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ABSTRACT: The phosphine-phosphonate-sulfonate proligand HP'(4-Bu-Ph)(2-PO;H,-5-Me-Ph)(2-SO;™-5-Me-Ph) (H;[OP-P-
SO], 1-H;) was investigated as a building block for the self-assembly of multinuclear Pd compounds based on zinc phosphonate
scaffolds. 1-H; reacts with Zn(OAc),*2H,0 to afford {Zn[1-H]},, which adopts a Zn,P,Oq ring structure in which the Zn centers are
linked by p’-«',k'-bridging (aryl)PO,H ligands. {Zn[1-H]}, reacts with (TMEDA)PdMe, and pyridine to generate {[(k*-OP-P-
SO)PdMe(py)][Zn(TMEDA)]}, (2), in which two [(KZ-OP-P-SO)PdMe(py)]Z‘ units are linked through a Zn,P,0, ring. The sequen-
tial reaction of CH;OH-free {Zn[1-H]}, with (COD)PdMe, and 4-'Bu-py generates {[k’-(Zn-OP-P-SO)]PdMe(4-'Bu-py)}, (4-(4-
'‘Bu-py)), in which four [(KQ-OP-P-SO)PdMe(4-tBu-py)]2' units are arranged on the periphery of a double-four-ring (D4R) Zn,P,O,,
cage. Analogous 4-L species were generated by the reaction of {Zn[1-H]}4, (COD)PdMe, and other pyridine ligands. 4-py reacts
with CH;0H to form a trimeric cluster 3-py, which adopts a cage structure based on Zn;P;0O4 and Pd;O; rings. In the presence of
B(CgFs); to sequester the pyridine ligands, 4-(4-Bu-py) and 3-py polymerize ethylene at 80 °C to linear polyethylene with high

molecular weight (up to M,,=ca. 1 x 10° Da).

INTRODUCTION

The phosphine-bis(arenesulfonate) palladium complex (Li-
OPO)PdMe(py') (A, Scheme 1; LiOPO™ = PPh(2-SO;Li-5-Me-
Ph)(2-SO5™-5-Me-Ph), py' = 4-(5-nonyl)-pyridine) self-
assembles into a tetrameric structure Ay, in which four (Li-
OPO)PdMe(py') units are arranged on the periphery of a dou-
ble-four-ring (D4R) cage formed by the non-Pd-bonded Ar-
SO;Li groups.' A, undergoes partial and reversible dissocia-
tion into monomeric A in solution. A4 polymerizes ethylene to
linear polyethylene (PE) and copolymerizes ethylene with
vinyl fluoride. The polymerization behavior of Ay is strongly
influenced by the extent of disassembly under polymerization
conditions. Under conditions where A, is partially dissociated
(hexanes slurry at 80 °C or CH,Cl, solution at 25 °C), linear
PE with a broad bimodal molecular weight distribution
(MWD) comprising high-MW (ca. 10° Da) and low-MW (ca.
10* Da) fractions is produced. Under conditions where A, is
fully dissociated (dilute toluene solution at 80 °C), linear PE
with a low MW (ca. 10* Da) and a Schulz-Flory MWD typical
of mononuclear (phosphine-arenesulfonate)PdR catalysts is
produced.” These results suggest that intact Pd, species pro-
duce the high MW fraction, while Pd, species produce the low
MW fraction.

A current goal in this area is to design analogues of A, that
are more robust under polymerization conditions, to enable
mechanistic studies to probe why intact A4 produces high-MW
PE and make possible new applications in copolymerization.’
One strategy for enhancing the stability of the central cage in
Pd, assemblies such as A, is to replace the Li' cations and
sulfonate anions with stronger Lewis acid/base pairs. This
paper explores the synthesis of analogues of A, that are based
on Zn phosphonate cages.*

Scheme 1. Self-assembly and structure of {(Li-
OPO)PdMe(py")}s (Ay, Py’ = 4-(5-nonyl)-pyridine). The
lower (Li-OPO)PdMe(py') units in the schematic structure
of A are denoted by "Pd".

A Ay, py' = 4-(5-nonyl)-pyridine

Molecular zinc phosphonate clusters exhibit a diverse range
of structures and phosphonate coordination modes (Chart 1).’
Dimeric zinc phosphonate compounds typically contain
Zn,P,0, rings with doubly-bridging phosphonate groups
(2.110 bonding mode in the Harris notation),”’ as exemplified
by Zn,{(3,5-Bu,-2-OH-Ph)CH,PO;},(TMEDA),(H,0), (B).*
The trinuclear compound Zn;Cly(3,5-Me,-PzH),(‘BuPOs),, (C,
PzH = pyrazole) contains an interesting core structure in
which the three zinc centers are linked by two triply-bridging
(3.111) ‘BuPO;” ligands.® The tetranuclear compound
[Zn4(2,4,6-"Pr3-Ph-PO;),{2,4,6-Pr;-Ph-PO;H},(3,5-Me,-
PzH)4(3,5-Me,-Pz),] (D) adopts a 2-dimensional tricyclic
structure,” while [ZnyFMPA),(phen),] (E, FMPA = (ferro-
cenyl)CH2P032', phen = 1,10-phenanthroline) adopts a 3-



Chart 1. Representative structures of molecular Zn phosphonates. The lower (phosphine-sulfonate)PdMe(L) units in G are

denoted by "Pd".
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dimensional cage structure with two 2.110 and two 4.211
bridging phosphonates. "

['BuPO;Zn(2-apy)], (F, 2-apy = 2-amino-pyridine, Chart 1)
was the first zinc phosphonate compound reported to contain a
D4R cage structure.'"'* Murugavel and coworkers synthesized
F by the reaction of ‘BuPO;H, and Zn(OAc), with 2-apy to
cap the Zn corners. The NH, group of the 2-apy ligand engag-
es in intermolecular H-bonding which links the ['BuPO;Zn(2-
apy)], cages into a 3-dimensional polymer. The metrical pa-
rameters for the core cage of F are similar to those of the
Li;S,04, cage in A;. TGA analysis of F shows that the first
weight loss occurs at 170-200 °C and is due to the loss of 2-
apy, suggesting that the Zn,P,0, core is thermally robust."

Based on Muragavel's studies of F, we envisioned that a
(phosphine-arenesulfonate)PdMeL. species containing a pen-
dant Zn phosphonate group would adopt an analogous D4R
cage structure G (Chart 1) that would be more thermally ro-
bust that A,. Here we report the synthesis of a phosphine-
phosphonate-sulfonate  ligand, [P(4-Bu-Ph)(2-PO;-5-Me-
Ph)(2-SO;-5-Me-Ph)]* ([OP-P-SOJ*) and its use as a scaffold
for Zn,, Zn,Pd,, Zn;Pd; and Zn,Pd, assemblies, the latter of
which adopts the target structure G. The ethylene polymeriza-
tion behavior of the Zn;Pd; and Zn4Pd, compounds is also
reported.

RESULTS AND DISCUSSION

Synthesis of phosphine-phosphonate-sulfonate proligand
HP*(4-'Bu-Ph)(2-PO;H,-5-Me-Ph)(2-SO;-5-Me-Ph)
(H;|OP-P-SO], 1-H;). Proligand 1-H; was synthesized as
shown in Scheme 2. The reaction of (4-Bu-Ph)PCl, with 2
equiv of HNEt, gave mono-protected (4-'Bu-Ph)P(NEt,)CI.
Reaction of this compound with ortho-lithiated diethyl p-

F, “py = 2-NHo-py

G, L = py or substituted py

toluenephosphonate and removal of the NEt, protecting group
with HCIl afforded (4-Bu-Ph)(2-PO;Et,-5-Me-Ph)PCl. The
reaction of this intermediate with Li[p-toluenesulfonate] gen-
erated Li[1-Et,] in 79 % *'P NMR vyield. Li[1-Et,] was acidi-
fied with HCI to form H[1-Et,] in 98 % yield. The reaction of
H[1-Et,] with SiMe;Br followed by quenching with CH;OH
afforded 1-H; in 78 % yield.

Synthesis of {Zn[H(OP-P-SO)]}, ({Zn[1-H]},). Following
Murugavel’s strategy for the synthesis of Zn phosphonate cage
compound F, we envisioned that the reaction of 1-H; with
Zn(OAc),*2H,0 would afford D4R cage structure H with the
sulfonate group capping the Zn centers (Scheme 3), which
subsequently could be metalated to form target G. However,
when conducted in CH;0H with a small amount of CH,Cl, to
dissolve 1-Hj, this reaction instead produces a 2-dimensional
Zn phosphonate product, {Zn[1-H]}4. {Zn[1-H]}, can be iso-
lated by filtration and contains variable amounts of CH;0H (2
to 64 equiv per {Zn[1-H]},4 unit by NMR). The CH;0H can be
completely removed by heating under vacuum (50 °C, 2d).

Crystallization of {Zn[1-H]}, from CH;O0H solution (ca. 0.02
M in Zn™) affords X-ray quality crystals of {Zn[l-
H](CH3;0H)},+12CH;0H, the solid-state structure of which is
shown in Figure 1."* The structure of {Zn[1-H](CH;OH)},
features a puckered 16-membered Zn,P,Og ring in which the
Zn centers are linked by p*-«',x' (aryl)PO;H" bridges similar to
those in D.** {Zn[1-H](CH;OH)}, has C; symmetry with SSRR
configurations at the phosphine P atoms. The Zn>"-coordinated
CH;0H molecules form intramolecular H-bonds with the Ar-
SO;” or ArPO;H™ groups. Twelve additional CH;OH molecules
are present in the voids between the {Zn[1-H](CH;OH)},
{Zn[1-H](CH30H)}, molecules and form an extensive H-
bonding network.



Scheme 2. Synthesis of H;|OP-P-SO| (1-H;).
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Solution Behavior of {Zn[1-H]},. The *'P{' H} NMR spec-
trum of {Zn[1-H]},nCH;OH (n = 0 to 64) in dmso-dg con-
tains one phosphine resonance (5 -17.6) and one phosphonate
resonance (5 12.1, broad). The 'H NMR spectrum of {Zn[1-
H]}, is broad, but contains only one set of resonances, con-
sistent with a highly symmetric structure in solution. The
CH;0OH resonance appears at the chemical shift of free
CH;OH in dmso-ds (5 3.17),"” indicating that the CH;OH is
labile. The hydrodynamic volume of {Zn[1-H]}, determined
by pulse-gradient-spin-echo (PGSE) NMR in dmso-dg at room
temperature is ca. 5.1 x 10’ A, which is ca. four times larger
than that of 1-H; (ca. 1.3 x 10’ A). These results suggest that
{Zn[1-H]}, adopts the same tetrameric structure in solution as
in the solid state.

Factors that Influence the Structure of {Zn[1-H]}, and
Implications for the Synthesis of Pd, Cage Catalysts. The
key difference between the D4R structure of target H and the
observed 2-dimensional structure of {Zn[1-H]}, is that in H
the acidic hydrogen is located on the phosphine whereas in
{Zn[1-H]}4 the acidic hydrogen is located at the phosphonate
oxygen and the phosphine binds to Zn. This result reflects the
higher basicity of the phosphonate vs. the phosphine (cf. pK,
of PhPO,H: 7.07; pK, of PPhsH': 2.7)*'® and the softer char-
acter of Zn’" vs. H'. Importantly however, although {Zn[1-
H]}, does not adopt a D4R structure, it has the correct compo-
sition and stereochemical configurations at the phosphine P
atoms for the ultimate formation of the target D4R cage com-
pound G (Chart 1). Therefore, its reactivity with Pd alkyl
complexes was explored.

Molecular

Figure 1. structure of {Zn[1-
H](CH;0H)},°12CH;0H. Hydrogen atoms except acidic hy-
drogens and non-Zn®"-coordinated CH;OH molecules are
omitted. Selected bond lengths (A) and angles (deg): Zn1-O5
2.136(2), Zn2-O1 2.059(2), Znl-O6 2.015(2), Zn2-O12
2.536(3), Zn2-013 2.407(3), Znl-P1 2.6115(9), Zn2-P4
2.4845(8), Znl-04 1.959(2), Znl-09 1.913(2), Zn2-02
1.974(2), Zn2-010 1.978(2), P2-02 1.498(2), P2-04 1.513(2),
P3-09 1.498(2), P3-010 1.506(2), 09-Zn1-04 120.01(9), O2-
Zn2-010 116.99(9), 02-P2-04 112.96(12), 09-P3-0O10
116.24(13).

Reaction of {Zn[1-H]}, with (TMEDA)PdMe,. The reac-
tion of {Zn[1-H]},1.3CH;0H with (TMEDA)PdMe, and
pyridine in CD,Cl,, followed by the addition of Et,O, yields
{[(*-OP-P-SO)PdMe(py)][Zn(TMEDA)]},*4CH,Cl,
(2°4CH,Cl,), which was identified by X-ray crystallography
(Scheme 4 and Figure 2)."” Compound 2 adopts a dimeric
structure in which two (k>-OP-P-SO)PdMe(py) and two
Zn(TMEDA) units are linked by 3.111-bridging phosphonates
to form a central Zn,P,0, ring. The phosphonate bridges and
Zn,P,0, ring are similar to those of C and B, respectively
(Chart 1).** The phosphine P atoms have RS configurations
and the overall symmetry is C;. The pendant (aryl)SO; group
is positioned above the Pd square plane at the van der Waals
contact distance (d(Pd1-04) = 3.146 A; sum of Pd and O van
der Waals radii = 3.15 A) and forms H-bonds with the CH,Cl,
solvent molecules. Similar arrangements of pendant ArSO;’
groups in Pd catalysts have been reported previously. '

A likely reason for formation of dimeric 2 rather than a te-
trameric product with a D4R structure is that the TMEDA
ligands occupy two coordination sites at the Zn>* centers,
which prevents the coordination of a third ArPO;” ligand to
generate a Zn,P,0,, cage.

Reaction of {Zn[1-H]}, with (COD)PdMe, to Form Pd,
Compounds with D4R Zn,P,0,, Cores. To avoid the pres-
ence of ligands that might coordinate to Zn>" and prevent D4R
cage formation, (COD)PdMe, (COD = 1,5-cyclooctadiene)
was utilized as the Pd source in a reaction with {Zn[1-H]},.
Coordination of COD to Zn”" is unlikely due to the poor back-
bonding ability of Zn(II), and zinc-olefin complexes are rare."’



Scheme 3. Synthesis of {Zn[1-H]},. Ar = 4-'Bu-Ph. The lower phosphonium-phosphonate-sulfonate units in H are denoted

by "PH+".
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Figure 2. Molecular structure of 2+4CH,Cl,. Hydrogen atoms
and CH,Cl, solvent molecules are omitted. Selected bond
lengths (A) and angles (deg): PdI-C1 2.030(5), Pdl-N1
2.104(4), Pd1-O3 2.126(3), Pd1-P1 2.2136(13), Znl-O2
1.907(3), Znl-O1 1.928(3), Znl-N2 2.068(4), Znl-N3
2.087(4), P2-01 1.515(4), P2-02 1.521(3), P2-03 1.519(3),
C1-Pd1-N1 89.08(19), CI1-Pd1-O3 174.16(19), N1-Pd1-O3
85.20(13), C1-Pd1-P1 89.80(16), N1-Pd1-P1 177.57(11), O3-
Pd1-P1  95.96(9), 02-Znl-O1 117.22(14), N2-Znl-N3
87.08(16), O1-P2-02 111.57(19).

The sequential reaction of CH;OH-free {Zn[1-H]}, with
(COD)PdMe, and 4-'Bu-pyridine in CD,Cl, affords {[x’*-(Zn-
OP-P-SO)]PdMe(4-'Bu-py)}s (4-(4-‘Bu-py)) as the major
product (>80%, Scheme 4). 4-(4-Bu-py) was isolated in ana-
Iytically  pure form by  recrystallization  from
CHCI,CHCl,/toluene/pentane solution at -40 °C and X-ray
quality crystals were obtained by crystallization from
CHCL,CHCl, at room temperature. X-ray crystallographic
analysis shows that 4-(4-Bu-py) adopts the target D4R
Zn,P,0,, cage structure (Figure 3). The [OP-P-SO]* ligand
chelates to Pd through the phosphine and sulfonate groups,
and the pendant phosphonate group forms the D4R cage
through 3.111 bridges to the Zn”" ions. The Zn®" corners are
capped by sulfonate oxygens. The four Pd units are arranged
in two pairs with SS and RR configurations at the phosphine P
atoms and the overall structure has approximate S, symmetry.
The Pd-Me groups lie in close proximity to the 4-'Bu-py ring
of the neighboring Pd unit (Figure 3b). The four “side” faces
of the cage are blocked by arenesulfonate groups. The key
cage dimensions of 4-(4-Bu-py) and A, are summarized in
Table 1 and are quite similar.

NMR spectra of analytically pure 4-(4-'Bu-py) (obtained by
recrystallization from CHCI,CHCly/toluene/pentane as noted

above) contain major resonances (>80%) that are consistent
with the SSRR diastereomer identified by X-ray crystallog-
raphy. The 'H NMR spectrum of the major species exhibits
only one set of OP-P-SO ligand resonances, indicating that it
is highly symmetric, and contains a Pd-Me resonance at § -
0.20 (d, Jpy = 3 Hz). The high-field shift of the Pd-Me reso-
nance is consistent with anisotropic shielding by an adjacent
py ring, and the small Jpy value indicates a cis arrangement of
the phosphine and methyl ligands.”**” The *'P{'H} NMR
spectrum contains two singlets at § 36.4 (phosphine) and & 9.4
(phosphonate) consistent with a (k*>~OP-P-SO)Pd coordination
mode.”' In addition, the 'H spectrum contains two sets of mi-
nor Pd-Me resonances (total <20%) comprising in each case
four equal intensity signals (d, Jpy = 1-7 Hz). The minor spe-
cies giving rise to these resonances have not been conclusively
identified but are likely to be diastereomers of 4-(4-'Bu-py)
with different relative configurations at the phosphine P atoms
(see Supporting Information).

Table 1. Comparison of Metrical Parameters for 4-(4-Bu-
py) and A,.

Parameter 4-(4-Bu-py) AL

Edge (A) Zn—--P | 3.194) | Li-—-S | 3.2102)
Face P---P | 472(11) | S-S | 4.62(10)
diagonal (A) | Zn-——-Zn | 4.28(9) | Li-—-Li | 4.45(7)

dia;}‘;’lily & | 0P| 5510) | Lies 3:35

Pd-Pd (A)" 6.26(14) | Pd---Pd 6.04

Angle between
Pd planes (deg)” 74.86 (2.06) 73.96

“ within each pair of proximal Pd units. "ref 1.

Heating a solution of 4-(4-'Bu-py) in CDCI,CDCl, to 80 °C
does not produce significant changes in the *'P{'H} or 'H
NMR spectra, indicating that 4-(4-Bu-py) is thermally robust
and, in contrast to A4, does not undergo significant cage disas-
sembly under these conditions. However, 4-(4-'Bu-py) reacts
with excess 4-Bu-py in CD,Cl, over several hours at room
temperature to form a mixture of unknown species.”

The reaction of CH;OH-free {Zn[1-H]}, with (COD)PdMe,
and pyridine gave similar results, although a crystalline prod-
uct could not be obtained in this case. As for 4-(4-'Bu-py), the
NMR spectra of 4-py contain major resonances (>80 % of
total intensity) consistent with the S,-symmetric SSRR dia-
stereomer and minor resonances attributed to other stereoiso-
mers. Key NMR resonances for the major species include




Scheme 4. Synthesis of 2, 4-L and 3-L. Ar = 4-'Bu-Ph. The lower (phosphine-sulfonate)PdMe(L) units in 4-L are denoted by
"Pdﬂ.
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Figure 3. (a) Molecular structure of 4-(4-'Bu-py). Hydrogen atoms and the Me and ‘Bu substituents on the aryl groups are omitted.
Only the nitrogen atom of the 4-'Bu-py group is shown. Selected bond lengths (A) and angles (deg): Pd2-C44 2.032(16), Pd2-N2
2.081(14), Pd2-O13 2.229(11), Pd2-P3 2.230(5), S2-O13 1.476(11), S2-O11 1.471(11), Zn2-O11 2.019(10), Zn2-O8 1.918(10),
P2-08 1.507(10), C44-Pd2-N2 91.4(6), C44-Pd2-O13 175.4(6), N2-Pd2-O13 91.6(5), C44-Pd2-P3 93.4(5), N2-Pd2-P3 175.2(4),
013-Pd2-P3 83.7(3). (b) View of 4-(4-Bu-py) highlighting the orientation of the Pd-Me and 4-Bu-py units. Hydrogen atoms are
omitted.

singlets at 6 35.5 (phosphine) and & 8.8 (phosphonate) in the Me resonance in CD,Cl, at room temperature shows that the
*'P{'H} spectrum and a Pd-Me resonance at & -0.20 (d, Jpy =3 hydrodynamic volume of 4-py is 6.5 x 10° A, which is very
Hz) in the 'H spectrum. PGSE-NMR analysis of the major Pd-



similar to that for A, (6.2 x 10’ A). Similar results were ob-
tained with other pyridine ligands.

Reaction of 4-py with CH;0H to Produce a Trimeric Pd;
Cluster. Dissolution of 4-py in CH;0H at room temperature
results in complete conversion to the trimeric species {(i’-
Zn(py)-OP-P-SO)PdMe}; (3-py, Scheme 4), which crystalliz-
es as 3-py*0.5CH;0H from the CH;OH solution. The structure
of 3-py was determined by X-ray diffraction and is shown in
Figure 4 and schematically in Scheme 4. 3-py adopts a cage
structure composed of Zn;P;0¢ and Pd;0; rings that are linked
through 4.211-bridging (aryl)PO;> groups analogous to those
in E. The Zn atoms have distorted tetrahedral geometry and lie
at the van der Waals contact distance from the proximal Pd
atoms (d(Zn-Pd) = 3.026 A; sum of Zn and Pd van der Waals
radii = 3.02 A). The coordination geometry at Pd is square-
planar and the Pd-Me group is buried in a deep pocket formed
by the arene rings of the [OP-P-SO]3' ligand (Figure 5). Other
4-L compounds react with CH;0OH in the same manner.

Figure 4. Molecular structure of 3-py*0.5CH;OH. Hydrogen

atoms, Me and ‘Bu substituents on the aryl rings, and the
CH;O0H molecule are omitted. Selected bond lengths (A) and
angles (deg): Pd1-C1 2.007(9), Pd1-O1 2.104(5), Pd1-P2
2.197(2), Znl-02 1.921(5), Znl-03 1.916(6), Znl-O4
1.957(6), Znl-N1 1.981(7), Znl-Pdl 3.0265(17), S1-O4
1.467(6), P1-O1 1.541(6), P1-02 1.510(5), P1-O3 1.516(6),
C1-Pd1-O1 90.3(3) and 176.0(3), O1-Pd1-O1 87.9(3), Cl1-
Pd1-P2 92.5(3), P2-Pd1-O1 89.45(15) and 176.48(17), Pd1-
O1-Pd1 125.3(3), 03-Zn1-02 117.1(2), O2-P1-03 111.8(4),
P1-02-Znl 130.7(3), P1-O3-Znl 131.7(4).

The pyridine ligand of 3-py is labile. Isolation of 3-py on a
preparatory scale by filtration, washing with CH;0H, and dry-
ing under vacuum afforded a sample that contained 0.85 equiv
of pyridine per Pd-Me unit. The *'P{'H} and "H NMR spectra
of this material were broad but sharpened upon the addition of
excess pyridine.” Exchange of the pyridine ligand of 3-py
with free pyridine is fast on the NMR time scale at room tem-
perature. The >'P{'"H} NMR spectrum of 3-py in CD,Cl, in the

Figure 5. View of 3-py highlighting the steric crowding of
the Pd-Me groups by the arene rings of the[OP-P-SO]’" ligand.

presence of excess pyridine contains two doublets at & 42.7
(phosphine) and 19.4 (phosphonate) with Jpp = 12 Hz, con-
sistent with the (OS-P-PO)Pd chelation observed in the solid-
state structure.”’ The Pd-Me 'H NMR resonance appears at
unusually high-field (6 -0.81), consistent with the anisotropic
shielding expected from the solid-state structure. The hydro-
dynamic volume of 3-py determined by PGSE-NMR in
CD,Cl, at 25 °C (4.5 x 10° A) is ca. ¥ of the value for 4-py
(6.5 x 10° A). Therefore, the solution structure must be very
similar to the solid-state structure. The NMR spectra of 3-py
in CDCIL,CDCl, solution are unchanged up to 80 °C, indicating
that 3-py is thermally robust.**

The sensitivity of 4-L. compounds to CH;OH requires that
CH;O0H-free {Zn[1-H]}4 be used in their synthesis. The reac-
tion of {Zn[1-H]},+1.6 CH;0H with (COD)PdMe, and pyri-
dine in CD,Cl, produced a mixture of 4-py and 3-py.

Base-free Complexes Derived from 4-(4-Bu-py) and 3-py.
The reaction of 4-(4-Bu-py) (ca. 80 % major isomer) with
B(C4¢Fs5); in CD,Cl, at room temperature generates
(py)B(C¢Fs); and a poorly-soluble species presumed to be a
base-free complex derived by loss of 4-Bu-py from 4-(4-'Bu-
py). Addition of 1 equiv of 4-Bu-py to the base-free complex
in CD,Cl, at room temperature regenerates 4-(4-'Bu-py) in 39
% yield along with minor stereoisomers (total 61 %), suggest-
ing that base-free 4 is susceptible to isomerization. Similarly,
the reaction of 3-py with B(C4Fs); in CDCI,CDCIl, generates
(py)B(C¢Fs); and a poorly-soluble base-free species. In this
case however, addition of pyridine to the base-free complex
regenerates 3-py in 96 % yield.

Ethylene Polymerization. The ethylene polymerization be-
havior of 4-(4-Bu-py) and 3-py was examined. A sample of 4-
(4-'Bu-py) that contained ca. 80 % of the major stereoisomer
was used for polymerization studies. B(C4Fs); was added to
trap the 4-Bu-py ligand, in order to minimize cage decomposi-
tion induced by the 4-Bu-py that is displaced by ethylene (vi-
de supra). In the presence of 1 equiv of B(C4Fs); per Pd, 4-(4-
'‘Bu-py) produces high-MW linear PE with a broad MWD at
80 °C in toluene/chlorobenzene solution and in hex-



Table 2. Ethylene Polymerization by 4-(4-'Bu-py) and 3-py.*

Entry Catalyst T Solvent Yield Activity m,, | Mmgm,’| T,
(°C) (50 mL) (g) (kgemol'sh™) | (10’ Da) (°C)

1’ 4-(4-Bu-py) + 80 toluene/chloro- 4.74 237 436 15 136.9
B(CgF5)3 benzene (49/1)

2° 4-(4-Bu-py) + 80 hexanes/chloro- 5.11 256 1031 6.6 1354
B(CgF5)3 benzene (49/1)

3P 3-py 80 toluene 2.18 108 466 4.1 138.1

47 3-py 25 CH,Cl, 0.14 7.1 1010 21 1372

5¢ 3-py 25 CH,Cl, 0.53 4.4 1438 14 137.0

6" 3-py + 80 toluene/chloro- 7.64 378 691 2.7 136.6
B(CgF5)3 benzene (49/1)

“Peana = 410 psi, 1 equiv of B(C4Fs); per 4-Bu-pyridine or pyridine when applicable. “Time = 2 h, [Pd] = 10 pumol. ¢ Time = 24 h, [Pd] = 5 pmol.

‘GPC. “DSC.

anes/chlorobenzene suspension (Table 2, entries 1, 2). The
broad MWDs indicate that 4-(4-Bu-py) functions as a multi-
site catalyst in the presence of B(C4Fs);, which is not surpris-
ing given the extensive cage isomerization observed for the
base-free complex derived from 4-(4-Bu-py) and B(C¢Fs)s.
The ethylene polymerization performance of 4-(4-Bu-py) is
similar to that of A4 and its analogues."”

A sample of 3-py that contained 0.85 equiv of pyridine per
Pd was used for ethylene polymerization studies. B(C4F5); was
not required in this case as 3-py is stable in the presence of
excess pyridine. In toluene at 80 °C, 3-py produces high-MW
linear PE with a moderately broad MWD (Table 2, entry 3).
The broadening of the MWD may result from the presence of
active species that maintain the core structure of 3-py but con-
tain different numbers of pyridine ligands. Consistent with this
explanation, in the presence of 1 equiv of B(C4Fs); per pyri-
dine in toluene at 80 °C, 3-py exhibits increased activity and
yields high-MW linear PE with a narrow MWD (Table 2, en-
try 6), characteristic of a single-site catalyst.

CONCLUSION

The phosphine-phosphonate-sulfonate proligand HP'(4-Bu-
Ph)(2-PO;H,-5-Me-Ph)(2-SO;-5-Me-Ph) (H;[OP-P-SO], 1-
H;) functions as a building block for the self-assembly of mul-
tinuclear Pd compounds based on zinc phosphonate scaffolds.
The reaction of 1-H; with Zn(OAc),*2H,0 yields {Zn[1-H]},,
which adopts a 2-dimensional Zn,P,Oy ring structure. The
higher basicity of the phosphonate group versus the phosphine
favors this structure over a D4R cage structure. The sequential
reaction of CH;OH-free {Zn[1-H]}, with (COD)PdMe, and 4-
‘Bu-py generates {[k’-P,SO-(Zn-OP-P-SO)|PdMe(4-'Bu-py)},
(4-Bu-py), which adopts a tetrameric structure in which four
[OP-P-SO)]PdMe(4-'Bu-py)2' units are arranged on the pe-
riphery of a D4R Zn,P,O,, cage and the phosphine P atoms
have SSRR configurations. The *'P{'H} and 'H NMR spectra
of 4-(4-'Bu-py) are consistent with the solid-state structure and
are unchanged up to 80 °C, indicating that 4-(4-'Bu-py) is re-
sistant to cage disassembly under these conditions. Two sets of
minor Pd-Me 'H NMR resonances are present in the '"H NMR
spectrum of 4-(4-Bu-py) and are assigned to stereoisomers.
Analogous 4-L species were generated by the reaction of
{Zn[1-H]}4, (COD)PdMe, and other pyridine ligands and ex-
hibit similar properties. 4-py reacts with CH;0H to form a
trimeric cluster 3-py, which adopts a cage structure composed
of Zn;P;04 and Pd;0; rings linked through 4.211-bridging

(aryl)PO;> groups. 4-(4-'Bu-py) decomposes in the presence
of excess 4-Bu-py. In the presence of 1 equiv of B(C¢Fs); per
4-Bu-pyridine at 80 °C in toluene or in a hexanes suspension,
4-(4-Bu-py) produces high-MW linear PE with a broad
MWD, characteristic of multi-site catalysis. In contrast, in the
presence of 1 equiv of B(C¢Fs); per pyridine at 80 °C in tolu-
ene, 3-py produces high-MW linear PE with a narrow MWD,
characteristic of single-site catalysis. While Zn-phosphonate
cage compound 4-(4-Bu-py) is much more thermally stable
than Li-sulfonate analogue Ay, its reactivity with Lewis bases
(py, CH;0H) limits its utility as a catalyst and mechanistic
probe. New strategies will be required to design multinuclear
D4R-cage-based catalysts that are both thermally and chemi-
cally stable.

EXPERIMENTAL SECTION

General procedures. All experiments were performed under a ni-
trogen atmosphere using drybox or Schlenk techniques. Nitrogen was
purified by passage through Q-5 oxygen scavenger and activated
molecular sieves. CH>Cl,, Et,O and THF were dried by passage over
activated alumina. Toluene, pentane and hexane were purified by
passage through BASF R3-11 oxygen scavenger and activated alumi-
na. CDCLL,CDCl,, CH,CICH>Cl and CHCI,CHCl, were dried over 4 A
molecular sieves. CD,Cl, was dried over P,Os. The following com-
pounds were prepared by literature procedures: (4-'Bu-Ph)PCl,," di-
ethyl  (2-bromo-4-tolyl)phosphonate,'#*'***?  (TMEDA)PdMe,,”
(COD)PdMe,.** para-toluenesulfonic acid (Aldrich, monohydrate)
was dried by azeotropic distillation in benzene. 4-Bu-pyridine (Al-
drich) was purified by vacuum distillation. Other reagents were ob-
tained from commercial sources and used without purification. The
synthesis of 1-Hs is described in the Supporting Information. Ele-
mental analyses were performed by Robertson Microlit Laboratories.
The solvent content in elemental analysis samples was quantified by
"H NMR. NMR spectra were acquired on Bruker DRX-500 or Bruker
DRX-400 spectrometers at ambient temperatures unless otherwise
indicated. '"H and "C chemical shifts are reported relative to SiMe
and are internally referenced to residual 'H and "*C solvent resonanc-
es. *'P chemical shifts are reported relative to externally referenced
85% H3PO,. "°F spectra were referenced to external BFs*Et,0, and "°F
chemical shifts are reported relative to CFCls. Coupling constants are
reported in Hz. NMR resonances were assigned based on COSY,
NOESY, HMQC, HMBC and 'H{*'P} experiments, as well as trends
in chemical shifts and coupling constants derived from these experi-
ments. Mass spectrometry was performed on Agilent 6224 TOF-MS
(high resolution) or Agilent 6130 LCMS (low resolution) instruments.

Ethylene polymerization reactions were performed in a Parr 300 mL
stainless steel autoclave, which was equipped with a mechanical stir-
rer, thermocouple and water cooling loop and controlled by a Parr
4842 controller. Gel permeation chromatography (GPC) data were



obtained on a Polymer Laboratories PL-GPC 220 instrument at 150
°C with 1,2,4-trichlorobenzene (stabilized with 125 ppm BHT) as the
mobile phase. Three PLgel 10 pm Mixed-B LS columns were used.
Molecular weights were calibrated using narrow polystyrene stand-
ards (ten-point calibration with M, from 570 Da to 5670 kDa) and are
corrected for linear polyethylene by universal calibration using the
following Mark-Houwink parameters: polystyrene, K = 1.75 x107
en’g’, o = 0.67; polyethylene, K = 5.90 x10? cm’g”, a = 0.69.%
DSC measurements were performed on a TA Instruments DSC 2920
instrument. Samples (10 mg) were annealed by heating to 170 °C at
20 °C/min, cooled to 40 °C at 20 °C/min, and then analyzed while
being heated to 170 °C at 20 °C/min.

{Zn[H(OP-P-SO)|}s ({Zn[1-H]}4). A Schlenk flask was charged
with 1-H; (0.71 g, 1.4 mmol), Zn(OAc),*2H,O (0.31 g, 1.4 mmol)
and N,-purged CH30H (70 mL) to yield a white suspension. CH,Cl,
(15 mL) was added by syringe until the solution became clear. The
mixture was stirred at room temperature for 2 h, concentrated under
vacuum to ca. 50 mL, and left at room temperature for 18 h without
stirring to precipitate {Zn[1-H]}4 out of solution. The product was
isolated by filtration and washed with CH;OH to afford a white solid.
The product was heated to 50 °C for 2 d under vacuum to yield
CH;3;OH-free {Zn[1-H]}4 (0.67 mg, 84 %). X-ray quality crystals of
{Zn[1-H]}4¢16CH30H were grown from CH3;OH solution at room
temperature. >'P{'H} NMR (DMSO-dq): & 12.2 (br s, P=0), -17.7 (s,
Zn-P). "H NMR (DMSO-ds): 8 10.6 (br, 1H, -OH), 7.82 (br, 2H, H®
and H%), 7.31-7.27 (br, 4H, H*, H' and H"), 6.96 (br, 2H, H® and
H'?), 6.80 (br, 2H, H'), 2.19 (s, 6H, H'” and H'®), 1.25 (s, 9H, H™).
BC{'H} NMR (DMSO-de): 8 151.4 (br), 146.6 (br), 146.4 (br), 139.7
(br), 139.1 (br), 135.6 (s), 134.8 (d, Jpc = 12), 133.1 (d, Jpc = 15),
130.2 (br), 129.8 (br), 127.3 (s), 124.9 (d, Jec = 7), 34.4 (s, C"), 31.0
(s, C*), 21.1 (s, C'™), 20.9 (s, C""). Four carbon resonances were not
observed due to the broadness of the spectrum and possible overlap-
ping among resonances. HRMS (m/z): Caled. for [CosH104Zn4O024PsS4
— Zn + 3H]" 2217.1668, Found: 2217.1676. When the product was
dried under vacuum at room temperature for 1 d, (instead of at 50 °C
for 2 d), the isolated material contained ca. 1.3 equiv CH3OH per
{Zn[1-H]}4.
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Figure 6. NMR labeling scheme for {Zn[1-H]}4.

{[(K*-OP-P-SO)PdMe(py)|[Zn(TMEDA)]}» (2). A vial was
charged with {Zn[1-H]}41.3CH;OH (49 mg, 0.020 mmol),
(TMEDA)PdMe; (21 mg, 0.020 mmol) and CH>Cl, (1 mL). The yel-
low solution was stirred at room temperature for 1 h. Pyridine (6.8
pL, 0.020 mmol) was added, and the solution was stirred for an addi-
tional 18 h. The mixture was filtered through Celite, and Et,O was
diffused into the filtrate at room temperature to afford colorless crys-
tals (10 mg, 23 %) that were identified as 2+4CH,Cl, by X-ray crystal-
lography. The NMR spectra of 2 in CD,Cl, are very complicated and
the speciation of this compound in solution could not be established.
EA: Calcd. for [CssHaoN306PPdSZn],*4CHLCL, %: C, 43.24; H,
5.06; N, 3.98; Zn, 6.20; Pd, 10.08. Found: C, 46.92; H, 5.33; N, 3.88;
Zn, 6.28; Pd, 8.39. Although the Pd and C results are outside the
range viewed as establishing analytical purity, they are provided to
illustrate the best values obtained to date

4-(4-'Bu-py). A vial was charged with CH;OH-free {Zn[1-H]}4
(0.18 g, 0.31 mmol), (COD)PdMe;, (77 mg, 0.31 mmol) and CH,Cl,
(5 mL). The mixture was stirred at room temperature for 1 h to afford
a yellow solution. 4-Bu-py (46 uL, 0.31 mmol) was added, and the
mixture was stirred for an additional 18 h. The mixture was filtered
through Celite and the volatiles were removed under vacuum to afford
a yellow solid. The solid was recrystallized by layering pentane onto a

CHCL,CHCly/toluene solution and cooling to -40 °C. 4-(4-'Bu-py) was
collected by filtration and dried under vacuum for 18 h (122 mg, 77
%). *'P{'"H} NMR (CD,Cl,): & 36.4 (s, Pd-P), 9.4 (s, P=O). '"H NMR
(CDyCLy): & 8.54 (d, *Juy = 5, 2H, H'"), 8.29 (m, 1H, H’), 7.80 (dd,
=8, Jpy =5, 1H, H), 7.63 (d, *Ju = 8, 1H, H'®), 7.60 (d, *Juu =
8, 1H, H4), 7.46-7.44 (br, 4H, H" and H"; the H' resonance is
broadened due to the restricted rotation around the P-C'* bond), 7.23
(d, *Jp =12, 1H, H°), 6.81 (d, *Jun = 6, 2H, H'®), 6.61 (dd, *Jpy = 12,
“Jpy = 4, 1H, H'?), 2.48 (s, 3H, H), 2.31 (s, 3H, H*"), 1.38 (s, 9H,
H?), 1.15 (s, 9H, H?), -0.29 (d, *Jpy = 3, 3H, Pd-CHs). “C{'H}
NMR (CD>Cly): & 161.8 (s), 154.4 (s), 151.3 (s), 142.5 (d, Jpc = 7),
141.5 (d, Jpc = 12), 140.6 (d, Jpc = 13), 139.9 (d, Jpc = 10), 138.8 (m),
136.9 (m), 134.9 (s), 134.6 (m), 131.3 (d, Jpc = 32), 131.0 (s), 130.4
(d, Jpc = 10), 130.1 (s), 129.6 (s), 129.2 (s), 126.0 (br), 122.0 (s), 35.1
(), 35.0 (s), 31.3 (s), 30.3 (s), 21.8 (8), 21.5 (s), 0.2 (s, Pd-CH3). EA:
Calcd. for [C34H41NOgP,PdSZn]4+2.18 CHCI,CHCI, (solvent content
determined by 'H NMR), %: C, 45.95; H, 4.63; N, 1.53; Zn, 7.13; Pd,
11.6. Found: C, 45.70; H, 4.32; N, 1.38; Zn, 7.60; Pd, 10.77. Alt-
hough the Zn and Pd results are outside the range viewed as establish-
ing analytical purity, they are provided to illustrate the best values
obtained to date. X-ray quality crystals were grown by slow evapora-
tion of a CHCL,CHCI, solution at room temperature.
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Figure 7. NMR labeling scheme for 4-(4-Bu-py).

3-py. A vial was charged with CH3;OH-free {Zn[1-H]}4 (0.11 mg,
0.20 mmol), (COD)PdMe; (49 mg, 0.20 mmol) and CH,Cl, (5 mL),
and the mixture was stirred at room temperature for 1 h to afford a
clear yellow solution. Pyridine (16 pL, 0.20 mmol) was added, and
the mixture was stirred for an additional 18 h. The mixture was fil-
tered through Celite and the volatiles were removed under vacuum to
afford 4-py as a yellow solid. The solid was dissolved in N,-purged
CH3;0H (5 mL). The solution was left at room temperature for 18 h
and yellow crystals formed. The crystals were collected by filtration
and dried under vacuum for 18 h (82 mg, 54 %, the pyridine content
was 0.85 equiv per Pd as determined by "H NMR in CD,Cl,/CD;0D).
3P {'H} NMR (CD,Cl,/CD;0D): & 42.7 (d, Jpp = 12 Hz, Pd-P), 19.4
(d, Jpp = 12 Hz, P=0). '"H NMR (CD,Clo/CD;OD): & 8.87 (dd, *Jpy =
15, 3y = 8, 1H, H?), 8.55 (d, *Juy = 4, 2H, H'"), 8.22 (d, *Jun = 8,
1H, H*), 7.91-7.80 (m, 3H, H’, H"” and H"), 7.43 (t, "Jun = 6, 2H,
H'®), 7.29-7.22 (m, 3H, H" and H'®), 6.99 (t, *Jpy = *Jun = 8, 1H,
H'"), 6.89 (dd, *Jpy = 11, “Jpu = 4, 1H, H'?), 6.44 (d, *Jpy = 13, 1H,
H%), 2.20 (s, 3H, H™), 2.09 (s, 3H, H*), 1.28 (s, 9H, H?), -0.84 (d,
*Jow = 2, 3H, Pd-CH3). “C{'H} NMR (CD,Cl,/CD;0D): & 155.7 (s,
C'%), 149.5 (s, C'"), 143.9 (d, “Jpc = 9), 140.9 (d, “Jpc =2, C*), 140.8
(d, Jrc =9), 140.6 (d, Jec = 29, C*), 140.1 (dd, Jpc = 8, 3), 139.1 (d,
Jpc=8,C"), 138.1 (dd, Jrc = 187, 18), 135.3 (d, Jrc = 14, C'?), 135.1
(d, Jre =1, C°%), 134.1 (s, C**), 133.1 (dd, Jpc = 11, 7), 132.1 (s, C"),
132.0 (d, Jpc = 11), 131.5 (dd, Jpc = 13, 2, C'%), 130.7 (d, Jpc = 7,
C"™), 127.5 (dd, Jpe = 199, 49), 127.2 (d, Jpc =T7), 125.4 (s, CY), 125.3
(d, Jre =3, C'®), 35.4 (s, C*), 31.1 (s, C*), 21.3 (s, C*and C*'), 1.5
(s, Pd-CH3). EA: Calcd. for
[C25H2806P2PdSZn<0.55CH,Cl,+0.81CsHsN]5 (solvent content deter-
mined by 'H NMR), %: C, 44.39; H, 4.17; N, 1.42. Found: C, 44.61;
H,3.24; N, 1.57.
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Figure 8. NMR labeling scheme for 3-py.
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