first examples of metallacrown complexes supported by
NHC ligands. A linearly arranged Ni3 complex was obtained at
higher temperature. The same ligand forms a dinuclear platinum
complex showing versatile coordination behavior of pyrazole—
NHC ligands. The heterobimetallic complex $ contains palladium
and silver ions and shows good catalytic activity in Sonogashira
coupling reactions of aryl bromides and phenylacetylene.

B EXPERIMENTAL SECTION

General Procedures. All chemicals were of reagent grade quality
obtained from commercial sources and used as received. Ethyl 3-methyl-
pyrazole-5-carboxylate,”” [(37°-C5Hs)PdCl],,>* and Pt(cod)ClL,>® were
synthesized according to the reported methods. NMR spectra were
recorded on a Bruker Avance-400 (400 MHz) spectrometer, 400 MHz
for "H and 100 MHz for *C. Chemical shifts (0 ) were expressed in parts
per million downfield to TMS at 6 = 0 ppm, and coupling constants (J)
were expressed in Hz. ESI-mass spectral data were acquired using a
Waters Micromass ZQ_ mass spectometer (+ mode, ESI source).
Elemental analyses were performed on a Flash EA 1112 instrument.

Table 1. Sonogashira Coupling Reactions Catalyzed by 5°

) 5, PPhy .
R@x+ =R R4< >—: R

DMF, Cs,CO;, 80 °C

entry R X R time (h) yield %
1 P-C(O)CHj, Br  phenyl 8 100 (95)
2 H Br  phenyl 8 95
3 P-CH; Br  phenyl 8 97(92)
4 P-OCH; Br  phenyl 8 100
S P-Cl Br phenyl 8 100
6 2-bromothiophene Br phenyl 8 79
7 2-bromothiophene ~ Br  phenyl 16 98 (90)
8 2-bromopyridine Br  phenyl 16 100 (87)
9 P-C(O)CH, Br  1butyl 24 80 (76)
10 P-C(O)CHj, Br 1-hexyl 24 75
11 P-C(O)CH, Cl  phenyl 24 60 (44)

“ Reaction conditions: aryl halide, 1.0 mmol; alkyne, 1.2 mmol; complex
S, 1.0 mol %; PPh;, 1.0 mol %; Cs,COj3, 1.2 mmol; DMF, 3 mL; 80 °C.
GC yields and isolated yields are given in parentheses.

3-(Chloromethyl)-5-methylpyrazole hydrochloride. The
compound was synthesized from ethyl 3-methyl-pyrazole-5-carboxylate
according to the literature method.* Yield: 11.0 g, 66%. '"H NMR
(CDCly): 13.20 (br, NH, 2H), 6.40 (s, pyrazole CH, 1H), 4.73 (s, CH,,
2H), 2.54 (s, CH;, 3H). >*C NMR (CDCl;): 145.2, 144.5, 106.6, 33.6,
11.1. HRMS (TOF MS EI') m/z: [M — HCI] calcd for CsH,CIN,
130.0298. Found 130.0299.
3-(Chloromethyl)-5-methyl-1-(tetrahydro-pyran-2-yl)-
pyrazole. 1,2-Dihydropyran (9.22 g, 110 mmol) was added to a solution
of 3-(chloromethyl)-S-methylpyrazole hydrochloride (8.3 g, S0 mmol) in
500 mL of dichloromethane at room temperature. After stirring overnight,
the mixture was concentrated to 100 mL and washed with a solution of
25 g of sodium bicarbonate in 400 mL of water, and the separated
organic phase was dried over MgSO,. The solvent was evaporated, and
the residue was recrystallized from petroleum ether to give a white solid.
Yield: 9.4 g, 88%. "H NMR (CDCl): 6.11 (s, pyrazole CH, 1H), 5.20
(dd, J=2.0and 10 Hz, thp CH, 1H), 4.57 (d, ] = 12 Hz, CH,, 1H), 4.53
(d,J =12 Hz, CH,, 1H), 4.03 (d, ] = 7.2 Hz, thp CH, 1H), 3.62 (m, thp
CH,, 1H),2.39 (m, thp CH,, 1H), 2.31 (s, CH3, 3H), 2.08 (m, thp CH,,
1H), 1.90 (m, thp CH,, 1H), 1.68 (m, thp CH,, 2H) 1.56 (m, thp CH,,
H). *C NMR (CDCl;): 148.3, 140.6, 105.7, 84.5, 67.9, 39.3, 29.5, 24.9,
22.8, 11.0. HRMS (TOF MS EI') m/z: caled for C,oH,;sCIN,O
214.0873. Found 214.0870.
3-(N-Methylimidazoliumylmethyl)-5-methyl-1H-pyrazole
hexafluorophosphate ([H,L1]1(PFg)). A solution of 3-(chloro-
methyl)-S-methyl-1-(tetrahydro-pyran-2-yl)pyrazole (2.14 g, 10 mmol)
and N-methylimidazole (1.23 g, 15 mmol) in toluene (10 mL) was
refluxed overnight. The resulting solid was dissolved in ethanol (25 mL)
and filtered. To the filtrate was added concentrated hydrochloric acid
(1.5mL), and it was stirred for 3 h. The solvent was removed, the residue
was redissolved in water (25 mL), and then a saturated NH,PF4 aqueous
solution (30 mL) was added dropwise. The resulting precipitate was
washed with water, ethanol, and ether. Yield: 2.51 g, 78%. Anal. Calcd for
CoH,3F6N,P: C, 33.55; H, 4.07; N, 17.39. Found: C, 33.86; H, 4.06; N,
17.31. "H NMR (dmso-dy): 12.67 (s, NH, 1H), 9.12 (s, NCHN, 1H),
7.71, 7.67 (both s, NCHCHN, each 1H), 6.09 (s, pyrazole CH, 1H),
5.31 (s, CH,, 2H), 3.65 (s, CHs, 3H), 2.22 (s, CH;, 3H). "*C NMR
(dmso-dg): 145.7, 140.7, 136.9, 124.1, 122.9, 103.8, 46.7, 36.2, 10.9.
3-(N-Mesitylimidazoliumylmethyl)-5-methyl-1H-pyrazole
hexafluorophosphate ([H,L2](PFg)). According to the same
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Table 2. Summary of X-ray Crystallographic Data for 1 and 4—6

1.-2CH3CN-DMSO 4.2CH;CN 5-CH;CN 6-2CH;CN
formula C31Hy3F 12N13Ni3P,0,8 C7:HgyF 12N gNiz Py Cy4Hs4AgFeN oPd,P CsHagF 12N 4Pty
fw 112791 1665.63 1188.61 1240.76
crystal system triclinic triclinic monoclinic triclinic
space group P1 PI1 C2/c P1
a/A 10.9545(12) 13.2854(14) 20.3269(8) 9.7764(9)
b/A 15.3178(18) 19.085(2) 22.2835(8) 12.1843(16)
/A 15.4704(19) 19.144(2) 11.0602(5) 16.3997(19)
B/deg 106.440(2) 92.2230(10) 107.703(4) 86.770(2)
V/A3 2360.5 (5) 3958.2(7) 4772.5(3) 1862.7(4)
z 2 2 4 2
D/gcm™? 1.587 1.398 1.654 2212
cryst size/mm 0.22 x 0.17 x 0.10 0.41 x 0.38 x 0.35 0.32 x 0.25 x 0.23 0.37 x 0.30 x 0.21
reflns collected 12510 20735 16 103 9742
ind reflns, R 8193, 0.1097 13768, 0.0232 4168, 0.0716 6474, 0.0323
goodness of fit on F 1.057 1.044 1.032 1.03S§

R1,wR2 [I > 20(I)]
R1, wR2 (all data)

0.0948, 0.2265
0.1882, 0.2614

0.0638, 0.1727
0.1152, 0.2238

0.0645, 0.1708
0.070s, 0.1794

0.0495, 0.1159
0.0868, 0.1396

procedure as for compound [H,L1](PFs), [H,L2](PF¢) was obtained
as a white solid. Yield: 3.54 g, 83%. Anal. Calcd for C;,H,FsN4P: C,
47.89; H, 4.96; N, 13.14. Found: C, 47.41; H, 4.92; N, 12.75. "H NMR
(dmso-ds): 12.69 (br, NH, 1H),9.50 (s, NCHN, 1H), 8.00, 7.91 (both
d, ] = 1.6 Hz, NCHCHN, each 1H), 7.15 (s, mesityl CH, 2H), 6.12 (s,
pyrazole CH, 1H), 5.45 (s, CH,, 2H), 2.33 (s, CH;, 3H), 2.24 (s,
mesityl CHs, 3H), 2.01 (s, mesityl CHs, 6H). "*C NMR (dmso-dg):
145.8, 141.0, 137.6, 134.7, 131.4, 130.0, 129.7, 124.5, 123.63, 103.7,
65.4,20.9, 17.3, 10.8.

3-(N-Pyrimidin-2-ylimidazoliumylmethyl)-5-methyl-1H-
pyrazole hexafluorophosphate ([H,L31(PFg)). [H,L3](PF)
was prepared similarly as [H,L1](PFy). Yield: 3.54 g, 83%. Anal
Calcd for C,H3F¢NgP: C,37.32; H, 3.39; N, 21.76. Found: C, 37.01;
H, 3.34; N, 20.46. "H NMR (dmso-dg): 12.67 (br, NH, 1H), 10.22 (s,
NCHN, 1H), 9.03 (d, ] = 5.2 Hz, 0-C,H;N, 2H), 8.43, 7.92 (both s,
NCHCHN, each 1H), 7.74 (t, ] = 4.8 Hz, m-C,H,N, 1H), 6.16 (s,
pyrazole CH, 1H), 5.48 (s, CH,, 2H), 2.21 (s, CHs, 3H). '*C NMR
(dmso-dg): 160.4, 152.4, 144.9, 141.0, 135.9, 1242, 122.9, 119.8,
104.2, 47.3, 10.8.

Synthesis of [Nis(#-OH)(L1)3](PFe); (1). A solution of [H,L1]-
(PFs) (128 mg, 0.4 mmol) in CH;CN (S mL) was treated with Ag,O
(96 mg, 0.4 mmol). After the mixture was stirred at 45 °C for 2 h, an excess
of Raney nickel powder (ca. 100 mg) was added and stirred for 24 h. After
filtration through a plug of Celite, the solution was concentrated to ca.
1.0 mL. Addition of diethyl ether (10 mL) afforded 1 as a yellow solid. Yield:
78 mg, $1%. Anal. Calcd for C,,Hy,F1,N,Ni;OP,: C, 32.15; H, 3.40; N,
16.66. Found: C, 32.41; H, 3.44; N, 16.17. "H NMR (dmso-d): 7.61
(s, NCHCHN, 3H), 7.39 (s, NCHCHN, 3H), 6.01 (s, pyrazole CH, 3H),
5.59, 5.32 (both d, ] = 16.8 Hz, CH,, 6H), 3.23 (s, CHs, 9H), 2.08 (s, OH,
1H), 1.51 (s, CH3, 9H). *C NMR (dmso-ds): 152.3 (Ni—C), 145.8, 125.2,
124.1, 104.5, 47.0, 36.7, 13.6.

Synthesis of [Nis(#-OH)(L2)3](PF¢),-Et,0 (2) and [Nis-
(L2)4](PF¢)5 (4). According to the same procedure as described for
1, complexes 2 and 4 were obtained simultaneously and isolated by
fractional crystallization. For 2: yellow solid. Yield: 38 mg, 22%. Anal.
Calcd for CssHggF1,N1,NizO,P,: C, 47.35; H, 4.91; N, 12.0S. Found:
C, 47.29; H, 5.18; N, 12.30. '"H NMR (acetone-dg): 7.85, 7.54 (both s,
NCHCHN, each 3H), 7.09 (s, mesityl CH, 3H), 6.65 (s, mesityl CH,
3H), 5.81 (s, pyrazole CH, 3H), 5.65, 5.37 (both d, J = 18.0 Hz, CH,,
6H),4.01 (s, CHs, 9H), 2.12 (s, mesityl CHs, 9H), 2.12 (s, mesityl CH,

9H), 1.93 (s, mesityl CHj, 9H), 1.81 (s, mesityl CH;, 9H), 0.79 (s, OH,
1H). '*C NMR (dmso-dg): 154.0 (Ni—C), 147.4, 146.6, 137.4, 134.3,
134.1,132.8,129.1, 128.9, 126.7, 123.5, 103.4,47.7, 23.1, 20.6, 18.3, 15.9.
For 4: tan-yellow solid. Yield: 65 mg, 41%. Anal.Calcd for
CesHy6F1oN1NiPs: C, 51.58; H, 4.84; N, 14.15. Found: C, 51.64; H,
4.85; N, 14.33. The compound is paramagnetic. "H NMR (acetone-dg):
10.69 (s, 4H), 6.62 (s, 4H), 5.14 (s, 4H), 4.96 (s, 4H), 4.82 (s, 4H), 2.89
(s, 8H), 2.06 (s, 24H), —1.72 (s, 12H), —3.44 (s, 12H). *C NMR
(acetone-dg): 200.2, 138.6, 132.8, 130.5, 129.5, 129.4, 127.5, 127.1,
123.0, 122.8, 65.2, 19.5, 13.5, 12.0.

Synthesis of [Ni3(x-OH)(L3)3]1(PFe), (3). Complex 3 was pre-
pared similarly as for 1 and isolated as a yellow soild. Yield: 48 mg, 30%.
Anal. Caled for CsgHa,FoN gNisOP,: C, 36.01; H, 2.85; N, 21.00.
Found: C, 35.79; H, 2.79; N, 20.86. '"H NMR (dmso-dg): 8.95
(d, J = 52 Hz, 0-CsH,N,, 6H), 8.08, 7.87 (all s, NCHCHN, each
3H), 6.95 (d, ] = 4.8 Hz, m-CsH,N,, 3H), 5.56 (s, pyrazole CH, 3H),
5.61, 5.19 (both d, ] = 16.4 Hz, CH,, 6H), 2.34 (s, OH, 1H), 1.43
(s, CH;, 9H). "*C NMR (dmso-dg): 158.3 (Ni—C), 156.0, 151.2, 145.4,
141.7, 135.2, 124.1, 122.7, 103.3, 47.5, 14.6.

Synthesis of [Agsz(ﬂ3-C3H5)2(L2)2](PFG) (5). A solution of
[H,L2](PF4) (170 mg, 0.4 mmol) in CH;CN (S mL) was treated
with Ag,O (96 mg, 0.4 mmol). The mixture was stirred at 45 °C for 2 h.
[(3°-C3H;)PdCl], (74 mg, 0.2 mmol) was then added to the solution at
room temperature and stirred for another 2 h. After filtration through a
plug of Celite, the filtrate was concentrated to ca. 2 mL. Addition of
diethyl ether (30 mL) gave § as a white solid. Yield: 169 mg, 76%. Anal.
Calcd for C4oHy3AgFsNgPd,P-H,0: C, 42.72; H, 4.48; N, 9.96. Found:
C, 4221; H, 424; N, 9.50. "H NMR (dmso-dg): 7.78, 7.74 (both s,
NCHCHN, each 2H), 7.02 (s, mesityl CH, 2H), 6.94 (s, mesityl CH,
2H), 6.18 (s, pyrazole CH, 2H), 5.31 (d, ] = 15.6 Hz, CH,, 4H), 5.14 (m,
CH, + C3H,, 4H), 420 (d, J = 7.6 Hz, C;Hs, 2H), 3.30 (s, C;Hs, 2H),
3.17 (d,J = 13.6 Hz, C;Hs, 2H), 2.60 (br, CyHs, 2H), 2.32 (s, CH,, 6H),
2.29 (s, mesityl CHz, 6H), 1.92 (s, mesityl CHs, 6H), 1.85 (s, mesityl
CH,, 6H). *C NMR (dmso-dg): 1754 (Pd—C), 148.9, 145.2, 138.8,
136.8, 135.3, 134.9, 129.2, 129.0, 123.3, 122.3, 118.1, 102.5, 68.8, 65.3,
47.5,21.0, 18.5, 17.9, 15.6, 14.5.

Synthesis of [Pt;(L3),]1(PFe); (6). A solution of [H,L3](PFs)
(154 mg, 0.4 mmol) in CH3CN (S mL) was treated with Ag,0 (96 mg,
0.4 mmol) at 45 °C for 2 h. Pt(cod)Cl, (114 mg, 0.4 mmol) was
then added to the solution at room temperature and stirred for 2 h.
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The resulting mixture was filtered through a plug of Celite to remove
AgCl, and the filtrate was concentrated to ca. 2 mL. Compound 6 was
obtained as a pale yellow solid after addition of 20 mL of diethyl ether.
Yield: 129 mg, 56%. Anal. Calcd for C,4Hy,F,N ,PtP,: C, 24.88; H,
1.91; N, 14.51. Found: C, 24.63; H, 2.21; N, 14.63. "H NMR (dmso-dg):
9.19 (d, ] = 4.8 Hz, m-CsH,N,, 2H), 8.38, 7.98 (both s, NCHCHN, each
2H),8.17 (d, ] = 5.6 Hz, m-CsH,N,, 2H), 7.68 (t, ] = 5.2 Hz, 0-CsH,N,,
2H), 6.75 (s, pyrazole CH, 2H), 5.92, 5.85 (both d, ] = 17.6 Hz, CH,,
4H), 2.31 (s, CH;, 6H). *C NMR (dmso-dg): 161.9 (Pt—C), 159.5,
157.8, 152.0, 146.5, 143.5, 123.5, 121.1, 108.3, 48.7, 14.7.

X-ray Diffraction Analysis. Single-crystal X-ray diffraction data
for 1—4 and 6 were collected at 298(2) K on a Siemens Smart/CCD
area-detector diffractometer with a Mo Ka radiation (4 = 0.71073 A),
and 5 was measured at 153(2) K on a Gemini Ultra Atlas/CCD area-
detector diffractometer with Cu Kat radiation (4 = 1.54184 A) by using
an @-26 scan mode. Unit-cell dimensions were obtained with least-
squares refinement. Data collection and reduction were performed using
the SMART and SAINT software or Oxford Diffraction CrysAlisPro
software." All structures were solved by direct methods and refined
against F* by the full-matrix least-squares techniques.>* All non-hydro-
gen atoms were refined anisotropically. Hydrogen atoms were intro-
duced in their calculated positions. Details of the X-ray experiments and
crystal data are summarized in Table 2.
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