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Pyrazole-Derived Remote Dicarbenes: Versatile Ligands for Di- and
Tetranuclear Complexes

Yuan Han, Li Juan Lee, and Han Vinh Huynh**

The spectacular success of N-heterocyclic carbenes
(NHCs) as a new class of ligands in organometallic chemis-
try and their application to catalytic systems has been pri-
marily attributed to their strong electron-donating nature.!!
The extension to yet stronger donors has recently lead to
the design of non-conventional NHCs™ including remote
NHCs (rNHCs),”! cyclic (alkyl)aminocarbenes (CAACs)™
and “carbodicarbenes” (CDCs), which can also be regarded
as zerovalent carbon complexes.”) In relation to this devel-
opment, we have recently introduced complexes of pyra-
zole-based remote and abnormal NHCs, which are isomeric
to imidazolin-2-ylidenes and thus were termed pyrazolin-4-
ylidenes.”! However, their true nature is currently still under
debate, and as depicted in Scheme 1, these ligands can be
represented by a zwitterion (Ia)"! an abnormal rNHC
(Th)!* or a neutral cyclic bent allene (Ic).['

Although more detailed investigations are required to
reveal their true identity, there is no doubt that they form a
new class of strongly donating ligands (L) as shown by an
even lower CO stretching frequency in [RhCI(L)(CO),]
compared to those in classical NHCs or phosphine ana-
logues.” Owing to the substantial carbenoid ligand charac-
ter in their metal complexes we will refer to them as abnor-
mal *NHCs in this work.'* The coordination chemistry of
such abnormal rNHCs is poorly understood and only mono-
dentate examples have been reported. Bi- or multidentate li-
gands of this type capable of constructing macrocyclic enti-
ties through metal-directed self-assembly, an area of great
interest,"" remain unknown. Among such architectures, mo-
lecular squares built from four metal-containing corners
linked by four spacers have been widely studied."” Com-
monly-used spacers contain nitrogen donor groups, whereas
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Scheme 1. Selected resonance structures of “pyrazolin-4-ylidenes” (Ia—c)
and synthesis of di(pyrazolium) salts 2a—c.

spacers utilizing carbon donors are very rare. Only recently,
Bielawski reported linear di- or polynuclear complexes in-
corporating Janus-type NHCs as spacers.!'”] Employing these
spacers, a Ni rectangle with 4,4'-bipyridine as a second
linker was reported by Hahn.'"! Herein, we report on the
coordination chemistry of unprecedented remote and abnor-
mal dicarbenes and their use as a new class of organometal-
lic spacers for the formation of di- and tetranuclear Pd"
complexes.

The suitable ligand precursors with bridges of different
lengths (2a—c) were obtained through alkylation of 4,4'-di-
iododipyrazoles™ 1a-c¢ with Me,;OBF, as white solids in
moderate to high yields of 86 %, 93 % and 62 %, respective-
ly (Scheme 1). The topology of 2a—c ensures the exclusive
formation of di- or polynuclear complexes and prevents che-
lation of the resulting dicarbenes.

Dipyrazolium salt 2¢ was reacted with a pre-mixed solu-
tion of [Pd,(dba);]/PPh; (1:4 ratio, dba=dibenzylideneace-
tone) in CH,Cl, (Scheme 2) in an attempt to synthesize a di-
nuclear Pd"-dicarbene complex. Owing to the long propyl-
ene chain, the two pyrazolium moieties are not likely to in-
terfere with each other to a significant extent, and oxidative
addition is expected to proceed in a similar manner as that
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Scheme 2. Synthesis of dinuclear and tetranuclear Pd"-di-rNHC complexes 3 and 4.

for mono-pyrazolium salts. On the other hand, the insolubil-
ity of 2¢ in CH,CI, as a result of its high charge and the dif-
ficulty of conducting two oxidative additions on a single
molecule demanded a prolonged reaction time of ~18h
(overnight) after which the first dinuclear di-"NHC complex
3 was obtained as yellow crystals (36 % yield).

Its ESI MS spectrum corroborates the formation of a di-
nuclear complex by an isotopic envelope centered at m/z =
888, owing to the dicationic [M—2BF,]** fragment. In addi-
tion, its "H NMR spectrum shows upfield shifts for all sig-
nals of the bridging di-NHC ligand compared to those of
its ligand precursor (2¢). The NCH, and CH, protons of the
propylene bridge resonate as a triplet at 6 =3.76 ppm and a
quintet at d =1.53 ppm, which indicates free rotation of the
propylene bridge even in close proximity of the bulky PPh;
ligands on each Pd center. The *C signal for the carbon
donor atom appears at 6 =128.7 ppm as a triplet with a cou-
pling constant of %/(C,P)=7.3 Hz, suggesting a trans ar-
rangement of the two PPh; ligands at each Pd center. Corre-
spondingly, only one singlet was observed at 6 =22.7 ppm in
the *'P NMR spectrum.

The identity of complex 3 was unambiguously confirmed
by X-ray diffraction analysis on single crystals obtained by
slow evaporation of a CH,Cl,/hexane solution.'®! The molec-
ular structure depicted in Figure 1 shows the expected trans
configuration, as found in solution by NMR spectroscopy.

Figure 1. Molecular structure of the dinuclear cation of 3.2 CH,Cl, show-
ing 50% probability ellipsoids; BF,” ions, hydrogen atoms and solvent
molecules are omitted for clarity.
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The Pd—C bond lengths of
2.011(9) and 2.013(8) A are
also comparable to those ob-
served for mononuclear ana-
logues!®<! and standard Pd"-NHC complexes.

Double oxidative addition of 2a to [Pd,(dba);]/PPh; was
more difficult, owing to steric interferences arising from the
short methylene-bridge, which was also found to prevent
complex-formation analogous to 3. Instead, an interesting
tetranuclear complex 4 was isolated as a yellow crystalline
material. Its structure was confirmed by X-ray diffraction
analysis on single crystals of the toluene solvate
42 C(H;CHj; obtained from a concentrated CH;CN/toluene
solution (Figure 2).') Compound 4 consists of a tetranuclear

Figure 2. Molecular structure of the tetranuclear cation of 4-2C,HsCH;
showing 50% probability ellipsoids; BF,~ ions, hydrogen atoms and sol-
vent molecules are omitted for clarity.

cation balanced by BF,” counter-anions. The four Pd" cen-
ters and the bridging iodo ligands form two rhombuses,
which are linked by two di-rNHC ligands to form a rectan-
gular macrocyclic structure with dimensions of 7.051x
8.338 A. Notably, the corners of this rectangle are not
formed by the Pd atoms, but by the CH,-spacer of the dicar-
bene and the bridging anions 12/I2A. The latter are found
to be partially replaced by Cl captured from the reaction
media CH,Cl, with occupancy ratio of 70:30 (I:Cl)."" In
Figure 2 only iodido ligands are shown for clarity. The two
cyclic carbene planes in one ligand are almost perpendicular
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to each other with an angle of 88.37°. They are also almost
perpendicular to their respective coordination planes with
dihedral angles of 87.74 and 81.74°, respectively. In addition,
the two coordination planes are perfectly parallel to each
other. The Pd—C bonds of 1.976(7) and 1.970(7) A are
slightly shorter than those in dinuclear 3 in line with a more
Lewis acidic metal center in complex 4.

The structure of 4 is retained in CH,Cl, as evidenced by
its ESI MS spectra, which shows isotopic patterns corre-
sponding to tetranuclear cations with different bridging
halido ligands (I” vs Cl7) plus one or two BF,” anions.
Owing to insufficient solubility of 4 in CD,Cl,, NMR analy-
sis was performed in CD;CN. The '"H NMR spectrum shows
singlets at d =3.33 and 3.24 ppm, indicating two inequivalent
N-Me groups attributed to two unsymmetrical cyclic car-
benes linked by the methylene bridge (Figure 2). The meth-
ylene protons are diastereotopic, but their resonances acci-
dentally overlap to give a broad pseudo-doublet at o
~6.12 ppm, suggesting restricted rotation around the N—
CH, bond.

Finally, the oxidative addition of 2b to [Pd,(dba);]/PPh,
was attempted. However, this reaction gave rise to an in-
tractable product mixture from which no Pd—*NHC com-
plexes were isolated. This outcome is probably owed to the
intermediate length of the ethylene spacer, which may nei-
ther favor the formation of dinuclear nor tetranuclear com-
plexes. Attempts to selectively synthesize such complexes
containing the ethylene-bridged di-NHC ligand by stoichi-
ometry control were also conducted to no avail.

In summary, we have reported the first complexes of pyra-
zole-derived di-*NHC ligands. Remote changes in the ligand
topology four bonds away from the carbon donor have sub-
stantial influences on the nuclearity of the resulting com-
plexes. The oxidative addition of 2¢ to Pd’/PPh; afforded
the dinuclear complex 3, whereas precursor 2a gave rise to
the tetranuclear rectangle 4 with two bridging di-rNHC li-
gands. Importantly, we have demonstrated that novel dipyra-
zolin-4-ylidenes are versatile building-blocks for di- or tetra-
nuclear architectures and further work to extend these coor-
dination motifs to polynuclear assemblies is underway in
our laboratories.
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