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ABSTRACT: A zwitterionic palladium complex of a
phosphine bearing a perchlorinated carba-closo-dodecabo-
rate anion as a ligand substituent is reported. A single-
crystal X-ray diffraction study reveals that, in the solid
state, one of the chlorides of the carborane cage occupies a
coordination site of the square-planar complex. However,
in solution, the P—carborane bond of the ligand is rapidly
rotating at temperatures as low as —90 °C, which
demonstrates the carborane substituent’s weak coordina-
tive ability even though this anion is covalently linked to
the phosphine ligand. The complex is thermally stable and
catalyzes the vinyl addition polymerization of norbornene.

he availability of a diverse array of ligand frameworks is

critical for the development of effective homogeneous
catalysts. One of the most useful classes of ligands is
monodentate tertiary phosphines. Such ancillary ligands are
typically constructed with combinations of ubiquitous alkyl and
aryl groups. An interesting alternative to classical alkyl and aryl
ligand R groups is polyhedral carboranes." The most common
carboranes used in phosphine design are derived from
icosahedral dicarbaborane clusters (C,B,,)."*“* Because of its
ready availability, the o-carborane isomer 1 (Figure 1) of these
clusters is most often implemented. While this cluster offers a
variety of interesting characteristics, such as an essentially
spherical steric profile and the ability to form H—H hydrogen
bonds," it exhibits reactivity that may not be desirable for
catalysis, such as facile B—H cyclometalation and vertex extrusion

Figure 1. (top) o-Carborane 1, nido anion 2, and carba-closo-
dodecaborate anion 3 (unlabeled vertices = B—H). (bottom)
Representations of anionic carboranyl phosphine 4 (unlabeled vertices
= B), phosphine sulfonates S, and trifluoroborate phosphines 6.
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reactions to afford nido-carboranes 2 (Figure 1). The latter
property has been utilized by Teixidor et al.” to create a family of
anionic phosphines, bearing nido-carborane substituents, that
exhibit unique coordination chemistry. Compared to icosahedral
dicarbaboranes, isoelectronic carba-closo-dodecaborate clusters
3'® (CB,,; Figure 1) are far more inert, particularly when
polyhalogenated. Furthermore, these clusters are among the
weakest coordinating anions known and have allowed for the
preparation of many exotic cations* and extraordinarily active
systems for silylium catalysis.

Recently, we reported the first transition-metal complexes
[gold(I) and iridium(I)] of phosphines containing carbon-
functionalized carba-closo-dodecaborates as ligand substituents.®
When these phosphines react with metal precursors, ligand
coordination as well as salt metathesis to produce zwitterionic
species is observed. The previously reported zwitterionic gold
complex,*® which is supported by the phosphine 4 (Figure 1),
bearing a perchlorinated carborane anion, catalyzes the hydro-
amination of alkynes with amines with unprecedented activity.
More recently, we have developed the synthetic methodology to
access both dianionic symmetrical and monoanionic unsym-
metrical carboranyl N-heterocyclic carbenes (NHCs).”

One of the applications we envision utilizing such ligands for is
the design of single-component late-metal olefin polymerization
catalysts analogous to systems supported by phosphine
sulfonates 5 (Figure 1).® Initially discovered by Drent et al.®>
and extensively investigated by Nozaki et al %™ and Jordan et
al,*™™ palladium-based olefin polymerization catalysts sup-
ported by ligands S produce unusual highly linear polyethylene as
well as copolymers with high polar monomer content. This
unique behavior is proposed to arise from pairing a weakly
coordinating sulfonate moiety with a cis-binding phosphine. Kim
and Jordan’ and Piers et al.'® have independently reported
related systems that implement phosphines 6 that contain a
tetracoordinate trifluoroborate moiety in lieu of a sulfonate
group (Figure 1). The structure of carboranyl phosphine 4 is
similar to those of § and 6 in that it contains a weakly
coordinating anion proximal to the phosphine center. Here we
report our initial investigation into the synthesis of a zwitterionic
palladium complex supported by 4 and its reactivity with several
simple olefin substrates.

For this first investigation, we chose to target the palladium
allyl complex 7 (Figure 2) because the allyl moiety should bring
stability to the complex, compared to a more reactive metal alkyl.
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Figure 2. Synthesis of complex 7.

Hence, ligand 4 was reacted with (CIPd allyl), in F—C¢H;,
whereupon a precipitate formed (7/LiCl) over 30 min. After the
precipitate was collected, the solid was dried and extracted with
CH,CI, (to remove insoluble LiCl) to afford 7 in 97% yield.
Analysis of 7 by *'P NMR spectroscopy shows the clean
formation of a single new phosphorus-containing species
(complex, +117.6 ppm; ligand, +77.3 ppm). At ambient
temperature, the ''B NMR spectrum of 7 shows a 1:5:5 ratio
of resonances, indicating that the clusters local Cs, symmetry is
not disrupted. This suggests that the carborane anion is rotating
rapidly about the P—carborane bond and is weakly coordinating
even though it is projected into the coordination sphere of the
metal. Indeed, variable-temperature "B NMR spectroscopy
shows that the cluster is freely rotating down to temperatures as
low as —90 °C. This behavior is in contrast to a recent report® of
a zwitterionic iridium complex, bearing the parent CB H,,
ligand substituent, that shows coordinative interactions in
solution and in the solid state. The "H NMR spectrum of 7
displays the expected signals for diasteriotopic isopropyl
phosphine substituents as well as three broad resonances for
the fluxional allyl group. Variable-temperature NMR analysis
(=50 °C) allows resolution of the allyl resonances into five
distinct multiplets.

A single-crystal X-ray diffraction study of 7 (Figure 3) confirms
its identity and reveals that, in the solid state, one of the chlorides

Figure 3. Solid-state structure of complex 7 (hydrogen atoms and
disorder about the allyl group omitted for clarity). Color code: brown, B;
green, Cl; gray, C; violet, P; blue, Pd.

of the carborane anion is occupying a coordination site of the
square-planar palladium center. The Pd—Cl distance [2.401(7)
A] is in the range reported for common Pd—Cl bonds in allyl
complexes (terminal Pd—Cl, 2.350—2.410 A;“a’b bridging Pd—
Cl, 2.380—2.420 A''"*™°) and shorter than that reported for
palladium complexes with weakly bound chlorocarbons (>2.425
A).1d Although the metal center interacts with the halogen in the
solid state, the B—Cl bond is only slightly elongated [1.794(3) A;
average other B—Cl bonds in the pentagonal belt adjacent to
carbon = 1.766(3) A], indicating little perturbation of this
exocluster bond. The P—Pd bond length of 6 [2.354(7) A] is
comparable (2.319-2.363 A)"” to that of palladium complexes

containing o-carboranyl phosphines. The allyl group is
coordinated in an #° fashion [Pd—C,jy bond lengths for C1 =
2.206(3) A, C2 = 2.126(5) A, and C3 = 2.138(5) A] and is
disordered over two positions.

We next sought to probe the ability of 7 to polymerize simple
olefins. Interestingly, complex 7 does not react at all with
ethylene (1 atm, 80 °C, CD,Cl,). However, the addition of 1 mol
% complex 7 to a solution of 1-hexene results in very rapid and
quantitative isomerization to 2-hexene (Table 1, entry 1). The

Table 1
7 (1 mol %)
enty 1 =~~~ cD,Cl, N 100%
5 min, 25°C
7 (1 mol %) L/\
entry 2 _\Ph CDCl; pp ph 75%
16 h, 50 °C
7 (0.1 mol %) 75%
entry 3 F-CgHs
24 h,80°C "
M,, = 44 kDa
PDI=175

ability of 7 to isomerize 1-hexene suggests the formation of
intermediate palladium hydrides likely formed via facile f-
elimination, which likely prevents chain propagation. We next
examined the reactivity of 7 with styrene because isomerization is
impossible with this substrate. Treatment of a CH,Cl, solution of
styrene with 1 mol % 7 at room temperature results in the
formation of traces (<1%) of a styrene head-to-tail dimer over 4
h. However, heating the mixture at S0 °C for 16 h improves the
yield to 75% (Table 1, entry 2). In contrast, at ambient
temperature (solvent = C¢Hg or F—CgH;), the more reactive
norbornene instantly polymerizes when contacted with 7.
However, the yield is low (<25%), and the polymer is completely
insoluble in all solvents. The insolubility of the polymer also
suggests that a very high molecular weight material is formed,
which results from poor initiation of the catalyst. In support of
this assertion, the primary complex observed in the crude mixture
is 7, as indicated by *'P NMR analysis. Given that the initial
insertion step of the polymerization likely occurs via an 77'-bound
ally species, we reasoned that the addition of the monomer to a
heated solution of 7 might improve the performance. Indeed, the
addition of norbornene to a solution of 7 (0.1 mol %) at 80 °C in
F—C¢Hj results in a higher yield of the polymer with improved
solubility (Table 1, entry 3). Analysis of the material by 'H NMR
shows the absence of olefinic resonances, which suggests that the
product forms via a vinyl addition polymerization pathway.'?
Analysis of the polymer’s molecular weight by gel permeation
chromatography coupled with light scattering revealed that the
polymer had a weight-average molecular weight (M,,) of 44 kDa
and a polydispersity index of 1.71. Only a handful of palladium
catalysts can produce soluble polynorbornene'® because the high
reactivity of the monomer usually prohibits controlled polymer-
ization. Monitoring the reaction by '"H NMR shows that the
polymerization is continuous throughout heating of the reaction,
which demonstrates that the catalyst is thermally stable. The
thermal stability of catalyst 7 is unusual because most palladium
olefin eglymerization systems begin to rapidly decompose above
70 °C.

B CONCLUSION

This paper introduces a novel approach to the design of
zwitterionic olefin polymerization catalysts. Interestingly, the
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presence of a carba-closo-dodecaborate ligand substituent allows
the polymerization of norbornene even though the anion is
buried in the coordination sphere of the metal. This highlights
the extraordinary weak coordinative ability of these R groups and
paves the way for the development of other systems that will be
effective for the polymerization of unstrained olefins. We are
currently investigating the design of related Pd—Me catalysts,
which should display enhanced initiation relative to the allyl
system 7.
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Experimental procedures, spectroscopic data, and X-ray
crystallographic data in CIF format. The Supporting Information
is available free of charge on the ACS Publications website at
DOI: 10.1021/acs.inorgchem.Sb00576.
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