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Abstract:

Mechanistic studies of olefin polymerizations catalyzed by aryl-substitatetimine—Pd(ll)

complexes are presented. Syntheses of several cationic catalyst precursor)PH{CH:)(OEL)]BAr',
(N~N = aryl-substitutedr-diimine, Ar = 3,5-(CF),CgH3), are described. X-ray structural analyses of [ArN
C(H)C(H=NATr]Pd(CHg)(CI) and [ArN=C(Me)C(Me}=NAr]Pd(CHs), (Ar = 2,6-(Pr)CeHs) illustrate that

o-aryl substituents crowd axial sites in these square

planar complexes. Low-temperature NMR studies show

that the alkyl olefin complexes, (W)Pd(R)(olefin), are the catalyst resting states and that the barriers to
migratory insertions lie in the range £19 kcal/mol. Following migratory insertion, the cationic palladium

alkyl complexes (NN)Pd(alkyl)" formed are3-agostic species which exhibit facile metal migration along the
chain (“chain walking”) viap-hydride elimination/readdition reactions. Model studies using pallagium
n-propyl and—isopropyl systems provide mechanistic details of this process, which is responsible for introducing
branching in the polyethylenes made by these systems. Decomposition of the cationic methyl complexes
(ArN~NAr)Pd(CH;)(OER) " (Ar = 2,6-(Pr)CsHs, 2-tBuCsH,4) occurs by C-H activation of3-C—H bonds of

the ortho isopropyl antert-butyl substituents and loss of methane. The rate of associative exchange of free
ethylene with bound ethylene in (N)Pd(CH;)(C,H.) ™ is retarded by bulky substituents. The relationship of
these exchange experiments to chain transfer is discussed.

Introduction

Prior to reports from these laboratories, a few Ni(ll)-based
catalysts were known to polymerize ethylene to linear poly-
ethylene® Due to rapid chain transfer, dimerization and
oligomerization reactions of ethylet-16 anda-olefinst” were
the most commonly reported features of late metal catalysts.
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Pd(ll)—a-Diimine-Catalyzed Olefin Polymerizations
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Figure 1. Palladium-o-diimine complexes used as olefin polymeri-
zation catalysts.
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addition, the palladiumo-diimine catalysts are the first transi-

tion metal complexes reported which are capable of copolymer-

izing ethylene and:.-olefins with functionalized monomers such
as alkyl acrylates and methyl vinyl ketoPf&31-32Following our

initial reports of these catalysts, other groups have described

similar results usingo-diimine-based systen#$:4° Neutral,
bidentate Ni(ll) systems which incorporate bulky aryl-substituted

imine units have also recently been shown to be quite effective

for polymerization of ethylene to high molecular weight
polymers*—43

In contrast to the extremely active, highly air-sensitive nickel
analogued?44the well-defined cationic palladiuralkyl species

depicted in Figure 1 are more easily synthesized and handled %
and exhibit rates of reaction that make them well-suited for study
using variable temperature NMR spectroscopic techniques. On

the basis of our initial NMR observations and analyses of

polymer microstructures, we proposed the polymerization mech-

anism shown in Schemes 1A and 1B(i) (illustrated here for the
case of ethylene polymerization).

The overall mechanism of polymerization consists of three
main processes beyond initiation: (1) chain propagation, (2)
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Scheme 1.Proposed Mechanism for Ethylene
Polymerization
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metal migration along the polymer chain (“chain running”), and
(3) chain transfer. The first and third processes are common
to all ethylene oligomerization and polymerization catalysts.
Metal migration, on the other hand, is insignificant for most
catalytic systemig4546 put is a major reaction pathway for
the Pd-o-diimine catalysts, thus making chain-running the
most distinguishing feature of these systems. For acyclic olefins,
the resting states of the palladium catalysts have been observed
by NMR spectroscopy to be alkyblefin complexes. In the
absence of excess olefin or other Lewis bases, the alkyl cations
exist as stablegd-agostic specie¥ 4749 A pB-agostic alkyl
species is observed to be the resting state for cyclopentene
polymerizationg!

Propagation and isomerization (Scheme 1A) are easily
monitored by low-temperature NMR spectroscopy in this
system. Insertion of ethylene from the catalyst resting state
produces the linear alkyl agostic spedesvhich can be trapped
by free ethylene. Repetition of this cyclé {~ 8 — 7) results
in the growth of a linear polymer chain. Compl8xcan also
[B-hydride eliminate and reinsert with opposite regiochemistry
to produce the branchgtlagostic specie$0. This process may
involve an alkyt-olefin intermediate9, though such a species
has never been observed in this system. The branched alkyl
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cation10 can continue to “chain run” bg-hydride elimination
and reinsertion with opposite regiochemistry, producing longer
branches. Alternativelyl0 can be trapped with ethylene, and
insertion produces a polymer chain containing a methyl branch

along the backbone. In the case of nickel, trapping and insertion opypauvec

are competitive with chain-running, and thus the extent of
branching is dependent on ethylene presatifeor palladium

systems, the total number of branches is nearly insensitive t0 ¢opypaye,
ethylene pressure, but the number of branches-on-branches and

the overall architecture of the polymer does vary with ethylene
pressuré®2’In the case oft-olefins, 2,1-insertion followed by
metal migration to the terminal carbon can result in incorporation
of a-olefin in a 1w (linear) fashion with the resultant polymer

containing fewer branches than expected for simple 1,2 mono-
mer enchainment, a phenomenon we term “chain-straighten-

ing”.18.20

Bulky aryl-substitutedx-diimine complexes slow the rate of
chain transfer relative to propagation, resulting in the formation
of high polymer. This rate retardation clearly results from
substituting the ortho positions of the aryl rings with bulky

substituents which then project into the axial sites of the square

planar complexe® The precise mode of chain transfer is not
yet completely understood. Initially we proposed that chain
transfer occurred by associative displacement of the unsaturate
chain from an olefin hydride complex (Scheme 1B(i)), a process
slowed by axial bulk. Calculations by Ziegler suggest chain
transfer may occur from the alkyl olefin resting state by direct
B-hydride transfer to monomer (Scheme 1B(#)§2

We describe in this paper mechanistic investigations of olefin
polymerizations catalyzed by the well-defined cationic palla-
dium—alkyl complexes depicted in Figure 1. These investiga-
tions include NMR spectroscopic characterization of catalyst

resting states, measurement of insertion barriers and the effect

of substituents on these barriers, determination of the mode an
energetics of palladium migration, as well as the nature and
relative stabilities of keyp-agostic alkyl complexes, and
measurement of associative exchange rates in -atkefin

complexes which relate to the chain transfer process. These
experimental studies are complemented by recent theoretical

calculations from other groups concerning various mechanistic
details of these catalyst systefis®’

Results and Discussion

Synthesis of Palladium ComplexesSyntheses of thi-aryl-
substituteda-diimine ligands are straightforwaf8>° and the
properties ofa-diimines as ligands for transition metal com-
pounds have been review&HiThe dimethyl precursors to the
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active catalysts can be approached by several routes {€g)s 1
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Stable palladium complexes of the general formulaNN
PdMeCl are formed in diethyl ether or dichloromethane solvent
via displacement of 1,5-cyclooctadiene (COD) from (COD)-

dDdMeCI by 1 equiv ofr-diimine ligand®! Subsequent addition

of 0.5 equiv of MgMe to the product then gives the desired
dimethyl complex along with 0.5 equiv of Mg&£(eq 1). This
two-step sequence requires separation of the product fromMgCl
and gives moderate yields.

Single-crystal X-ray structures of (AHSC(H)C(H)=NAr)-
PdMeCl and of (ArN=C(Me)C(Me=NAr)PdMe, (Ar = 2,6-
CeHs-(i-Pr),) were obtained. ORTEP diagrams for these two
compounds are included in Figures 2 and 3, respectively, along
with selected bond lengths and angles, which are within the

tandard range for these types of compléféscluded in Figure

is a perspective of the molecular structure perpendicular to
the square plane of the complex along with selected torsion
angles. The twdN-aryl rings lie roughly 80 and 67 relative
to the square plane of the molecule. Comparison with similar
molecules in the literature indicates that as the steric bulk of
the o-diimine backbone substituents or of the aryl ortho
substituents increases, thé-aryl rings tend to lie more
perpendicular to the square plane of the molecule, and the ortho
substituents more effectively block the axial sites.

The synthesis of (COD)PdMgea more reactive precursor,
has been reported; crystalline material can be isolated at low
temperature through addition of methyl cuprate to (COD)RdCI
followed by workup with aqueous KCRE The (COD)PdMe
complex is unstable but can be stored at temperatures below
ca. —10 °C. It reacts witho-diimines in ether to give nearly
quantitative yields of (NN)PdMe, and product isolation is
straightforward (eq 2). Preparation of (N)PdMe complexes
through in situ generation of (COD)PdMBas been reported
by Elsevier et al., and we have also found this route to be
effective®3 The desired complexes are obtained upon reaction
of 1 equiv of MeLi with (COD)PdMeCl in ether or THF at low
temperature, followed by addition e@f-diimine. The product
must then be extracted from LiCl (eq 3).

Canty reported the preparation of palladitdimethyl com-
plexes of nitrogen donor ligands via addition of the ligands to
either previously isolated (pyridazine)Pdj in situ generated

(61) Ruke, R. E.; Ernsting, J. M.; Spek, A. L.; Elsevier, C. J.; van
Leeuwen, P. W. N. M.; Vrieze, Kinorg. Chem.1993 32, 5769-5778.

(62) Rudler-Chauvin, M.; Rudler, Hl. Organomet. Chenl977 134
115-119.

(63) van Asselt, R.; Rijnberg, E.; Elsevier, C.Grganometallics1994
13, 706—-720.
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Figure 2. (a) ORTEP diagram of (ArlC(H)C(H=NAr)PdMeCl
(Ar 2,6-GsHs-(i-Pr))). Selected bond lengths (A): PATI(1)
2.300(4), Pd(1yC(1) 2.020(11), Pd(1)N(11) 2.033(9), Pd(XyN(14)
2.208(9), N(11}C(12) 1.315(16), N(1HC(21) 1.448(14), C(12)
C(13) 1.434(17), C(13)N(14) 1.262(18), N(14yC(41) 1.450(16).
Selected bond angles (deg): CKBd(1)-C(1) 89.7(4), CI(1)}Pd(1)>
N(11) 174.9(3), CI(1yPd(1)-N(14) 99.9(3), C(1)yPd(1)}-N(11)
94.3(4), C(1yPd(1)-N(14), N(11}-Pd(1}-N(14) 76.2(4), Pd(Ly
N(11)—-C(12) 117.6(8), PA(HN(11)—C(21) 124.1(7), CAN(11)—
C(21) 118.0(9), PA(£)N(14)—C(13) 111.3(8), Pd(1)N(14)—C(41)
126.2(8), C(13¥N(14)-C(41) 122.5(10), N(1BHC(12)-C(13)
115.3(12), C(12yC(13)-N(14) 119.5(11), N(11)C(21)-C(22)
120.8(11), N(11}C(21)-C(26) 116.2(10), N(14)C(41)-C(42)
119.5(11), N(14)yC(41)-C(46) 116.2(11). Selected torsion angles
(deg): N(11)C(12)-C(13)-N(14) 1.2(10), C(12yN(11)—C(21)y
C(26) 100.5(21), C(13)N(14)—C(41)-C(46) —113.5(25). (b) View
of the molecular structure perpendicular to the square plane of the
complex.

(Me;SyPdMe.5* Displacement of pyridazine from the former
also occurs for th&l-aryl o-diimines and gives moderate yields
of product in ether solvent (eq 4q.-Diimine displacement of
dimethyl sulfide from the in situ generated precursor in ether
gives somewhat lower yields of product, but a modification of
this route employing Md€CHj3). proved to be effective for
synthesis of &3C-labeled analogue (eq %).

Ether adducts of well-defined cationic Pd{Hyx-diimine salts
of BAr'ys~ (Ar' = 3,5-GHs(CFs),) are synthesized through
addition of H(OE$).BAr'y to complexes with the general
formula (N*N)Pd(CH), (eq 6). Through protonolysis, the
oxonium acid cleaves one of the Puahethyl bonds, opening
up a coordination site on the metal center through loss of

methane. When the reaction is carried out in diethyl ether, one

(64) Byers, P. K.; Canty, A. Organometallics199Q 9, 210-220.
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Figure 3. ORTEP diagram of (ArC(Me)C(Mey}=NAr)PdMe,
(Ar = 2,6-GHs-(i-Pr)). Selected bond lengths (A): Pd@AN(1)
2.133(4), Pd(1yN(4) 2.145(4), Pd(:yC(7) 2.023(6), Pd(1)C(8)
2.033(5), N(1)C(2) 1.317(6), N(1)}C(31) 1.460(6), C(2yC(3)
1.366(8), C(2)-C(5) 1.524(7), C(3yN(4) 1.297(6), C(3)C(6)
1.528(7), N(4)-C(11) 1.459(6). Selected bond angles (deg): N(1)
Pd(1)-N(4) 74.81(15), N(1)}Pd(1)-C(7) 174.97(19), N(tyPd(1)}
C(8) 99.55(20), N(4yPd(1)-C(7) 100.17(19), N(4yPd(1)}-C(8)
174.31(20), C(APd(1)-C(8) 85.47(23), Pd(HN(1)—-C(2)
114.2(3), Pd(1yN(1)—C(31) 123.7(3), C(2yN(1)—C(31) 122.1(4),
N(1)—C(2)—C(3) 118.2(4), N(1)C(2)—C(5) 120.0(5), C(3yC(2)—
C(5) 121.8(4), C(2rC(3)—N(4) 118.1(4), C(2y-C(3)—C(6) 120.8(4),
N(4)—C(3)—C(6) 121.1(5), Pd(ByN(4)—C(3) 114.7(3), Pd(BN(4)—
C(11) 121.5(3), C(3yN(4)—C(11) 123.7(4). Selected torsion angles
(deg): N(1}-C(2)—C(3)—N(4) —0.9(3), C(2)-N(1)—C(31)-C(32)
78.6(6), C(3-N(4)—C(11)-C(16) —79.4(6).

molecule of solvent acts as a Lewis base and occupies the vacant
coordination site. The ether ligand is extremely labile, making
the precursors ideal for low-temperature NMR mechanistic
studies.

1 BAr
R R R R 4
7N . >/ \<
Ar—N_ /NvAr H(OEtp),BAr' Ar—N_ N—Ar s
Pd -CHy4 /Pd\ ®
Hee “CHq Et:0 Hie  OEt,

1a-6a

For preparative-scale polymerizations, complexes in which
the vacant coordination site is occupied by a stronger Lewis
base than ether are sufficient. For example, an active catalyst
is formed in situ upon addition of NaBArto (N"N)PdMeCl
in the presence of olefin. Acetonitrile complexes can be isolated
under similar conditions in the absence of olefin, but chloride-
bridged, monocationic dimers of the formulas {(NPdMexy-
Cl].BAr', are formed when the same reaction is run in diethyl
ether. Ether is apparently too weakly coordinating to break open
the dimer. Six-membered chelate complexes resulting from
acrylate insertion also display activity for olefin homopolym-
erization and olefin/acrylate copolymerizati®?

The routes described above were found to be ineffective for
the preparation of a palladium complex fromedliimine ligand
with an orthotert-butyl group on the ring, e.g., 2e84(t-Bu)N=
C(Me)C(Me)y=N-2-CsH4(t-Bu), and a different approach was
required. Addition of NaBAy to (COD)PdMeCI at low tem-
perature in a mixture of C#Ll, and acetonitrile yields [(COD)-
PdMeNCMe][BAr 4.5 This salt can be used directly or isolated
and stored at—30 °C and is stable for extended periods.
Displacement of COD by the orthert-butyl-substitutedx-di-

(65) This compound was developed by C. M. Killian, M. Brookhart,
and J. Feldman. See Brookhart et al. WO 9623010, 1996 for procedure.
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imine occurs for this highly electrophilic precursor to yield the Scheme 2.Possible Intermediates for Palladacycle
expected acetonitrile addud@b (eq 7). Formation viao-Diimine C—H Activation

R R R R

R R
“1BAr! > < > <
R R 4
TIBAr, t-Bu 7\ tBu.

P R\ By, A
N N N N N N
@ CHN(?IB//NIC“Me @ A"*Ni >N'A'r @t-;u \P+d/ :t @t——Bu \F;rd/ @ or @;u \P+d/ H
Ul diimine. ‘N + { { ¢
Pd e Pd - Pd (7) Me L Me h Me —\",
N - D =
he o N neme co H,e~ NCMe ab (R=Me) g
5a (R,R=An)
6b 5b (R,R=An) R R
. . >/ \< +L
Catalyst Stability. At room temperature and in the absence o L &N
of olefin, the cationic acetonitrile adducts are stable for weeks VAN

in methylene chloride or chloroform solution. However, under
similar conditions solutions of the cationic ether adducts are
observed to undergo decomposition via g activation of the  activation of5ais more rapid than fotaand2aand the product,
ortho aryl substituents to give a six-membered palladacycle and5&, is more stable than botha and 2a. Lack of a highly

4b', 5a', 5b'

methane (eq 8% unfavorable interaction between the ligand backbone and the
ortho hydrogen of the in-plane aryl group likely accounts for
5 R — BAr, R R L 1BAY the rapiq activation 915a and the relative stabjlity obd.
_,-.pr>/—\</:pr. .i—Pr>/—"\< Introduction o_f 20 equiv of e_thylene fH leads to displacement
@—N\ /N—@ e @—N\ N of gther to give ethylene-hgat_egl palladacytﬂe‘. However,
“Pr Pd_-PT 0.0 +Pr Pd ® unlike 1c, palladacyclesc exhibits little or no evidence for
Me OBt CH,§ EtO migratory insertion even after 24 h at room temperature.
e 2 (R —le) The rates of €H activation of the ether adducts, 2a, and

5a decrease substantially upon addition of an excess of ether.

This intramolecular €H activation requires one of the ligand ~ FOr €xample, upon additi(?)n of 10 equiv oRBtto a 0.015 M
aryl rings to rotate into the square plane of the complex. CDzClz solution of5aat 0°C, the C-H activation process is
Increasing the steric bulk of the ligand is therefore expected to 100 Slow to be monitored over a reasonable time period, and

make this process less favorable, and conversely, the proces&t 10°C C—H activation occurs with a half-life of more than
should become more facile upon decreasing the steric bulk of 1-5 h- One equivalent of acetonitrile readily displaces ether from

the ligand. For the reaction indicated in eq 8, changing the 5ato give5b, and this complex exhibits onl_y slow deactivati_or_1
backbone substituents from hydrogens to methyl groups resultsVen at room temperature. A 0.015 M solution of the acetonitrile

in a significant decrease in rate for the overall process. At complex4b (R = Me; aryl = o-tert-butyl) exhibits a half-life
25 °C, the reaction occurs with a half-life of less than 5 min for C—H activation of several days at room temperature, and

for 1a (R = H) and a half-life of ca. 30 min fo2a (R = CHs) the resulting palladacyckb’ has been the most stable complex

for 0.015 M dichloromethane solutions of these complexes.  Of this type encountered. _ _
Palladacycledd and2a were not isolated, but complebal Inhibition of C—H activation by an increased concentration
is stable for days as a concentrated dichloromethane solution Of ether or addition of a stronger Lewis base such as acetonitrile

In contrast, for the decomposition of ether add@et only strongly suggests that the-Gi activation takes place through
methane and nonselective decomposition products are observed®! intermediate that is formed reversibly. More specifically,
The proposed palladacycke, if formed, is only a transient intramolecular activation of a-€H bond of one of the ligand
intermediate. Presumably, unfavorable steric interactions be-Methyl groups likely occurs through initial formation of an

tween the coplanar backbone and the ortho isopropyl substituent290Stic interaction between that-@l bond and the metal center
make palladacycl@a very unstable. (Scheme 2). This mechanism requires displacement of L in order

Addition of ethylene told in solution at low temperature O OPen up a coordination site for an agostic interaction to form.
results in the formation of an observable ethylene addie}, ( Displacement of L may occur through a dissociative mechanism
and addition of an excess of ethylene results in branched involving formation of a 14-electron intermediate, but the

polyethylene formation with initiation occurring more slowly ~Possibility also exists that L is displaced associatively by the
than propagation. incoming C-H bond. It is not known whether oxidative

The unsymmetrically substituted ether compfz(R,R = addition/reductive elimination or concerteebond metathesis

An, 0.015 M in CDCl,) undergoes deactivation with a half- 1S responsible for completion of the reaction. )
life of ca. 60 min at—3 °C (eq 9) which corresponds tg, < Migratory Insertion Rates. In studying the mechanism of

2 min at 25°C. Therefore, under similar conditions—@ olefin polymerization as catalyzed by the palladiantiimine
catalysts, rates for the migratory insertion of olefins were

determined usingH NMR spectroscopy (eq 10). For example,

R R “1BAr, R R 1 BArYy
H
7 \tBu- >/ \( N_. Me o N, Me
M W ° (Pl g (<
t.Br\lee/Pd\L CD,Cl, N OEt, 220 024d°c N Y
L = (a) Et,0 or (b) NCMe - CHy 1-3a, 5a, 6a 1-3¢, 5¢, 6¢

4b: (R = Me) 4b': (R = Me) 1st N 4,/ CHeCHCHs - ca 1075 N\P+d® (10)
Sa: (R,R = An) 5a" (RR = An) insertion / insertions /
5b: (R,R = An) 5b': (R,R = An) N Y N Y

= growing pol hai
(66) A similar observation was reported for a square plaxakyl ® = growing polymer chain
o-diimine complex of nickel in which intramolecular-€H activation of a . .
ligand methyl group occurs to give a five-membered metallacycle: tom addition of 16-20 equiv of ethylene to the ether addudts

Dieck, H.; Svoboda, MChem. Ber1976 109 1657-1664. 2a, 3a, 5a, and 6a gave the corresponding methyl ethylene
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Table 1. Kinetic Data for Pd-Catalyzed Insertion of Ethyléne Table 2. Kinetic Data for Pd-Catalyzed Insertion of Propyléne
firstinsertion subsequent insertions firstinsertion subsequent insertions
kl AGli ksub AGsubi kl AGl* ksub AG‘sub¢
catalyst (x1®s1)  kcal/mol) (x10°sY)  (kcal/mol) catalyst (x1®s1)  (kcal/mol) (x1Cs™  (kcal/mol)
1c,—30°C 1.9 17.2 0.88 175 2a, —30°C 0.54 17.8 1.2 17.4
2c,—30°C 1.7 17.2 3.4 16.9 3a —13°C 1.3 18.6 15 18.5
3¢, —26°C 0.83 17.8 0.67 18.0 - T -
5¢, —14°C 21 18.3 0.71 18.8 aError in AG* values is£0.1 kcal/mol.
6c, —20°C 0.63 18.4 0.42 18.6 ) _ ) o
- - Scheme 3.Chain-Running Leading to 1,2-Migration of
2Error in AG* measurements 0.1 kcal/mol. Palladium
-7 1~ S— R R
1 N N \_® N, R
] y=-7.134 +18.10 < \l;d{j\//® - ( ) . < ¥
-83 RA2 = 0.9996 NTH N H oW
] R =H or alkyl
-9_-.
— ] (R = Me) are most active and catalysts based on structures
5/ -10 (R = H) and 3 (R,R = An) exhibit fairly similar activities
£ ] to one another which are lower than activities 20t Catalyst
114 5a exhibits very few turnovers and gives only low molecular
1 weight polyethylene.
1 Barriers to insertion in both (\NN)Ni(olefin)R* and (N'N)-
12 Pd(olefin)R" species have been theoretically addressed by
] Ziegler51:52 Morokuma®%:57 and Siegbahf® The calculated
-13 +r-rr—rr—rrrrr barriers for Ni systems invariably fall below those of the
35 3.6 3.7 38 39 4 41 42 43 corresponding Pd systems, in agreement with experimental
1000/T observationg? In addition, moving from model systems of the
Figure 4. Eyring plot for subsequent ethylene insertionsZmy type (HN=C(H)C(H=NH)M(olefin)R" to systems bearing

complexeslc, 2¢, 3¢, 5¢, and6c. The ensuing first insertion of ~ PUlKy ortho-disubstituted aryl groups and substituted backbone

ethylene into the Pdmethyl bond is first order in catalyst, and ~ POSitions (ArN=C(R)C(R)=NArM(olefin)R*, the calculated
the rate for this step is determined by monitoring the decreasebarriers decrease;>>which is consistent with the observations

of the integral for the Pdde signal. The combined rate for above that bulkier ortho aryl substituents cause a decrease in

subsequent insertions is zero order in ethylene and is determined€ Migratory insertion barrier. There is reasonable quantitative
from the turnover frequency based on the decreasing signal for2dreement between the barriers calculated for bulky-aryl
free ethylene in solution. Rates for first and subsequent insertionsP@lladium diimine systems and the barriers measured in this
were used to calculate rate constants and Gibbs free energie¥vork. For example, Morokunta has calculated a barrier for
of activation (Table 1). For complefc, rate constants for ~ insertion of 14.1 kcal/mol for complexc in which the
subsequent insertions were obtained over 4@@emperature  €Xperimentally measured barrier is 17.2 kcal/mol.

range (40 to 0°C). The Eyring plot of the data is shown in Alkyl Intermediates. The number of alkyl branches observed
Figure 4 and gives\H* = 14.2 + 0.1 kcal/mol andAS = for polyethylene made using a particularRe-diimine catalyst
—11.24+ 0.8 eu. is relatively independent of reaction conditions including

The clearest indication of catalyst activity for comparative (€mperature, ligand structure, and ethylene concentration,
analysis is the kinetic data for subsequent insertions and more@/though the type of branches or polyzlin;gflsrzclgnecture observed
specifically values forGs.. The data for the diisopropyl aryl- IS dependent upon these variabl@s?2.27:31.323Polyethylene
substituted catalystsc—3c indicate that2c (R = Me) is the samples made Wlth the 2,6_-d_||sopropyl-substltuted catalysts
most active for ethylene polymerization, suggesting that ligand (Structures1—=3) typically exhibit ca. 106-120 branches for
steric bulk is the predominant factor affecting the overall rate €Very 1000 carbons. This is in sharp contrast to MAO-activated
of polymerization. Increased steric bulk about the metal center Nickel analogues which can be fine-tuned by choice of reaction
likely raises the ground-state energies of the methyl ethylene conditions to give polyethylene ranging in structure from almost
complexes, resulting in lower barriers to migratory insertion. COMPletely linear to moderately branched. _ _

The o-tert-butyl aryl-substituted comple&c and theo-methyl As previously described, polyethylene branching arises from
aryl-substituted complesic exhibit significantly higher barriers ~ facile f-hydride elimination and reinsertion of Pdlkyl

to insertion tharLc—3c and are, relatively, poorer catalysts for Intermediates (chain-running). An olefiydride intermediafé
ethylene polymerization. resulting fromB-hydride elimination of a Pdalkyl species may

Kinetic data for the migratory insertion of propylene using '€insert with opposite regiochemistry to give a new alkyl
catalyst2a and3awere collected in a fashion identical to that COMPIex (Scheme 3). A branch is incorporated into the polymer
described for ethylene. The results for these two catalysts are€Very time ethylene insertion occurs from any alkyl intermediate
presented in Table 2 and indicate the same trend in activities oth?r than a primary Pealkyl olefin species. Characterization
observed for ethylene insertion. In each cad&e, for by **C NMR spectroscopy of polyethylene prepared from
propylene propagation increases by 0.5 kcal/mol av€k,s' (67) We describe here a discrete olefinydride intermediate; however,
determined for ethylene propagation. Importantly, the general g-H transfer may occur through a concerted process with an elbfidride-
trends apparent in Tables 1 and 2 are consistent with Whatl'ke transition state, as suggested by Ziegler et al.: (a) Deng, L.; Margl, P.;

. . o Ziegler, T.J. Am. Chem. S0d.997 119 1094-1100 (b) Deng, L.; Woo,
is observed for preparative-scale polymerizations. Namely, for 1 - 'Cavallo, L. Margl, P. M.; Ziegler, TJ. Am. Chem. Sod 997, 119

both ethylene and propylene, catalysts based on stru@ure 6177-6186.
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Scheme 42 Formation of Alkyl Agostic Species via
Multiple C;H4 Insertions fromlc—3c

R R
5 ¢
@é"“\ +,N‘<@ xs =
Pd = A~
HaC OEt, B0
1a-3a
§ N>/ \<N ( 1) multiple Pd-alkyl* agostic
g P+d insertions species
2)-95°C

HC

1c-3¢

§ -8.4: broad, complex

Scheme 5. Single Insertion of Ethylene To Givg-Agostic
Isopropyl Complex-16

N_4+ ,CHs N + CHs
Pd Pd
7N\ N/

N “OEt, D%

3c

1 equiv
= 26 °C

AG* =17.8
kcal/mol

“Et,0

3a
. J\
Pd’ )
N H
observed at-115 °C
i-16

\+

<N Pd " ——=

Ve

N H

not observed
n-16

palladium catalysts indicates that the catalysts incorporate

branches that contain branchég? 68
Well-defined Pd-alkyl species derived fromic—3c have

Tempel et al.
N, J\ N,
< P’ = Fd ™" Keqca. 0.05, -65°C
S SO,
N H N H
i-16 n-16
\+J\ N\+/\/
< _ < Pd Keq = 0.29, 66 °C
"NCCH3 N’ "NCCHs
|16b n-16b
N\+/\/
_—— Pd Keq = 19, -66 °C
/ \/ N/ y
i-16¢ n-16¢
N
N+ ~+
(N Pd — < /Pd:\/ Keq = 43, -65°C
N N
i-16d n-16d

Figure 5. Equilibrium constants for trapped propyl isomers.

expected on the basis of analogy to the normal stability order
(1° > 2° > 3°) of metal alkyl complexes (presumed to be a
steric effect). However, the inductive electron-donating ability
of a secondary alkyl group is greater than that of a primary
alkyl group and should provide more electron density to the
electrophilic Pd metal center. Theoretical calculations have been
reported forf-agosticn-propyl and isopropyl Pga-diimine
compounds that predict A-agostic isopropyl species to be
favored by as little as 0.5 kcal/mol or by as much as 2.0 kcal/
mol.5” Although we have not directly observedl6 by NMR
spectroscopyAG for thei-16/n-16 equilibrium was determined

been studied using variable temperature NMR spectroscopy toto be ca. 1.21.3 kcal/mol based on trapping experiments using

specifically probe factors contributing to the formation of
polymer branches. Complex&s—3cinsert ethylene to yield a

dimethy! sulfide (vide infra).
Isomerization of Cationic Pd—Alkyl Complexes. Various

mixture of branched products after several turnovers, and thetrapping ligands have been used to observe Lewis base adducts

displaced ether does not recoordinate upon complete con-

sumption of added olefin. The resultifl NMR spectra at ca.
—95 °C are relatively complex and contain a group of broad
shifts at ca—8.4 ppm that are consistent with the formation of
alkyl agostic species (Scheme 4). Complexes arising from a
single insertion of olefin into the PeCH;z bond of 3¢ exhibit
relatively simple NMR spectra and are therefore ideally suited
as models for polymerization intermediates. In particular, the

of i-16 andn-16, yielding insight into the mechanism of chain-
running®® Addition of 2 equiv of acetonitrile to an NMR sample
of i-16/n-16 at —78 °C gives almost exclusively the isopropyl
acetonitrile complex-16b by 'H NMR spectroscopy. Isomer-
ization to then-propyl acetontrile complex-16b begins to occur

at temperatures above70 °C, and an equilibrium value of 0.29
is observed fon-16b/i-16bat —66 °C. Use of ethylene as the
trapping ligand under the same conditions results in initial

acenaphthyl backbone of the ligand contains hydrogens thattrapping as-16c¢ with isomerization ton-16c again occurring

exhibit unique, resolvetH NMR shifts that simplify observation

and characterization of reaction intermediates. These experi-

ments are described below.

P-Agostic Isopropyl Complex. Addition of a single equiva-
lent of ethylene to an NMR tube containirga dissolved in
CDCILF leads to displacement of coordinated ether by ethylene.
Migratory insertion of the resulting methyl ethylene complex
3ctakes place at temperatures abey@0 °C (AG* = 17.8 kcal/
mol) to give a single species that displays dynamic behavior.
The static’H and 13C NMR spectra of this dynamic species
can be observed at temperatures below-d.0°C. These static
spectra are consistent withfaagostic isopropyl complex;16,
which presumably forms via rapid isomerization of the initial
Pd—n-propyl insertion productpn-16 (Scheme 5). The signal
for the agostic hydrogen appears as a broad triplet8a® ppm
in thelH NMR spectrum with a geminal coupling constant of
17 Hz. The carbon of the agostic methyl group appears in the
13C NMR spectrum at 19.5 ppm withey = 152 and 65 Hz.
The ether-free salt af16 is fairly stable and can be prepared
on a large scale and stored aB0 °C for extended periods
without decompositior®

The stability of the secondary isopropyl agostic complex
relative to the primaryn-propyl agostic complex was not

(68) Nelson, L. T. J.; McCord, E. F.; Johnson, L. K.; McLain, S. J.;
Ittel, S. D.; Killian, C. M. Polym. Prepr. (Am. Chem. Soc.,:DiPolym.
Chem.)1997 38(1), 133-134.

above—70 °C. At —66 °C the n-propyl ethylene complex is
favored withKeq = 19 forn-16¢/i-16¢ In contrast to acetonitrile
and ethylene, théH NMR spectra indicate that addition of
propylene t0i-16/n-16 at —78 °C yields predominantly the
n-propyl propylene complexy-16d, with Keq = 43 at—65 °C
for n-16d/i-16d However, addition of 2 equiv of propylene at
—130°C allowed trapping of-16 asi-16d, with i-16d readily
isomerizing ton-16d at temperatures above ca:85 °C.
Consideration of the equilibrium values shown in Figure 5
indicates that formation of the sterically less congestgdopyl
complex becomes more favored with bulkier trapping ligands.
Isomerization of the isopropyl ethylene complek6c to the
n-propyl ethylene complex-16c models the chain-running
process (eq 11). Several possible mechanisms may apply to this

(" Ak

N/ o

i-16¢

N\
/P+d/\/
N

n-16¢

(11

ax/~< pdj\

n-16

N ery fast

isomerization. One possibility is that isomerization occurs
without ethylene loss, for example, through a five-coordinate

(69) For previous studies of alkyl isomerization in unhindered Pd systems,
see: (a) Reger, D. L.; Garza, D. G.; Baxter, JOEganometallicsL99Q 9,
873-874 (b) Reger, D. L.; Garza, D. G.; Lebioda,@rganometallics1991,

10, 902-906 (c) Reger, D. L.; Garza, D. G.; Lebioda, @rganometallics
1992 11, 4285-4292.
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¥ + P‘d\/\’/
“H

AG ca. 1.2 kcal/mol

_________________________ / (-66 °C)

AG ca. 1.2 kcal/mol

_________________________ / (-66 °C)

+Pd i-16¢ n-16c +Pd ; }
b v +Pd, i-16¢ n-16¢c +Pd

Figure 6. Free energy diagram for isomerizationigf6c according

to Mechanism 1. Figure 7. Free energy diagram for isomerizationigf6¢ according

to Mechanism II.

bis-olefin hydride intermediate. Alternatively, isomerization may tapje 3. Rate of Isomerization Gt16¢ to n-16G
occur via ethylene loss, 1,2-migration of palladium in the alkyl

cation, and recapture of ethylene. For the latter process, two equiv of GHa ki (x10°s7) AG* (kcal/mol)
limiting kinetic situations can apply and are illustrated as 1 2.9,-66°C 15.3
Mechanisms | and Il in Scheme 6. 13 %'g':ggog 122
In Mechanism |, a rapid preequilibrium exists betwedic 45 1:8:,670(; 154
andi-16 + C,Hy (i.e., k—1[CoH4] > kp). The transition state for
overall conversion of16cto n-16¢lies betweeri-16 andn-16. *Error in AG* values is+0.1 kcal/mol.
Kinetic analysis as shown in Scheme 6 indicates that if this
mechanism pertains, the rate of isomerizatioibéc to n-16¢ in Mechanism | the trapping barriers are much lower than the

should be inverse in ethylene and thus retarded by addedbarrier to interconversion of the Péalkyl cationsi-16 andn-16,
ethylene. In Mechanism Il the interconversion of alkyl cations While in Mechanism Il the trapping barriers are higher than the
i-16 andn-16is rapid relative to the trapping reactions (ile,, barriers to interconversion.
k-2 > k-1[CoH.], kr[CoH4]). The rapidly equilibrating cations Experiments were carried out in which the rate of isomer-
i-16 andn-16 can, for kinetic analysis, be treated as a single ization ofi-16cto n-16cwas monitored as a function of added
species. As shown in Scheme 6, kinetic analysis of Mechanism ethylene. Results are summarized in Table 3. Addition of 5 equiv
Il predicts no inhibition of the rate of conversion af16c to of ethylene results in no measurable decrease in isomerization
n-16c by added ethylene. rate. Addition of 10 and 45 equiv of ethylene results in a small
It is instructive to consider free energy diagrams for these decrease in rate, but clearly the isomerization rate shows little
two limiting mechanisms as shown in Figures 6 (Mechanism I) dependence on the concentration of ethylene. These results
and 7 (Mechanism Il). The key difference in these cases is that suggest that either isomerization occurs from the four-coordinate

Scheme 6. Possible Mechanisms for Alkyl Isomerization

Mechanism I

(g 3 (i (i 2 (g

H 7
i-16¢ i-16 +CyHy n-16 n-16¢
d(n-16c) . _ (i-16¢) d(n-16¢) _ (i-16¢)

" Ko(i-16)  (i16) = Kgq o) o = keKeq C,H

Mechanism IT

< d _32 < \+ kT(rds) < \+/\/
N/ \H/ k.g N/ x . N >/

i- 16c i-16 + CoHy n-16 n-16c
ko, ko > k.4, k
d(n-16¢c) . - gy ¢ (-16c)
e kr(i-16 + n-16)(C,H,) (i-16 + n-16) = Kgq (CaHa)
d(n-16¢) . (CoHy)

= KrKeq(i-160) G2y = kTKeq(i-16¢)
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t Table 4. Ground-State Energy Difference fotl6 andn-16
temp €C) Keq(i-16/n-16) AG (kcal/mol)
—51.2 0.056 1.3
PdN —65.2 0.053 1.2
J\ — W -84.3 0.036 13
+Pd o n-16
" R

+ SMe data in Table 3 suggests that the very small rate suppression

observed at high free ethylene concentration is likely due to an
increase in the rate of trapping to the point where trapping is
becoming competitive with-16/n-16 interconversion. Under
these conditions, the limiting kinetic analysis shown for Mech-
anism |l will begin to break down and some rate retardation
will be observed in this “intermediate” case.

Two additional features of these isomerizations should be
noted. First, consistent with a mechanism involving loss of L

i-16

Kgq ca. 1/19, -65 °C
AG = 1.2-1.3 kcal/mol

L

Plome, T 10€ Ge rd ™~ for isomerization of [(NN)Pd(-Pr)(L)*] to [(N*N)Pd-Pr)-
‘SMe, (L) ], rates track the binding energies of the ligaffdgith the
Figure 8. Free energy diagram for isomerizationief6e rate of L= CH;CH=CH, > CH;=CH, > CH;CN > (CHy).S.

Second, the fact that ethylene exchange in palladiomathyl
resting state without ethylene loss or that Mechanism Il applies ethylene complexes occurs by an associative mechanism (vide
in which the trapping barriers are higher than the interconversion infra) suggests that dissociation of ethylene (or other L) from
barriers. [(N*N)Pd(Me)(L)"] complexes may be highly disfavored.

We reasoned that if Mechanism Il applies in the case of However, in contrast to the methyl complexes, ‘[(lyPd-
ethylene, use of a small, much more nucleophilic trapping ligand (propyl)(L)"] complexes contain A-hydrogen, and thus ligand
would result in much lower barriers to trapping, and a limiting dissociation may be greatly accelerated by an intramolecular
case, as described by Mechanism I, might be reached in whichdisplacement of L to form, in a concerted fashion, fhegostic
isomerization is now retarded by added trapping ligand. In palladium-alkyl complexesn-16 andi-16.
contrast, if isomerization occurs without loss of trapping ligand  Rates of Interconversion of Agostic Specie€Experiments
then the rate should not be affected by additional ligand. conducted thus far suggest that interconversiarl@&andn-16

On the basis of previous equilibrium binding studies of is quite rapid, but no quantitative data are available to estimate
ligands to Pd(ll) centers, we chose to examine trapping and these rates. Dynamic NMR experiments are described here
isomerization using dimethyl sulfid®. Addition of a single which attempt to address this problem. The stalcNMR
equivalent of MeS toi-16/n-16at—78 °C yields predominantly ~ spectrum of f-agostic isopropyl complex-16 contains a
the isopropyl adduct-16e, and subsequent isomerization to resonance at 2.88 ppm corresponding to the methine hydrogen
the n-propyl complexn-16eoccurs only at temperatures above of the Pd-isopropyl group. Conversion Gf16 to n-16 and
—50 °C (eq 12). Quantitative rate measurements were carried return could result in exchange of the methine hydrogen with

the methyl hydrogen; thus line shape analysis of this shift could

N N J\ ves N J\ iaoe Mo be useful fqr in\{es_tigating interconvgrsion 016 and_ n-1§.
< :ﬁdfy—~2< P —5 ic < Pq —:_( :Pdf\/ (12) However, this shift is obscured by the isopropyl methine signals
NTH N N SMe, N SMe, of the ligand. In fact, the methine signal could only be assigned
n-18 16 18 qoads T at 2.88 ppm on the basis of a COSY experiment performed at
ato®c ca.—110°C*8 To circumvent this problem, completa was

out at —43 °C. Addition of 1 equiv of MeS to i-16/n-16 employed in the synthesis of &agostic isopropyl analogue

generates16ewithout free MeS present. Isomerization occurs -17 bearipg methyl rther than isppropyl substituents in the
by a clean first-order process with= 1.1 x 10 s ! at ortho positions of the ligand aryl rings (eq 13).

—43°C. Addition of 5 equiv of MgS toi-16/n-16yieldsi-16e

with 4 equiv of free MgS present. First-order isomerization to OO _ OO
3 () 1oy = &
= (2) -20 °C, insertion N

n-16e occurs at—43 °C with k = 0.25 x 10 s L. Clearly,

o

free MeS greatly retards isomerization. KN N @enece KN N 3
This result establishes that isomerizatiori-@6e occurs via HaC OEt, b Hed M

Mechanism | and does not take place frétt6e without loss 6a .

of Me;S. The free energy diagram for the pecase is shown i-17

in Figure 8. Since trapping below50 °C is very fast relative The methine hydrogen of the Pésopropyl group ofi-17

to interconversion of-16 and n-16, the equilibrium ratio of resonates as a septet at 2.9 ppm and begins to display line
I-16:n-16 can be assessed by trapping at low temperature andproadening at ca—65 °C. Broadening results from exchange
carefully measuring the ratio fl6en-16e Table 4 summarizes  of the methine hydrogen (Hwith a hydrogen from one of the
KeqValues fori-16/n-16at three different temperatures together isopropyl methyl groups (i.ei;17 — i-17, Scheme 7). This
with the corresponding\G values, which are ca. 1-21.3 occurs viag-hydride elimination fromi-17 and reinsertion to
kcal/mol. o _ o give n-17, followed by rotation about the &&C; bond ofn-17
The results using dimethyl sulfide as the trapping ligand to give n-17, and finally S-hydride elimination/reinsertion to
strongly suggest that in the case of ethylene, a weaker trappinggijve i-17'.
ligand, Mechanism Il applies. Reconsideration of the kinetic Approximate rate constants for this exchandg)(were
(70) Rix, F. C.: Brookhart, M.; White, P. S. Am. Chem. Sod.996 determined by line-shape analysis (Table 5). If the barrier to
118 4746-4764. rotation leading to agostic exchange17 — n-17: AG) is
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Scheme 7.Methine (H) Exchange in3-Agostic Isopropyl
Complexi-17

HgC HSC
N ,
G — |0 | = Qe
/ N/ ‘W~ “CHs
n-17
ﬂ (AGrol )
N i N + / NS + CHj
S — — Pd 7,
/ N/ WM

Table 5. Kinetic Data from Exchange of the Methine Hydrogen of
i-172

T AWl/2 kH’ AGH’t I<conv AGconv¢
(°C) (Hz) (sYe (kcal/mol) (s (kcal/mol)
—55 11 35 11.1 70 10.7
—45 37 115 111 230 10.7

agrror in AG¥ is £0.1 kcal/mol.P Change in width at half-height
relative to the static spectrum at110 °C. ¢ From slow exchange
approximationk = wAv.

AGt=9.2
kcal/mol

+Pd >
H

+ Pd'JB — e

H i-17

n-17
AG ca. 1.2-1.3 kcal/mol
Figure 9. Free energy diagram for interconversioni-df7 andn-17.

n-17'

assumed to be low relative tB-hydride elimination and
reinsertion 17 — n-17), kg will be equal to one-half the
rate constant for conversion B17 to n-17 (since half the time
n-17/n-17 could return with no site exchange of)HA barrier
for conversion AGgony) of 10.7 kcal/mol can be calculated in
this case by simply doublindwy (Table 5). However, the
assumption of a lown-17—n-17 (andn-17 — n-17) barrier
relative toi-17 — n-17 conversion may be incorrect. A value
of 9.2 kcal/mol can be estimated faG,o* based on results
obtained using-16,*8 and AG for n-17/i-17 can be estimated
at 1.2-1.3 kcal/mol from results previously described here.
As shown in Figure 9, assuming the barrier to conversion of

i-17 to n-17 to belessthann-17to n-17, the predicted barrier
for conversion of-17 to i-17' is AG + AG = 1.3 kcal/mol
+ 9.2 kcal/mol= 10.5 kcal/mol, which is quite close to the

observed barrier of 10.7 kcal/mol. Thus, based on this analysis,

the magnitude of thé17 to n-17 barrier is not certain. This
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I'\</

+Pd

+Pd >
H

+ Pd'.J\’r

H

Figure 10. Modeled interconversion gf-agostic species through a
propylene hydride intermediaté>’

Scheme 8. Associative Ethylene Exchange

R/,
\*f
, \” associatve . / \H

‘ + (
exchange

1c-3c, 6¢ +

Table 6. Rate Constants for Ethylene Exchange

complex rate constant (M s™1)
lc(R=H,R =i-Pr) 8200
2c(R=CHs, R =i-Pr) 45
3c(R,R=An,R =i-Pr) 560
6c(R,R=An, R = Me) 2600

mol. Using a more sterically encumbered model, an energy
difference between th@-agostic isopropyl intermediate and the
propylene-hydride complex is reported to be only 0.7 kcal/
mol, indicating that rearrangement should be incredibly facile.
Although the predicted energy barriersdydride elimination

for both model systems are significantly different from one
another, these results suggest that the overall barrier to inter-
conversion betweenl7/n-17 above may be substantially less
than the upper limit of 10.7 kcal/mol determined by line-shape
analysis.

Chain Transfer. Slow rates of chain transfer relative to
propagation distinguish these Pd- and Ni-bagediimine
systems from most other late metal catalysts (Scheme 1B). Chain
transfer may occur by exchange of bound olefinic polymer with
free ethylene from an olefin hydride species (Scheme 1B(i)).
Alternatively, Ziegler et al. have suggested based on DFT
calculations that chain transfer occurs by concefidtydride
transfer from the growing polymer chain to bound ethyleh.
Subsequent exchange of the unsaturated polymer with ethylene
must then occur from aalkyl olefin intermediate rather than
from an olefin hydride species (Scheme 1B(ii)).

To assess the influence of steric bulk on the associative
displacement of ethylene from the coordination sphere of these

barrier cannot be greater than 10.7 kcal/mol but may in fact be complexes (as in the proposed chain transfer mechanism shown

substantially less. If the barrier is significantly less than 10.7
kcal/mol, this implies that a 1,2-migration of Pd betweendhe
andg carbons in g-agostic alkyl complex is much more facile
than migration to the carbons adjacent tp &hd G;.

The process of interconversion betwegmgosticn-propyl
and -agostic isopropytpalladium species has been modeled
by Morokuma, et al. (Figure 13§:57 As previously mentioned,

in Scheme 1B(i)), the rate of exchange of bound ethylene with
free ethylene (Scheme 8) was monitored for ethylene complexes
1c—3c and 6¢ by 'H NMR line-broadening experiments at
—85°C (Table 6, rate constants). Line widthg (vere measured

at half-height in units of hertz for complexed ethylene and were
corrected for line widths in the absence of exchangg. (The
exchange rates were determined from the standard equation for

the energy difference between the two agostic intermediates isthe slow exchange approximatiom(w — wo)/[C2H4], where

predicted to be ca. 0.5 kcal/mol. The barrier gehydride
elimination from each agostic intermediate is reported to be only
0.2-0.8 kcal/mol above the energy of the resulting propylene
hydride specie%® B-Hydride elimination from the isopropyl

[C.H4] is the concentration of free ethylene.

The exchange rate of bound ethylene is clearly proportional
to the concentration of free ethylene, which indicates that
exchange takes place through an associative mechanism. As the

species of an unsubstituted model is predicted to give an olefin size of the ligand backbone substituents is increased, the ligand

hydride species that is 7.4 kcal/mol higher in energy, so the

aryl rings are forced to a greater extent into the plane

barrier to this process can be estimated to be less than 8.2 kcalperpendicular to the square plane of the complex. This causes
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2the isopropy! groups to block the axial coordination sites of ~ with chain transfer occurring via associative exchange from a
the metal center more effectively. As coordination of a second palladium olefin hydride intermediate as originally proposed,

equivalent of ethylene becomes less favored, the rate ofwhere the transition state places both incoming and outgoing
exchange is observed to decrease in the orderlR> R,R= olefins in axial positions. It is also consistent wjtkhydrogen

An > R = CHa. This is in agreement with experiment where transfer to monomer in the resting state, since Ziegler's

the My's of the polyethylenes made using the same three calculations suggest that the transition state for this process

catalysts are observed iacreasein the same order. The rate

resembles a bis-olefin hydride with both olefins occupying axial

of exchange of ethylene also increases as the size of thepositions.

substituents on the aryl rings decreases from isopropyl to methyl
(complex3cto complex6cin Table 6), indicating the increased
effectiveness of the isopropyl groups relative to methyl at
blocking the axial coordination sites in these systems.

It is also significant to note that ethylene exchange in (phen)-
Pd(CH)(CH,)* is too fast to be measured by NMR techniques,
even at—100°C. These systems dimerize ethylene, indicating

that the rate of chain transfer is much greater than propagation,

consistent with the complete absence of axial bulk in these
systems.

These observations are not only consistent with the associative®

exchange mechanism 1B(i), but they are also fully consistent
with the Ziegler-H transfer to monomer mechanism 1B(ii),
since the transition state for this process effectively places two
olefinic moieties in axial sites (se&f, Scheme 1B(ii)).

Summary

Pd(Il) and Ni(ll) complexes of aryl-substituteg-diimines
bearing bulky ortho substituents polymerize ethylene to high
molecular weight, highly branched polyethylene ardlefins
to polymers with unique microstructures bearing fewer branches
than expected. This initial discovéfywas a significant advance
in the development of late metal catalysts for olefin polymer-
ization and has resulted in much increased activity in this area.
The studies described here have exposed numerous mechanist
details concerning these Pd(ll) catalysts. The key findings are
as follows:

(1) The catalyst resting states are "(WPd(R)(olefin)

(7) Decomposition of (ArNNArPd(CHs)(L)* species can
occur by C-H activation of ortho isopropyl andert-butyl
substituents after loss of L to generate £ihd metallacycles.

It is not clear whether such decomposition pathways are
responsible for catalyst decay.

Experimental Section

General Considerations.All manipulations of compounds were
performed using standard high-vacuum, Schlenk, or drybox techniques.
Argon was purified by passage through columns of BASF R3-11
atalyst (Chemalog) ah4 A molecular sieves!H and 3C NMR
chemical shifts were referenced to residttINMR signals and to the
13C NMR signals of the deuterated solvents, respectively, unless
otherwise noted. NMR probe temperatures were measured using an
external anhydrous methanol sample. All coupling constants are reported
in hertz. Elemental analyses were performed by Atlantic Microlab Inc.
of Norcross, GA, or by Oneida Research Services of Whitesboro, NY.

Materials. All solvents were deoxygenated and dried via passage
over a column of activated alumifgDichlorofluoromethanet(CDCLF)
was prepared according to the literattd®ichlorofluoromethan&tand
methylene chloride, were dried over Capor P,Os, degassed by
repeated freezepump—thaw cycles, vacuum-transferred, and stored
over 4 A molecular sieves. Polymer grade ethylene and CP grade
propylene were used without further purification for preparative
scale polymerizations and NMR experiments. Thdiimine ligands
Iexcept for 2-GH4(t-Bu)N=C(R)C(R)y=N-2-CsHa(t-Bu), R= Me and

,R= An) were prepared according to the literatbt€% ¢ and (2,6-
CoHa(i-Prp—N=C(R)C(R}=N-2,6-GH4(i-Pry)PdMe>° has previously
been prepared and characterized. Our group has earlier reported the
preparation of dimethyl complexes (2,6Hu(i-PrpN=C(R)C(R}=N-

complexes. Turnover frequencies are controlled by the rates of2,6-GHa(i-Pry)PdMe (R = H and R= Me), and their ether complexes
migratory insertions of these species, and thus the rate of chainla and2a'® In addition, characterization of the ethylene, propylene,

growth is independent of olefin concentration.

(2) Increasing the bulk of the ortho substituents on the aryl
groups (as well as on the backbone carbons) lowers the barrie
to insertions and raises the TOF. Presumably this arises from
greater relief of steric crowding in the transition state for
insertion relative to the ground state for the bulkier substituents.

(3) The intermediates formed upon migratory insertion of
(N~N)Pd(alkyl)(olefin)- complexes (catalyst resting states) are
dynamic,3-agostic (N\N)Pd(R)" complexes.

(4) Branching in the polyethylene is a result of metal
migration along the chain in the catiorfieagostic palladiurm
alkyl complexes via repetitivgs-elimination/reinsertion se-
guences.

(5) Chain walking can occur in the palladium alkyl olefin
resting states, but these species do not und¢rdnydride
elimination/reinsertion reactions. Rather, the process involves
(reversible) loss of ethylene to yield catiorffeagostic palla-
dium—alkyl species which undergo facilg-elimination/re-
insertion reactions. Judging from the model systems studied
here, the difference in barriers to 1,2 chain isomerization in the
resting state and migratory insertion are ca—23% kcal/mol.
Thus, an average of ca. 100 1,2-migrations occur &C2prior
to insertion. This clearly explains why polyethylene produced
from palladium catalysts is so highly branched.

(6) The rate of associative ethylene exchange in (AKNr)-
Pd(alkyl)(GH4)™ complexes decreases with increasing bulk of

and butene adducts &k and2a and details of the resulting insertion
products were reported in the Supporting Information of this same

peferencé® (COD)PdMeCl (COD= 1,5-cyclooctadiene?; (COD)-

PdMe,®? (pyridazine)PdMg54 NaBAr's,"*74and H(OE%),BAr'4 (Ar' =
3,5-GH3(CFs),)">"® were prepared as described in the literature.
Synthesis of Ligands. (a) 2-GH4(t-Bu)N=C(Me)C(Me)=N-2-
CsHa4(t-Bu). A flask was charged with 2ert-butylaniline (5.00 mL,
32.1 mmol) and 2,3-butanedione (1.35 mL, 15.4 mmol). Addition of
10 mL of methanol and ca. 1 mL of formic acid gave formation of a
yellow precipitate within 30 s. A yellow solid was collected by filtration
after stirring for 19 h. This solid was dissolved in diethyl ether, and
the solution was stirred over MO, filtered, condensed, and placed
into a—30 °C freezer for crystallization. Large, bright yellow crystals
were collected via filtration and dried under vacuum. After isolating a
second crop of crystals, an overall yield of 86% (4.6 g) was obtained.
H NMR (CDCl;, 300 MHz)$ 7.43 (dd, 2HJ = 7.85, 1.33 Hz), 7.20
(ddd, 2H,J = 7.4, 7.2, 1.4 Hz), 7.09 (ddd, 2H,= 7.6, 7.6, 1.4 Hz),

(71) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.;
Timmers, F. JOrganometallics1996 15, 1518-1520.

(72) Siegel, J. S.; Anet, F. A. L1. Org. Chem1988 53, 2629-2630.

(73) Nishida, H.; Takada, N.; Yoshimura, M.; Sonoda, T.; Kobayashi,
H. Bull. Chem. Soc. Jpri984 57, 2600-2604.

(74) Caution: Preparation of the Grignard reagent from 3,5;4ClsHs-
Br can result in explosions. This material is commercially available from
Boulder Scientific.

(75) Brookhart, M.; Grant, B.; Volpe Jr., A. ©rganometallics1992
11, 3920-3922.

(76) The chemical shift originally reported for the oxonium proton in
H(OEb)BArs (6 11.1) is incorrect; this peak is caused by the presence
of H,O in the sample. The correct chemical shifvid6.7 (9 peaks) =

ortho and backbone substituents. This observation is consistentL.5 Hz, 1H).
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6.52 (dd, 2H,J = 7.7, 1.4 Hz), 2.22 (s, 6H), 1.36 (s, 18H¥C{'H} temperature for 1 h. The ether solution was filtered into another Schlenk
NMR (CDCls, 75 MHz) 6 167.0, 149.5, 139.6, 126.62, 126.58, 124.2, flask, and the remaining product was extracted with,Clpl leaving
119.5, 35.32, 29.7, 16.62. Anal. Calcd fos 83N C, 82.71; H, 9.25; behind a significant amount of Pd(0). The solvents were removed under
N, 8.04. Found: C, 82.69; H, 9.21; N, 8.01. vacuum, and the residue was washed with pentane until the washes
(b) 2-CsH4(t-Bu)N=C(An)C(An)=N-2-CeHy(t-Bu). A flask was were colorless (5x 20 mL). Recrystallization from ether layered
charged with Zert-butylaniline (3.00 mL, 19.2 mmol) and acenaph- with pentane (ca. 2:1), filtration, and drying in vacuo gave 0.376 g
thenequinone (1.71 g, 9.39 mmol). The reagents were partially dissolved(0.717 mmol) of green microcrystals (two crops, 37.4% yield)NMR
in 50 mL of methanol (acenaphthenequinone was not completely (CDCl, 300 MHz) 8.00 (d, 2H,J = 8.4 Hz, An: H,), 7.41 (dd, 2H,
soluble), and formic acid 2 mL) was added. An orange solid formed J = 8.3, 7.2 Hz, An: H), 7.23-7.19 (m, 6H, 6 Hyy), 6.71 (d, 2H,
and was collected via filtration after stirring for 19 h. This solid was J=7.2 Hz, An: H), 2.29 (s, 12H, 2,6-gH3(Me),), 0.02 (s, 3H, Pile,).
dissolved in CHClI,, the solution was stirred over B&0O, and filtered, Anal. Calcd for GoHsoNoPd: C, 68.63; H, 5.76; N, 5.34. Found: C,

and the product reprecipitated upon cooling (3.51 g, 84.1BNMR 68.64; H, 5.82; N, 5.32.

(CDCls, 300 MHz)¢6 7.85 (d, 2HJ = 8.2 Hz, An: H), 7.59 (m, 2H, Synthesis of Catalysts. (a) Spectral Data for the BAs Counter-

Ar. Hp), 7.37 (dd, 2H,J = 7.8, 7.6 Hz, An: H), 7.27 (m, 4H, ion. The 'H and *3C NMR resonances of the [B,5-GHa(CFs)2} 4]~

Ar: Hm and H), 7.01 (m, 2H, Ar: H), 6.91 (d, 2H,J = 7.2 Hz, anion in CQCl, were essentially invariant for different complexes, and

An: Hy), 1.46 (s, 18H, QTHa)3). 13C{'H} NMR (CDClz, 75 MHz) 6 temperatures and are not repeated in all of the spectroscopic data for

159.9, 150.6, 141.8, 139.3, 131.2, 129.1, 128.8, 127.7, 126.83, 126.75 each of the cationic complexesH NMR (CD,Cl,) 6 7.7 (s, 8, H),

124.6, 123.9, 119.0, 35.5, 29.8. Anal. Calcd fepHGN,: C, 86.45; 7.5 (s, 4, H); 13C{*H} NMR (CD.Cl,) 6 162.2 (g,%Jcs = 49.8, Gpso),

H, 7.25; N, 6.30. Found: C, 86.31; H, 7.29; N, 6.22. 135.2 (G), 129.3 (9,2Jcr = 31.7, Gy), 125.0 (9,%Jcr = 272.5, CR),
Synthesis of Dimethyl Complexes. (a) (ArR=C(An)C(An)=NAr)- 117.9 (Q).

Pd(CHa), (Ar = 2,6-CsHs(i-Pr)2). A Schlenk flask was charged with (b) [(ArN =C(An)C(An)=NAr)Pd(CH 3)(OEt,)|BAr s (Ar = 2,6-

0.2658 g (1.003 mmol) of (COD)PdMeCl and cooled+80 °C. Ether CeHs(i-Pr)2), 3a. A Schlenk flask was charged with 0.195 g (0.306
(25 mL) was added via syringe followed by MeLi (0.75 mL of a mmol) of (2,6-GHs(i-PrpN=C(An)C(An}=N-2,6-GHs(i-Pr))Pd(CH).
1.6 M solution in ether, ca. 1.2 equiv), and the mixture was stirred and 0.309 g (0.305 mmol) of H(OB4BAr'4. The flask was cooled to
with warming to—10 °C. At this stage white LiCl had precipitated out —78 °C, and 10 mL of ether were added via syringe. The stirring
andtert-butyl bromide (0.05 mL, 0.43 mmol) was added to consume suspension was warmed to’G in an ice bath, resulting in formation
any excess MeLi. The ligand, 2,6:5(i-PrN=C(An)C(An}=N-2,6- of a dark red solution. The solution was filtered, and the ether was
CeHs(i-Pr), (0.5051 g, 1.002 mmol), was added as a cooteti((°C) removed under vacuum to give an orange powder which was further
slurry in 25 mL of diethyl ether, and the resulting mixture was stirred dried in vacuo, yielding 0.425 g of product (89% yieldd NMR
for abou 1 h as thdlask warmed to 283C. The product was transferred ~ (CD.Cl,, —30 °C, 300 MHz): 6 8.08 (d, 1H,J = 8.4 Hz, An: H),
to another flask using ca. 125 mL of B, the solvent was removed 8.04 (d, 1H,J = 8.4 Hz, An: H;), 7.36-7.34 (m, 8H, An: H,, Hu';
under vacuum, and the residue was washed with pentane until the6 Hay), 6.64 (d, 1H,J = 7.3 Hz, An: H,), 6.37 (d, 1H,J = 7.3 Hz,
washes were colorless (6 10 mL). The solid was dried overnightin ~ An: H/'), 3.36 (g, 4HJ = 7.0 Hz, O(GH,CHs),), 3.16 (2 septets, 2H
vacuo to give 0.289 g (0.454 mmol) of a green powder (45.3% yield). each,J = 6.8 Hz, (HMe,;, CHMe,), 1.35 (d, 6H,J = 6.9 Hz,
TheH and**C NMR spectroscopic data for this compound have been CHMeMe'), 1.32 (d, 6H,J = 6.9 Hz, CHMéV€), 1.26 (t, 6HJ = 6.9
reportec®® Anal. Calcd for GgHseN2Pd: C, 71.63; H, 7.28; N, 4.40. Hz, O(CHCHs),), 0.86 (2d, 6H each]) = 6.5 Hz, CHMeM§€), 0.67
Found: C, 71.60; H, 7.24; N, 4.48. (s, 3H, Pde). 3C{H} NMR (CD,Cl,, —30 °C, 75 MHz): 6 174.5

(b) (ArN=C(An)C(An)=NAr)Pd(CH 3), (Ar = 2-CsH(t-Bu)). A and 168.6 (N=C—C'=N), 140.9 and 139.4 (Ar, Ar Cips), 138.2 and
Schlenk flask was charged with 0.097 g (0.396 mmol) of (COD)PdMe 137.1 (Ar, Ar: Co), 144.7, 132.5, 131.8, 130.5, 129.2, 128.7, 128.2,
in a glovebox equipped with &30 °C freezer, taking precautions to ~ 128.0, 127.8, 125.4, 125.2, 124.9, 124.6, and 124.4 (An: 4 quaternary
keep the precursor and glassware as cold as possible at all times. Thé; An: G,,Co', Gy, Gy, G, Ci's Ar, Ar': Cry, Cp), 71.7 (OCH2CHg)y),
flask was brought out of the glovebox and rapidly cooled-#0 °C 28.7 and 28.4 ¢HMe,, C'HMe;,), 23.86, 23.56, 22.59, and 22.45
in a dry ice/2-propanol bath. The solid was dissolved in 15 mL of (CHMeMée, CHMeMé€), 14.7 (O(CHCH3)y), 9.6 (PdVie). Anal. Calcd
ether, and the diimine 2+El4(t-Bu)N=C(An)C(Any=N-2-CgHa(t-Bu) for C7sHesN2BF240OPd: C, 56.22; H, 4.20; N, 1.80. Found: C, 56.46;
(0.178 g, 0.400 mmol) was cannulated onto the stirring solution as a H, 4.14; N, 1.82.
slurry in 25 mL of ether. The reaction was warmed ) and stirring (c) [(ArN=C(An)C(An)=NAr)Pd(CH 3)(OEt)]BAr 4 (Ar = 2-CeH -
was continued for approximately 2 h. The reaction flask was stored (t-Bu)), 5a. This compound was synthesized using a procedure identical
at —30 °C overnight, resulting in formation of a green precipitate to that described above f8a. The dimethyl complex, 2-§4(t-Bu)N=
which was isolated via filtration and dried in vacuo. A second green C(An)C(Any=N-2-CsHq(t-Bu))Pd(CH). (0.106 g, 0.182 mmol), and
solid resembling the first was collected upon evaporation of solvent H(OEb).BAr's (0.185 g, 0.183 mmol) were combined in a Schlenk
under vacuum from the supernatant. The solids were combined, flask. Ether (5 mL) was added, and the reaction was warmed@ 0
washed with hexanes (2 10 mL), and dried in vacuo to yield 0.197 Isolation via removal of the solvent under vacuum yielded 0.260 g of
g (85.6%) of the desired product (two isomers, presumbly from cis a dark red solid (0.173 mmol, 94.8%). Importantly, only a single isomer

and trans ligand conformations, in a ratio of ca. 973). NMR is observed by NMR spectroscopy. Each of several attempts at preparing
(CD.Cl,, 300 MHz) major: 6 8.01 (d, 2HJ = 8.3 Hz, An: H), 7.66 this compound was accompanied by-E% intramolecular €H
(m, 2H, Hay), 7.43-7.34 (m, 6H, An: K, 2Hay), 7.05 (M, 2H, Hy), activation to give the six-membered palladacyélé.NMR (CD,Cl,,
6.54 (d, 2H,J = 7.5 Hz, An: H), 1.45 (s, 18H, QCHs)s), —0.05 —80 °C, 300 MHz)6 8.09 (d, 1H,J = 9.0 Hz, An: H,), 8.06 (d,

(s, 6H, Pdey); minor: ¢ 7.90 (d, 2H,J = 8.3 Hz), 7.56 (m, 2H), 1H,J=9.3 Hz, An: H)), 7.72-7.32 (m, 8H, An: H, Hx'; 6 Hay),
obscured (2H), 7.25 (m, 4H), 6.93 (m, 2H), 6.85 (d, 2H,= 7.1 7.04 (dd, 2H,J = 7.2, 7.2 Hz, 2 Hy), 6.54 (d, 1H,J = 7.5 Hz,

Hz), 1.37 (s, 18H), obscured (6H, Md,). *C{*H} NMR (CD,Cl,, An: Ho), 6.24 (d, 1HJ = 7.5 Hz, An: H), 3.37 (9, 4HJ = 6.9 Hz,
75 MHz) 6 167.7 (N=C—C—N), 147.2 (Ar: Gpso), 143.7,131.6 (An:  O(CH,CHa),), 1.43 (s, 9H, OCHs)s), 1.38 (s, 9H, QCHa)s), 1.09
2 quaternary C), 140.6 @4C(C)—C(C)=N), 128.24 (Ar: C—C(CHy)s), (t, 6H,J = 6.9 Hz, O(CHCHs)y), 0.80 (s, 3H, AVie).

130.22, 128.84, 128.43, 127.52, 126.68, 125.23, 122.49, B6C3Hy)s, (d) [(ArN =C(An)C(An) =NAr)Pd(CH 3)(OEt.)]BAr s (Ar = 2,6-

31.5 C(CHg)s, —6.29 (PdVle, Jcy = 128.1 Hz) (minor isomer not CesHs(Me),), 6a. Following the above procedure for protonation
detected). Anal. Calcd for £4HasNoPd: C, 70.27; H, 6.59; N, 4.82.  described for catalyst3a and5ain this case yielded a clean mixture

Found: C, 69.98; H, 6.87; N, 4.69. of two products that could not be separated (ca. 4:1 desired/side
(c) (ArN=C(An)C(An)=NAr)Pd(CH 3), (Ar = 2,6-GHz(Me),). A product). The side product was not clearly identified but may consist

Schlenk flask was charged with 0.4150 g (1.916 mmol) of [(pyridazine)- of a methyl-bridged dimeric monocation. A second attempt was made

Pd(CH;)2]n and 0.7520 g of ArR=C(An)C(An=NAr (1.936 mmol). under slightly modified conditions. A Schlenk flask was charged with

The flask was cooled to 0C, 50 mL of diethyl ether was added via  0.578 g (0.571 mmol) of H(ORLBAr's and cooled to—78 °C and
syringe, and the mixture was stirred at°CG for 2 h and at room 8 mL of ether was added via syringe. The flask was carefully warmed
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just until the acid was dissolved. A second flask, charged with a
suspension of 0.300 g (0.571 mmol) of (2,6-g(Me),N=C(An)C-
(An)=N-2,6-GHs(Me),)Pd(CH). in 10 mL of ether, was also cooled
to —78 °C. Most of this suspension was transferred via cannula into
the flask containing the dissolved acid. Additional ether (4 mL) was

Tempel et al.

(C'HMey), 23.8, 23.7, 23.6, and 23.0 (GkMe, CHMeME), 21.5
and 20.0 (N~=C(Me)—C'(Me)=N), 9.8 Jcn = 136.0 Hz, P¥le). Anal.
Calcd for (GoHesBCIF24NsPdh): C, 55.41; H, 5.06; N, 2.87. Found:
C, 55.83; H, 5.09; N, 2.63.

(9) [[(ArN =C(H)C(H)=NAr)PdMe] »(u-Cl)]BAr's (Ar = 2,6-

added to the residual dimethyl complex; this suspension was cooled CgH3(i-Pr)2). The above procedure was followed with one exception.
and added as well. The reaction mixture became a bright orange/redThe removal of CHCl, in vacuo yielded a product that was partially

solution with a small amount of dark solid after stirring-af8 °C for
ca. 15 min. The solution was rapidly filtered into another cooled Schlenk

an oil. Dissolving the compound in £ and then removing the
Et,0 in vacuo yielded a microcrystalline red solid (85.5%).NMR

flask (—78 °C), and the solvent was removed under reduced pressure (CD,Cl,, 400 MHz) 5 8.20 and 8.09 (s, 2 each=C(H)—C'(H)=N),

to give 0.635 g (0.439 mmol) of a light orange powder (76.5% vyield).
H NMR (CD,Cl,, —80°C, 300 MHz)6 8.09 (d, 1H,J = 9.0 Hz, An:
Hp), 8.05 (d, 1HJ = 9.3 Hz, An: H,'), 7.46-7.17 (m, 8H, An: H,
Hi'; 6 Hayy), 6.67 (d, 1H,J = 7.5 Hz, An: H), 6.39 (d, 1HJ = 7.5
Hz, An: H), 2.23 (q, 4H,J = 6.3 Hz, OCH.CHj),), 2.23 and 2.19

(2 s, 6H each, 2,6-3(Me), and 2,6-GH3(M€),), 1.48 (t, 6H,J =

1.5 Hz), O(CHCH),), 0.53 (s, 3H, Phfle). 3C{H} NMR (CD,Cly,
—80 °C, 300 MHz)6 174.4 and 168.5 (8#C—C'=N), 144.9, 143.2
(Ar, Ar": Cipso), 141.9 (2 C, Ar, At Cy), 132.6, 132.0, 130.2, 129.1,

7.37 (t, 2,0 = 7.73 Hz, Ar: H), 7.28 (d, 4, = 7.44 Hz, Ar: Hy),
7.24 (t, 2, At Hp), 7.16 (d, 4J = 7.19 Hz, Af: Hy), 3.04 (septet, 4,
J = 6.80 Hz, GtMe,), 2.93 (septet, 4) = 6.80 Hz, CHMe,), 1.26
(d, 12,0=6.79 Hz, CHMeMe'), 1.14 (d, 12 = 6.83 Hz, CHM&V€),
1.11 (d, 12,J = 6.80 Hz, CHMeMe'), 1.06 (d, 12, = 6.79 Hz,
C'HMeMe), 0.74 (s, 6, PMe); 13C{*H} NMR (CD.Cl,, 100 MHz)¢
166.0 (Jcn = 180.4 Hz, N=C(H)), 160.8 (cn = 179.9 Hz, N=C'(H)),
143.5 and 143.0 (Ar, Ar Cipsg), 139.8 and 138.9 (Ar, Ar C,), 129.3
and 128.5 (Ar, Ar. Cp), 124.3 and 123.7 (Ar, Ar Cy), 29.2 and 28.9

128.9, 128.1, 127.9, 127.2, 126.7, 126.6, 124.9, 124.7, 124.6, 124.3,(CHMe,, C'HMey), 24.5, 24.1, 23.0, and 22.5 (BkeME, CHMeME),

71.8 (OCH2CHy),), 17.5 and 17.3 (2,6-Ei3(Me),, 2,6-GH3(M€),),
16.4 (O(CHCH3)2), 9.5 (P(Me) Anal. Calcd for Q5H49NQBF24OPd:
C, 53.94; H, 3.41; N, 1.94. Found: C, 54.22; H, 3.46; N, 2.05.

(e) [(ArN=C(Me)C(Me)=NArPd(CH 3)(NCMe)]BAr'; (Ar =
2-CgH4(t-Bu)), 4b. A Schlenk flask was charged with 0.180 g (0.679
mmol) of (COD)PdMeCl and 0.602 g (0.679 mmol) of NaBAAfter
cooling the flask to—40 °C, 25 mL of CHCI, and 25 mL of NCMe
were added by syringe. The reaction was stirred with warming20
°C, resulting in formation of [(COD)Pd(Me)(NCMe)|BAraccompa-
nied by precipitation of NaCl. After allowing the precipitate to settle,
the solution of NCMe adduct was cannula filtered into another Schlenk
flask cooled to 0°C and containing a suspension of 0.237 g (0.679
mmol) of 2-GHa(t-Bu)N=C(Me)C(Me}=N-2-C¢H4(t-Bu) in 20 mL of
acetonitrile. The reaction was stirred at room temperature overnight,
and the solvents were removed under vacuum to give a yellow oil.
The oil was redissolved in 15 mL of GBI, and 15 mL of hexanes.
Removal of solvents in vacuo now gave 0.791 g (0.576 mmol) of a
bright yellow powder (84.8% yield). Two isomers are observed in the
IH NMR spectrum in an approximate 9:1 ratio, but the aryl shifts of
the minor isomer are obscureti NMR (CDCl;, 300 MHz)d 7.58—
7.50 (m, 2H, Hy), 7.27 and 7.21 (m, 2H each,kl), 6.59 (m, 2H,
Hary), 2.16 and 2.14 (minor: 2.20 and 2.18) (s, 3H eactFQCHs)—
C(CH3')=N), 1.69 (minor: 1.71) (s, 3H, NKle), 1.43 and 1.41
(minor: 1.383 and 1.380) (s, 9H each,G{3)s), 0.57 (minor: 0.62)

(s, 3H, PdMe). 3C{*H} NMR (CDCl,, 300 MHz) (minor product
not reported) 179.7 and 172.2 (8C—C'=N), 144.8 and 144.0 (Ar,
Ar': Ciso), 140.3 and 139.7 (Ar, Ar C-C(Me)), 129.7, 128.66,
128.64,128.0,127.8,127.7, 122.5, 121.0, 120.9, 36.4, and Give}s
and C'(Me)s), 31.9 and 31.1 (Q(e); and C(Me)s), 22.5 and 20.8
(N=C(Me)—C(M€)=N), 7.7 (Pdve), 1.8 (NQMe). Anal. Calcd for
C7sHesN2BF2sOPd: C, 51.57; H, 3.67; N, 3.06. Found: C, 52.11;
H, 3.91; N, 3.06.

(f) [[(ArN =C(Me)C(Me)=NAr)PdMe] »(u-CI)]BAr ‘4 (Ar = 2,6-
CeH3(i-Pr)2). ELO (25 mL) was added to a mixture of (AsRC(Me)C-
(Me)=NAr)PdMeCI (0.81 g, 1.45 mmol) and 0.5 equiv of NaBAr
(0.64 g, 0.73 mmol) at 2&. A golden yellow solution and NaCl
precipitate formed immediately upon mixing. The reaction mixture was
stirred for 19 h and then filtered. After the.EXwas removed in vacuo,
the product was washed with 25 mL of hexane. The yellow powder
was then dissolved in 25 mL of GBI, and the resulting solution was
filtered in order to removed traces of unreacted Na@ARemoval of
CHClI, in vacuo yielded a golden yellow powder (1.25 g, 88.2%:
NMR (CD.Cly, 400 MHz)d 7.33 (t, 2,J = 7.57 Hz, Ar: H,), 7.27
(d, 4,3 =7.69 Hz, Ar: Hy), 7.18 (t, 2,J = 7.64 Hz, Ar: H), 7.10
(d, 4,3 = 7.44 Hz, At: Hy), 2.88 (septet, 4] = 6.80 Hz, GiMe,),
2.75 (septet, 4) = 6.82 Hz, CHMey), 2.05 and 2.00 (s, 6 each=N
C(Me)—C'(Me)=N), 1.22, 1.13, 1.08, and 1.01 (d, 12 eadhks 6.61—
6.99 Hz, CHMeMg, C'HMeMge), 0.41 (s, 6, PHle); 13C{'H} NMR
(CDCl,, 100 MHz)6 177.1 and 171.2 (8#C—C'=N), 141.4 and 141.0
(Ar, Ar': Cipso), 138.8 and 138.1 (Ar, Ar C,), 128.6 and 127.8
(Ar, Ar': Cp), 1245 and 123.8 (Ar, Ar Cy), 29.3 CHMey), 29.0

10.3 (Pde). Anal. Calcd for (GeHaoBCIF24N4P): C, 54.52; H, 4.97;
N, 2.96. Found: C, 54.97; H, 4.72; N, 2.71.

Intramolecular C —H Activation. (a) [ArN =C(H)C(H)=N-2,6-
C5H3-i-Pr,CHMeCH zpd(OEtz)]BAl’ "4 (Ar = 2,6-C6 H3(i-Pr)2), 14d.
A 700 uL CD,Cl; solution of [(ArN=C(H)C(H=NAr)PdMe(OE})]-
BAr'4 (68.4 mg, 0.0477 mmol) was allowed to stand at@5or several
hours and then at30 °C overnight. Such highly concentrated solutions
of the resulting metallacycle were stable for hours af@5'H NMR
(CD,Cl,, 400 MHz, 41°C) 6 8.17 (s, 2, N=~C(H)—C'(H)=N), 7.5~
7.0 (m, 6, Hy), 3.48 (q, 4,J = 6.88 Hz, O(®,CHs),), 3.26 (septet,
1,J = 6.49 Hz, GiMe;,), 3.08 (septet, 1] = 6.86 Hz, CHMe,), 2.94
(septet, 1J = 6.65 Hz, CHMe;), 2.70 (dd, 1,J = 6.67 Hz, 0.90,
CHMeCHH'Pd), 2.43 (dd, 1J = 7.12 Hz, 4.28, CHMeCH'Pd), 2.23
(br m, 1, GHMeCH,Pd), 1.54 (d, 3) = 6.86 Hz, CHMeCH,Pd), 1.43
(d, 3,J=6.79 Hz, CHMeMg¢'), 1.40 (d, 3J = 7.12 Hz, CHMeM¢'),
1.37 (d, 3,J = 6.95 Hz, CHMeMe'), 1.27 (d, 6, = 6.79 Hz,
C'HMeMé€, C'HMeM€), 1.12 (d, 3, = 6.54 Hz, CHM&/€), 1.23
(br m, 6, O(CHCHys)y), 0.21 (CHy); *3C{H} NMR (CD.Cl,, 100 MHz,
41°C) 0 162.5 (Jcr = 181.5 Hz, N=C(H)), 161.2 (0cr = 178.4 Hz,
N=C'(H)), 145.8 and 144.5 (Ar, Ar Cisso), 141.6, 140.7, 140.3, and
138.8 (Ar, Ar: C,, Cy), 131.6 and 129.8 (Ar, Ar Cp), 128.1, 127.6,
125.2, and 124.5 (Ar, Ar Cm, Cw), 72 (br, OCH.CHs),), 43.2
(CHMeCH,Pd), 40.5 CHMeCH,Pd), 29.5,. 29.1 and 28.&HMe,
C'HMe,, C"HMey), 26.2 (br), 25.3, 25.2, 25.1, 24.5 (br), 23.3 and
22.1 (CHVeMeg, CHMeMé€, C'HMeMé, CHMeCH,Pd), 15.5 (br,
O(CH,CHg)2), —14.8 (CHa,).

(b) Ethylene Polymerization Catalyzed by [ArN=C(H)C(H)=
N-2,6-CsH3z-i-Pr,CHMeCH ,Pd(OEt,)|BAr "4 (Ar = 2,6-CsH3-(i-Pr)2)
(1&). Addition of ethylene to a CELCI, solution of this compound
resulted in displacement of 8 to give the corresponding ethylene
adductlc. Warming of the ethylene adduct in the presence of excess
ethylene resulted in branched polymer formatidh NMR (CD,Cly)

0 1.3 ppm (CH)n, 0.9 ppm (CH). Rates of initiation were significantly
slower than rates of propagation.

(c)[ArN =C(H)C(H)=N-2,6-CsHz-i-Pr,CHMeCH ,Pd(H.C=CH,)]-
BAr's (Ar = 2,6-GHa-(i-Pr)2) (1¢). *H NMR (CD,Cl,, 400 MHz,
—61°C) 0 8.25 and 8.23 (K-C(H)—C'(H)=N), 7.55-7.16 (M, 6, Hy),
4.67 (m, 2HH'C=CHH'), 4.40 (m, 2, HH'C=CHH'), 2.95 (septet, 1,
J = 6.30 Hz, GHMe;,), 2.80 (septet, 2) = 6.36 Hz, CHMe, and
C'HMe), 2.53 (br m, 1, GiIMeCH,Pd), 2.43 (d, 1J = 8.16 Hz,
CHMeCHH'Pd), 1.73 (dd, 1) = 8.16, 2.84 Hz, CHMeCH'Pd), 1.45
and 1.19 (d, 3 each] = 6.79-6.40 Hz, CHMeMg€), 1.42 (d, 3,0 =
7.05 Hz, CHMeCH,Pd), 1.30, 1.30, 1.19, and 0.99 (d, 3 eadh+
6.40-6.65 Hz, CHMeMée and C'HMeMe); 33C{1H} NMR (CD,Cly,
100 MHz, =61 °C) 6 162.7 Qcy = 179.7 Hz, N=CH), 162.1 (cx =
180.9 Hz, N=C'H), 144.7, 141.7, 141.2, 139.2, 137.5, and 137.1 (Ar,
Ar': Cipso Co, Co), 131.0 and 129.0 (Ar, Ar Cp), 124.6 and 124.0
(Ar, Ar': Cp), 92.3 Jcn = 162.4 Hz, HC=CHy), 45.1 (CH,Pd), 41.1
(CHMeCH,Pd), 28.9, 28.5, and 28.ZHMe,, C'HMe,, C"HMe,), 26.1,
25.6, 25.1, 24.9, 24.6, 22.9, and 21.4 (@&Me, CHMeMé, C'HMeMé,
CHMeCH.Pd).
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(d) [ArN =C(Me)C(Me)=N-CH4-2-C(CHs),CH,Pd(OEL,)]BAT '4 Hz, CHMeMe), 0.89 (d, 6H,J = 6.6 Hz, CHMeMe'), 0.82 (d, 6H,
(Ar = 2-CgH4(t-Bu)), 4b'. A solution of4b in CDCl; exhibited slow J = 6.6 Hz, CHMeM¢€), 0.46 (s, 3H, Pile).
deactivation tatb’ at 50°C and gave the following spectrdH NMR (b) [(ArN =C(An)C(An)=NAr)Pd(CH 3)(CH;=CH,)|BAr "4 (Ar =
(CDCls, 300 MHZ)6 7.54 (m, 1H, Hy), 7.38 (ddd, 1H) = 7.7, 7.6, 2-CeH4(t-Bu)) (5¢). Complex5a used for the kinetic runs contained
1.3 Hz, Huy), 7.32-7.26 (M, 1H, Hy), 7.20 (2 m, 1H each, i), 15% deactivated palladacycti® which did not promote migratory
6.88 (dd, 1H,J = 7.9, 1.3, Hy), 6.62-6.56 (2 m, 1H each, i), insertion of ethylene. This was accounted for in the measurement of

2.55 and 2.20 (s, 3H each=C(CHs)—C(CHy)=N), 2.26 (2 coincident  tyrnovers!H NMR (CD,Cl,, —80 °C, 300 MHz)¢ 8.09 (d, 1H,J =
s, 1H each, C(MeLHHPd), 1.72 (s, 3H, N®e), 1.40 (br s, 3H, g7 Hz, An: H), 8.05 (d, 1H,J = 8.7 Hz, An: Hy), 7.67-7.45 (m,
CMeMe'CH,Pd), 1.32 (s, 18H, G(e)s), 1.29 (br s, 3H, CMKI€ CH,- 8H, AN: Hu, H'; 6 Hay), 7.07 (M, 1H, Hy), 6.90 (M, 1H, Hy), 6.50
Pd)lSC{lH} NMR (CDC|3, 75 MHZ)(S 173.4 and 171.8 (NC—CV= (d, 1H,J = 7.5 Hz, An: HJ): 6.40 (d, 1HJ = 7.2 Hz, An: H):)’ 4.58
N), 148.0 and 145.0 (Ar, Ar Cps), 140.7 and 140.1 (Ar, AT (dm, 4H,J = 20.1 Hz (d), GH,), 1.33 (2 overlapping s, 9H each,
C-C(Me)), 130.9, 128.5, 127.9, 127.51, 127.49, 126.7, 123.6, 120.7, C(CHy), and C(CHs)s), 0.52 (s, 3H, PMe).
119.4, 45.9 (CMgCH,Pd), 37.7 and 35.80(Me)s and GH.-2-CMe,- (© [(ATN—C(AN)C(AN) =NANPA(CH 2)(CHy=CH,CH2)BAI
CH;Pd), 31.9 and 31.0 (@eMECH;Pd), 3.1 (QMe)y; 2.6 and 20.7 ™7 Jf’e oo o NUet Coier 280 ¢, 300 MH)
(N=C(Me)~C(Me)=N), 1.9 (NQMe). , 6 812 (d, 1H,J = 8.4 Hz, An: Hy), 8.08 (d, 1H,] = 8.4 Hz,
(€) [APN=C(An)C(An) =N-CgHs-2-C(CH3);CH:Pd(OEt,)]BAr ', An: HY). 7.57-7.41 (m, 8H. An: Hy Hrt 6 o), 6.53 (d, 1HJ =
(Ar = 2-CgHa(t-Bu)), 5a. Upon sitting at 0°C for several hours, a = -5 Hzp An- H) 651 (,d 1H]l=175 ';1'2 Ar:ry H>) 5 24 (mi 1H

solution of5a in CH.Cl, changed in color from red/orange to deep CH,=CHCH), 4.56 and 4.39 (2 br m, 2H,KG=CHCH), 3.12-2.92

2, el of sovert e sk g a1 e Sk (s )Gt e, e ansC e 39
p P ' P (s, 3H,J = 6.0 Hz, CH=CHCH), 1.39, 1.34-1.29 (2), 0.92, 0.89,

. g - . 1 X
intramolecular C-H activation to give5a. *H NMR (CD,Cl,, 0 °C, 0.89, 0.85, and 0.83 (8 d, 3H each— 6.3-6.9 Hz, CHVIeMé,

300 MHZ) 6 8.17 (d, 1HJ = 8.2 Hz: An: H), 8.10 (d, 1HJ = 8.2 , ’
Hz: An: Hy), 7.89 (d, 1H,J = 7.4 Hz, Huy), 7.70-7.27 (m, OH, An:  C HMeMé, CHMeMe, C"HMeMe), 0.58 (s, 3H, PMle).

Hy', Hin Huts Ho's 5 Hary), 7.04 (dd, 1HJ = 7.5, 1.53 Hz, Hy), 6.59 Alkyl Agostic Complexes. [(ArN=C(An)C(An)=NAr)Pd(C_H-
(d, 1H,J = 7.2 Hz, Ar: H), 3.51-3.32 (br, 4H, OCH,CHy);), 2.53  (CHzp-H)(CH3)IBAr s (Ar = 2,6-GiHs(Me),) (i-17). Synthesis of
(d, 1H, J = 8.1 Hz, C(Me)CHH'Pd), 2.24 (d, 1H,J = 7.9 Hz, the S-agostic isopropyl compleix16 has been reportefi The f-agostic
C(Me),.CHH'Pd), 1.53 (s, 3H, BleMe'CH,Pd), 1.44 (s, 3H, CMEeCH,- isopropyl complex-17 was prepared in a similar fashion: In a drybox
Pd), 1.38 (s, 18H, Bfe)s), 1.33 (t, 6H, O(CHCHs).. under an argon atmosphere, an NMR tube was charged wiftbaag

(f) [ArN =C(An)-C(An)=N-CgH-2-C(CHz),CH»Pd(CH,=CH.)]- of 6a(ca. 1x 1075 mol). The tube was capped with a rubber septum

BAr's (Ar = 2-CeH4(t-Bu)) (5¢). Addition of 20 equiv of ethylene and removed fr_om the drybox. After securing the septum with Teflon
to 5a resulted in displacement of ether by ethylene. No migratory (@P€ and Parafilm, the tube was cooled-68 °C. CDCLF was added

insertion was observed upon standing at@5after 1 dayH NMR to the NMR tube via a 22 gauge cannulag00-800 L), and the
(CD.Cly, 0°C, 300 MHz)d 8.23 (d, 1HJ = 8.4 Hz, An: H), 8.15 (d, septum was sealed with silicon grease and rewre_lpped Wlth Pa_rafllm.
1H,J = 8.4 Hz, An: H), 8.07 (d, 1H,J = 7.2 Hz, Hyy), 7.80 (dd, The tube was shaken an_d_ warmed slightly to facilitate dlssqlutlon of
1H,J = 7.8, 1.2 Hz, Hy), 7.72-7.41 (M, 8H, An: Hh, Hu; 6 Hary), the complex. After acquiring a spe_ctrum aB0 °C, 9.95 equiv of
6.91 (dd, 1H,J = 7.2, 1.8 Hz, Hy), 7.60 (d, 1H,J = ethylene was added via gastight syringe to the solutiddaafooled to
7.2 Hz, An: H), 4.92 and 4.46 (2 m, 2H eacHH'C=CHH', HH'C= —78°C, and the NMR tube was briefly shaken to completely dissolve
CHH-), 2.41 (d, 1H,J = 9.0 Hz, C(Me)CHH'Pd), 1.68 (d, 1H, = the olefin. The tube was then transferred to the cooled NMR probe,
9.0 Hz, C(Me)CHH'Pd), 1.53 and 1.52 (s, 3H ead®d(MeMe')CH,Pd and migratory insertion of the methyl ethylene com@exvas followed
and C(Mevle),CH,Pd), 1.34 (s, 9H, QtHs)s), (5.4 (unbound gH,, at 0°C. Formation of the desirg@tagostic complex was confirmed by
3.42 (q from E40), 1.14 (t from E4O), 0.2 (CH)). acquiring a spectrum at ca.115°C for i-17, which exhibited a broad
General Procedure for Variable Temperature NMR Experi- triplet at—8.0 ppm, char_acte_ristic of the a_lgostic hydrogen of a methyl
ments. In a drybox under an argon atmosphere, an NMR tube was 9roup- The spectra acquired in CDEHescribed below were referenced
charged with ca0.01 mmol of [(ArN=C(R)C(R)=NAr)Pd(Me)(L)]- to _the ortho hydrogens of BAF a? 7.71 ppm, as the residual proton
BAr'; (or [(ArN=C(R)C(R}=NAr)Pd—(CH(CHy-u-H)(CHs))]BAr"4). shifts from the solvent were partially or completely obscured by aryl

The tube was capped with a rubber septum and removed from the Signals.*H NMR (CDCLF, —120 °C (static), 300 MHz): 6 8.25-
drybox. After securing the septum with Teflon tape and Parafilm, the 7-93 (2 br doublets, 1H each, An:pldnd Hy), 7.22-7.14 (br m, 8H,
tube was cooled te-78 °C. CD,Cl, was added to the NMR tube via AN Hm, Hi, 6 Hay), 6.70 (d, 1H,J = 8.1 Hz, An: H), 6.68 (d, 1H,
gastight syringe (700L) or CDCLF was added via a 22 gauge cannula J = 8.1 Hz, An: Hy), 2.83 (br septet, 1H, Pd(CHz-u-H)(CHs)),
(~600-800 L), and the septum was rewrapped with Parafilm. The 2.17-2.12 (4 br singlets, 3H each, 2,Gif(MeMe'), 2,6-GHs-
tube was shaken and warmed slightly to facilitate dissolution of (MeMe), 2,6-GHs'(MeMe), and 2,6-GHs'(Me Me)), 1.38 (PdCH-
the complex. After acquiring a spectrum &80 °C, olefin or other (CHzu-H)(CHa)), 0.27 (br s, 3H, Pd(CH(Ciu-H)(CHz)), —7.85 (br
trapping ligand was added via gastight syringe to the solution cooled t, 1H, J = 16 Hz, Pd(CH(Chku-H)(CHs)). 'H NMR (CDCLF, 0°C
to —78°C, and the NMR tube was briefly shaken to completely dissolve (dynamic), 300 MHz):6 8.08 (d, 1H,J = 8.7 Hz, An: H), 8.06 (d,
the additive. The tube was then transferred to the cooled NMR probe 1H,J = 8.4 Hz, An: H;), 7.51-7.26 (m, 8H, An: K, Hm', 6 Hary),
for acquisition of spectra. The concentrations of the alkyl agostic 6.81 (d, 1HJ=7.2 Hz, An: H), 6.78 (d, 1HJ = 7.2 Hz, An: H)),
species, trapped alkyl species, free olefin, and free trapping ligands 2.26 (s, 6H, 2,6-6H3(Mey)), 2.23 (s, 6H, 2,6-6H3'(Mey)), —0.60 (br,
were calculated using the BAmr p-acenaphthyl peaks as an internal ~ 7H, PdGHy).
standard. Trapping of f-Agostic Species i-16/n-163-Agostic i-16 can be
Migratory Insertion Rates. Rates of migratory insertion were isolated and stored or formed in sittSamples of-16 were added to
monitored for ethylene and propylene as previously described (eq 10) or prepared in an NMR tube in either @Cl, or CDCLF according to
and are listed in Tables 1 and'®l NMR spectra for the initially formed the procedures described above. Phagostic isopropyl complex was

ethylene complexe8c and5c and for the propylene comple3d are trapped with acetonitrileh), ethylene €), propylene ¢), and dimethyl
described below (spectra fdic and 2c have been reported]. sulfide €) (added via gastight microliter syringe) as isopropyl species
(a) [(ArN =C(An)C(An)=NAr)Pd(CH 3)(CH;=CH)|BAr "4 (Ar = at temperatures low enough to prevent isomerization tontheopyl
2,6-CsH3(i-Pr)2) (3c). *H NMR (CD,Cl,, —80 °C, 300 MHz)d 8.09 species. A temperature f78 °C was sufficient for all trapping ligands
(d, 1H,J = 8.4 Hz, An: H), 8.05 (d, 1H,J = 8.4 Hz, An: H)), except for propylene, which was introduced to an NMR tube cooled to
7.55-7.39 (m, 8H, An: H, Hw'; 6 Hay), 6.55 (d, 1H,J = 7.2 Hz, —130°C in a pentane/liquid Nbath. The'H NMR data for the initially
An: Ho), 6.53 (d, 1H,J = 7.5 Hz, An: H)), 4.62 (br s, 4H, gH,), trapped isopropyl complexes as well as the isomeringatopyl
3.03 (septet, 2H) = 6.9 Hz, tHMey), 2.96 (septet, 2H) = 6.9 Hz, complexes are listed below. Equilibrium constants for the trapped

C'HMe,), 1.34 (d, 6H,J = 6.6 Hz, CHVeMe'), 1.29 (d, 6H,J = 6.3 n-propyl/isopropyl species are indicated in Figure 5.
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(@  [(ArN=C(An)C(An)=NAr)Pd(CH(CH 3))(NCMe)]|BAr ',
(Ar = 2,6-GHa(i-Pr),) (i-16b). *H NMR (CD.Cl,, —80 °C, 300
MHz): 6 8.11 (d, 1H,J = 6.6 Hz, An: H)), 8.08 (d, 1HJ = 6.9 Hz,
An: Hy), 7.52-7.37 (m, 8H, An: kh, Hu', 6 Hay), 6.97 (d, 1HJ =
6.9, Hz, An: H), 6.30 (d, 1H,J = 7.2 Hz, An: H;), 3.15 (2 over-
lapping septets, 2H eachHMe,, CHMey), 1.73 (s, 3H, N®e), 1.37,
1.32, 0.98, and 0.83 (4 d, 6H each= 6.0, 5.7, 6.0, and 6.0 Hz,
CHMeMe', CHMeMe, CHMeMe', CHMeMe'), 0.67 (d, 6HJ = 5.7
Hz, PACHCHz),), (PdCH(CHz), obscured).

(b) [(ArN =C(An)C(An)=NAr)Pd(CH ,CH,CH3)(NCMe)]|BAr ',
(Ar = 2,6-GHs-(i-Pr)2) (n-16b). *H NMR (CD,Cl,, —10 °C, 300
MHz): 6 8.15 (d, 1H,J = 6.0 Hz, An: H), 8.13 (d, 1HJ = 6.0 Hz,
An: Hy), 7.55-7.32 (m, 8H, An: kh, Hu', 6 Hay), 6.97 (d, 1HJ =
7.2, Hz, An: H), 6.47 (d, 1H,J = 7.5 Hz, An: Hy), 3.28-3.13 (2
overlapping septets, 2H eachH®le,, CHMe,), 1.82 (s, 3H, NMe),
1.43,1.38,1.37, and 1.05 (4 d, 6H eadhs 6.9, 6.6, 6.6, and 6.9 Hz,
CHMeMe', CHMeM€e, CHMeMe', CHMeMeg), 0.91 (t, 3H,J = 6.6
Hz, PACHCH,CHj), (PdCH,CH,CHs obscured).

(c) [(ArN =C(An)C(An)=NAr)Pd(CH(CH 3),)(CH,=CH,)]|BAr '4
(Ar = 2,6-GsHa(i-Pr),) (i-16¢). *H NMR (CDCLF, —80 °C, 300
MHz): 6 7.92 (d, 1H,J = 9.0 Hz, An: H)), 7.89 (d, 1HJ = 9.0 Hz,
An: Hy), 7.71 (s, 8H, BA: Ho), 7.44 (s, 4H, BAl: Hp), 7.51-7.34
(m, 8H, An: Hy, Hyt', 6 Hayy), 6.41 (d, 1HJ = 7.2, Hz, An: H), 6.19
(d, 1H,J = 7.2 Hz, An: H), 4.56 (s, 4H, GH,), 3.05 (septet, 2H,
J=6.0 Hz, HMe,), 2.89 (septet, 2H] = 6.0 Hz, CHMey), 2.4 (septet,
1H, J = 6.0 Hz, Pd®(CHzs),), 1.31, 1.26, and 0.75 (2 coincident)
(4 d, 6H each) = 5.7, 5.7, 5.4, and 5.4 Hz, Q#eMe', CHMeM€,
C'HMeMe', CHMeM€), 0.63 (d, 6H,J = 5.7 Hz, PACHCHy),).

(d) [(ArN=C(An)C(An)=NAr)Pd(CH ,CH,CH3)(CH,=CH,)]-
BAr'; (Ar = 2,6-GsHa-(i-Pr)) (n-16c).*H NMR (CDCLF, —60 °C,
300 MHz): 6 7.99 (d, 1H,J = 8.4 Hz, An: H), 7.95 (d, 1H,J = 8.4
Hz, An: HY), 7.53-7.37 (m, 8H, An: H, Hu', 6 Hay), 6.51 (d, 1H,
J=7.2,Hz, An: H), 6.46 (d, 1HJ= 7.2 Hz, An: H,), 5.60 (s, 4H,
C;Ha,), 3.01 (septet, 2H) = 6.9 Hz, (HMe,), 2.92 (septet, 2H) =
6.6 Hz, CHMey), 1.47 (t, 2H,J = 8.7 Hz, PCH,CH,CHj), 1.35, 1.30,
0.85, and 0.82 (4 d, 6H each=6.9, 6.6, 7.2, and 7.2 Hz, Q#eMe',
CHMeM¢€, CHMeMe', CHMeM¢e), 0.47 (t, 3H,J = 7.2 Hz, PdCH-
CH.CHj), (PdCHCH,CHj3 obscured).

(e) [(ArN=C(An)C(An)=NAr)Pd(CH(CH 3)2)(CH;=CHCH 3)]-
BAr', (Ar = 2,6-GsHa(i-Pr)y) (i-16d). *H NMR (CDCLF, —110 °C,
300 MHz): 6 7.88 (d, 1HJ = 8.1 Hz, An: H), 7.84 (d, IHJ=18.1
Hz, An: Hy), 7.49-7.28 (m, 8H, An: H, Hul, 6 Hay), 6.11 (d, 1H,
J=17.5,Hz, An: H), 6.08 (d, 1HJ = 6.9 Hz, An: H,), 5.08 (m, 1H,
CH, = CHCHg), 4.46-4.11 (m, 2H,CH,=CHCH), 3.14, 3.05, 2.95,
and 2.64 (4 br septets, 1H each;ile,, CH'Me,, CHMe,, CH'Me,),
2.27 (br septet, 1H, PddMe,), 1.77 (br doublet, 3H, CH=CHCH,),
1.33, 1.19, 0.80, and 0.66 (8 br doublets, 3H eachMeNI€,
C'HMeMég, C'HMeMé€, C""HMeM€), 0.39 (br doublet, 6H, PdCH-
(CHa)2).

(f) [(ArN =C(An)C(An)=NAr)Pd(CH ,CH,CH3)(CH;=CHCH 3)]-
BAr', (Ar = 2,6-GsHs-(i-Pr),) (n-16d). *H NMR (CDCl,F, —60 °C,
300 MHz): 6 7.97 (d, 1H,J = 8.4 Hz, An: H), 7.93 (d, 1HJ = 8.7
Hz, An: Hy), 7.53-7.23 (m, 8H, An: kK, Hu', 6 Hay), 6.40 (2
coincident doublets, 1H Hz, An: 4HJ'), 5.30 (m, 1H, CH= CHCHj),
4.61 and 4.20 (m, 2HCH,~CHCHs), 3.11-2.88 (4 septets, 1H
each, GiMe,;, CHMe,, C'HMe,, C""HMe,,), 1.80 (d, 3H,J = 6.0
Hz, CH,=CHCHj), 1.37—1.28 and 0.84-0.74 (8 overlapping doublets,
3H each CH/leM€, CHMeMg, C'HMeMé, C""HMeMg), 0.39 (t, 3H,
J = 6.6 Hz, PACHCH,CHj), (PdCH,CH,CHj; obscured).

(9) [(ArN =C(An)C(An)=NAr)Pd(CH(CH 3)2)(SMe,)]BAr ',
(Ar = 2,6-CeHa(i-Pr),) (i-16e). *H NMR (CD,Cl,, —45 °C, 300
MHz): ¢ 8.09 (d, 1H,J = 8.4 Hz, An: H), 8.06 (d, 1HJ = 8.4 Hz,
An: Hp), 7.57-7.38 (m, 8H, An: Hh, Hul, 6 Hay), 6.46 (d, 1HJ =
7.5, Hz, An: H), 6.18 (d, 1HJ = 7.5 Hz, An: Hy), 3.15 (septet, 2H,
J = 6.6 Hz, (HMe,), 3.05 (septet, 2H) = 6.6 Hz, CHMe,, 2.24
(septet, 1HJ = 6.0 Hz, PdGIMe,), 2.04 (s, 6H, $ley), 1.40, 1.32,
0.85, and 0.80 (4 doublets, 6H each= 6.9, 6.9, 6.9, and 6.9 Hz,
CHMeMe', CHMeM¢e, CHMeMe', CHMeMe), 0.68 (br doublet, 6H,
PACHCH,)y).

(h) [(ArN =C(An)C(An)=NAr)Pd(CH ,CH,CH3)(SMe,)|BAr 4
(Ar = 2,6-GH3 (i-Pr),) (n-16e).'H NMR (CD,Cl,, —60 °C, 300
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MHz): 6 8.12 (d, 1H,J = 8.1 Hz, An: H,), 8.09 (d, 1HJ = 8.1 Hz,
An: Hy), 7.56-7.34 (m, 8H, An: Hh, Hy, 6 Hay), 6.70 (d, 1H,J =
7.2,Hz, An: H), 6.45 (d, 1HJ = 7.5 Hz, An: H), 3.12 (septet, 2H,
J = 6.9 Hz, HMey), 3.0 (septet, 2HJ = 6.9 Hz, CHMe,), 2.05
(s, 6H, Mey), 1.37, 1.32, 0.93, and 0.84 (4 d, 6H eadh 6.9, 6.6,
6.9, and 6.6 Hz, CMeMe', CHMeMe, CHMeMe', CHMeMe), 0.51
(t, 3H,J = 7.2 Hz, PdACHCH,CHs), (PdCH.CH,CH; obscured).
Isomerization of i-16L to n-16L. Rates were determined for
isomerization of-16c¢to n-16¢(ethylene-trapped species) under various
concentrations of ethylene by treatment of the process as a first-order
reaction coming to equilibrium and based kg = 19 at—65°C. The
process was monitored by loss of the acenaphthyiJ$ignal at 6.19
ppm standarized to the two acenaphthyhksignals at ca. 8 ppm.
Rates for isomerization ofl16e to n-16e (dimethyl sulfide-trapped
species) were determined by monitoring the same integrals but in this
case the process could be treated as an irreversible first-order reaction.
Ethylene Associative Exchange RatesThe rate of exchange of
free and bound ethylene was determined by NMR line broadening
experiments at-85 °C for [(ArN=C(R)C(Ry=NAr)Pd(Me)(H.C=
CHy)]BAr's (R = H, An, Me; Ar = 2,6-GHs-(i-Pr)). Samples were
prepared according to the following procedure: The corresponding
palladium ether adducts [(AFNC(R)C(R=NAr)Pd(Me)(H.C=CH,)]-
BAr's (R = H, An, Me; Ar = 2,6-GHs-(i-Pr),) were weighed {15
mg) into a tared NMR tube in a nitrogen-filled drybox. The tube was
then capped with a septum and Parafilm and coole¢86 °C. Dry,
degassed CITI, (700 uL) was then added to the palladium complex
via gastight syringe, and the tube was shaken and warmed briefly to
give a homogeneous solution. After acquiring 85 °C NMR spectrum,
ethylene was added to the solution via gastight syringe, and a second
NMR spectrum was acquired at85 °C. The molarity of the BAg
counterion was calculated according to the moles of the ether adduct
placed in the NMR tube. The molarity of the ethylene complexes and
free ethylene were calculated using the BApeaks as an internal
standard. Line widthsw) were measured at half-height in units of
hertz for complexed ethylene and were corrected for line widilgp (
in the absence of exchange. The exchange rates were determined
from the standard equation for the slow exchange approximaken:
(W — Wo)/[CoH4], where [GH4] is the molar concentration of free
ethylene. A pulse delay of 60 s and & 3fulse width were used. (The
T, of free ethylene is 15 s.) These experiments were repeated twice,
and the averaged rate constants are reported in Table 6.
X-ray Structure Determinations. Data were collected on a Rigaku
AFC 6/S diffractometer with graphite-monochromated Mw tédiation
(A =0.71073 A) using @/26 A scan; reflections with > 2.50 were
considered observed and included in subsequent calculations. The
structures were solved by direct methods. Refinement was by full-
matrix least squares with weights based on counter statistics. Hydrogen
atoms were included in the final refinement using a riding model with
thermal parameters derived from the atom to which they are bonded.
Crystal data and experimental conditions are given in the Supporting
Information. All computations were performed using the NRCVAX
suite of programg?:’
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