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ABSTRACT: Remote binding of B(C6F5)3 to (PPO)PdMeL (L =
pyridine or lutidine) or {(PPO)PdMe}2 ethylene polymerization
catalysts that contain phosphine-arenephosphinate or phosphine-
arenephosphonate ligands (PPO− = [1-PAr2-2-PR′O2-Ph]

−: Ar = R′ =
Ph (1a); Ar = Ph, R′ = OEt (1b); Ar = Ph, R′ = OiPr (1c); Ar = 2-
OMe-Ph, R′ = OiPr (1d)) significantly increases the catalyst activity
and the molecular weight of the polyethylene (PE) product. In the
most favorable case, in situ conversion of (1d)PdMe(py) to the base-
free adduct {1d·B(C6F5)3}PdMe increases the ethylene polymer-
ization activity from 9.8 to 5700 kg mol−1 h−1 and the Mn of the PE
product from 9030 to 99 200 Da (80 °C, 410 psi). X-ray structural
data, trends in ligand lability, and comparative studies of BF3
activation suggest that these allosteric effects are primarily electronic in origin. The B(C6F5)3 binding enhances the chain
growth rate (Rgrowth) by increasing the degree of positive charge on the Pd center. This effect does not result in the large increase
in the chain transfer rate (Rtransfer) and concomitant reduction in PE molecular weight seen in previous studies of analogous
(PO)PdRL catalysts that contain phosphine-arenesulfonate ligands, because of the operation of a dissociative chain transfer
process, which is inhibited by the increased charge at Pd.

■ INTRODUCTION

Pd(II) alkyl complexes that contain ancillary ortho-phosphine-
arenesulfonate (PO−) ligands (A, Chart 1) polymerize ethylene
to linear polyethylene (PE) and copolymerize ethylene with a
wide variety of polar vinyl monomers.1−3 While the broad
functional group tolerance of these catalysts is unique, their
activities and the molecular weights (MWs) of the polymers
they produce are generally much lower than those of other
single-site catalysts,4 which has motivated extensive modifica-
tions of the PO− ligand structure to enhance catalyst
performance. Noteworthy examples of superior (PO)PdMeL
catalysts include (o-PtBuPh-benzenesulfonate)PdMe(lut) (lut =
2,6-lutidine), which exhibits high ethylene polymerization
activity for this class of catalysts (4714 kg mol−1 h−1, 85
°C),2o (o-P(menthyl)2-benzenesulfonate)PdMe(lut), which
produces PE with high MW (Mn = 169 000 Da, 80 °C),2j

and (o-P(2′,6′-(OMe)2-2-biphenyl)2-benzenesulfonate)PdMe-
(lut), which displays a good balance of activity and MW
(1040 kg mol−1 h−1; Mn = 227 000 Da, 90 °C).2p Analogues of
(PO)PdMeL catalysts in which the sulfonate group has been
replaced by other weak donors have also been explored,5−9

including systems that contain phosphine-trifluoroborate,5

phosphine-sulfonamide,6 phosphine-phosphine oxide,7 phos-
phine-dialkyl phosphonate,8 and phosphine-phosphonamide
ligands.9 The phosphine-phosphonamide complex B with R1

= o-OMe-Ph, R2 = iPr, and R3 = Ph is one of most active
(PO)Pd-type catalysts for ethylene polymerization (6000 kg
mol−1 h−1, 80 °C) reported to date and produces PE with high
MW (130 000 Da).10

An alternative approach to improving catalytic performance
is allosteric regulation, i.e., binding of a small “effector”
molecule at a location remote from the active site to induce
structural/conformational changes that regulate activity.11,12

This concept has been implemented in synthetic catalysts for
asymmetric hydrogenation,12a asymmetric hydroformylation,12b

Diels−Alder reactions,12c and other reactions,12d−k as well as
olefin polymerization catalysis.12l,m,13 In particular, Bazan
reported that coordination of B(C6F5)3 to (o-PPh2-benzoate)-
Ni(η3-CH2CMeCH2) to form zwitterionic complex C results in
a significant increase in the ethylene oligomerization activity of
this system.13a,b Similar binding of B(C6F5)3 to inactive (α-
iminocarboxamide)Ni(η3-CH2Ph) complexes to form adducts
D activates these species for ethylene polymerization.13c More
recently, binding of B(C6F5)3 to the sulfonate oxygen of
(PO)PdRL complexes to form zwitterionic {PO·B−(C6F5)3}-
Pd+RL species (E)14 was found to increase the rate of chain
growth (Rgrowth) in ethylene polymerization, leading to higher
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activities. However, the borane coordination in E also results in
larger increases in the rate of chain transfer (Rtransfer), so that the
Rgrowth/Rtransfer ratio and hence the MW of the PE that is
produced is substantially reduced. For example, coordination of
B(C6F5)3 to a sulfonate oxygen of (o-P(2-Et-Ph)2-benzenesul-
fonate)PdMe(py) leads to a 4-fold increase in Rgrowth but a 42-
fold increase in Rtransfer and thus a ca. 10-fold reduction inMn. In
contrast, coordination of B(C6F5)3 to (PO)Ni(allyl) complexes
to form {PO·B−(C6F5)3}Ni

+(allyl) complex (F) has very little
effect on the ethylene polymerization performance.12m

Reiger reported neutral compounds G that contain
phosphine-phosphinate (R = Ph) and phosphine-phosphonate
(R = OH) ligands (PPO−).15 These complexes are unreactive
with ethylene.16 The lack of reactivity may result from a high
barrier to opening of the alkyl-olefin chelate by ethylene
coordination or may be an inherent characteristic of the PPO−

ligand.
In this paper, we report simple (PPO)PdMeL complexes that

contain phosphine-phosphinate (H) and phosphine-monoalkyl
phosphonate (I, R = Et, iPr) ligands. These complexes exhibit
low activity in ethylene polymerization. We show that allosteric
binding of B(C6F5)3 to the PO group of H and I to generate
zwitterionic (PPO·B−(C6F5)3}Pd

+MeL adducts leads to in-
creases in both Rgrowth and the Rgrowth/Rtransfer ratio, resulting in
substantial increases in both catalyst activity and the MW of the
PE product, and, in one case, overall ethylene polymerization
performance that rivals that of the best (PO)PdRL-type
systems.

■ RESULTS AND DISCUSSION

Synthesis of (κ2-1-PPh2-2-P(O)(O)Ph-Ph)PdMe(lut).
The sequential reaction of the phosphine-phosphinate
proligand 1-PPh2-2-PO(OH)Ph-Ph (H[1a])15 with
(TMEDA)PdMe2 and 2,6-lutidine affords (1a)PdMe(lut)
(2a-lut, Scheme 1).
The molecular structure of 2a-lut is shown in Figure 1. The

O1−P2 bond (1.518(4) Å) is longer than the O2−P2 bond
(1.462(4) Å), consistent with the resonance structure in
Scheme 1. These bond distances are comparable to those in
P(O)(OH)Ph2 (P−OH 1.526(6) Å, PO 1.486(6) Å)17 and
P(O)(OtBu)Ph2 (P−O

tBu 1.569(3) Å, PO 1.476(3) Å).18

Spontaneous Loss of 2,6-Lutidine from 2a-lut. The
31P{1H} NMR spectrum of 2a-lut in CD2Cl2 solution contains
two sets of resonances, indicating that two species are present.
One of these species exhibits two sharp doublets at δ 31.4 and
17.5 (3JPP = 15 Hz) as expected for 2a-lut, and the other gives
rise to two broad signals in the same range (Figure 2a).

Chart 1. (PO)PdRL-Type Complexes Scheme 1. Synthesis of 2a-lut

Figure 1.Molecular structure of 2a-lut·CH2Cl2. The CH2Cl2 molecule
and hydrogen atoms are omitted. Bond lengths (Å) and angles (deg):
C1−Pd1 2.006(6), N1−Pd1 2.119(5), O1−Pd1 2.097(4), P1−Pd1
2.1977(17), O1−P2 1.518(4), O2−P2 1.462(4), C1−Pd1−N1
89.8(2), N1−Pd1−O1 86.09(16), O1−Pd1−P1 94.45(11), P1−
Pd1−C1 89.68(17).

Figure 2. 31P{1H} NMR spectra of 2a-lut (a) in CD2Cl2 at room
temperature, (b) upon addition of excess 2,6-lutidine, and (c) upon
addition of 1 equiv of B(C6F5)3.
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Resonances for free 2,6-lutidine are observed in the 1H NMR
spectrum, and CD2Cl2 solutions of 2a-lut slowly deposit solid.
Addition of excess 2,6-lutidine dissolves the solid and converts
the broad signals to the sharp doublets (Figure 2b). These
observations indicate that 2a-lut undergoes partial dissociation
of 2,6-lutidine to form a poorly soluble base-free species
(Scheme 2), which is likely dimeric based on the structures of
base-free (PO)PdR species.2g,14,19

Binding of B(C6F5)3 to 2a-lut. The addition of B(C6F5)3 to
a CD2Cl2 solution of 2a-lut results in the disappearance of the
NMR resonances for the {(PO)PdR}n species and free lutidine,
dissolution of the solid, and quantitative formation of the
adduct {1a·B(C6F5)3}PdMe(lut) (3a-lut). The 1P{1H} NMR
spectrum of 3a-lut displays two sharp doublets at δ 31.1 and
22.7 (3JPP = 15 Hz, Figure 2c). The low-field shift of the
phosphinate 31P resonance (δ 22.7) and the preservation of
resonances for Pd-coordinated 2,6-lutidine in the 1H NMR
spectrum indicate that B(C6F5)3 binds to a phosphinate oxygen
atom, as shown in Scheme 2. Complex 3a-lut was synthesized
on a preparatory scale by the reaction of 2a-lut and B(C6F5)3 in
CH2Cl2, and its structure was confirmed by X-ray diffraction
(Figure 3).
The O2−P2 bond of 3a-lut is ca. 0.05 Å longer than the

O1−P2 bond, indicating that the bonding is best represented
by the resonance structure in Scheme 2. The O1−Pd1 distance
in 3a-lut is ca. 0.04 Å longer than that in 2a-lut, consistent with
the expected decrease in the donor ability of the phosphinate
ligand upon B(C6F5)3 binding. However, the Pd−Me distances
in the two complexes are not significantly different. The
B(C6F5)3 coordination induces inversion of the conformation
of the (PPO)Pd chelate ring, which moves the phosphinate
phenyl ring from an equatorial position in 2a-lut to an axial
position in 3a-lut. One C6F5 ring (C39−C44), the phosphinate
phenyl ring (C27−C32), and a phosphine phenyl ring (C15−
C20) are organized in a triple-decker π-stacked arrange-
ment.20,21

Synthesis of (κ2-1-PAr2-2-P(O)(O)(OR)-Ph)PdMeL
Complexes. The phosphine-phosphonate diesters 1-PAr2-2-
PO(OR)2-Ph (4b: Ar = Ph, R = Et; 4c: Ar = Ph, R = iPr; 4d: Ar
= 2-OMe-Ph = An, R = iPr); see the Supporting Information
for synthesis)15,22,23 were mono-dealkylated by reaction with
LiBr in refluxing CH3CN, affording Li[1b−d] (Scheme 3),24

and then acidified with HCl to generate the phosphine-
phosphonate monoester proligands H[1b−d].

The sequential reaction of H[1b], H[1c], or H[1d] with
(TMEDA)PdMe2, followed by 2,6-lutidine or pyridine, affords
the corresponding (PPO)PdMeL complexes (L = 2,6-lutidine:
2b-lut, 2c-lut; L = pyridine: 2b-py, 2c-py, 2d-py) as shown in
Scheme 4. Chelation of the PPO− ligand is indicated by the

presence of P−P coupling in the 31P{1H} NMR spectra of 2b-
lut/py, 2c-lut/py, and 2d-py (3JPP = 14−17 Hz), which is not
observed in the spectra of the free ligands. Selective 31P-
decoupled 1H NMR spectra of 2c-py were used to assign the
phosphine (δ 8.6) and phosphonate (δ 32.4) 31P resonances.
The solid-state molecular structures of 2b-lut and 2c-lut are
shown in Figures 4 and 5 and are similar to that of 2a-lut, with
the P-OR groups occupying axial positions on the chelate ring.

Scheme 2. Synthesis of 3a-lut

Figure 3. Molecular structure of 3a-lut. Hydrogen atoms are omitted.
Bond lengths (Å) and angles (deg): C1−Pd1 2.021(2), N1−Pd1
2.1272(17), O1−Pd1 2.1416(14), P1−Pd1 2.2110(6), O1−P2
1.4876(15), O2−P2 1.5361(15), C1−Pd1−N1 90.59(8), N1−Pd1−
O1 88.35(6), O1−Pd1−P2 89.88(4), P2−Pd1−C1 91.27(6).

Scheme 3. Synthesis of Phosphine-Phosphonate Ligands

Scheme 4. Synthesis of Phosphine-Phosphonate Pd
Complexes
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As observed for 2a-lut, 2b-lut and 2c-lut undergo partial
dissociation of 2,6-lutidine in CD2Cl2 solution, which is
indicated by the presence of minor signals for free lutidine
and minor broad signals ascribed to base-free {(PPO)PdMe}n
species in the 1H NMR spectra.25

B(C6F5)3 Binding to 2b-lut. The reaction of 2b-lut with
B(C6F5)3 affords the O-bound borane adduct {1b·B(C6F5)3}-
PdMe(lut) (3b-lut, Scheme 5), the structure of which is shown
in Figure 6. Consistent with the results for 2a-lut and 3a-lut,
the Pd1−O1 distance in 3b-lut is ca. 0.04 Å longer than that in
2b-lut due to the decreased donor ability of the B(C6F5)3-
coordinated phosphonate group. However, in this case, the
borane does not induce a change in the conformation of the
(PPO)Pd chelate ring, and the ethoxy group occupies an axial
site.
Synthesis of Base-Free B(C6F5)3-Coordinated {[PPO·

B(C6F5)3]PdMe}2 Complexes. The reaction of 2b-py with 2
equiv of B(C6F5)3 yields the base-free, borane-coordinated
species {[1b·B(C6F5)3]PdMe}2 as a mixture of two diaster-
eomers, 5b and 5b′, which differ in the relative configurations
of the phosphonate phosphorus atoms (Scheme 5). The
19F{1H} and 1H NMR spectra of 5b/5b′ each contain two sets

of resonances in an 80/20 intensity ratio for the two isomers.
Isomer 5b′, which has S,S (ent-R,R) configurations at the
phosphonate centers, was isolated by recrystallization from
CHCl2CHCl2/CH2Cl2/hexanes as a racemic conglomerate and
identified by X-ray diffraction (Figure 7).26 The two [1b·
B(C6F5)3]PdMe units are linked through a four-membered
Pd1−O1−Pd1A−O1A ring. A similar structure was observed
previously for {2-P(3,5-tBu2-Ph)2-p-toluenesulfonate)Pd-
Me}2.

14 The conformation of the (PPO)Pd chelate ring in
5b′ is similar to that in 3b, with the ethoxy group occupying an

Figure 4.Molecular structure of 2b-lut·CH2Cl2. The CH2Cl2 molecule
and hydrogen atoms are not shown. Bond lengths (Å) and angles
(deg): C1−Pd1 2.016(10), N1−Pd1 2.096(9), O1−Pd1 2.103(7),
P1−Pd1 2.197(3), O2−P2 1.462(8), O1−P2 1.497(8), C1−Pd1−N1
84.5(4), N1−Pd1−O1 90.6(3), O1−Pd1−P1 94.9(2), P1−Pd1−C1
90.3(3).

Figure 5. Molecular structure of 2c-lut·CH2Cl2·0.5H2O. The CH2Cl2
and H2O molecules and hydrogen atoms are not shown. Bond lengths
(Å) and angles (deg): C1−Pd1 2.030(3), N1−Pd1 2.124(3), O1−Pd1
2.138(2), P1−Pd1 2.2104(9), O2−P2 1.487(2), O1−P2 1.507(2),
C1−Pd1−N1 87.98(12), N1−Pd1−O1 86.96(9), O1−Pd1−P1
96.73(6), P1−Pd1−C1 88.76(10).

Scheme 5. Synthesis of B(C6F5)3 Adducts

Figure 6.Molecular structure of 3b-lut·CH2Cl2. The CH2Cl2 molecule
and hydrogen atoms are omitted. Bond lengths (Å) and angles (deg):
C1−Pd1 2.034(3), N1−Pd1 2.115(2), O1−Pd1 2.1400(19), P1−Pd1
2.2166(8), O1−P2 1.483(2), O2−P2 1.573(2), C1−Pd1−N1
89.49(11), N1−Pd1−O1 85.25(8), O1−Pd1−P1 94.92(6), P1−
Pd1−C1 90.51(9).
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axial position. Addition of 1 equiv of 2,6-lutidine or a
coordinating solvent converts 5b/5b′ back to the correspond-
ing {1b·B(C6F5)3}PdMeL species.
Similarly, the base-free dimer {[1c·B(C6F5)3]PdMe}2 (5c)

was synthesized by the reaction of 2c-py with 2 equiv of
B(C6F5)3 in CH2Cl2 (Scheme 5). In this case, only one isomer
is observed in the NMR spectra. An X-ray diffraction analysis
shows that 5c has S,R configurations at the phosphonate
centers (Figure 8). The borane coordination induces a
significant change in the conformation of the (PPO)Pd chelate
from the boat observed for 2c-lut to an envelope in which the
−OiPr and −OB(C6F5)3 groups lie above and below Pd1−O1−
P2−C9−C8 plane (Figure 9). A π-stacking interaction between
a C6F5 ring (C23−C28) and the backbone arene ring of the

PPO− ligand (C8−C12) is associated with this conformational
change.27

Ethylene Polymerization. Complexes 2a-lut, 2b-lut/py,
and 2c-lut/py exhibit very low activity for ethylene polymer-
ization (0.7−3.5 kg mol−1 h−1) and produce PE withMn < 5340
Da (Table 1, entries 1, 4, 6, 11, 12). Complex 2d-py, which

contains a PAn2 unit in the PPO− ligand, is somewhat more
active (9.8 kg mol−1 h−1) and produces PE with Mn = 9030 Da
(entry 14), but the performance of all of these catalysts is quite
poor relative to that of analogous (PO)PdRL catalysts.19,28

Polymerizations run for a longer time with 2b-lut (entry 5)
retained approximately the same activity, indicating that these
catalysts are reasonably stable under the polymerization
conditions. These findings indicate that the catalytic ability of
(PPO)PdR complexes is innately poor, consistent with previous
results for catalysts of type G.15,16

Figure 7. Molecular structure of 5b′·CH2Cl2·CHCl2CHCl2. The
CH2Cl2 and CHCl2CHCl2 molecules and hydrogen atoms are
omitted. Bond lengths (Å) and angles (deg): C1−Pd1 2.005(3),
O1−Pd1 2.1539(19), P1−Pd1 2.1802(8), O1A−Pd1 2.2049(19), P2−
O1 1.512(2), P2−O2 1.511(2), O1−Pd1−O1A 79.16(8), O1A−Pd1−
C1 93.12(11), C1−Pd1−P1 89.14(10), O1−Pd1−P1 98.59(5), Pd1−
O1−Pd1A 94.14(7).

Figure 8. Molecular structure of 5c. Hydrogen atoms are omitted.
Bond lengths (Å) and angles (deg): C1−Pd1 2.021(3), O1−Pd1
2.2057(19), P1−Pd1 2.1876(8), O1A−Pd1 2.2284(19), P2−O1
1.513(2), P2−O2 1.510(2), O1−Pd1−O1A 82.90(8), O1A−Pd1−
C1 96.38(10), C1−Pd1−P1 89.64(9), O1−Pd1−P1 91.55(5), Pd1−
O1−Pd1A 97.10(8).

Figure 9. Molecular structures highlighting the change in the (κ2-
P,O)Pd chelate ring conformation from (a) boat in 2c-lut to (b)
envelope in 5c. Hydrogens, PPh2 groups, 2,6-lutidine carbons in 2c-lut,
and half of the dimer in 5c have been removed for clarity.

Table 1. Ethylene Polymerization by (PPO)PdMeL and
{PPO·B(C6F5)3}PdMeL Catalystsa

entry catalyst
B(C6F5)3
(equiv) act.b Mn

c PDIc
Tm

(°C)d

1 2a-lut 0 0.7 1340 1.35 120.0

2e 3a-lut 0 35 7770 1.71 128.5

3e 3a-lut 1 175 6670 1.98 128.6

4e 2b-lut 0 3.5 3350 1.84 129.2

5e 2b-lutf 0 2.0 2620 1.81 128.1

6e 2b-py 0 2.4 1480 1.90 124.3

7e 2b-pyg 0 248 4140 2.03 132.6

8e 3b-lut 0 50 7260 1.98 132.2

9e 3b-lut 1 335 7910 1.91 132.8

10e 5b/5b′h,i 0 308 6370 2.23 132.1

11e 2c-lut 0 2.1 5340 1.38 131.0

12e 2c-py 0 1.8 1360 1.65 123.4

13e 5ch,i 0 529 10300 1.86 133.2

14e 2d-py 0 9.8 9030 1.34 131.2

15e 2d-pyh 2 3390 91200 2.11 135.9

16 2d-pyh 4 5330 96400 2.21 137.0

17 2d-pyh 8 5700 99200 2.14 136.1
aConditions: 50 mL of toluene, 10 μmol of Pd, 80 °C, 410 psi
ethylene, 2 h, unless otherwise noted. bActivity in kg mol−1 h−1.
cDetermined by GPC. dDetermined by DSC. eAverage of at least two
reactions. f28 μmol of Pd, 450 psi, 21 h. g2 equiv of BF3·Et2O added.
h0.88 μmol of Pd. i450 psi.
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However, coordination of B(C6F5)3 to 2a-lut and 2b-lut
significantly increases the catalytic activity and the MW of the
PE product in both cases. The B(C6F5)3 adducts 3a-lut and 3b-
lut exhibit activities of 35−50 kg mol−1 h−1 and produce PE
with Mn of ca. 7000 Da (entries 2 and 8). The activity of 3a-lut
and 3b-lut can be further increased 5 to 7-fold by adding a
second equivalent of B(C6F5)3 to trap the 2,6-lutidine in situ or
by using the isolated base-free, borane-coordinated dimer 5b/
5b′ (entry 3 vs 2 and entries 9 and 10 vs 8). The Mn and α-
olefin content (i.e., the polymer microstructure) of the PEs
produced by 3a-lut + B(C6F5)3, 3b-lut + B(C6F5)3, and 5b/5b′
are similar to those observed in the absence of the additional
borane, which implies that the second equivalent of B(C6F5)3
traps the 2,6-lutidine but does not otherwise affect the active
catalytic species. Similar, though less pronounced, effects on
activity and MW are observed in ethylene polymerization by
2b-py + 2 BF3·Et2O, which is expected to form the BF3-
coordinated {1b·BF3}PdMe(Et2O) species and BF3·py in situ
(entry 7 vs 9 and 10).29 Replacement of the ethoxy group of
5b/5b′ by the isopropoxy group in 5c results in a ca. 65%
increase in both the catalyst activity and the MW of the PE
product (entry 13 vs 10). The catalyst 2d-py + 2 B(C6F5)3,
which is expected to generate a base-free, borane-coordinated
{1d·B(C6F5)3}PdMe species analogous to 5b/5b′ and 5c in
situ, displays high activity (3390 kg mol−1 h−1) and produces
PE with Mn > 90 000 Da.
On the basis of previous studies of {PO·B(C6F5)3}PdR

borane adducts, it is probable that some dissociation of the
borane occurs under the dilute concentration and high
temperature conditions of ethylene polymerization reactions
described above.14 When excess B(C6F5)3 (4 or 8 equiv) is
added to 2d-py-catalyzed ethylene polymerizations to counter-
act this effect, the activity and MW of the PE are increased
further to 5700 kg mol−1 h−1 and 99 200 Da (entries 16 and
17).
The 2d-py + 8 B(C6F5)3 catalyst is one of the most active

(PO)PdR-type catalysts reported to date that also produces
high-MW PE (Table 2). The base-free borane adduct generated
from (o-P(2-Et-Ph)2-p-toluenesulfonate)PdMe(py) + 4 B-
(C6F5)3 exhibits similar activity but produces PE with low
MW (entry 2).14 Other A-type catalysts exhibit either high
activity (entries 3, 6, 7, 8)2n,o,q,7 or produce PE with high MW
(entries 4 and 5).2j,p Under similar conditions to those reported
here, the phosphine-phosphonamide complex B is the most

comparable to 2d-py + 8 B(C6F5)3 in terms of both activity and
MW (entry 9).9

The (PPO)PdR and {PPO·B(C6F5)3}PdR catalysts reported
here all produce linear PE with one olefin unit per saturated
chain-end. The olefins comprise a mixture of terminal (17−
46%) and internal (54−83%) olefins (see the Supporting
Information). The internal olefins were characterized as 2-
(60%), 3-(25%), and 4+-olefins (15%) by 13C{1H} NMR. To
investigate whether these catalysts can isomerize α-olefins, 1-
nonene was added to 2c-py and 5c-catalyzed ethylene
polymerizations. No isomerization of the 1-nonene was
detected by GC/MS analysis of the reaction mixtures. This
result provides strong evidence that the internal olefins are
formed during chain growth and not by post-polymerization
isomerization of terminal olefins. These observations imply that
(PPO)PdR and {PPO·B(C6F5)3}PdR complexes can chain
walk, but chain transfer is favored over insertion/growth for the
resulting secondary alkyl species.

Influence of Ethylene Pressure. The ethylene polymer-
ization behavior of 5b/5b′ was studied over a range of ethylene
pressures from 50 to 850 psi. In this range, the activity of 5b/
5b′ remains constant, with an average value of 306 kg mol−1

h−1 (Figure 10). This result is consistent with the catalyst
resting state being the {PPO·B(C6F5)3}PdR(CH2CH2)
species.4c In contrast, the MW of the PE product increases

Table 2. Examples of High-Performance PO-Type Catalysts for Ethylene Polymerization

entry complex act.a Mn

1 2d-py + 8 B(C6F5)3 5700 99200

2b (o-P(2-Et-Ph)2-p-toluenesulfonate)PdMe(py) + 4 B(C6F5)3 5650 2520

3c (o-(PtBuPh)-benzenesulfonate)PdMe(lut) 4714 14600

4d (o-P(menthyl)2-benzenesulfonate)PdMe(lut) 205 169000

5e (o-P(2′,6′-(OMe)2-2-biphenyl)2-benzenesulfonate)PdMe(lut) 1040 227000

6f (o-P(2′,6′-(OMe)2-2-biphenyl)2-benzenesulfonate)PdMe 5330 29000

7g (o-PAn2-naphthalenesulfonate)PdMe(dmso) 3900 16000

8h [{o-(PiPr2)C6H4(P(O)
tBu2)}Pd(κ

2-o-acetanilido)]+[B(3,5-(CF3)2-Ph)4]
− 2800 29000

9i [{o-(PAn2)C6H4(P(O)(N(
iPr)2)Ph)}PdMe(dmso)]+[B(3,5-(CF3)2-Ph)4]

− (B) 3500 190000
aActivity in kg mol−1 h−1. bConditions: 50 mL of toluene, 1.0 μmol of Pd, 435 psi ethylene, 80 °C, 1 h, ref 14. cConditions: 200 mL of toluene, 6.5
μmol of Pd, 300 psi ethylene, 85 °C, 1 h, ref 2o. dConditions: 100 mL of toluene, 10 μmol of Pd, 435 psi ethylene, 80 °C, 1 h, ref 2j. eConditions:
200 mL of toluene, 10 μmol of Pd, 300 psi ethylene, 80 °C, 1 h, ref 2p. fConditions: 100 mL of toluene, 4 μmol of Pd, 5 bar ethylene, 80 °C, 0.5 h,
ref 2n. gConditions: 48 mL of toluene, 2 mL of CH2Cl2, 0.4 μmol of Pd, 9 atm ethylene, 90 °C, 1 h, ref 2q. h15 mL of toluene, 0.75 μmol of Pd, 435
psi ethylene, 100 °C, 1 h, ref 8. iConditions: 48 mL of toluene, 2 mL of CH2Cl2, 1 μmol of Pd, 132 psi ethylene, 80 °C, 1 h, ref 9.

Figure 10. Effect of ethylene pressure on activity in ethylene
polymerization by 5b/5b′. Conditions: 50 mL of toluene, 0.88 μmol
of Pd, 80 °C, 2 h. Each data point represents the average of two runs
with error bars indicating high and low values.
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over this pressure range, with Mw increasing from 11 870 to
15 900 Da (Figure 11).

The PE MW is determined by the Rgrowth/Rtransfer ratio (eq 1).
The chain growth pathway and several possible chain transfer
mechanisms for ethylene polymerization by 5b/5b′ are shown
in Scheme 6. As noted above, the observation that activity is

independent of ethylene pressure, i.e., Rgrowth is zero-order in
ethylene concentration (eq 2), implies that the {PPO·

B(C6F5)3}PdR(CH2CH2) species J is the catalyst resting
state. A commonly assumed chain transfer process (mechanism
1) is β-H elimination from J, followed by dissociation of the
unsaturated polymer chain. The rate of this chain transfer
process (Rtransfer,1) is zero-order in ethylene concentration (eq
3). Alternatively, chain transfer can occur through base-free

species K, formed by dissociation of ethylene from J. From K,
chain transfer can occur by β-H elimination to form
Pd(olefin)(H) species L, followed by replacement of the
unsaturated polymer chain by ethylene. Assuming pre-
equilibrium conditions and k4 as the rate-determining and
irreversible step (mechanism 2), the rate of this chain transfer
process (Rtransfer,2) is inverse first-order in ethylene concen-
tration (eq 4; see the Supporting Information). If β-H
elimination by J is reversible and substitution of the unsaturated
polymer chain of L by ethylene occurs by a dissociative
mechanism (mechanism 3), the rate of chain transfer (Rtransfer,3)

=

·

M
R

R

28
n

growth

transfer (1)

=R k J[ ]growth 2 (2)

=R k J[ ]transfer ,1 3 (3)

= =
−R k k KK J[ ] [ ][C H ]transfer ,2 4 4 1 2 4
1

(4)

where

=K
K

J

[ ][C H ]

[ ]
1

2 4

= =
−R k k K KL J[ ] [ ][C H ]transfer ,3 5 5 1 4 2 4
1

(5)

where

=K
L

K

[ ]

[ ]
4

=R k K K J[ ]transfer ,4 6 1 4 (6)

is also inverse first-order in ethylene concentration (eq 5).
Finally, if β-H elimination by K is reversible and substitution of
the unsaturated polymer chain of L by ethylene occurs by an
associative mechanism (mechanism 4), the rate of chain
transfer (Rtransfer,4) is zero-order in ethylene concentration (eq
6). Mechanisms 1 and 4 are considered to be associative chain
transfer processes because their rates are independent of
ethylene concentration, and mechanisms 2 and 3 are
considered to be dissociative chain transfer processes because
their rates are inverse first-order in ethylene concentration.3a,30

The increase in MW with increasing ethylene pressure
observed for ethylene polymerization by 5b/5b′ indicates that
dissociative mechanisms 2 and/or 3 contribute to chain transfer
in this system. A similar dependence of MW on ethylene
pressure has been observed for (PO)PdR catalysts bearing
bulky biaryl, menthyl, or tert-butyl substituents on the
phosphine unit.30 DFT computational studies showed that
dissociative chain transfer mechanism 3 is competitive with
associative chain transfer mechanism 4 for these sterically
hindered catalysts, and this is probably the case for 5b/5b′ as
well.
Additionally, the percentage of olefins that are internal (vs

terminal) in the PE decreases from 60% to 15% as the ethylene
pressure is raised from 410 to 850 psi. This result is consistent
with a standard chain walking mechanism initiated by 2,1
insertion of intermediate L in Scheme 6.

Influence of B(C6F5)3 on Rgrowth and Rtransfer. The data in
Table 1 show that the ethylene polymerization performance of
(PPO)PdRL catalysts is significantly improved by the binding
of B(C6F5)3 to the PPO− ligand. This section addresses this

Figure 11. Effect of ethylene pressure on the MW of PE produced by
5b/5b′. Mn data are shown as triangles and Mw data are shown as
circles. Conditions: 50 mL of toluene, 0.88 μmol of Pd, 80 °C, 2 h.
Each data point represents the average of two runs with error bars
indicating high and low values. Molecular weights were determined by
GPC.

Scheme 6. Chain Transfer Paths for (PO)Pd-Type Catalysts
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issue in more detail. The rates of chain growth (Rgrowth, R′growth)
and chain transfer (Rtransfer, R′transfer) for a pair of ethylene
polymerization catalysts (cat, cat′) are related by eq 7, where Xn

and X′n are the corresponding number-average degrees of
polymerization of the PE products. Here, we assume that
growth rates are equal to activities. Xn data are obtained by
GPC analysis (Xn = Mn/28). As summarized in Table 3,
conversion of (PPO)PdRL species to {PPO·B(C6F5)3}PdRL
adducts results in large increases in Rgrowth and smaller increases
in Rtransfer (column I, entries 1−4). Conversion of {PPO·
B(C6F5)3}PdRL species to base-free {PPO·B(C6F5)3}PdR
species further increases Rgrowth and Rtransfer, in this case by a
similar amount since the structure of the active {PPO·

B(C6F5)3}PdR(ethylene) species is not changed (column II).
Overall, conversion of a (PPO)PdRL catalyst to a {PPO·
B(C6F5)3}PdR catalyst results in substantial increases in both
Rgrowth (up to 580-fold) and the Rgrowth/Rtransfer ratio (up to 11-
fold, column III).

′

=

′

′

R

R

X R

X R

transfer

transfer

n growth

n growth (7)

The allosteric binding of B(C6F5)3 to (PPO)PdR complexes
exerts a significant electronic effect on the catalytic site.
B(C6F5)3 coordination weakens the donor ability of the PPO−

ligand and converts the neutral (PPO)PdMeL complex to a
zwitterionic {PPO·B−(C6F5)3}Pd

+MeL species with increased
positive charge at the Pd center.31 The facile decoordination of
2,6-lutidine from 2a-lut and 2b-lut but not the corresponding
B(C6F5)3 adducts 3a-lut and 3b-lut in CD2Cl2 solution
underscores the enhanced electrophilic character at Pd in the
latter cases. On the basis of Mecking’s studies of {P(2-OMe-4-
X-Ph)2benzenesulfonate}PdMe(dmso) ethylene polymeriza-
tion catalysts, for which electron-withdrawing X substituents
increase activity and decrease the PE MW,2m and studies of
zwitterionic and cationic (PO)PdRL-type catalysts,5,13,14,32 the
increased charge at Pd in {PPO·B−(C6F5)3}Pd

+MeL species is
expected to increase both Rgrowth and Rtransfer, which is observed.
The steric effects of B(C6F5)3 binding to (PPO)PdRL

complexes are more subtle. Analysis of X-ray structures and
SambVca plots33 (see the Supporting Information) for the
three sets of structurally characterized complexes2a-lut/3a-
lut, 2b-lut/3b-lut/5b′ and 2c-lut/5cshows that, in each case,
the borane coordination results in a small increase in steric
crowding of one axial face, a small decrease in steric crowding

of the opposite axial face, and a small increase in lateral steric
crowding,34 but little change in the buried volume (%Vbur; see
the Supporting Information). However, in the two structurally
characterized pairs of catalysts for which the allosteric effect is
most pronounced, 2a-lut/3a-lut and 2c-lut/5c, the B(C6F5)3
“effector” induces significant changes in the conformation of
the (PPO)Pd chelate rings and generates π-stacking inter-
actions that may rigidify the structure and influence reactivity.
The observation that conversion of 2b-py to the {1b·
B(C6F5)3}PdR or {1b·BF3}PdR species results in similar
increases in Rgrowth (128- and 103-fold, respectively) and the
Rgrowth/Rtransfer ratio (4.3- and 2.8-fold, respectively) for the two
cases is consistent with a primarily electronic origin for these
effects.35 However, given that the ΔΔG⧧ values associated with
these allosteric effects are quite small (<2 kcal mol−1),36 further
studies will be required to explain their origin in more detail.
The large increase in Rgrowth and comparatively smaller

increase in Rtransfer resulting from B(C6F5)3 binding to
(PPO)PdRL catalysts (Table 3, entries 1−4) contrasts with
the smaller increase in Rgrowth and larger increase in Rtransfer

observed for (PO)PdRL phosphine-sulfonate catalysts (entries
5, 6).14,19 This difference has the important consequence that
B(C6F5)3 binding substantially increases both activity and PE
MW for (PPO)PdRL catalysts, but only moderately increases
activity and substantially decreases PE MW for (PO)PdRL
catalysts. The smaller increase in Rtransfer upon B(C6F5)3 binding
to (PPO)PdRL catalysts vis-a-̀vis (PO)PdRL catalysts likely
reflects the operation of a dissociative chain transfer mechanism
in the former case, since the increased charge on Pd in the
{PPO·B−(C6F5)3}Pd

+H(olefin) adduct L should inhibit olefin
dissociation. Similar allosteric effects may be anticipated for
other catalysts that undergo dissociative chain transfer.

■ CONCLUSION

Remote binding of B(C6F5)3 to (PPO)PdMeL or {(PPO)-
PdMe}2 ethylene polymerization catalysts that contain
phosphine-arenephosphinate or phosphine-arenephosphonate
ligands significantly increases the catalyst activity and the
molecular weight of the PE product. In the most favorable case,
in situ conversion of (1d)PdMe(py) to the base-free adduct
{1d·B(C6F5)3}PdMe increases the ethylene polymerization
activity from 9.8 to 5700 kg mol−1 h−1 and the Mn of the PE
product from 9030 to 99 200 Da (80 °C, 410 psi). X-ray
structural data, trends in ligand lability, and comparative studies
of BF3 activation suggest that these allosteric effects are

Table 3. Proportional Increases in Rgrowth and Rtransfer in (PPO)PdMeL Ethylene Polymerization Catalysts Resulting from
Conversion of (PPO)PdRL to {PPO·B(C6F5)3}PdRL Borane Adducts (Column I), Conversion of {PPO·B(C6F5)3}PdRL to
Base-Free {PPO·B(C6F5)3}PdR Species (Column II), and Overall Conversion of (PPO)PdRL to {PPO·B(C6F5)3}PdR Species
(Column III), and Comparative Data for (PO)PdRL and (PO)Ni(allyl) Catalysts

I II III

formation of B(C6F5)3
adduct

formation of base-free
species

formation of base-free
B(C6F5)3 adduct

entry complex Rgrowth Rtransfer Rgrowth Rtransfer Rgrowth Rtransfer

1 2a-lut 50 8.6 5 5.8 250 50

2 2b-lut 14 6.6 6.7 6.1 88 48

3 2c-lut 250 130

4 2d-py 580 53

5 (o-P(3,5-tBu2-Ph)2-p-toluenesulfonate)PdMe(py)a 4.3 80

6 (o-P(2-Et-Ph)2-p-toluene-sulfonate)PdMe(py)a,b 3.6 42 5.3 3.4 19 140
aConditions: 50 mL of toluene, 1.0 μmol of Pd, 435 psi ethylene, 80 °C, 1 h, ref 14. bConditions: 50 mL of toluene, 2.0 μmol of Pd, 435 psi, 80 °C, 1
h, ref 19.
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primarily electronic in origin. The B(C6F5)3 binding enhances
Rgrowth by increasing the degree of positive charge on the Pd
center. This effect does not result in the large increase in Rtransfer

and concomitant reduction in PE molecular weight seen in
previous studies of analogous (PO)PdRL catalysts that contain
phosphine-arenesulfonate ligands, because of the operation of a
dissociative chain transfer process, which is inhibited by the
increased charge at Pd. This allosteric strategy for enhancing
catalyst performance may be generally applicable to other
catalysts that undergo dissociative chain transfer.

■ EXPERIMENTAL SECTION

General Procedures. All experiments were performed under a
nitrogen atmosphere or vacuum using drybox or Schlenk techniques.
Nitrogen was purified by passage over Q-5 oxygen scavenger and
activated molecular sieves. Methylene chloride, diethyl ether, and THF
were dried by passage over activated alumina. Pentane was purified by
passage over BASF R3-11 oxygen scavenger and activated alumina.
H[1a],15,22 4b,15 bis(2-methoxyphenyl)chlorophosphine,15 and
(TMEDA)PdMe2

37 were prepared by literature procedures. B(C6F5)3
was donated by Boulder Scientific.
NMR spectra were acquired on Bruker DRX-500 or DRX-400

spectrometers at ambient temperature unless otherwise indicated. 1H
and 13C chemical shifts are reported relative to SiMe4 and are
internally referenced to residual 1H and 13C solvent resonances. 31P
and 19F chemical shifts are reported relative to 85% H3PO4 and CFCl3,
respectively. Coupling constants are reported in Hz. Elemental
analyses were performed by Robertson Microlit Laboratories. Residual
solvent in elemental analysis samples was quantified by 1H NMR.
Mass spectrometry was performed on an Agilent 6224 TOF-MS
instrument (high resolution) or an Agilent 6130 LC-MS (low
resolution).
NMR Labeling Schemes. The labeling scheme of the carbons and

hydrogens in the benzo-linker of the ligands are as shown in Chart 2.

All other assignment labels are self-explanatory. NMR signals for
ligands and complexes are assigned based on COSY, HMQC, HMBC,
and 1H{31P} experiments, as well as trends in chemical shifts and
coupling constants derived from these experiments.
1-PPh2-2-P(O)(OEt)(OLi)-benzene (Li[1b]). A flask was charged

with 4b (3.25 g, 8.17 mmol), lithium bromide (1.20 g, 13.9 mmol),
and acetonitrile (30 mL). The mixture was refluxed and stirred. A
white solid began to precipitate after approximately 30 min. After ca.
40 h, the suspension was filtered and the white solid was washed with
Et2O (2 × 50 mL) and dried under vacuum (2.67 g, 82%). A minor
impurity (15%) formed during the reaction and was identified as the
ethylphosphonium zwitterion 1-P(Et)Ph2-2-P(O)(OEt)(OLi)-ben-
zene by ESI-MS, 1H NMR, and 31P{1H} NMR. This material was
not purified further but was used directly in the synthesis of H[6a].
31P{1H} NMR (CD3OD): δ 13.4 (s, PO), −9.3 (s, P). 1H NMR
(CD3OD): δ 8.07 (m, 1H, HD), 7.37−7.22 (m, 12H), 7.08 (m, 1H,
HA), 3.55 (dq, 3JHH = 3JPH = 7, 2H, −OCH2CH3), 0.80 (t, 3JHH = 7,

3H, −OCH2CH3). ESI-MS (CH3OH, negative ion scan, m/z): 369.1
[C20H19O3P2]

−.
1-PPh2-2-P(O)(O

iPr)(OLi)-benzene (Li[1c]). A flask was charged
with 4c (1.50 g, 3.52 mmol) and acetonitrile (40 mL). The solution
was saturated with LiBr at room temperature. The mixture was
refluxed and stirred. A white solid began to precipitate after
approximately 1 day. After ca. 10 days, the suspension was filtered,
and the white solid was washed with acetonitrile (3 × 2 mL) and dried
under vacuum (1.26 g, 88%). 31P{1H} NMR (CD3OD): δ 12.2 (s, P
O), −9.3 (s, P). 1H NMR (CD2Cl2): δ 8.09 (m, 1H, H

D), 7.34 (m, 1H,
HC), 7.26−7.21 (m, 11H, HB, Ph−H signals), 7.09 (m, 1H, HA), 4.48
(m, 1H, −OCH(CH3)2) 0.98 (d, 3JHH = 6.5, 6H, −OCH(CH3)2).
13C{1H} NMR (CD3OD): δ 144.3 (dd, 1JPC = 178, 2JPC = 33.8, CE),
141.2 (dd, 1JPC = 22.4, 2JPC = 11.5, CF), 139.7 (d, 3JPC = 15, CC), 136.9
(dd, 2JPC = 13.8, 3JPC = 2, CA), 134.7 (d, 2JPC = 19.6, o-Ph), 134.3 (dd,
2JPC = 3JPC = 9, CD), 130.7 (d, 3JPC = 3, CB), 129.1 (d, 3JPC = 6, m-Ph),
129.0 (d, 1JPC = 12.8, ipso-Ph), 129.0 (p-Ph), 69.0 (d, 2JPC = 5.9,
−OCH(CH3)2), 24.5 (d,

3JPC = 4.3, −OCH(CH3)2). HRMS: calcd. for
[C21H21LiO3P2 − H2O]

+, m/z 372.10205. Found: 371.1003.
1-PAn2-2-P(O)(O

iPr)(OLi)-benzene (Li[1d]). A flask was charged
with 4d (1.50 g, 3.52 mmol) and acetonitrile (80 mL). The solution
was saturated with LiBr at room temperature. The mixture was
refluxed and stirred. After ca. 12 days, the volatiles were removed
under vacuum. The solid was washed with CH2Cl2 and dried under
vacuum. Because of similar solubility, Li[1d] and LiBr could not be
separated and the mixture was used directly in the synthesis of H[1d].
31P{1H} NMR (CD3OD): δ 12.8 (s, PO), −27.9 (s, P). 1H NMR
(CD2Cl2): δ 8.07 (m, 1H, H

D), 7.34 (m, H), 7.32 (t, H), 7.22 (t, 1H),
6.975(m, 2H), 6.93 (m, 1H), 6.78 (t, 2H, HI), 6.54 (br, 2H, HJ), 4.46
(m, 1H, −OCH(CH3)2), 3.67 (s, 6H, −OCH3), 0.99 (d, 3JHH = 6.5,
6H, −OCH(CH3)2). ESI-MS (CH2Cl2/MeOH 1:1 volume, pos. scan,
m/z): 445.1 [C23H27O5P2]

+.
1-PPh2-2-P(O)(OEt)(OH)-benzene (H[1b]). Li[1b] (1.70 g, 4.52

mmol) was suspended in distilled water (20 mL), and the mixture was
acidified with HCl (2.3 mL, 4.6 mmol, 2.0 M in Et2O). The mixture
was extracted with CH2Cl2 (4 × 20 mL), and the solvent was removed
under vacuum from the combined extracts to afford a white solid. The
solid was recrystallized from THF/Et2O at −40 °C (1.07 g, 64%).
31P{1H} NMR (CD2Cl2): δ 20.0 (s, PO), −10.0 (s, P). 1H NMR
(CD2Cl2): δ 13.29 (s, 1H, −OH), 8.1 (m, 1H, HD), 7.42−7.2 (m,
13H), 4.00 (dq, 3JHH = 3JPH = 7, 2H, −OCH2CH3), 1.07 (t,

3JHH = 7.0,
3H, −OCH2CH3).

13C{1H} NMR (CD2Cl2): δ 141.2 (dd, 1JPC = 24,
2JPC = 13, CF), 137.6 (d, 1JPC = 12.7, ipso-Ph), 135.9 (dd, 2JPC = 15,
3JPC = 2, CA), 135.7 (dd, 1JPC = 195, 2JPC = 33, CE), 134.0 (dd, 2JPC =
3JPC = 9, CD), 133.5 (d, 2JPC = 19.9, o-Ph), 132.0 (d, 3JPC = 3, CB),
128.6 (d, 3JPC = 14.5, CC), 128.4 (s, p-Ph), 128.3 (d, 3JPC = 6.5, m-Ph),
62.3 (d, 2JPC = 6, −OCH2CH3), 16.1 (d, 3JPC = 7, −OCH2CH3). ESI-
MS (CH2Cl2/MeOH 1:1 volume, pos. scan, m/z): 371 [M + H]+

HRMS: calcd. for [C20H21O3P2]
+ m/z 371.09661. Found: 371.0972.

1-PPh2-2-P(O)(O
iPr)(OH)-benzene (H[1c]). H[1c] was synthe-

sized using a similar procedure to H[1b] with Li[1c] (0.35 g, 0.91
mmol), HCl (0.5 mL, 1.0 mmol, 2.0 M in Et2O), and distilled water
(15 mL). H[1c] was obtained as a white solid (0.24 g, 57%). 31P{1H}
NMR (CD2Cl2): δ 18.7 (s, PO), −10.6 (s, P). 1H NMR (CD2Cl2):
δ 12.08 (s, 1H, −OH), 8.02 (m, 1H, HD), 7.40 (m, 1H, HB), 7.35 (m,
1H, HC), 7.32 (m, 6H, p-Ph and o-Ph), 7.22−7.18 (m, 5H, m-Ph and
HA), 4.75 (m, 1H, −OCH(CH3)2), 1.16 (d, 3JHH = 6.0, 6H,
−OCH(CH3)2).

13C{1H} NMR (CD2Cl2): δ 141.3 (dd, 1JPC = 24.4,
2JPC = 13.7, CF), 138.1 (d, 1JPC = 13, ipso-Ph), 136.4 (dd, 1JPC = 195,
2JPC = 32.7, CE), 136.3 (d, 2JPC = 15.1, CA), 133.8 (d, 2JPC = 19.5, o-
Ph), 133.8 (dd, obscured by o-Ph, CD), 132.2 (d, 3JPC = 4, CB), 128.9
(d, 3JPC = 14.6, CC), 128.7 (p-Ph), 128.7 (d, 3JPC = 6, m-Ph), 71.8 (d,
2JPC = 6.5, −OCH(CH3)2), 23.9 (d, 3JPC = 4.7, −OCH(CH3)2).
HRMS: calcd. for [C21H22O3P2]

+ m/z 384.10443. Found: 384.1054.
EA: Calcd for C21H22O3P2·0.007 CH2Cl2, %: C, 65.5; H, 5.77; N, 0.
Found: C, 65.19; H, 5.68; N, <0.02.

1-PAn2-2-P(O)(O
iPr)(OH)-benzene (H[1d]). Li[1d] (1.02 g, 2.3

mmol), HCl (1.2 mL, 2.4 mmol, 2 M in Et2O), and distilled water (75
mL). H[1d] was obtained as a white powder (0.585 g, 58%). 31P{1H}

Chart 2. Labeling Schemes for 1H and 13C NMR Spectra
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NMR (CD2Cl2): δ 18.4 (s, PO), −29.1 (s, P). 1H NMR (CD2Cl2):
δ 12.12 (s, 1H, −OH), 8.06 (m, 1H, HD), 7.36 (m, 4H, HH, HB, HC),
7.09 (m, 1H, HA), 6.91 (m, 2H, HG), 6.87 (t, 2H, HI), 6.68 (t, 2H, HJ),
4.60 (m, 1H, −OCH(CH3)2), 3.66 (s, 6H, −OCH3), 1.01 (d,

3JHH = 6,
6H, −OCH(CH3)2).

13C{1H} NMR (CD2Cl2): δ 161.4 (d, 2JPC =
14.3, CK), 138.5 (br, CF), 137.0 (dd, 1JPC = 191, 2JPC = 32.1, CE), 135.8
(d, 2JPC = 15.1, CA), 134.3 (s, CJ), 134.0 (dd, 2JPC = 3JPC = 10, CD),
131.8 (CB), 131.2 (CH), 129.3 (d, 3JPC = 13.7, CC), 123.3 (br, CL),
121.4 (CI), 110.9 (CG), 71.1 (d, 2JPC = 6.3, −OCH(CH3)2), 56.0
(−OCH3), 23.8 (d, 3JPC = 4.5, −OCH(CH3)2). ESI-MS (CH2Cl2/
MeOH 1:1 volume, pos. scan, m/z): 445.2. HRMS: calcd. for
[C23H27O5P2]

+, m/z 445.1334. Found: 445.1338.
(κ2-P,O-1-PPh2-2-PO2Ph-Ph)PdMe(2,6-lutidine) (2a-lut). A vial

was charged with H[1a] (0.191 g, 0.476 mmol) and (TMEDA)PdMe2
(0.124 g, 0.491 mmol), and a solution of 2,6-lutidine (0.105 g, 0.980
mmol) in CH2Cl2 (8 mL) was added. The resulting clear solution was
stirred for 7 h at room temperature. The volatiles were removed under
vacuum to afford a white solid. The solid was suspended in Et2O,
collected by filtration, and dried under vacuum. The crude solid was
found to contain 0.59 equiv of CH2Cl2 and 0.07 equiv of Et2O (0.300
g, 92%). X-ray quality crystals of 2a-lut·CH2Cl2 were grown from a
CH2Cl2/THF solution that was cooled to −40 °C for ca. 10 weeks. As
described in the text, dissolution of this compound in CD2Cl2
generated a mixture of 2a-lut, free 2,6-lutidine, and a species
formulated as the base-free species {(κ2-1-PPh2-2-PO2Ph-Ph)PdMe}n,
which partially precipitates from solution. Addition of excess 2,6-
lutidine converts the base-free compound back to 2a-lut. Data for 2a-
lut: 31P{1H} NMR (CD2Cl2): δ 31.4 (d,

3JPP = 14, P−Pd), 17.4 (d, 3JPP
= 14, PO). 1H NMR (CD2Cl2), most aryl signals are multiplets that
overlap with signals for free 2,6-lutidine and the base-free species; the
following signals were resolved and identified as belonging to 2a-lut: δ
7.87 (dddd, J = 11.9, 7.7, 3.8, 0.9, 1H), 7.63 (t, J = 7.6, 1H), 3.18 (s,
6H), −0.03 (d, 3JPH = 3.2, 3H, Pd−CH3). Data for {(κ2-1-PPh2-2-
PO2Ph-Ph)PdMe}n:

31P{1H} NMR (CD2Cl2): δ 30.6 (br), δ 16.8 (br).
1H NMR (CD2Cl2): δ 8.23 (m), 0.235 (d, 3JPH = 2.8, Pd−CH3).
HRMS: calcd. for [C32H32O2P2NPd]

+ m/z 630.09431. Found:
630.0919.
(κ2-P,O-1-PPh2-2-PO3Et-Ph)PdMe(2,6-lutidine) (2b-lut). 2b-lut

was synthesized using a similar procedure to 2a-lut with (TMEDA)-
PdMe2 (0.147 g, 0.581 mmol), H[1b] (0.215 g, 0.581 mmol), 2,6-
lutidine (0.12 mL, 1.0 mol), and CH2Cl2 (10 mL). 2b-lut was obtained
as a white solid (0.174 g, 44%). 31P{1H} NMR (CD2Cl2): 28.5 (d,

3JPP
= 16, PO), 9.4 (d, 3JPP = 17, P−Pd). 1H NMR (CD2Cl2): 8.17 (m,
1H, HD), 7.65 (t, 3JHH = 7, 1H, p-lut), 7.60 (m, 4H, o-Ph), 7.47 (m,
7H, HC, m-Ph, and p-Ph), 7.34 (m, 1H, HB), 7.18 (d, 3JHH = 8, 2H, m-
lut), 7.03 (m, 1H, HA), 3.15 (br, 8H, −OCH2CH3 and lut−CH3), 0.56
(t, 3JHH = 7, 3H, −OCH2CH3), 0.04 (d, 3JPH = 3.0, 3H, Pd−CH3).
13C{1H} NMR (CD2Cl2): δ 159.0 (o-lut), 143.2 (dd,

1JPC = 163, 2JPC =
19, CE), 138.6 (p-lut), 135.2 (dd, JPC = 21, 8, CD), 134.7 (dd, 2JPC =
13, 3, CA), 134.6 (d, 2JPC= 12, o-Ph), 133.7 (dd, 1JPC = 46, 2JPC = 7,
CF), 131.5 (d, 1JPC = 53, ipso-Ph), 130.9 (d, 4JPC = 2, p-Ph), 130.3 (dd,
JPC = 15, 3, CC), 129.7 (dd, JPC = 20, 6, CB), 128.9 (d, 3JPC = 11, m-
Ph), 122.9 (d, 4JPC = 3, m-lut), 60.2 (d, 2JPC = 5, −OCH2CH3), 26.5
(lut−CH3), 16.1 (d, 3JPC = 7, −OCH2CH3), −5.2 (d, 2JPC = 4, Pd−
CH3). ESI-MS (CH2Cl2/MeOH, 1:1 by volume, positive scan, m/z):
598.2 [MH]+. HRMS: calcd. for [C28H32P2O3NPd]

+, m/z 598.0892.
Found: 598.0897.
(κ2-P,O-1-PPh2-2-PO3Et-Ph)PdMe(pyridine) (2b-py). 2b-py

was synthesized using a similar procedure to 2a-lut with (TMEDA)-
PdMe2 (0.055 g, 0.22 mmol), H[1b] (0.082 g, 0.22 mmol), pyridine
(0.05 mL, 0.6 mmol), and CH2Cl2 (10 mL). 2b-py was obtained as a
pale yellow solid (0.040 g, 32%). 31P{1H} NMR (CDCl3): 32.1 (d,

3JPP
= 15, PO), 10.4 (d, 3JPP = 15, P−Pd). 1H NMR (CDCl3): 8.85 (2H,
o-py), 8.19 (m, 1H, HD), 7.86 (t, 3JHH = 7, 1H, p-py), 7.58−7.38 (m,
13H, HC, m-py, Ph signals), 7.34 (td, 3JHH = 7.6, 1.4, 1H, HB), 7.02 (m,
1H, HA), 3.35 (dq, 3JHH = 3JPH = 7, 2H, −OCH2CH3), 0.66 (t, 3JHH =
7, 3H, −OCH2CH3), 0.28 (d, 3JPH = 2.5, 3H, Pd−CH3).

13C{1H}
NMR (CD2Cl2): δ 150.5 (o-py), 138.6 (p-py), 135.3 (d, 2JPC = 10.3,
CD), 134.8 (obscured by o-Ph, CA), 134.7 (d, 2JPC= 12, o-Ph), 133.4
(CF), 131.4 (ipso-Ph), 131.0 (p-Ph), 130.4 (CC), 129.7 (CB), 128.9 (d,

3JPC = 10.6, m-Ph), 125.3 (m-py), 60.1 (−OCH2CH3), 16.1 (d, 3JPC =
8, −OCH2CH3), 0.7 (Pd−CH3), C

E not observed. HRMS: calcd. for
[C26H28P2O3NPd]

+, m/z 570.0579. Found: 570.0563.
(κ2-P,O-1-PPh2-2-PO3

iPr-Ph)PdMe(2,6-lutidine) (2c-lut). 2c-lut
was synthesized using a similar procedure to 2a-lut with (TMEDA)-
PdMe2 (0.079 g, 0.313 mmol), H[1c] (0.120 g, 0.313 mmol), 2,6-
lutidine (0.04 mL, 0.313 mmol), and CH2Cl2 (10 mL). 2c-lut was
obtained as a white solid (0.068 g, 36%). 31P{1H} NMR (CD2Cl2): δ
28.7 (d, 3JPP = 16, PO), 7.8 (d, 3JPP = 17, P−Pd). 1H NMR
(CD2Cl2): δ 8.17 (m, 1H, HD), 7.65 (m, 4H, o-Ph), 7.55 (br t, 1H, p-
lut), 7.47 (m, 6H, m-Ph, p-Ph), 7.42 (m, 1H, HC), 7.33 (t, 3JHH = 7.5,
1H, HB), 7.20 (d, 3JHH = 8, 2H, m-lut), 7.08 (m, 1H, HA), 4.21 (m, 1H,
−OCH(CH3)2), 3.16 (s, 6H, lut−CH3), 0.56 (d, 3JHH = 5.5, 6H,
−OCH(CH3)2), −0.05 (d, 3JPH = 2.5, 3H, Pd−CH3).

13C{1H} NMR
(CD2Cl2): δ 158.9 (o-lut), 144.8 (dd,

1JPC = 165, 2JPC = 19, CE), 138.6
(p-py), CD obscured by o-Ph, 134.7 (d, 2JPC = 12, o-Ph), 134.4 (dd, JPC
= 11, 7.8, CA), 133.5 (dd, 1JPC = 45.7, 2JPC = 6.5, CF), 131.4 (d, 1JPC =
53.2, ipso-Ph), 130.8 (d, 4JPC = 2.4, p-Ph), 130.4 (dd, JPC = 12, 2.4,
CC), 129.3 (dd, JPC = 7, 2.4, CB), 128.8 (d, 3JPC = 10.9, m-Ph), 122.8,
(m-lut), 68.6 (d, 2JPC = 5.8, −OCH(CH3)2), 26.5 (lut−CH3), 23.5 (d,
3JPC = 4, −OCH(CH3)2), −5.2 (d,

2JPC = 4, Pd−CH3). HRMS calc. for
[C29H34NO3P2Pd]

+ m/z 612.10488. Found: 612.1036.
(κ2-P,O-1-PPh2-2-PO3

iPr-Ph)PdMe(pyridine) (2c-py). 2c-py
was synthesized using a similar procedure to 2a-lut with (TMEDA)-
PdMe2 (0.139 g, 0.552 mmol), H[1c] (0.212 g, 0.552 mmol), pyridine
(0.09 mL, 1.12 mmol), and CH2Cl2 (10 mL). 2c-py was obtained as
an off-white solid (0.128 g, 40%). 31P{1H} NMR (CD2Cl2): δ 32.4 (d,
3JPP = 14, PO), 8.6 (d, 3JPP = 14, P−Pd). 1H NMR (CD2Cl2): δ 8.87
(d, 3JHH = 4, 2H, o-py), 8.20 (m, 1H, HD), 7.87 (br t, 3JHH = 7.5, 1H, p-
py), 7.60 (m, 3JHH = 7, 4H, o-Ph), 7.5−7.42 (m, 9H, HC, m-py, m-Ph,
p-Ph), 7.31 (t, 3JHH = 7.5, 1H, HB), 7.05 (m, 1H, HA), 4.23 (m, 1H,
−OCH(CH3)2) 0.70 (d,

3JHH = 6.0, 6H, −OCH(CH3)2), 0.25 (d,
3JPH

= 2, 3H, Pd−CH3).
13C{1H} NMR (CD2Cl2): δ 150.5 (o-py), 144.1

(dd, 1JPC = 168, 2JPC = 19, CE), 138.4 (p-py), CD obscured by o-Ph and
CA, 134.7 (d, 2JPC = 12, o-Ph), 134.6 (dd, JPC = 3.1, 10.3, CA), 132.8 (d,
1JPC = 44.1, CF), 131.3 (d, 1JPC = 53.3, ipso-Ph), 130.9 (d, 4JPC = 2.1, p-
Ph), 130.5 (dd, JPC = 11, 4, CC), 129.5 (dd, JPC = 7.2, 2.3, CB), 128.8
(d, 3JPC = 10.9, m-Ph), 125.2, (m-py), 68.3 (d, 2JPC = 5.5,
−OCH(CH3)2), 23.9 (d, 3JPC = 4, −OCH(CH3)2), 0.6 (Pd−CH3).
HRMS calc. for [C27H30NO3P2Pd]

+ m/z 584.07358. Found: 584.0724.
(κ2-P,O-1-PAn2-2-PO3

iPr-Ph)PdMe(pyridine) (2d-py). 2d-py
was synthesized using a similar procedure to 2a-lut with (TMEDA)-
PdMe2 (0.118 g, 0.465 mmol), H[1d] (0.206 g, 0.464 mmol), pyridine
(80 μL, 0.99 mmol), and CH2Cl2 (10 mL). 2d-py was obtained as an
off-white solid (0.161 g, 54%). 31P{1H} NMR (CD2Cl2): δ 24.6 (br,
PO), 9.1 (d, 3JPP = 11.9, P−Pd). 1H NMR (CD2Cl2): δ 8.89 (d,

3JHH
= 3.0, 2H, o-py), 8.10 (m, 1H, HD), 7.84 (t, 3JHH = 7.5, 1H, p-py), 7.52
(t, 3JHH = 7.5, 2H, HH), 7.46−7.41 (m, 5H, m-py, HJ, HC), 7.23 (t,
3JHH = 7.0, 1H, HB), 7.19 (m, 1H, HA), 6.97 (m, 2H, HI and HG), 4.15
(m, 1H, −OCH(CH3)2), 3.65 (s, 6H, −OCH3), 0.73 (d, 3JHH = 5.0,
6H, −OCH(CH3)2), 0.12 (d, 3JPH = 2.5, 3H, Pd−CH3).

13C{1H}
NMR (CD2Cl2): δ 161.1 (d, 2JPC = 3.1, CK), 150.8 (o-py), 143.4 (dd,
1JPC = 165, 2JPC = 20.1, CE), 138.2 (p-py), 137.1 (br, CJ), 134.3 (dd,
JPC = 18.7, 7.7, CD), 134.0 (d, 2JPC = 8.4, CA), 133.2 (CH), 131.8 (dd,
1JPC = 52, 2JPC = 8.3, CF), 129.7 (d, 3JPC = 12.1, CC), 128.3 (d, 3JPC =
7.0, CB), 125.1 (m-py), 120.9 (d, 2JPC = 10.7, CG), 118.7 (d, 1JPC = 54,
CL), 111.7 (d, 4JPC = 4.4, CI), 67.8 (d, 2JPC = 5.5, −OCH(CH3)2), 55.6
(−OCH3), 23.9 (d, 3JPC = 3.3, −OCH(CH3)2), 0.31 (Pd−CH3).
HRMS calc. for [C29H34NO5P2Pd]

+ m/z 644.09472. Found: 644.0936.
(κ2-1-PPh2-2-P(O)(O-B(C6F5)3)Ph-Ph)PdMe(2,6-lutidine) (3a-

lut). A vial was charged with 2a-lut (0.203 g, 0.296 mmol), B(C6F5)3
(0.184 g, 0.359 mmol), and CH2Cl2 (3 mL). The resulting yellow
solution was stirred in the dark at room temperature for 1 h. The
stirring was terminated, pentane was layered onto the CH2Cl2, and the
mixture was stored at −40 °C for 20 h, after which a white solid had
formed. The solid was collected, rinsed with pentane, and dried under
vacuum. The crude solid was purified by Soxhlet extraction into
cyclohexane, washed with hexanes, and dissolved in minimum CH2Cl2.
Hexanes was added to precipitate 3a-lut as a white solid, which was
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found by 1H NMR to contain 0.15 equiv of CH2Cl2 and 0.074 equiv of
hexanes (0.720 g, 21%). X-ray quality crystals of 3a-lut were grown by
layering hexanes onto a CH2Cl2 solution of 3a-lut. 31P{1H} NMR
(CD2Cl2): δ 31.1 (d, 3JPP = 17, P−Pd), 22.7 (d, 3JPP = 17, PO). 1H
NMR (CD2Cl2): δ 8.44 (dddd,

3JPH = 12.1, 4JPH = 3.9, 3JHH = 7.8, 4JHH
= 0.9, 1H, HD), 7.67 (t, 3JHH = 7.6, 1H, p-lut), 7.62 (td, 3JHH = 7.6,
4JHH = 0.8, HB), 7.53−7.37 (m, 4H, HC and 3 Ph−H), 7.31 (tq, 3JHH =
7.0, 4JHH = 1.8, 5JPH = 1.8, 1H, Ph−H), 7.24 (d, 3JHH = 7.8, 1H, m-lut),
7.24−7.10 (m, 6H, Ph−H), 7.08 (d, 3JHH = 8.2, 1H, m-lut), 7.10−7.02
(m, 3H, Ph−H), 6.99 (ddd, 3JHH = 8, JPH = 9.5, 5.7, 1H, HA), 6.84 (td,
3JHH = 7.8, JPH = 3.7, 2H, Ph-H), 3.08 (s, 3H, lut−CH3), 2.96 (s, 3H,
lut−CH3), 0.13 (d, 3JPH = 3.5, 3H, Pd−CH3).

13C{1H} (CD2Cl2): δ
158.9 (d, 3JPC = 1, o-lut), 158.2 (d, 3JPC = 1, o-lut), 148.1 (dm, 1JFC =
240, o-C6F5), 139.6 (dd, 1JPC = 136, 2JPC = 17, CE), 139.2 (dm, 1JFC =
246, p-C6F5), 139.0 (p-lut), 136.8 (ddd, 1JFC = 246, 2JFC = 21, 2JFC =
12, m-C6F5), 136.0 (dd, JPC = 11, 3, CA), 135.2 (t, JPC = 9), 134.5 (d,
JPC = 13), 133.7 (d, JPC = 11), 133.0 (d, JPC = 45), 131.9 (dd, 1JPC = 44,
2JPC = 12, CF), 131.7 (d, JPC = 3), 131.5 (dd, JPC = 7, 3, CC), 131.2 (d,
JPC = 3), 131.1 (d, JPC = 3), 131.0 (dd, JPC = 11, 2, CB), 130.9 (d, JPC =
11), 130.8 (d, JPC = 56), 129.3 (d, JPC = 11), 129.1 (d, JPC = 11), 127.6
(d, JPC = 14), 127.4 (d, JPC = 49), 123.1 (d, 4JPC = 3, m-lut), 122.6 (d,
4JPC = 3, m-lut), 122.0 (br s, ipso-C6F5), 26.6 (lut−CH3), 26.0 (lut−
CH3), −2.7 (t, 2JPC = 3, Pd−CH3). Unassigned

13C{1H} signals are
Ph−C resonances. 19F{1H} NMR (CD2Cl2): δ −133.1 (d, 3JFF = 20.8,
o-C6F5), −161.4 (t, 3JFF = 20.8, p-C6F5), −166.7 (br t, 3JFF = 19.1, m-
C6F5).

11B NMR (CD2Cl2): δ −2.5. EA: Calcd for C50H31NO2BF15-
P2Pd·0.145 CH2Cl2·0.074 C6H14, %: C, 52.36; H, 2.82; N, 1.20.
Found: C, 52.04; H, 3.01; N, 1.16.
(κ2-P,O-1-PPh2-2-PO2Et(O-B(C6F5)3)-Ph)PdMe(2,6-lutidine)

(3b-lut). 3b-lut was synthesized using a similar procedure to 3a-lut
with 2b-lut (0.150 g, 0.248 mmol), B(C6F5)3 (0.127 g, 0.250 mmol),
and CH2Cl2 (5 mL). 3b-lut was obtained as a white solid (0.812 g,
29%). 31P{1H} NMR (CD2Cl2): δ 29.6 (d, 3JPP = 18, PO), 9.8 (d,
3JPP = 18, P−Pd). 1H NMR (CD2Cl2): δ 8.01 (m 1H, HD), 7.67 (m,
3H, p-lut and o-Ph), 7.58−7.44 (m, 8H, HB, HC, m-Ph and p-Ph), 7.34
(dd, 3JHH = 7.5, 2H, o-Ph), 7.21 (d, 3JHH = 8.0, 1H, m-lut), 7.14 (dd,
3JHH = 3JPH = 7.0, 1H, HA), 7.10 (d, 3JHH = 8.0, 1H, m-lut), 3.49 (m,
1H, −OCH2CH3), 3.00 (s, 3H, lut−CH3), 2.86 (s, 3H, lut−CH3), 2.85
(m, 1H, −OCH2CH3) 0.41 (t, 3JHH = 7, 3H, −OCH2CH3), 0.06 (d,
3JPH = 3.5, 3H, Pd−CH3).

13C{1H} NMR (CD2Cl2): δ 158.6 (o-lut),
158.4 (o-lut), 148.4 (dm, 1JFC = 240, o-C6F5), 139.3 (d, 1JFC = 247, p-
C6F5), 139.0 (p-lut), 137.0 (d, 1JFC = 258, m-C6F5), 135.8 (dd, 1JPC =
192, 2JPC = 16.7, CE), 135.6 (dd, JPC = 13, 2.4, CA), 135.1 (d, 2JPC = 13,
o-Ph), 135.0 (m, CD), 134.0 (d, 2JPC = 10.7, CF, partially obscured by
o-Ph), 133.7 (d, 2JFC = 12, o-Ph), 132.1 (d, 4JPC = 2.5, p-Ph), 131.7
(dd, JPC = 6.8, 2.8, CC), 131.1 (d, 4JPC = 2.4, p-Ph), 130.9 (d, 1JPC = 56,
ipso-Ph), 130.7 (dd, JPC = 13, 2.3, CB), 129.5 (d, 3JPC = 10.9, m-Ph),
129.1 (d, 3JPC = 10.7, m-Ph), 128.9 (d, 1JPC = 52, ipso-Ph), 123.0 (d,
4JPC = 3.1, m-lut), 122.6 (d, 4JPC = 3.3, m-lut), 121.7 (br s, ipso-C6F5),
62.5 (d, 2JPC = 5.3, −OCH2CH3), 26.1 (s, lut−CH3), 25.8 (s, lut−
CH3), 14.9 (d, 3JPC = 8.8, −OCH2CH3), −3.2 (Pd−CH3).

19F{1H}
NMR (CD2Cl2): δ −134.0 (d, 3JFF = 22.1, o-C6F5), −161.2 (t, 3JFF =
20.7, p-C6F5), −166.9 (t, 3JFF = 20.7, m-C6F5).

11B NMR (CD2Cl2): δ
−2.3. HRMS: calcd. for [C46H31BF15NO3P2Pd]

+, m/z 1109.06672.
Found: 1109.067.
{(κ2-P,O-1-PPh2-2-PO2Et(O-B(C6F5)3)-Ph)PdMe}2, (5b/5b′). A

vial was charged with 2b-py (0.201 g, 0.351 mmol), B(C6F5)3
(0.360 g, 0.704 mmol), and CH2Cl2 (7 mL), and the mixture was
stirred for 1 h, resulting in a bright yellow solution. The mixture was
concentrated, layered with hexanes, and stored at −40 °C for 48 h, and
a white solid precipitated. The solid was collected by filtration and
recrystallized again from a CH2Cl2/hexanes solution at −40 °C. X-ray
quality crystals were grown from C2H2Cl4/hexanes solution at room
temperature (0.184 g, 52%). 5b. 31P{1H} NMR (CD2Cl2): δ 37.3 (br,
PO), 11.3 (br, P−Pd). 1H NMR (CD2Cl2): δ 7.8 (br, 1H, HD),
7.6−7.23 (br, 12H, H−Ph), 6.93 (br, 1H, HA), 4.45 (br, 2H,
−OCH2CH3), 3.7 (br, 2H, −OCH2CH3), 0.71 (br t, 6H,
−OCH2CH3) −0.03 (br d, 6H, Pd−CH3).

19F{1H} NMR (CD2Cl2):
δ −133.0 (br, o-C6F5), −159.5 (br, p-C6F5), −165.7 (br, m-C6F5). 5b′.

31P{1H} NMR (CD2Cl2): δ 37.0 (br, PO), 9.7 (br, P−Pd). 1H
NMR (CD2Cl2): δ 7.90 (br, 1H, H

D), 7.6−7.3 (br, 12H, H−Ph), 7.13,
(br, 1H, HA), 3.63 (br, 2H, −OCH2CH3), 2.99 (br, 2H, −OCH2CH3),
0.51 (br, 6H, −OCH2CH3), 0.40 (br, 6H, Pd−CH3).

19F{1H} NMR
(CD2Cl2): δ −133.7 (br, o-C6F5), −160.8 (br, p-C6F5), −166.3 (br, m-
C6F5).

13C{1H} and 11B NMR too broad to make assignments.
HRMS: calcd. for [C78H44B2F30O6P4Pd2 + 2Na]2+ m/z 2005.990218.
Found: 2005.9978.

{(κ2-P,O-1-PPh2-2-PO2
iPr(O-B(C6F5)3-Ph)PdMe}2 (5c). 5c was

synthesized using a similar procedure to 5b/5b′ with 2c-py (0.104 g,
0.178 mmol), B(C6F5)3 (0.182 g, 0.356 mmol), and CH2Cl2 (5 mL).
5c was obtained as a white solid (0.100 g, 87%). 31P{1H} NMR
(CD2Cl2): δ 36.6 (br d, PO), 6.1 (d, 3JPP = 13.4, P−Pd). 1H NMR
(CD2Cl2): δ 7.69 (m, 1H, HD), 7.6−7.36 (m, 12H, H−Ph), 7.13 (m,
1H, HA), 4.36 (m, 1H, −OCH(CH3)2), 0.93 (d, 3JHH = 6.0, 6H,
−OCH(CH3)2), 0.67 (br d, 3JHH = 5, 6H, −OCH(CH3)2), 0.35 (br,
6H, Pd−CH3).

19F{1H} NMR (CD2Cl2): δ −134.2 (d, 3JFF = 19, o-
C6F5), −161.7 (t, 3JFF = 20, p-C6F5), −167.0 (t, 3JFF = 17, m-C6F5).
13C{1H} and 11B NMR too broad to make assignments. HRMS calc.
for [C80H49B2F30O6P4Pd2 − H2O]+ m/z 2017.0154. Found:
2017.0201.

Ethylene Polymerization Procedure. Polymerization reactions
were run in a stainless steel Parr 300 mL autoclave, which was
equipped with a mechanical stirrer, thermocouple, water cooling loop,
and a Parr 4842 controller. In a glovebox, the catalyst was weighed
directly into a 200 mL glass autoclave liner. When applicable, B(C6F5)3
was also weighed directly into the liner. Toluene (50 mL) was added,
and the liner was placed in a stainless steel autoclave, which was sealed
and removed from the glovebox. The autoclave was heated to 80 °C
and pressurized with ethylene while the contents were stirred. After 2
h, the autoclave was cooled to 25 °C and vented. Acetone (50 mL)
was added to precipitate the polymer. The polymer was collected by
filtration, rinsed with acetone, and dried overnight in a vacuum oven.
The oligomer content of the filtrate was determined by GC−MS and
1H NMR analysis. For polymerizations with B(C6F5)3·Et2O and BF3·
Et2O, the catalyst and activator were injected in a 10 mL toluene
solution after the autoclave was heated and pressurized with ethylene.
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