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Abstract: A series of stable dialkyl complexes of Pd-diimine)PdR (c-diimine = aryl-substituted diimine,

R = n-Pr, n-Bu, i-Bu), have been prepared via Grignard alkylation of the correspondirdjirhine)PdC}
complexes. Protonation of these dialkyl species at low temperature results in loss of alkane and formation of
cationic Pdp-agostic alkyl complexes, which have been observed as intermediates in the polymerization of
ethylene and propylene by these Pd catalysts. Studies of the structure and dynamic behavior of these alkyl
complexes are presented, along with the results of trapping reactions of these species with ligands such as
NCMe, CO, and @H4. Trapping with ethylene results in formation of cationic alkyl ethylene complexes which
model the catalyst resting state in these systems. These complexes have been used to obtain mechanistic details
and kinetic parameters of several processes, including isomerization of the alkyl ethylene complexes, associative
and dissociative exchange with free ethylene, and migratory insertion rates of both primary and secondary
alkyl ethylene species. These studies indicate that the overall branching observed in polyethylenes produced
by these Pd catalysts is governed both by the kinetics of migratory insertion and by the equilibria involving

the alkyl ethylene complexes.

Introduction

While several Ni(ll)- and Co(lll)-based complexes have been

previously shown to function as ethylene polymerization
catalysts; 8 the report from these laboratories in 1995 of highly
versatile Ni(Il}- and Pd(Il>-a-diimine-based catalysts of type

1 (Figure 1) has led to a resurgence of interest in developmen
of late metal catalysts for olefin polymerizations and copolym-

erizationgt—8.10-32
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TBAr, Scheme 2.Equilibria in Propyl Agostic Species and Propyl
M = Ni, Pd Ethylene Complexes
e 'S
R=H, Me; R,R = An <> N\Pt . Keq"'005 <N +/\/
RfN\ / N7y Tiooc
7b b
NN R’ = Me, iPr 8

OEt,
CFa =
R’ R
- t
CFs )\ AG
N +

Keq ~ 20 N N

Pd
1a (R,R = An, R’ = Me) \/ s0% N7 y
1b (R,R = An, R’ = iPr) 10b
Figure 1. Ni(ll)- and Pd(ll)-based olefin polymerization catalysts. AGT = 15.3 keal/mol

. . . independent of added C,H
Scheme 1.Proposed Mechanism for Propagation and Chain (independent of added CzHa)

Walking _ _ . . . o .
intermediate via a series gFhydride elimination/readdition
<N\;d,R Catalyst <N  wdimin reactions, as shown in Scheme 1.
= Ny, | Remesee  emine ~ (3) Loss of ethylene from the “trapped” alkyl ethylene species
/ is faster than migratory insertion of these species;5.€2,6 is
R J\ a reversible reaction.
(N\l;d/\»/R - <N\P+d>\\“R - <N\P+(-1J\ = <N\|§E R (4) Primary alkyl agostic species are less stable than the
NOH N H NOH N 7 secondary agostic species, while the primary alkyl ethylene
3 4 | 5 o 5 complexes are more stable than the secondary alkyl olefin
mserion complexe! This latter trend was demonstrated with the simple
(OnGRTDANNSS  TabBng, ooy methylbranch palladium propyl complexes shown in Scheme 2. .
insertion in polymer The overall free energy diagram constructed for Scheme 2 is

shown in Figure 2. We have established that the transition state
polymer architecture through ligand design and reaction vari- for conversion of9b to 10b involves trapping of8b and not
ables?1223.2§2) polymerization ofx-olefins and internal olefins  conversion of the secondary agostic complésto the primary
to polymers with unusual branching characteristics due to agostic specie8b via s-elimination/readdition. Only an upper
monomer insertion followed by migration of the metal to the parrier limit of AG* < 10.7 kcal/mol for conversion ofb to

terminal carbon of the chain prior to the next insertiéf®®  8b (5-elimination) could be estimated. However, using a labeled

(3) copolymerization of ethylene and-olefins with alkyl agostic ethyl complex 1b, an accurate barrier f@-elimination

acrylates to produce functionalized olefins with ester groups of AG* = 7.1 kcal/mol 55 °C) has been determined (Scheme

residing primarily on the ends of branchéd®and (4) achieve-  3)18

ment of living polymerizations for both the Ni(ll) and Pd(ll) While the propyl complexes shown in Scheme 2 have

systemgd#34 provided significant insight into the mechanism of polymeri-
While mechanistic investigations of both Ni(f) and zation, the three-carbon chain is not a particularly good model

Pd(1)*1822diimine systems have been reported, the less reactivefor polymerization intermediates where agostic alkylpalladium
Pd(ll) systems have thus far provided the most detailed complexes may bear alkyl substituents at bogre@d G. As a
information. The general mechanism for chain propagation of more realistic model, we report here the generation, structure,
ethylene by a diimine palladium catalyst is shown in Scheme chemistry, and dynamics ofi{diimine)Pd butyl complexes and

1. _ _ their corresponding ethylene complexes. These investigations
The following features have been clearly established through illuminate many new mechanistic features of the polymerization
low-temperature NMR studies: reaction and provide a much more detailed description of the

(1)The catalyst resting state is the alkyl ethylene complex.
The turnover-limiting step is the migratory insertion of this =

species, wherAG* for insertion ranges from 17.5 to 18.8 kcal/ ¥ :

mol and decreases with ligand bulk. aatess T/ +P'df>/
(2) Following insertion, the cationic palladium intermediate H

formed is a highly dynamig3-agostic alkyl complex’35:36 8ot

Formation of branches results from “chain-walking” in this
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Scheme 3.lsomerization of the Agostic Ethyl Catiohlb Scheme 4. Thermal Decomposition of Palladium(ll) Dibutyl

\Hi?\( Complex14b
Q )“\,+/*\, is°c Q /N\+/& L
N/Pd‘"‘H' o, \"/Pd\“ N N\ e N e

——
/Lé))\ AGF= )\é)\ <N Pd o~
7.1 kcal/mol )\é/k + unidentified Pd products

11b

14b

the more stable internal alkenes. These results are consistent
with the products of decomposition seen from thermolysis of
(2,2-bipyridine)PdE4, an electronically similar fisystem with

i _ 9,40
way in which branching is controlled by a combination of the accessiblg5-hydrogens.

kinetics for migratory insertion and the relative stabilities of Gener+ation of Agostic Alkyl Species. ¢-Dimine)Pd-
primary and secondary alkyl olefin complexes. These findings (ProPY) Complexes.T’reatr?ent of the d“'pr‘)p}l’l' complexes
are in good general agreement with the results of DFT 13abwith H(OER)BAr's (Ar' = 3,5-(CF),CeHa)* in CDCLF

)’&f}'* it is likely that they are rapidly isomerized by a Pd species to

calculations by Ziegler et &f:33 at—80°C results in formation of clear orange solutions; propane
is evident in thelH NMR spectra. The products of these
Results protonations were identified as the agostic isopropyl complexes

7a,b by comparison of their spectral data with that published
for the identical complexes made by insertion of ethylene into
the Pd methyl cation (eq 2}:22

Synthesis of @-Diimine)palladium(ll) Dialkyl Species.
Synthesis of the dirpropyl (13a,b), di-n-butyl (14a,b, and
diisobutyl (L5a,b complexes was accomplished by addition of
2 equiv of the corresponding Grignard reagemtP¢(MgCl,
n-BuMgCl, ori-BuMgCl in EtO) to a cold slurry of thed- ,@
diimine)PdC} complex (2aor 12b) in ELO (eq 1). R R’

Q /N\ /\/ H(oEtz)zsAl”‘;

T e
ot

CDCI,F, -80 °C
gk " )
N Cl RM R
g ST QL By S G
Q N" o Eyo,-80°C Q N" R R’ = Me (13a), iPr (13b)
R’ R R* Y
o o et
R’ = Me (12a) R =nPr, R’ = Me (13a) )\
R’ = iPr (12b) R =nPr, R’ = iPr (13b) O N+
R =nBu, R’ = Me (14a) Q. /Pd.._H:' 2
R’\@ R’

R = nBu, R’ = iPr (14b)
R = iBu, R’ = Me (15a)
R =iBu, R = iPr (15b)

The dialkyl complexes were isolated as red-brown solids in R’ = Me (7a), iPr (7b)
moderate yields after filtration of the reaction mixture through
a column of Florisil under argortH NMR spectra ofL3a,b— The triplet observed at8.00 ppm at—120 °C in the 'H
15a,b in CD.Cl, at ambient temperature indicate that they NMR spectrum exhibits &4 = 17 Hz (7b), diagnostic of an
possess two planes of symmetry, as expected: one containingagostic alkyl specie®:*¢ No doublet, corresponding to the
the square plane of the metal center and one bisecting the twon-propyl species, is observed, as was the case with the propyl
cis alkyl moieties. All of the species show one set of acenaphthyl complexes observed from insertion of ethylene into the Pd
ortho protons between 6 and 7 ppm, a sensitive indicator of methyl cation. CompleXashows similar behavior; the agostic
symmetry. The two alkyl groups on the Pd center are equivalent, hydrogen resonates as a triplélfy = 16 Hz) at—7.85 ppm

and the Pd center shields theCH; protons, often moving them  at —120°C.

upfield of the5-CH, (e.g. the}-CH, in 13aresonates at 1.18 Generation of (a-Diimine)Pd(butyl)* Complexes via In-
ppm, while thea-CH; signal appears at 0.89 ppm). The dialkyl  sertion. In the same way that a single insertion of ethylene into
complexes are surprisingly stable in solution but do decomposeg pg-methyl bond was used to generate—Ruopyl com-
after days at room temperature to give alkanes, alkenes, andyexes?.22|ow-temperature preparation of the methyl propylene
unidentified Pd(0) species due fieH elimination followed by complex 16b followed by warming to—13 °C to induce

loss of olefin and reductive elimination; themtbutyl complexes insertion yields Petbutyl complexes. As shown in Scheme 5,

1l4a,b for example, decompose to give butane and interal jhserion can occur in a 1,2 or 2,1 manner, where complexes
butenes (Scheme 4).

Although 1-butenes should be the initial product &H (39) Sustmann, R.; Lau, Chem. Ber198§ 119, 2531-2541.
elimination from a dibutyl species, they are not observed, and 1Oé4g)5§i§t5n;ann, R.; Lau, J.; Zipp, Mecl. Tra.. Chim. Pays-Bad986
(37) Michalak, A.; Ziegler, TOrganometallics1999 18, 3998-4004. (41) Brookﬁart, M.; Grant, B.; Volpe Jr., A. P©rganometallics1992

(38) Michalak, A.; Ziegler, TOrganometallics200Q 19, 1850-1858. 11, 3920-3922.
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Scheme 5.Formation of Agostic Butyl Complexes via
Insertion of Propylene into a PeMethyl Bond

(N\P-g/cHa 1,2 insertion (N\+ AN N+ ><
—_— Pd_ . — < Pd_
N/ \< 80% N/ \"H‘ N/ _\H'
16b 17 18b
2,1 insertion

20%

N\+/k/ N\+):
( p A ( Pl
N H :

N “H
20b

o N+ A~
N “H
19b 21b

17b (1,2 insertion) 019b (2,1 insertion) are the initial products.
Although a complex mixture of isomers is formed, the-Pd
tert-butyl complex,18b (formed from isomerization of the initial
1,2 insertion productl7b), clearly constitutes 80% of the
mixture. In the statiéH NMR spectrum {110°C in CDChLF),
the agostic proton appears as a well-resolved triplet atl2
ppm @lyy = 15 Hz). Although the3-CH, is obscured, the two

nonagostic methyl groups are equivalent and appear as a broad
6H singlet at 0.60 ppm. As the sample is warmed, the agostic
H signal broadens due to the rotation of the agostic methyl group

(Co—Cp rotation), while the methyl signals at 0.60 ppm also
broaden due to rotation about the-Rd, bond, which inter-
changes the agostic and nonagostic methyl groups. AT,0
the three methyl groups are now exchanging rapidly on the NMR
time scale and appear as an aveth@él singlet at-0.20 ppm.
The ligand peaks remain sharp (for example, two well-resolved
ortho H signals for19b appear at 6.33 and 6.63 ppm) and
indicate that there is no rapid side-to-side isomerization of the
tert-butyl alkyl group, consistent with the previously observed
behavior of the Pdisopropyl complexX! The structural assign-

Shultz et al.

Scheme 6. Trapping of Agostictert-Butyl Complexesl8a,b

with NCMe
G

(IS = S ENEY
QSN U
" ﬁjr“’ " f}r“'

NCMe
R’ = Me (18a), R = Me (17a),
iPr (18b) iPr (17b)

R’ = Me (22a), iPr (22b)

IH NMR signals for 18b generated by protonation are
identical to those observed from insertion of propylene-AfLO

°C, the agostic hydrogen df8aresonates as a tripletdiy =

15 Hz) at —7.03 ppm, with the nonagostic methyl groups
appearing at 0.56 ppm. The variable-temperature behavior of
18ais similar to that previously described fd8b. Overall,
signals forl8a,bare sharp and well-resolved atL10°C, and

no agostic isobutyl species<6%) can be detected. These
observations are consistent with the previous observation that
the 3-agostic Pe-isopropyl complex is strongly favored over
the n-propyl complex.

Trapping Reactions of 18a,b.Trapping the agostitert-butyl
complexes 18a,b with acetonitrile leads to formation of the

ments above have been verified by quantitative generation of IS0Putyl acetonitrile complexe@2a,b (Scheme 6).

18b by an independent route (see below).

The minor, complex series of resonances from 2,1 insertion
are largely obscured b}8b and are difficult to assign in these

No tert-butyl acetonitrile complex is observed, though, in
trapping the agostic Peisopropyl complex, the isopropyl
acetonitrile complex is not only the kinetic product but is also

spectra. However, these isomers have been independentiyfn€rmodynamically favored over the-propyl acetonitrile

generated through the protonation afdiimine)Pd((CH)sCHs).
complexes, and a full description of their structure and dynamics
is outlined below.

Generation of (a-Diimine)Pd(tert-butyl) * Complexes via
Protonation of (a-Diimine)Pd(CH2CH(CH 3),), Complexes.
Protonation of theq-diimine)Pd(diisobutyl) complexed5a,b
at —80 °C in CDChLF results in formation of the agosttert-
butyl complexesl8a,b(eq 3).

Ay

Q. N~ HOEL),BAr,

P4
&N X cociF, -80°C
"
CHj
R = Me (15a), iPr (156) 0™ Scfils
B 1 B
2 S VSVA Y, O St
) —_— d 7 @
\N/Pd"'l-i \N/P “H ®
) { R’

R’ = Me (17a), iPr (17b) R’ = Me (18a), iPr (18b)

complex?? It is unclear whether the isobutyl acetonitrile complex
is formed by trapping of the small (unobservable) amount of
agostic isobutyl complex in equilibrium with the agostést-
butyl complex or if its formation results from initial trapping
of the tert-butyl species and subsequent isomerization of the
tert-butyl acetonitrile complex to the trapped isobutyl species
via loss of acetonitrile,5-H elimination, reinsertion, and
retrapping with acetonitrile.

In an attempt to trap thiert-butyl species, the smaller, more
Lewis basic ligand CO was usetCO was purged through a
solution of thetert-butyl complex18a at —80 °C for 5 min.
(*3CO was chosen for ease of product identification.) Use of
CO does result in trapping of the agostéct-butyl complex as
thetert-butyl carbonyl compleX3a, though a small (ca. 15%)
amount of the isobutyl carbonyl speci24ais initially present
(Scheme 7).

At —90 °C in the'H NMR spectrum, the acenaphthyara
protons of 23a are inequivalent, as expected, appearing as
doublets at 8.08 and 8.06 ppm; likewise, ththo hydrogens
appear at 6.78 and 6.23 ppm. The two aryl rings on the diimine
ligand are also inequivalent; the two sets of aryl methyl groups
appear as singlets at 2.27 and 2.16 ppm. fEnebutyl group
appearsf.a 9 Hsinglet at 0.99 ppm. The bouA& O resonates
at 180.9 ppm in thé3C NMR spectrum and is quite broad (ca.
60 Hz at half-height), possibly due to exchange with f%0.
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Scheme 7. Trapping the Agostidert-Butyl Complex18a Scheme 8.Formation and Interconversion of Pd(butyl)
with CO Complexes via Protonation

oy Q. el
>;d%? = >:d{|?A f'N:Pd/\\/N\

% b -2

18a 17a R’ = Me (14a), iPr (14b)
co H(OEt,),BAr,
CDCI,F, -80 °C o
CH3CH,CH,CH, CDCIF, -80 °C

4
@\ J@\ 3
- 1 3
N +)’\ N+ "~ 2 /g
>pd\co ' 8 :N>Pd\co (::PG{*?/\‘t (N:+ 1

pHelim. N H Pd-C
\é)/ - 20 rotation

1

|

23a (85%) 24a (15%)
P
N_+
Warming the solution te-70 °C results in facile isomeriza- (N/Pd~-..|_i" 3
tion of thetert-butyl carbonyl complex23a) to the isobutyl
carbonyl complexX24a (eq 4). Although the acenaphthghara 19
solution. A new isobutyl group appears in the alkyl region; a
/@\ /@\ sharp doublet at 0.56 ppm is indicative of equivalent isobutyl
Q /N\+){ @ N+ methyl groups, while the methylene group appears as a triplet
\N/Pd\co —_— \N/Pd\c at 2.64 ppm from coupling to both the methitg and 1°C-
° labeled acyl carbortdcy = 6 Hz). 25adecomposes upon further
\@/ \éj/ warming, with Pd(0) formation evident.
23a 24a Formation of (a-Diimine)Pd(butyl)* Complexes from
Protonation of (ca-Diimine)Pd((CH2)sCH3), Complexes.Pro-
)@\ tonation of the dir-butyl speciesl4a,b produces only linear
9 isomers and thus facilitates the identification of the products of
0. N)BZM 4) 2,1-insertion of propylene into a Panethyl bond (see Scheme
Q N7 Sco 5). The possible product&], 20, and19, are shown in Scheme
\é/ 8 together with their modes of interconversion.
Loss of n-butane via protonolysis will initially form the
25a agosticn-butyl complex21. -H elimination and reinsertion will
produce the agostisecbutyl complex20, possessing an ethyl
protons are partially obscured by those of tiwe-butyl carbonyl substituent at ¢ The secondecbutyl isomer,19, is produced
complex23a theortho protons of24aare distinctly different, by simple release of the agostic interaction, rotation about the

appearing at 6.83 and 6.49 ppm and growing with time. The Pd-C, bond, and agostic bond formation at C3. Spe@itss
methyl groups on the imine aryl rings at 2.31 and 2.19 are also expected to be a negligible component of the mixture on the
distinct from those of théert-butyl carbonyl complex. The Pd basis of the much greater stability of the agostie-RBapropy!
isobutyl group exhibits a doublet at 2.01 ppm (methylene), a complex relative to the Pen-propyl complexé?

multiplet at 1.56 ppm (methine), and another doublet at 0.75  Treatment ofl4b with H(OE®),BAr's (CDCLF, —110 °C)
ppm (two methyls). Bound3CO appears as a sharp singlet at resuits in formation of a mixture gf-agostic butyl isomers

175.0 ppm in the*C NMR spectrum. Quantitative formation  \hose!H NMR spectrum in the high-field region is shown in
of the isobutyl carbonyl complex4a from the tert-butyl Figure 3.

carbonyl complexX3ais not observed, since insertion ¥CO Kinetic trapping of these species by ethylene yields only

into the Pd-isobutyl bond occurs competitively at this temper- (o-diimine)Pd(CH(CH)(CH,CH _ T
N . ) : - LCH3))(CH;=CH,)" complexes, con-
ature (=70 °C), partially consuming the isobutyl carbonyl firming that21b is not present in appreciable amounts in this

complex and forming a Pglacyl carbonyl complexz5a Only mixture. The broad triplet at8.01 ppm, which sharpens and
one set of acenaphthyl ligand peaks appear (two doublets at

8.12 and 8.09 ppm for thpara protons and two doublets at azpﬁggsbzn;is?;oevgéot?weg;()n:ﬁ:gzglss?)gg;ﬁHTeavi%\(;
6.82 and 6.57 ppm for thertho protons), indicating one major thé two signals betweer8.3 and—8.1 ppm whicr; sharpen
product. This species has a resonance it¥8eNMR spectrum below —80 °C as attributab.le td9b '

at 210.7 ppm, consistent with formation of an acyl species via )

insertion of*CO*2 A broad peak is observed at 172.2 ppm, ™ 42)Rix, F. C.; Brookhart, MJ. Am. Chem. Sod995 117, 1137~
consistent with bound3CO exchanging with freé3CO in 1138.




11544 J. Am. Chem. Soc., Vol. 123, No. 47, 2001

e

i

Figure 3. High-field region of thetH NMR spectrum (CDGF, —110
°C) resulting from protonation of4b.
Pe
H d\[

HaC - H
CHy H
Pg Pd
4 + H
H H
H CHg
H HsC
19a,b-¢is (enantiomers)
HsC H
H CHg
Pg P
: + g
H H
H
HyC b O

19a,b-trans (enantiomers)

Figure 4. Cis and trans isomers dPa,h

———
B-H elimination

—
B-H elimination

Ay

Scheme 9.Dynamic Processes it9b-cis That Equilibrate
Hp and H

H;C
CH;,
+Pd -~
Hg
H
Hy ﬁ
2)~16Hz
3J~0Hz
Hy
o i Pd e
+
N —=
Hy~ “CHj Ha
CH;3
CH;,

Average J ~ 8 Hz

Since there is a significant barrier to rotation about the@
bond®2! and because £and G each possess a methyl

Shultz et al.

L

78 79 80 -81 -82 -83 ppm

Figure 5. Variable-temperaturtH NMR spectra of cyclopentyl agostic
cation27aat —110°C (top) and—80 °C (bottom).

changes Hand H, and results in the appearance of & a
triplet with an averaged value ofJ = (J;c + Jap)/2 = ca. (16
Hz + 0 Hz)/2= ca. 8 Hz.

Integration of the triplet at-8.01 ppm 20b) versus the two
resonances upfield due ttOb-trans and 19b-cis yields the
equilibrium constant for the specidseq = 8.9, corresponding
to a free energy difference 6f0.7 kcal/mol (eq 5).

L

Pd.. - Pd.
“H - "H
Keq=8.9

AG =-0.7 kecal/mol

-110°C (5)

19b-cis +
19b-trans

20b

In an attempt to synthesize an agostic complex restricted to
a cis conformation to compare ttOb-cis, we were able to
prepare and protonate a crude dicyclopentyl spetegeq 6)
to produce an agostic cyclopentyl compl@7a

AT D e,
B
O

26a
Despite several attempts, we were unable to obtain a
completely pure sample of either the dicyclopentyl com2éa
or the cyclopentyl agostic speci€¥’a however, variable-
temperature'H NMR analysis of the impure cyclopentyl
complex27aprovides strong support for the proposed structure
of 19b-cis, so we present these data. AL10°C in CDCLF,

—| BAr';

SN
Q. Pd

(6)

substituent, cis and trans rotational isomers are expected to behe cyclopentyl agostic proton appears as a doublet&04
observable, as shown in Figure 4 (each isomer exists as a paippm,2Jyy = 16 Hz3° Upon warming of the sample t680 °C,

of enantiomers). The cis isomer yieldxia-2-butene hydride
complex upong-elimination, while the trans isomer yields a
trans-2-butene hydride complex, as shown in Figure 4.

We assign the doublet at8.19 ppm, with a typical geminal
2Jun = 16 Hz, to the static trans isomdQb-trans. The unusual
triplet at —8.27 ppm with a geminalyy of only ca. 7 Hz is
assigned to th#uxional cis isomer,19b-cis. The agostic proton
from the cis rotamer appears as a triplet due to rapid

however, the resonance collapses to a triplet, with a coupling
constantJyy ~ 8 Hz (Figure 5).

The cyclopentyl complex is constrained in a cis configuration,
making it quite similar to the cisecbutyl rotamer20b-cis
(Figure 6).

Thus, the similarity of the spectroscopic behavior ofsbe
butyl rotamer19b-cis and the cyclopentyl agostic cati@&7a
which must be a cis species, support the structural assignment

elimination and reinsertion (Scheme 9). This process inter- of 19b-cis.
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g

19b-cis 7a
Figure 6. Structures of the cisecbutyl rotamer19b-cis vs the
cyclopentyl agostic catio27a

Scheme 10.Formation of Ethyl Ethylene Complexes
30a,HBAr'y]

| Bar, _] BAr, —| BAr,
SV NI AY \+/\ 7 NGE AN
- /Pd\. S T Pd ———— ~ /
e S g s S

R’\@R’

R’ = iPr (11b)

n'\é,n R’ﬁn,

R’ = Me (30a), iPr (30b) R’ = Me (29a), iPr (29b)

Protonation of the di-butyl complex 14a gives similar

J. Am. Chem. Soc., Vol. 123, No. 47, P45

@ (FL | HB(C4Fs)s
R’ R’ R’ R’

B(C6Fs)s NN

Y

@)

(AN
>, d
N \/ CDCly, -80 °C N 4
s <y

R’ = Me (31a), iPr (31b) R’ = Me (30a[HB(CqFs)s)),
iPr (30b[HB(CeFs)a))

in CD,Cl, at —80 °C show two inequivalent sides of the square
planar complex as expected; for example, two sets of methyl
groups (from the imine aryl rings) appear at 2.26 and 2.21 ppm.
Bound ethylene (rotating rapidly on the NMR time scale)
appears as a broad singlet at 4.60 ppm, upfield of free ethylene
(5.4 ppm), while the Pdgethyl group exhibits a quartet at 1.34
ppm (methylene) and a triplet at 0.43 (methyl). The data for
30b[BAr',] are similar, indicating fast rotation of the bound
ethylene and a plane of symmetry containing the square plane
of the metal center.

Mechanism of Alkyl Ethylene Isomerization. When the Pd

results; the cis and trans rotational isomers are again observedisopropyl ethylene compledb is warmed, isomerization to the

but none of thesecbutyl isomer20a having an ethyl group on

n-propyl ethylene comple£Ob occurs with a rate independent

C., is present in the product mixture. The butyl complexes which of [ethylene] at moderate ethylene concentrations. Though we

are the products of protonation bfa,b(28a,b can be obtained

believed this to be a process involving dissociation of ethylene,

on a preparatory scale and give satisfactory elemental analysesthe lack of rate suppression by ethylene led us to investigate

The static and dynamiéH NMR spectra of these cationic

complexes are identical to those observed from in situ proton-

this general mechanism of isomerization further. In the case of
the ethyl ethylene complexes, the isomerization is a degenerate

ation. These isolated agostic butyl complexes can be used toone. Two mechanisms are possible, which are illustrated for a
generate butyl ethylene species as discussed below and wil*C-labeled complex in Scheme 11.

polymerize ethylene in an fashion identical with that of the Pd
methyl ethylene complexesoi{diimine)Pd(CH)(CH;=CH,)")
previously published?2

Generation and Chemistry of (-Diimine)palladium(ll)
Alkyl Ethylene Complexes. @-Diimine)Pd(CH2CH3)(CH,=
CHy)*t Complexes.Addition of 1 or more equiv of ethylene to
either the ethyl agostic cation [((2,6#r)pCsH3)N=C(An)C-
(An)=N(2,6-(-Pr)CsHs))Pd(CHCHx-u-H)]BAr',s (11b) or to
the ethyl ether complexes, [((2,6-(gkCsH3)N=C(An)C(An)y=
N(2,6-(CH;)2CeH3))Pd(CHCHs)(OER)]BAr'4 (294) and [((2,6-
(i-PrpCeHz)N=C(An)C(Any=N(2,6-(-Pr)CsHs))Pd(CHCHs)-
(OER)]BAr'4 (29h), results in trapping ol 1b or displacement
of the diethyl ether ligand, respectively, and quantitative
formation of the ethyl ethylene catio®®a,fBAr',] (Scheme
10)18

Alternatively, the neutral diethyl complexela,b can be
treated with B(GFs)3, a powerful Lewis acid known to abstract
methide from transition metal methyl complexésike PhsC*+44
B(CsFs)3 abstracts hydride from gbf the diethyl specie8la,h
resulting in formation of the ethyl ethylene catiod@a,l{HB-
(CeFs)a] (eq 7)1°

The!H NMR spectra o80a,qBAr'4] and30a,fHB(CeFs)3]
are nearly identical (with the exception of the counterion
resonances), differing only slightly in chemical shift. For brevity,
only the spectra oB0a,HBAr',4] will be discussed here; the

Scheme 11.Possible Mechanisms for Alkyl Ethylene
Isomerization

(i) Ethylene dissociation prior to isomerization

(’:-Pd/\ ( '\:'\Pd/\ *

NG N
i N
30 " 1 30

(ii) Concerted isomerization without ethylene loss

N . *
~ T
< +Pd

v li =G

30 32 30 30

Pd/\' —_— <+Pd/\'* —//~

NS

(N\ N
+ +Pd
N

The first involves dissociation of ethylene to form the agostic
ethyl complext1, which rapidly isomerizes before it is retrapped
by ethylene. The second involvBsH elimination from the 16-
electron ethylene complex30, to produce a 5-coordinate,
trigonal bipyramidal bis-olefin hydride specie32. Such a
species could be the transition state; this process has been
proposed by Ziegler, on the basis of DFT calculations, to account
for chain transfer in the polymerization reactions of the Ni
analogued’ Reinsertion of the olefin with opposite regiochem-
istry into the Pd-H bond would result in formation of the
isomerized ethyl ethylene cation. Clearly, insertion of the other

reader is referred to the Experimental Section for the spectral ethylene unit may also occur. We reasoned that if the actual

data of30a,dHB(CgFs)3].#6 The ligand resonances fBO4BAr 4]

(43) Chen, E. Y.; Marks, T. Xhem. Re. 200Q 100, 1391-1434 and
extensive references therein.

(44) For examples ofs-H abstraction from transition metal alkyl
complexes with trityl cation, see: (a) Cousins, M.; Green, M. LJHChem.
Soc.1963 889-894 (b) Mandon, D.; Toupet, L.; Astruc, D. Am. Chem.
Soc.1986 108 1320-1322 and ref 10.

(45) To our knowledge, this is the first example®H abstraction in a
transition metal alkyl using B(£Fs)s. We have also observed this process
in similar Pd alkyl species such as (bpy)PgdEt

mechanism involved a 5-coordinate species (Scheme 11ii), we
should be able to isotopically label either the alkyl group or
the bound ethylene moiety, and some of the label should
eventually appear in the other moiety. Treatment of the singly
13C-labeled agostic ethyl specieklb-13C (generated from

(46) The HB(CsFs)3 anion is a good hydride donor above e&l0 °C,
resulting in decomposition of the Pd complexes above this temperature.

(47) Deng, L.; Margl, P.; Ziegler, . Am. Chem. So0&997, 119, 1094~
1100.
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Table 1. Rate Constants for Isomerization 8b-13C,[HB(C¢Fs)3] —l HB(CqFs)
in the Presence of Varying Equivalents of Ethylene-&6 °C e
[Pd complex], M [GHJ], M k(s 2 VAE ;(e .
0.014 0 3.64< 10°° ZSpd > _—
0.015 0.297 1.6% 10°5 D e 55
0.014 0.440 1.44 10°5 )\é)\

protonation of31b-13C,,) with unlabeled ethylene in CITI, at

13
—80°C affords the ethyl ethylene cati@b-13C[BAr'4], having 30b-~ColHB(CoFs)al

a 13C_ label only on the ethyl_moiety. Upon warming of this | HB(CeFs)s
species to-55 °C and acquisition of successit&{H} NMR \Hi;\(
spectra over hours, n&C label is observed in the bound !
ethylene; this observation supports the proposal that isomer- O. \Pd/\* (10)
ization occurs via dissociation of ethylene (e¢?8). /l:éN)/)\\ Y
0.5) 13
] 30b-"3Cy[HB(CFs)3]
+ N ©5)
\ /\ H :P't:lﬁ* /
+ .80°C N H Associative Exchange RatesWith evidence in hand that

ethylene dissociates from the metal center during alkyl olefin
isomerization, we wished to reexamine the mechanism of

31b-13¢, 11b-13%¢ ethylene exchange with these ethyl ethylene cations. We have
previously used the corresponding methyl ethylene complexes
©5) to obtain associative exchange rate constants in the presence of
< \+/\(5><>< S excess ethylene; steric bulk on the ligand aryl rings slows
\/ N \/ associative exchangéln the case of a higher alkyl, however,
55°C exchange of bound ethylene with free ethylene in solution could
30b-13C[BAry] possibly occur rapidly in a dissociative fashion (Scheme 12),

50% '3C,, 50% 1°C - . - .
( * » Scheme 12.Associative vs Dissociative Exchange with Free

The same'®C-labeled diethyl complex3(Lb-1°C,,) used to Ethylene

produce the labeled agostic ethyl complebb-13C above can () Assoclative exchange with free ethylene

be treated with B(gFs)s to afford an ethyl ethylene complex, ( AN

30b-13C,[HB(CgFs)3], having onelsC label at thex-carbon of <"1\Pd/\ (“}Pd y
the ethyl moiety and anothéfC label in the bound ethylene N Y N Y </
(eq 9). 30 30

(ii) Dissociative exchange with free ethylene

P . . <
@ N * < + Pd/]ceH ( RV AT
2N N B(CgFs)3 s \// N H N \/%

2> _—
N N 11 30

’Lé/l\ * CD4Cly, -80 °C
as formation of thes-C—H agostic interaction may aid in
31b-13¢,, displacement of ethylene from the Pd center. This agostic
participation is not possible in the methyl ethylene complexes,
_| HB(CsFs)3 which do not have8-C—H bonds available.

The line width in the absence of ethylene exchange was
measured in CECl, for the bound ethylene ir80a,qHB-

(9 (CeFs)3]. Generation of these complexes in situ allowed easy
access to the ethyl ethylene complexes with no excess ethylene
in solution, since only 1 equiv of ethylene is generated per metal
center by hydride abstraction. Line widths at half-heighj (

30b-13cu[HB(CsF5)3] were then measured (in Hz) for the bound ethylene resonance
in the presence of added ethylene-&5 °C, and rate constants
Use of B(GFs)s to abstract hydride allows direct formation for exchange were determined from the equation for the slow-
of the ethyl ethylene complex before significant isomerization exchange approximatiot,= z(Aw)/[C2H4], where [GH,] is

cp

can occur. Equilibration of théC label between and G the concentration of free ethylene in solution (determined by
can then be followed byH NMR spectroscopy (eq 10). integration against the ligand resonances) (Table 2). The bound
Analysis of the kinetics yieldk; = k-3 = 3.6(0.1) x 107> ethylene resonance is only distinct with less than ca. 5 equiv of

s 1(—55°C) and a barrier to dissociation of ethylene from the ethylene in solution, after which it merges with the free ethylene
ethyl ethylene cation oAG* = 17.14 0.1 kcal/mol. Addition resonance. The rate of ethylene exchange clearly increases as
of large excesses of ethylene does slightly slow the rate of the concentration of ethylene in solution increases, consistent
isomerization in this case (Table 1). with associative exchange. Rate constants for exchange in the
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Table 2. Second-Order Rate Constants for Ethylene Exchange Scheme 13.Comparison of 1 vs 3° Butyl Migration Rates

at—85°C Determined by GC
rate const rate const 1) HBAr,
complex (M~tsh complex (M~1tsh Ot gy
N o~ N T~ NG T
31a(Et) 5570 31b (EY) 950 - — ("pq = ~pd
33a(Me) 2600 33b (Me) 560 NN g 2 N e N

34a,b
l kqo ~50% conv. l k3®

N +/\)<

~Pd._
N o

corresponding methyl ethylene complex@3s,bare shown for
comparisorf?

Ethyl Ethylene Migratory Insertion Rates. The ethyl
ethylene complexe30a,bare unique in this system in that they
are degenerate species; isomerization of the complex does occur
but produces an identical ethyl ethylene complex. We had
previously been unable to measure rates for migratory insertion
of ethylene into different types of P&C bonds due to rapid
equilibration of numerous alkyl isomers prior to insertion. Using
turnover frequencies, only subsequent insertion barriers were
obtained, which are average barriers for insertion into all types may still be in equilibrium with a small amount of thi§ alky!

other

+
isomers —— (E:Pd{,:/\(

l EtzSiH

PN

>95%

»~  Other
= Isomers

l EtSiH

K

<5%

of Pd—C bonds in the systed?. Using the ethyl ethylene
complexes, however, barriers for migratory insertion of ethylene
into only Pd-primary carbon bonds can be measured (eq 11).

_—| BAr,

R’ R’
O /N\ 2 excess /
. ~. -Pd _—
Q N \/ CD,Cly, -20 °C
R* R’

R’ = Me (30a[BAr’,]),
iPr (30b[BAr,])

R’@R’ e

@ S SN
N’:\/

R’

()

In the presence of 20 equiv of ethylene, loss of the ethyl
resonances in théH NMR spectra of30a,dBAr’'y] was
measured with respect to time, yieldikg= 3.31(0.05)x 104
s at —19 °C for 30a, corresponding taAG* = 18.9 + 0.1
kcal/mol, andk = 2.77(0.06)x 10~* s1 at —24 °C for 30b,
corresponding taAG* = 18.54 0.1 kcal/mol.

(o-Diimine)Pd(CH,CH(CH 3)2)(CH,=CHy)* Complexes.
When CDCI, solutions of the agostitert-butyl complexes
18a,bwere treated with 1 or more equiv or more of ethylene at
—80°C, notert-butyl ethylene complexe84a,b were observed
by 'H NMR spectroscopy. Instead, only the isomerization
products, the isobutyl ethylene complexé&a, b are observed.

ethylene species. To investigate whether any migratory insertion
of ethylene into thetert-butyl-Pd bond occurs, the isobutyl
ethylene complexe35a,bwere generated in situ on a prepara-
tory scale and allowed to undergo migratory insertior-20

°C for 10 min (ca. 1 half-life) (Scheme 13).

The reaction was quenched by the addition of excess Et
SiH, which cleaves the alkyl chain from the Pd center, liberating
the corresponding alkane. Thus, insertion of ethylene into the
Pd—isobutyl bond of35a,b would produce 2-methylpentane;
insertion of ethylene into the Pdert-butyl bond of34a,bwould
produce 2,2-dimethylbutane. The volatile organics were vacuum
transferred away from the Pd residue and analyzed by GC. Only
2-methylpentane was observed. No 2,2-dimethylbutane was
detected £5%) from either34aor 34b, indicating that little to
no insertion occurs into°Aalkyl—Pd bonds in this system. This
observation is consistent with branching analyses for polyeth-
ylenes produced fromo¢diimine)Pd catalyst3?

The lack of insertion into Pdtert-butyl bonds indicates that
all insertion in35a,b occurs via the isobutyl ethylene species,
allowing quantification of insertion rates using NMR spectros-
copy. In the presence of 20 equiv of ethylene, monitoring the
loss of the isobutyl methyl groups Bba,bwith respect to time
yieldsk = 6.5(0.1)x 10~4s 1 at—17 °C for 353, corresponding
to AG* = 18.74 0.1 kcal/mol, anck = 8.5(0.2)x 104 st at
—22°C for 35b, corresponding t&G* = 18.14 0.1 kcal/mol.

(o-Diimine)Pd(CH(CH 3)(CHCH3))(CH,=CH,)* and (a-
Diimine)Pd((CH2)sCH3)(CH,=CH,)™ Complexes.When eth-
ylene is added to CiTl, solutions of the agostisecbutyl
complexes28a,b at —78 °C, isomerization to then-butyl
ethylene cations is observed By NMR spectroscopy. In an
attempt to observe the kinetic product of ethylene trapping,
ethylene was added via syringe to a CEFC$olution of28b at

This is consistent with the results seen when acetonitrile, a ca. =130 °C in.a pentane/pbath. At —_90 °C, theH NMR
smaller ligand, is used to trap these species. The ligand Spectrum of this sample reveals trapping and formation of the

resonances for comple3&b indicate the expected asymmetry

secbutyl ethylene complex36b (eq 12).

at the metal center; two doublets appear for both the acenaphthyl The acenaphthypara protons of36b appear as doublets at

para protons (8.06 and 8.02 ppm) and thetho protons (6.52

8.01 and 7.97 ppm; thertho protons also appear as doublets,

and 6.44 ppm). Bound ethylene resonates at 4.58 ppm as aat 6.50 and 6.37 ppm. Bound ethylene is observed as second-

singlet, indicating rapid rotation at this temperature. The isobutyl
methylene hydrogens appear as a doulllet 6.6 Hz) at 1.38

order multiplet centered at 4.64 ppm. This is likely due to the
chiral center at ¢ of the secbutyl group, which, even in the

ppm, the methine hydrogen appears as a multiplet at 0.95 ppm,regime of rapid ethylene rotation, creates two distinct sets of
and the two equivalent methyl groups appear as a sharp doubleethylene protons. The methine proton of the-Bdebutyl group

at 0.61 ppm. The spectrum 8bais similar and is reported in
the Experimental Section.
Though natert-butyl ethylene complex is observed by NMR

resonates at 2.05 ppm; one methyl group appears as a doublet
at 0.70 ppm, while the other appears as a multiplet at 0.36 ppm
(the methylene group is obscured). The absence-dliimine)-

spectroscopy at low temperature, the isobutyl ethylene complex Pd((CH)sCHz)(CH,;=CH,)™, 37b, is further indication of the



11548 J. Am. Chem. Soc., Vol. 123, No. 47, 2001 Shultz et al.

As Determined by GC Experiments

A,
@ /N\+)\/ O /N\*')i L LI
& Pd + < Pd s ( >Pd = ( ~Pd Keq~ 0.014
QSN T AT N Ny
R’\é]/R' R’\@,R’

{FL Scheme 14.Comparison of 1° vs 2° Butyl Migration Rates,
R YR

36b 35b
, H ke ~50% conv. ka®
R’ = Me {28a), iPr (28b) ° )
other N (N\;;j/\./\/\ (N\;—d/\,)\/ . other
R’ P isomers N~ \I-'I‘ N7 H isomers

N )\/ ) )

/ O : \P+d (12) l Et3SiH Et3SiH

CDCI,F Q N \/

-130 °c R’ R’ NN Ao s
6.7 1
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n kye ki® N/ Keg 6.7/ 0.014 1

Scheme 15.Comparison of 1° vs 2° Propyl Migration Rates,
as Determined by GC

R’ = Me (36a), iPr (36b)

absence o21in the equilibrium mixture of Petbutyl complexes
(see Scheme 8). Wh&tbis warmed to—50 °C, thesecbutyl
ethylene complex isomerizes rapidly to thebutyl ethylene
complex,37b. The acenaphthybara protons for this species

appear as doublets at 8.07 and 8.03 ppm;dtiao protons (N\Fjrd/\/ _20°C N\Fjrd)\ K 006
appear at 6.59 and 6.55 ppm. Bound ethylene appears as a sharp NNy NNy o
singlet at 4.68 ppm, while resonances for tireutyl group 10b %

appear at 1.560(-CH,), 0.97 ¢-CH,), and 0.58 (CH); the lk . l .

B-CH, is obscured. Integration of the acenaphthyl ortho protons ! ~50% conv. ke

of 37b with respect to those of theecbutyl ethylene complex + +

36b yields an equilibrium constarkeq = 125 at —50 °C isormers == (Ei"di\:/v (::Pdi.:‘)\ == isomers
(eq 13).

l EtgSiH l EtaSiH
RJi]:LR' R,@R' N~ N N iso
O /N\+)\/ Keq O AN e N
D IR 2 g (19) ©7 1
N y CDCI5F, -50 °C s / iso [ ko® iso) 1 1 1
P er® P Tl = e -’ -

R’ = Me (36a), iPr (36b) R’ = Me (37a), iPr (37b)
Keq = 50 (36a/37a)
Keq = 125 (36b/37h)

rates of insertion of a second 1 equiv of ethylene. Indeed, the
n-hexane/3-methylpentane ratio remained invariant though
somewhat different amounts of octane were observed for
different runs. Clearly CurtinHammett conditions apply (equi-

The case is similar for theecbutyl ethylgneﬁ-butyl therne librium is rapid, and insertion is rate determinig)? and
complexes36a/37a except thateq for this system is 50 at  after extrapolation of the applicable equilibrium constants to
—50°C, reflecting decreased steric interaction in seebutyl —20 °C (assumingAS ca. 0), ratios fork(2°)/k(1°) of ca. 2/1
complex. for 36a/37aand ca. 11/1 foB6b/37bare obtained.

With the equilibrium constants for theecbutyl/n-butyl (a-Diimine)Pd(propyl)(CH ,—CH,)* Complexes.The pro-
ethylene complexes in hand, GC experiments similar to those pyl ethylene complexeb and10bwere generated by addition
done in thetert-butyl/isobutyl ethylene case were carried out ¢ ethylene to the isopropyl agostic cati@b and have been
to Qeterminel the rate of insertion int@ alkyl centers relative previously characterize®.GC experiments identical to those
to insertion into 1 alkyl centers. Mixtures of theeebutyl  giscussed above were done using an in-situ-generated mixture
ethylene anah-butyl ethylene complexes were generated in situ ¢ the isopropy! ethylene complédb and then-propyl ethylene
(preparatory scale) by addition of ca. 1 equiv of ethylene to the complex10b (Scheme 15).

isolated agostic sal%a,bdisiolved in CHCl; at—78°C. The Analysis of the volatile products after quenching and vacuum
mixtures were warmed t620°C for 10 min and then quenched  anster revealed a ratio afpentane to 2-methylbutane of 10.7.
by addition of excess EBiH. Insertion into the Pdn-butyl bond Using an extrapolateteq of 0.09 at—20 °C (Keq = 0.05 at

in 37 producesr-hexane after silane quenching, while insertion _g °C), the ratio ofk(2°)/k(1°) is calculated to be ca. 1 for
into the Pd-seebutyl bond in36 produces 3-methylpentane.  gp/10p, ' '

Volatiles products were vacuum transferred and analyzed by

GC,; the ratio ofn-hexane to 3-methylpentane f86a/37awas Discussion
9.3, while the ratio fol36b/37bwas 6.7 (Scheme 14). ) _ . _
GC analysis also revealed a significant amount-iutane, Dynamics and Relative Stabilities of Agostic Pd(alkyfy

indicating that not all of the butyl complexes had undergone Cations. The relative stabilities of agostia(diiming)?d(butyI)L
insertion. A negligible amount of-octane was observed, complexes reported here support the trend initially noted for
resulting from double ethylene insertion, indicating Fhat thg (48) Seeman, J. Chem. Re. 1983 83, 83134
n-hexane/3-methylpentane ratios were not skewed by differential  (49) Zefirov, N. S.Tetrahedron1977, 33, 2719-2722.
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Scheme 16.Dynamic Processes for Agostic Ethyl CHs H

H H
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o < \F H < N+ )\/H
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Process 2: C-C bond rotation
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the isopropyl andn-propyl complexes, namely, that alkyl
substitution is preferred at Qelative to G. This unexpected 11b 7b
trencP® is most dramatic for theert-butyl system, in which the Figure 7. C—C bond rotation in agostic ethyll{b) and isopropyl
B-agostic Pdert-butyl)* isomers18a,h are much more stable  (7b) complexes.
than the Pd(isobutyt)isomers,17a,h In the case of the linear
butyl isomers, the agostic R@putyl)* system21a,b bearing
an ethyl substituent at/Cis disfavored relative t@ecbutyl

Scheme 17.Isomerization of Pd(alkyf) Complexes vigs-H
Elimination and Bond Rotation

4

isomers 20a,b which bear ethyl groups atC a situation 3

analogous to the isopropy! versagpropyl system. In this butyl 1,3, )2

system, however, the cis and trasesbutyl isomers19a,b-cis (N]:ZQ/\ —_— (N:;:L_ 1

and19a,btrans bearing single methyl substituents at both C NoH 6-H elim N TH

and G, are favored. Since the CCg bond exhibits partial 21 7.8 keal/mol 20

double-bond character, the greater stability of these isomers

could be rationalized on the basis of analogy with relative alkene l Pd-C, rotation

stabilities (2-butenes are more stable than 1-butene). The ~9 kealfmol

preference for substituents to reside atr€lative to G appears 1 4

to be electronic in origin and has been addressed by Ziegler N‘+)2\/4 N\+){/1

using DFT calculations (see below). (NF’d- .H"3 — (NPd., o 2
The fact that thesecbutyl isomers19a,b are favored over B-H elim.

20a,bsuggests that in the polymerization system the preferred 19 7-8kealmol 19

Pd(alkyl)" isomers will be those in which Pd resides in positions

such that both €and G bear substituents. step for this process is likely PeC bond rotation, as this barrier

The dynamics of the cationic alkyl complexes are also Was measured to be ca. 9.6 kcal/mol in the isopropyl system.
important to consider due to their intermediacy in isomerization Thus, the barrier to Pd migration along the polymer chain
of the alkyl ethylene complexes. Studies of the ethyl agostic involves not only3-H elimination but also rotation around the
complex11bindicate that the barrier t8-H eliminationis 7.1~ Pd=Cq bond, which is the higher barrier.
kcal/mol (AG*, —108 °C), while the barrier to rotation of the The observation of a stable, thermodynamically favored
Co—Cp bond is ca. 8.4 kcal/mol (Scheme 18). agostictert-butyl complex is also of key significance. To migrate

The barrier to P&t C, rotation cannot be measured using this Pack and forth through a branch point on the polymer backbone
complex but can be quantified in the isopropyl agostic cation and to migrate onto branches themselves, the Pd center must
7b; measurement of the barrier to interconversion of the two be able to pass easily throughakyl centers. The high stability
isopropyl methyl groups gives a P&, bond rotation barrier ~ Of thetert-butyl complexes 18a,h) shows that formation of a
of 9.6 kcal/mol! The barrier to rotation of the £ Cs bond in Pd-tertiary alkyl species poses no barrier to migration through
this species is 9.2 kcal/mol, consistent with the fact that methyl @ branch point in the polymer.
group rotation in7b develops an eclipsing interaction between ~ Equilibria in ('e-Diimine)Pd(alkyl)(CH>=CHz)* Com-

a C—H bond of the rotating methyl group and the methyl plexes.The trend observed for the alkyl ethylene complexes is
substituent on ¢ (Figure 7). opposite that seen in the agostic alkyl complexe$:alkyl

The butyl complexed49-21 serve to illustrate the barriers ~ thylene complexes are favored ovéralkyl ethylene com-
involved in Pd migration along the backbone of a hydrocarbon Plexes and 3alkyl ethylene complexes (specifically, the Pd-
chain during polymerization (Scheme 17). (tert—but)_/l)(c_ll—|2=CH2)_Jr (_:omplex). This thermodynamc pref-

In order for Pd to walk from C1 to CZ-H elimination and ~ €rence is likely steric in nature: thg?-bound olefin adds
reinsertion must occur, with a barrier of ca-§ kcal/mol. (The significant steric 'bullk to thg fourth coordln.auon site r.elatlve to
identity of the agostic hydrogen remains fixed throughout this the/-C—H agostic interaction and favors isomerization of the
process.) For Pd to move to C3, however, the agostic interaction/Ky! group to the least sterically demanding species. This is
must be released, PEC2 bond rotation must occur, and a new  SUPPorted by the observation that thelkyl ethylene cations
agostic interaction must be formed; thgH elimination and are more heavily favoredfbutyl/secbutyl = 125 for37/36b

reinsertion can occur, moving Pd to C3. The rate-determining & —50 °C) when the imine aryl rings bear isopropyl groups
than when they bear less bulky methyl groupbgtyl/secbutyl

(50) Primary alkyl metal complexes are generally thought to be more = 50 for 37a/36a at —50 °C).

stable than secondary and tertiary ones; steric factors are regarded as i
responsible for this trend. See: Collman, J. P.; Hegedus, L. S.; Norton, J. Secondary "?‘”‘y' ethylene complexes such as the isopropyl
R.; Finke, R. G.Principles and Applications of Organotransition Metal  ethylene specieSb and thesecbutyl ethylene specie86a,b

Chemistry University Science: Mill Valley, CA, 1987; p 99. can be observed as the kinetic products of trapping the
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= t Table 3. Average Insertion Barriers versus 1° Alkyl Insertion
+ Barriers for Cationic ¢-diimine)Pd Ethylene Polymerization
/1o a—R Catalysts
N( av insertion 1° alkyl insertion
Pd complex (kcal/mol) (kcal/mol)
Figure 8. Probable 5-coordinate transition state for associative 383 128 igg
exchange of ethylene. : .
g y 35a 18.6 18.7

corresponding alkyl agostic cations with ethylene at low 35b 18.0 18.1

temperature. Upon warming, these species isomerize to the
thermodynamically favoreah-alkyl complexes. Experiments
with the ethyl ethylene catioBObindicate that this isomerization
occurs via initial loss of ethylene, with a barrier of 17.1 kcal/
mol for ethylene dissociation. The overall isomerization barrier
for the isopropyl ethylene comple3b has been measured as
15.3 kcal/mol (see Figure 2). This indicates that the barrier to
dissociation of ethylene from the isopropyl species is at a
minimum 1.8 kcal/mol lower than the barrier measured in the
ethyl ethylene case. This lower barrier can be ascribed to more
crowding in the square plane of thé alkyl ethylene species
relative to the 1 alkyl species. The barrier to ethylene
dissociation for the ethyl ethylene catiBAb can be compared
to the barrier to insertion of ethylene in the same species. The
migratory insertion barrier is 1.4 kcal/mol more than that for
dissociation of ethylene for the case of & dlkyl ethylene P?})\/ all values in keal/mol
species, which indicates that Pd can migrate across many "
carbons on the polymer chain before undergoing an insertion Figure 9. Free energy diagram for insertion and isomerization in
event. 360/37h.

Associative Exchange RatesAlthough alky! olefin isomer- _ ) _ _ .
ization occurs via loss of olefin, associative exchange rates €thylene cation85a,b barriers for migratory insertion of°1
measured for the ethyl ethylene comple@s,bindicate that alkyl ethylene complexes were obtained and are also shown in
bound ethylene undergoesssociatie exchange with free ~ Table 3 for comparison.
ethylene at rates much higher than rates for dissociative ethylene The barrier to 1 alkyl migratory insertion is higher than the
loss (even at low ethylene concentrations). For example, ataverage, significantly so for thealkyl ethyl ethylene complexes
[C2H4] = 10 mM, the rate ratio of associative loss versus 30a,b The data from the iSObUty' ethy'eﬂe Catim,bindicate
dissociative loss is ca. 80 at —85 °C. The associative that the barrier to insertion is slightly higher than the average
exchange rates measured for these species track well with thos@ven when gis a tertiary carbon center. Because no insertion
measured for the analogous methyl ethylene complexes (Tableoccurs from 3 alkyl ethylene species (as indicated by the
2) in that addition of bulk to the ortho positions on the imine isobutyl ethylendért-butyl ethylene GC experiment), the barrier
aryl rings slows associative exchange. Experiments with the to insertion in 2 alkyl complexes must therefore be lower than
ethyl ethylene complexes indicate that addition of bulk in the the averagein some cases much lower, to counterbalance the
square plane of the complex (i.e. ethyl rather than methyl) higher barrier to insertion in the-alkyl ethylene complexes.
increaseshe rate of ethylene exchange. Associative exchange Taking advantage of the CurttHammett kinetic situation
of ethylene in these systems most likely occurs via a 5-coor- and the ability to measure the equilibrium ratio of the rRd(
dinate transition state in which the two olefin moieties are in butyl)(ethylene} to Pdgecbutyl)(ethylene} complexes, the
the axial sites (Figure 8). relative rates of insertion of ethylene into th& s 2 butyl

As noted previously;22addition of bulk near these axial sites ~ groups could be determined by GC analysis of product ratios
(via an increase the size of the alkyl groups in the ortho positions as described in the Results. These experiments indicate that the
on the imine aryl rings) should raise the energy of this transition rate of secondary insertion f@6b is nearly 11 times faster
state with respect to the ground-state alkyl olefin complex, than primary insertion. Reducing the steric bulk on the ligand
raising the barrier to associative exchange as observed. The fac{36d lowers thek(2°)/k(1°) ratio significantly, to ca. 2 to 1.
that increasing the size of the Pd alkyl substituent increases theLess crowding in the case of the 2,6-dimethyl-substituted ligand
rate of associative exchange suggests that the alkyl grouplikely results in lower ground-state energies for these species,
experiences more steric crowding in the square planar groundraising insertion barriers and decreasing the difference in ground-
state than the transition state. If the transition state shown in State energies between thealkyl and secalkyl ethylene
Figure 8 is a good model for the transition state, reduced complexes. This is reflected in the lowering K4 (n-butyl
crowding may result from widening the-\Pd—R angle. ethylenedecbutyl ethylene) upon changing the ligand aryl

Primary versus Secondary Alkyl Migratory Insertion substituents from isopropy! groups to methyl groups.
Barriers. Prior to this study, average barriers for migratory Using data obtained from the ethyl ethylene species to model
insertion during polymerization had been obtained using turn- insertion and ethylene dissociation in the butyl ethylene
over numbers from the methyl ethylene comple@sa,h?? complexes, the free energy diagram shown in Figure 9 can be
Those barriers, termed “subsequent insertion” barriers, areconstructed for complexe36/37h.
shown in Table 3 and are average barriers for migration of all NMR spectroscopic data have established thasstebutyl
types of ® and 2 alkyl groups to bound ethylene in these ethylene complex,36b in Figure 9, is thermodynamically
systems. Using the ethyl ethylene cati@®a,b and isobutyl favored over the agostig-butyl species37b by 2.1 kcal/mol.

+
Pdh/}‘?/\/\
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Using the ethyl ethylene comple0b as a model for the butyl
ethylene complex37b, the barrier to dissociation of ethylene
(and thus to isomerization from-butyl to secbutyl) can be
estimated as 17.1 kcal/mol; this is 1.4 kcal/mol lower than the
barrier to migratory insertion (18.5 kcal/mol), which is also
estimated from the results f@0b. GC product ratios from
insertion of ethylene i86/37b allow calculation ofAAG* =

1.0 kcal/mol for the difference in the overall barriers to product
formation (Curtin-Hammett kinetics apply). With these pieces
of information in hand, the barriers teecbutyl ethylene
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the calculated ordering matches that observed experimentally
suggests that electronic effects are the largest factor controlling
relative agostic alkyl stabilities.

Use of the generia-diimine ligand is less satisfactory for
predicting relative stabilities of the alkyl ethylene complexes
and their insertion barriers. The alkyl ethylene cations are
calculated to be only slightly more stable (by 0.64 kcal/mol)
relative to the isomeric?alkyl ethylene species, and the lowest
insertion barrier calculated is that into a Pt alkyl bond
(lower than into the Pd2° alkyl bond by 1.32 kcal/molj? This

isomerization and migratory insertion can be deduced. The insertion barrier, calculated for anpropyl ethylene cation, is

barrier to isomerization 086b to 37bis 17.1— 2.1 = 15.0
kcal/mol; this compares well with the barrier td &Kky! olefin
isomerization of 15.3 kcal/mol measured for the transformation
of the isopropyl ethylene compledb to then-propyl ethylene
complex10b.22 The barrier to 1 alkyl olefin insertion plus
the overall difference in barriers to product formation (18.5
0.9 = 19.4 kcal/mol) minus the difference in free energy
between36b and 37b then gives an estimate of the barrier to
migratory insertion for a 2alkyl olefin species, 19.4 2.1 =
17.3 kcal/mol. The magnitude of this barrier indicates tHat 2
alkyl migratory insertion is almost 10 times faster th&ralkyl
migratory insertion at-20 °C, likely due to crowding in the
ground state of36b. This much lower barrier to 2alkyl

migratory insertion is necessary to observe a high degree of

branching in the resulting polymer, considering thatritedkyl

ethylene complexes are the most likely catalyst resting states.

Comparison to Theoretical Results.Ziegler et al. have
reported extensive density functional calculations on tHéi
and Pd"%8catalyst systems. Using a genesigdiimine ligand,
Ziegler calculates that the Pd agostic isopropyl catid8g, (
R, R = H, CHs) should be favored over the Pepropyl cation
(39, R, R = H, CHy) by 1.96 kcal/mol, and the agostiert-
butyl cation 88, R, R = CHjz, CHs) should be heavily favored
thermodynamically (by 3.42 kcal/mol over the isobutyl cation,
39, R, R = CHjs, CH3) (eq 14)3%

II-I R ll'l R R
H
IN\FTd/\,LR’ - HIN\;d)g (14)
H \fl\l/ ~..Hl H \’I\l/ ~._H'
H H
39 38
R, R’ =H, CHs energetically favored
CHg, CH3

The secbutyl cations 41 and42) are also calculated to be
more stable than the-butyl agostic catio0 by almost 3 kcal/
mol, with the secbutyl cation having a methyl branch on,C
(42) being the more favored of the twsecbutyl cations by
1.24 kcal/mol (eq 15).

" " 0
H PNV aN H N+ H =N +)\,/
& P - L I :Pd ’
H™ N H H™ N H H™ N ‘H
H H H

AH = -2.83 keal/mol AH = -1.24 keal/mol

40 a1 42

18.83 kcal/mol, very close to our measured insertion barriers
in the actual catalyst systefa.

Changing the diimine backbone to acenaphthyl and the imine
substituents to 2,6Rr)CeHz in the calculation shows an
enhanced preference for the alkyl agostic cations; the
isopropyl cation7b is calculated to be more stable than the
n-propyl cation9b by 2.65 kcal/mol. Then-alkyl ethylene
complexes also become much more stable relative® @lky/|
ethylene complexes; for example, th@ropyl ethylene complex
10bis favored over the isopropyl ethylene compfixby 2.01
kcal/mol38 These results using the actual ligand set suggest that
the observed preference for thealkyl ethylene complexes is
steric rather than electronic in nature.

Summary and Conclusions

Cationic @-diimine)Pd(ll) alkyl species are intermediates in
the polymerization of ethylene andolefins to high molecular
weight polyolefins. Thesg-agostic alkyl complexes have been
synthesized independently via protonation ofdjimine)Pd
dialkyl complexes, which has allowed study of their structures,
dynamic behavior, and the equilibria between isomeric species.
Addition of ethylene to these cations produces alkyl ethylene
complexes and provides a means of investigation of the
equilibria and rates of migratory insertion for these resting state
species. Studies ofufdiimine)Pd-ethyl, —propyl, —n-butyl,
and —isobutyl agostic complexes and their corresponding
ethylene complexes have yielded new mechanistic information
about these diimine Pd(ll) polymerization catalysts. Key findings
are as follows:

(1) The most stable isomeric agostic Pd alkyl cation is that
having the highest degree of substitution gt Eor example,
the Pdtert-butyl cation is favored over the isobutyl complex,
and the Pd isopropyl cation is favored over the isomeric Pd
n-propyl complex. In the case of the-butyl system, the
thermodynamically favored isomers are those with methyl
substituents at both {Cand G. Electronic effects appear to
govern these equilibria.

(2) Addition of ethylene to the agostic alkyl complexes results
in trapping as the alkyl ethylene complexes, which can
equilibrate via Pd chain walking prior to insertion. Here, the
opposite trend in relative stabilities is observed® dlkyl
ethylene species are heavily favored ovérakyl ethylene
complexes, and no°3alkyl ethylene complexes have been
observed. These relative stabilities appear to be controlled by
steric effects.

(3) The kinetic products of ethylene trapping of alkyl
agostic species are the more sterically demandihalRyl

All of these calculated ground state energies are in good ethylene complexes. However, these species isomerize rapidly
agreement with the relative energy ordering of the actual propyl to the P alkyl ethylene species via a mechanism that involves

and butyl agostic cations described in this work. The fact that
the model imine ligand bears no bulky aryl substituents and

(51) Deng, L.; Woo, T. K.; Cavallo, L.; Margl, P. M.; Ziegler, J. Am.
Chem. Soc1997 119, 6177-6186.

initial dissociation of ethylene, isomerization of the resulting
alkyl agostic cation, and reassociation of ethylene. The barrier
to dissociation of ethylene in°&lkyl ethylene cations (modeled
with an ethyl ethylene species) is 1.4 kcal/mol less than the
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corresponding migratory insertion barrier. The barrier to ethylene  Materials. All solvents were deoxygenated and dried via passage
dissociation in 2 alkyl ethylene species is estimated at 15.0 over a column of activated alumiféDichlorofluoromethanet (CDCLF)
kcal/mol, almost 3 kcal/mol lower than insertion. This finding Was prepared according to the literatbfrelried over CaGl degassed
confirms that ethylene loss and alkyl isomerization are facile DY répeated freezepump-thaw cycles, vacuum-transferred, and stored

processes compared to chain propagation via insertion and resulf"®" 4 A molecular sieves at30 °C under argon. Methylene chioride-
in formation of highly branched polyethylene d> was dried over fOs, degassed by repeated freemj_mp—thaw
) cycles, vacuum-transferred, and storedrav@ molecular sieves under

(4) The alkyl ethylene complexes undergo associative eX- grgon. Thex-diimine ligandss® (PhCNYPACh,5” and H(OE£),BAr 4L
Change Of bound ethylene W|th fl'ee ethylene n Solutlon. were prepared as previous|y reported. NaBMr':3’5_(CE)ZCGH3)
Increasing the steric bulk of the imine aryl substituents slows (Boulder Scientific) and B(§s)s (Strem) were stored in an argon-
the rate of associative exchange, while increasing the bulk of filled drybox and used as receivea-PrMgCl, n-BuMgCl, and
the Pd-alkyl chain (—-CHjz vs —CH,CHj) slightly increases the i-BuMgCl were purchased from Aldrich and stored-&0 °C. Ethylene
exchange rate. and propylene (CP grade) were purchased _fr'om' National Welder’s

(5) No migratory insertion is observed to occur through 3 Supply Co., In_c. qnd used wnt_hout f_urther purification. The _synthe3|s
alkyl ethylene species, consistent with established branching@nd characterization of the dichloride complex¥a b the diethyl
patterns in the polymers produced from the Pd cataffsts. complexes3la,h the ethyl ether complex&9a,h and the agostic ethyl

. . . o complex11b have been reported.
(6) The rate of migratory insertion of°2alkyl ethylene Synthesis of Dialkyl Complexes. ((2,6-(CH>CsHa)N=C(An)C-
complexes is generally fz_ister than that f_drallkyl ethylene (An)=N(2,6-(CH2):CsH3))Pd(n-CsH7), (13a). A clean, flame-dried
complexes. For the bulkier system bearing aryl substituents gchienk flask was charged with ((2,6-(§bCsHs)N=C(An)C(Any=
with ortho isopropyl groups (seriel), the 2:1° ratio is 11:1 N(2,6-(CH):CeH3))PdCh (128 (0.435 g, 0.769 mmol) in an argon-
(—20 °C), whereas for the less bulky system bearortho filled drybox. The flask was placed under argon and cooled 78 °C
methyl groups (seriea) this rate ratio falls to 2:120 °C). (dry icelisopropyl alcohol), and D (20 mL) was added via syringe.
The ground state energy of a secondary alkyl ethylene complexn-PrMgCl was added as a solution in@t(2.0 M, 0.77 mL, 1.54 mmol)
relative to a primary alkyl ethylene complex is apparently raised via syringe, and the mixture was stirred-af8 °C for 2 h (the orange
more through steric interactions in the case of the isopropyl- Suspension gradually changed to dark brown). MeOH (0.1 mL) was
substituted catalyst than in the case of the less bulky methyl- added via syringe to quench any excess Grignard reagent, and the dark

. . S . mixture was cannulated onto Florisil and flash-filtered into a clean,
substituted catalyst. On this basis, it might be anticipated that flame-dried Schlenk flask at . The Florisil was extracted with 2

the methyl-substituted catalyst system would yield polyethylene (1 x 10 mL) and pentane (¥ 10 mL), and the filtrate was reduced in
with fewer branches (i.e., more chain propagation would occur yacyo to give a red-brown foamy solid, which was dried under reduced
through migratory insertions of°lalkyl ethylene complexes  pressure fol h at 25°C and stored at-30 °C in the drybox freezer.
which produce no branch). However, alkyl olefin complexes Yield: 0.203 g (45%)H NMR (CD,Cl,, 400 MHz, 25°C): 6 8.04
equilibrate prior to insertion, and thesevs 2° rate differentials (d, J= 8.3, 2H, Anp-H), 7.42 (dd,J = 7.3, 8.3, 2H, Anm-H), 7.26
for insertion are nearly exactly counterbalanced by a greater (M, 6H, ArH), 6.71 (d,J = 7.3, 2H, Ano-H), 2.26 (s, 12H, Ar€ly),
thermodynamic preference fof 2lkyl ethylene complexes in ~ 1.18 (tq,J=7.2,7.4, 4H, PdCbCH,CH), 0.89 (t,J = 7.4, 4H, PdCi,-
the case of thertho methyl-substituted system relative to the CHzCHs). 0.68 (t,J = 7.2, 6H, PACHCH,CHs). *C NMR (CD.CL,
ortho isopropyl-substituted system. Thus, similar degrees of 12? 2/”_;_22’5_55012%).7621462(65 dlgé.f’cl.f)z'gilg?b%&ﬁzgf’cﬁ?'81’9158'0’
branching of the polyethylenes produced from the two catalyst (Pd(‘:lltCHzlc‘Hg) 17.7 .(ArCHg) ;naf ' Galed for éAH;NZ;a, p
systems are observé8 At the single insertion level, this is 70.27: H, 6.59- ’N, 4.82. Found: C 7'0_50; H. 6.53: N, 496,
illustrated in Scheme 14, where the ratiosnefiexane (linear) Compoundsi3b, 14a,l and15a,bwere prepared in an analogous

to 3-methylpentane (branched) generated from insertion and¢ashion to13a All give satisfactory analyses; experimental details and

cleavage of the equilibratingx(diimine)Pd(butyl)(ethylen€) spectral characterization appear in the Supporting Information.
isomers are nearly within experimental error for the two catalyst  synthesis of Agostic Butyl Complexes. [((2,6-(CE.CeHz)N=C-
systems. (An)C(AN)=N(2,6-(CHs)C¢H3))Pd(CsHo)IBAr "4 (28a).A clean, flame-
dried Schlenk flask was charged with ((2,6-(§4€sH3)N=C(An)C-
Experimental Section (An)=N(2,6-(CHs)2CsH3))Pd(CHo)2 (143) (50.3 mg, 82.6«mol) and

H(OEL).BAr's (84.3 mg, 83.3tmol) in an argon-filled drybox. The
flask was placed under argon and cooled-i@8 °C (dry ice/isopropy!
alcohol), and CHCI, (5.6 mL) was added via syringe. The solids
dissolved immediately to give a yellow-orange solution. The solution
was allowed to stir at-78 °C for 20 min; it was then warmed to@

General Considerations.All manipulations of compounds were
performed using standard high-vacuum or Schlenk techniques. Argon
was purified by passage through columns of BASF R3-11 catalyst
(Chemalog) ad 4 A molecular sieves. Solid organometallic compounds
were transferred in an argon-filled MBraun drybox. NMR spectra were - ; ’

. . and reduced in vacuo to a yellow-orange powder, which was dried under
acquired with Bruker DRX400 or DRX500 spectrometers. NMR probe reduced pressureff@ h at 25°C. The product is a mixture of isomers;

temperatures were measured using an Omega type T thermocouple . o o ;
immersed in anhydrous methanal @ 5 mm NMRtube. *H and see the text for details. Yield: 95.0 mg (81%). Ligand resonances for

chemical shifts are reported in ppm downfield of TMS and were the isomers are coincident and are reported as if the complex were a
referenced to residudH NMR signals and to thé€’C NMR signals of single speciesH NMR (CDCLF, 400 MHz,~110°C (static)): ¢ 8.11

- . (m, 2H, Anp-H), 7.79 (br s, 8H, BAy o-H), 7.51 (br s, 4H, BAR

'_[he deuterated solvents, respectively. All coupling con_stan_ts are reportedp_H)’ 7.31 (m, 8H, Anm-H, Ar H), 6.80 (m, 2H, Ano-H), 2.25 (m,

in Hz. Elemental analyses were performed by Atlantic Microlab, Inc., 12H, ArCH,). Trans isomer: 1.72 (br m, 1H, Pd(CH(G8H-u-

of Norcross, GA. . H(CH)), —7.98 (br d,J = 13, 1H, Pd(CH(CH)CH--H(CH)), Pd-
Activation parametersAG®) were calculated from measured rate (CH(CHs)CH-u-H(CHs)) obscured. Cis isomer: 1.44 (br m, 2H

constants and temperatures using the Eyring equation. Error analysisp HICH--H(CH 81 1H. Pd(CH Hogt
of AG* obtained for dynamic processes was based on Binsch's d(GH(CHs)CH-u-H(CHy)), 10 (br m, 1H, Pd(CH(CHCHy

derivation of cAG* and incorporated an estimate of 10% errorkin (54) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.
and=£1 °C error in temperaturé. Error calculations for coalescence  Timmers, F. JOrganometallics1996 15, 1518-1520.
data incorporated a larget5 °C error in the calculation. (55) Siegel, J. S.; Anet, F. A. L1. Org. Chem1988 53, 2629-2630.
(56) van Koten, G.; Vrieze, KAdv. Organomet. Cheni982 21, 151~
(52) Gottfried, A. C.; Brookhart, M. Unpublished results. 239.

(53) Binsch, G. IDbynamic Nuclear Magnetic Resonance Spectroscopy (57) Kharasch, M. S.; Seyler, R. C.; Mayo, F. R.Am. Chem. Soc.
Jackman, L., Cotton, F. A., Eds.; Academic Press: New York, 1975; p 77. 1938 60, 882-884.



Pd(ll) Alkyl Cations and Alkyl Ethylene Complexes

H(CHj)), Pd(CH(CH3)CH-u-H(CH3)) obscured:H NMR (CDCLF, 400
MHz, 0 °C (dynamic)): ¢ 8.10 (d,J = 8.4, 1H, Anp-H), 8.07 (d,J =
8.0, 1H, Anp-H'), 7.71 (br s, 8H, BAL 0-H), 7.50 (m, 2H, Anm-H),
7.47 (br s, 4H, BAL p-H), 7.27 (m, 6H, ArH), 6.81 (d,J = 7.6, 1H,
An o-H), 6.79 (d,J = 7.6, 1H, Ano-H'), 2.26 and 2.24 (2 s, 6H each,

ArCHj), all Pd—butyl resonances broadened into baseline by exchange.

3C NMR (CDCLF, 100 MHz, 0°C): 6 161.7 (q,)Jcs = 49.7, BAf,
Cipso), 131.56, 134.6 (BA§ Corno), 129.86, 129.62, 129.25 (&lcr =
28.3, BAr4 Crerg, 128.02, 127.74, 127.29, 125.43, 125.38, 125.22,
124.41 (q\ce = 272, BAr4 CFs), 117.5 (BAt, Cparg, 31.85, 25.05,
22.81, 18.56, 18.38, 17.94 (8H3), 17.63 (AIC'Hg), 15.08, 13.98,
13.70. Not all carbons were accounted for. Anal. Calcd feiHGN2-
BF,4Pd: C, 54.31; H, 3.21; N, 1.98. Found: C, 54.47; H, 3.43; N,
1.96.

[((2,6-(-Pr)2,CeH3)N=C(An)C(An)=N(2,6-(-Pr).CsH3))Pd(CsHg)]-
BAr', (28b). A procedure identical to that used f@8awas followed,
using ((2,6-(-PryCeHz)N=C(An)C(An=N(2,6-(-Pr)CsHs))Pd(CHo),
(14b) (100 mg, 0.139 mmol) and H(OB4BAr'4 (143 mg, 0.414 mmol)
in CH,Cl, (10 mL). Yield: 176 mg (83%) of a yellow-orange powder.
The product is a mixture of isomers; see the text for details. Ligand
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In Situ Formation of Agostic Alkyl Complexes. With the exception
of the agostic butyl complexes, whose synthesis is described in the
previous section, agostic alkyl complexes were studied by in situ
generation from the corresponding dialkyl complex and HERBAr' 4.
The byproducts of these reactions (generally an alkane ai@) Bte
not included in the NMR data for the species, though they may in some
cases obscure resonances from the agostic complexes themselves.
[((2,6-(CHs)2CeH3)N=C(AN)C(An) =N(2,6-(CHs)-CeH3))Pd(CH-
(CH2-u-H)(CH3))IBAr 4 (7a). See ref 22 for spectral data.
[((2,6-(-Pr),CeH3z)N=C(An)C(An)=N(2,6-(-Pr),CeH3))Pd(CH-
(CH2- u-H)(CH3))IBAr'4 (7b). See ref 21 for spectral data.
[((2,6-(CH3)2CeH3)N=C(An)C(An) =N(2,6-(CHs).CeHs))Pd(C-
(CH2- u-H)(CH3)2)]BAr ‘4 (18a).*H NMR (CDCLF, 400 MHz,—110
°C (static)): 0 8.08 (m, 2H, Anp-H), 7.77 (br s, 8H, BAL 0-H), 7.49
(br s, 4H, BAf, p-H), 7.39-7.22 (m, 8H, Anm-H, Ar H), 6.79 (d,
J= 6.8, 1H, Ano-H), 6.66 (d,J = 7.2, 1H, Ano-H'), 2.23 and 2.15
(2's, 6H each, Avle,, Ar'Me,), 0.56 (br s, 6H, Pd(C(CHu-H)(CHs),)),
—7.03 (br t,J = 15, 1H, Pd(C(Chu-H)(CHz),), Pd(C(CHz-u-H)-
(CHs),) obscured!H NMR (CDCLF, 400 MHz, 0°C (dynamic)): &
8.13 (d,J = 8.4, 1H, Anp-H), 8.10 (d,J = 8.4, 1H, Anp-H'), 7.76 (br

resonances for the isomers are coincident and are reported as if the> 8H: BAf4 0-H), 7.52 (br s, 4H, BA p-H), 7.44-7.29 (m, 8H, An

complex were a single speciééli NMR (CDCLF, 400 MHz,—110
°C (static)): 6 8.20 (m, 2H, Anp-H), 7.73 (br s, 8H, BA 0-H), 7.61
(m, 2H, Anm-H), 7.50 (br s, 4H, BAL p-H), 7.47 (m, 6H, ArH),
6.93 (m, 1H, Ano-H), 6.76 (m, 1H, Ano-H’), 3.40 and 3.32 (2
overlapping septets] = 6.8 and 6.8, EIMeM¥¢), 3.13 (septet]) =
6.4, HMeM¢), 2.87 (m, GHHMeM¢e),1.28 (br d, 12 H, CiMeMe),
1.01 (br, 6H, CHMeMe'), 0.93 (br, 6H, CHMeM¥€). Trans isomer:
1.72 (m, 1H, Pd(CH(CECH-u-H(CHs)), 0.15 (br d, 3H, Pd(CH(Ck-
CH-u-H(CHg)), —8.20 (br dJ = 17, 1H, Pd(CH(CH)CH-u-H(CHy)),
Pd(CH(CH3)CH-u-H(CHs)) obscured. Cis isomer: 1.35 (m, 2H, Pd-
(CH(CH3)CH-u-H(CHz)), —8.27 (t,J = 7, 1H, Pd(CH(CH)CH-u-
H(CHs)), Pd(CH(QH3)CH-u-H(CHs)) obscuredsecButyl agostic iso-
mer with ethyl branch==8.01 (t,J = 16, 1H, Pd(CH(CHCH3)CH,-
u-H)), Pd(CH(CH,CH3)CHy-u-H) obscuredH NMR (CDCLF, 400
MHz, 0 °C (dynamic)): ¢ 8.08 (d,J = 8.4, 1H, Anp-H), 8.05 (d,J =
8.4, 1H, Anp-H'"), 7.72 (br s, 8H, BAL 0-H), 7.52 (m, 2H, Anm-H),
7.49 (br s, 4H, BARL p-H), 7.41 (m, 6H, ArH), 6.80 (d,J = 7.6, 1H,
An o-H), 6.60 (d,J = 7.6, 1H, Ano-H'), 3.15 (m, 4H, GiMeM¢€,
C'HMeM¥€), 1.35 (d,J = 6.8, 12 H, CHVieM€), 1.06 (d,J = 6.8, 6H,
C'HMeMe'), 0.96 (d,J = 6.8, 6H, CHMeM€), all Pd—butyl resonances
broadened into baseline by exchan§€. NMR (CDCLF, 100 MHz, 0
°C): 6 161.7 (q,ce = 49.7, BAr, Cipso), 151.1, 146.0, 144.2, 142.1,
142.0, 139.3, 138.4, 137.5, 134.6 (BACorno), 133.5, 133.0, 131.7,
130.2, 130.0, 129.25 (§Jcr = 28.3, BAf,; Cner), 128.4, 127.6, 126.3,
125.8, 125.5, 125.3, 125.0, 124.41 {3 = 272, BAr4 CRy), 117.5
(BAr's Coary, 31.8, 30.3, 29.8, 29.6, 29.5, 25.0, 24.0, 23.5, 23.4, 23.3,

23.2,23.0,22.8,22.7, 22.3, 14.0, 13.7. Not all carbons were accounted

for. Anal. Calcd for G,HgiN.BF,4Pd: C, 56.61; H, 4.03; N, 1.83.
Found: C, 56.75; H, 4.15; N, 1.88.

General Procedures for Variable-Temperature NMR Experi-

m-H, Ar H), 6.86 (d,J = 7.6, 1H, Ano-H), 6.76 (d,J = 7.2, 1H, An
0-H'), 2.31 and 2.24 (2 s, 6H each, Me,, Ar'Me;), —0.14 (br s, 9H,
Pd(C(THa)s).

Trapping the agostitert-butyl complex with acetonitrile yields the
isobutyl acetonitrile complexX((2,6-(CHs),CsH3)N=C(An)C(An)=
N(2,6-(CHs)2CeHz))Pd(CH,CH(CH3)2)(NCCH3g))IBAr ‘4 (22a).'H NMR
(CDCl,, 400 MHz,—60 °C): ¢ 8.12 (d,J = 8.4, 1H, Anp-H), 8.10
(d,J = 8.4, 1H, Anp-H'), 7.72 (br s, 8H, BAL 0-H), 7.53 (br s, 4H,
BAr', p-H), 7.47 (m, 2H, Anm-H), 7.36-7.18 (m, 6H, ArH), 6.96 (d,
J=7.2, 1H, Ano-H), 6.50 (d,J = 7.2, 1H, Ano-H'), 2.27 and 2.18
(2 s, 6H each, Avle,, Ar'Mey), 1.80 (s, 3H, P&eNCMe), 1.48 (d,J =
7.2, 2H, Pd(®1,CH(CHg)2)), 0.69 (d,J = 6.4, 6H, Pd(CHCH(CHa)2)),
Pd(CHCH(CHs), obscured.

Trapping the agostitert-butyl complex with3CO at—80 °C initially
yields thetert-butyl carbonyl complexy((2,6-(CHs).CsH3)N=C(An)C-
(An)=N(2,6-(CHs).CeH3))Pd(C(CHz3)3)(**CO))]BAr '4 (23a).*H NMR
(CDCIF, 400 MHz,—90°C): 6 8.08 (d,J = 7.6, 1H, Anp-H), 8.06
(d,J=7.6, 1H, Anp-H'), 7.77 (br s, 8H, BAL 0-H), 7.52 (br s, 4H,
BAr'4 p-H), 7.50~-7.21 (m, 8H, Anm-H, Ar H), 6.78 (d,J = 7.6, 1H,
An o-H), 6.23 (d,J = 7.6, 1H, Ano-H'), 2.27 and 2.16 (2 s, 6H each,
ArMe;, Ar'Mey), 0.99 (s, 9H, Pd(C(B3)s). 13C NMR (CDChLF, 100
MHz, —90 °C): ¢ 180.9 (Pd*CO), broadened due to exchange with
free 1°CO).

The tert-butyl carbonyl complex isomerizes at60 °C to give the
isobutyl carbonyl complex{((2,6-(CHz),CsHz)N=C(An)C(An)=N-
(2,6-(CHs)2CeH3))Pd(CH2CH(CH 3)2)(*3CO))IBAr '4 (24a). *H NMR
(CDClF, 400 MHz,—90°C): 6 8.13-8.08 (m, 2H, Anp-H, partially
obscured bytert-butyl carbonyl complex), 7.77 (br s, 8H, BA0-H),
7.52 (br s, 4H, BAL p-H), 7.52-7.22 (m, 8H, Anm-H, Ar H), 6.83
(d,J = 7.2, 1H, Ano-H), 6.49 (d,J = 7.2, 1H, Ano-H'), 2.31 and
2.19 (2 s, 6H each, Me,, Ar'Mey), 2.01 (d,J = 7.2, 2H, Pd(CEl,-

ments. In a drybox under an argon atmosphere, a tared NMR tube CH(CH,),)), 1.56 (m, 1H, Pd(CRCH(CHs),)), 0.75 (d,J = 6.0, 6H,
was charged with ca. 0.01 mmol each of the desired dialkyl complex pPd(CHCH(CHs),)). 13C NMR (CDCLF, 100 MHz,—90°C): § 175.0
and H(OE#).BAr', or ca. 0.01 mmol of the isolated agostic alkyl (sharp, Pd€CO)).

complex. The tube was capped with a rubber septum in the drybox  The isobutyl carbonyl complex undergoes insertion betweéf
and secured with Teflon tape and Parafim once removed from the and —40 °C to give the isobutyl acyl carbonyl complef(2,6-

drybox. The tube was then cooled 1678 °C (dry ice/acetone bath),
and CDCI, was added via gastight syringe (22-gauge need#&0
uL). Alternatively, CDCLF was used for lower temperature work; it

(CH3)2CeH3)N=C(An)C(An)=N(2,6-(CHs).CsH3))Pd(*C(O)CH,CH-
(CH3)2)(3CO))|BAr 4 (25a).'H NMR (CDCLF, 400 MHz,—40 °C):
58.12 (d,J = 8.4, 1H, Anp-H), 8.09 (d,J = 8.4, 1H, Anp-H'), 7.76

was added to the NMR tube via a 22-gauge cannula. The tube was(br s, 8H, BAf, 0-H), 7.55-7.48 (m, 2H, Anm-H), 7.53 (br s, 4H,
then removed from the bath briefly and shaken to facilitate dissolution BAr', p-H), 7.36-7.25 (m, 6H, ArH), 6.83 (d,J = 7.2, 1H, Ano-H),
of the solids (and subsequent reaction, in the case of the dialkyl 6.57 (d,J = 7.2, 1H, Ano-H'), 2.64 (dd,2Jcy = 6.0, 3344 = 6.0, 2H,
complexes). The tube was kept in the bath until it could be transferred Pd{3C(O)CH,CH(CH)y)), 2.32 and 2.31 (2 s, 6H each,Me, Ar'Me,),

to a precooled {80 °C) NMR probe for acquisition of spectra. The
concentrations of all species were calculated using the',Béir

acenaphthyiH signals ¢rtho or para) as internal standards. Acetonitrile
was added to the NMR tube via a Z0-syringe to produce acetonitrile

0.56 (d,J = 6.4, 6H, PAEC(O)CHCH(CHs),)), Pd(3C(O)CHCH(CHs),)
obscured*C NMR (CDCLF, 100 MHz,—40 °C): ¢ 210.7 (sharp,
Pd(3C(O)CH,CH(CHg)y)), 172.2 (broad, P&CO)).

[((2,6-(-Pr) 2CeHa)N=C(An)C(An)=N(2,6-(-Pr),CesH3))Pd(C(CH,-

complexes; ethylene was added via a gastight syringe with a 22-gaugeu-H)(CH3),)IBAr s (18b). *H NMR (CDCLF, 400 MHz, —130 °C
needle. CO was bubbled directly through the solution in the NMR tube (static)): 6 7.92 (d,J = 7.2, 1H, Anp-H), 7.89 (d,J = 7.2, 1H, An
using a 22-gauge needle. p-H), 7.71 (br s, 8H, BAy o-H), 7.44 (br s, 4H, BAL p-H), 7.46—
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7.34 (m, 8H, Anm-H, Ar H), 6.63 (d,J = 7.2, 1H, Ano-H), 6.33 (d,
J=17.2, 1H, Ano-H'"), 2.97 (2 overlapping septets, 2H eacli\e,,
C'HMe,), 1.31, 1.23, 0.98, and 0.72 (4 br d, 6H each, Ni#¥e',
CHMeM¢€, CHMeMe', CHMeM€), 0.60 (br s, 6H, Pd(C(CHu-H)-
(CHg)y)), —7.12 (br t,J = 15, 1H, Pd(C(Chu-H)(CHs),), Pd(C(CH-
u-H)(CHz);) obscured.*H NMR (CDCLF, 400 MHz, 0°C (dy-
namic)): ¢ 8.04 (d,J = 7.5, 1H, Anp-H), 8.01 (d,J = 7.8, 1H, An
p-H), 7.71 (br s, 8H, BAL 0-H), 7.48 (br s, 4H, BAL p-H), 7.54-
7.36 (m, 8H, Anm-H, Ar H), 6.75 (d,J = 7.2, 1H, Ano-H), 6.50 (d,
J=7.2, 1H, Ano-H'), 3.11 and 3.10 (2 septets, 2H eadhs 6.9 and
6.6, HMe,, C'HMe;), 1.36, 1.32, 1.05, and 0.82 (4d, 6H eadhs
6.9, 6.9, 6.6, 6.6, CMeMe', CHMeM¢e, CHMeMe', CHMeM¢€),
—0.20 (sharp s, 9H, Pd(CHg)s).

Trapping the agostitert-butyl complex with acetonitrile yields the
isobutyl acetonitrile comple)((2,6-(i-Pr)CsH3z)N=C(An)C(An)=N-
(2,6-(-Pr)2CeH3))Pd(CH2CH(CH 3)2)(NCCH3)|BAr 4 (22b).*H NMR
(CD.Cl,, 400 MHz,—60°C): ¢ 8.13 (d,J = 7.8, 1H, Anp-H), 8.11
(d,J=17.8, 1H, Anp-H'), 7.72 (br s, 8H, BAy 0-H), 7.53 (br s, 4H,
BAr's p-H), 7.48-7.39 (m, 8H, Anm-H, Ar H), 6.98 (d,J = 6.9, 1H,

An o-H), 6.37 (d,J = 7.5, 1H, Ano-H'), 3.20 and 3.12 (2 septets, 2H

each,J = 6.9 and 6.0, EIMe,, CHMey), 1.77 (s, 3H, P&NCMe),
1.63 (d, 2H,J = 7.2, Pd(CG1,CH(CHs),)), 1.38, 1.34, 1.00, and 0.84
(4d, 6H each)=16.9, 6.9, 6.6, 6.6, CMeMe', CHMeM¢€, CHMeMe',
C'HMeM¢€), 0.76 (d,J = 6.6, 6H, Pd(CHCH(CHz))), Pd(CHCH(CHs)
obscured.

Alkyl Ethylene Complexes. [((2,6-(CH).CsH3)N=C(An)C(An)=
N(2,6-(CHs)2CsH3))Pd(CH,CHz3)(CH,=CH,)]BAr 4 (30a[BAr'4]). H
NMR (CDCl,, 400 MHz,—80°C): 6 8.17 .(d,J = 8.0, 1H, Anp-H),
8.13 (d,J = 8.0, 1H, Anp-H'), 7.71 (br s, 8H, BAr o-H), 7.53 (m,
2H, Anm-H), 7.53 (br s, 4H, BAG p-H), 7.35 (m, 6H, ArH), 6.71 (d,
J=17.2, 1H, Ano-H), 6.64 (d,J = 7.2, 1H, Ano-H'), 4.60 (br s, 4H,
Pd(CH;=CHy,)), 2.26 (s, 6H, Ar®ls), 2.21 (s, 6H, AiCHs), 1.34 (q,
J=17.2, 2H, PdG®i,CHs), 0.43 (t,J = 7.2, 3H, PACHCHj).

[((2,6-(CHs)2CeHz)N=C(An)C(An)=N(2,6-(CH;)2CeH3))Pd(CHz-
CH3)(CHz=CH2)]HB(C¢Fs)s (30a[HB(CsFs)s]). *H NMR (CD:Cly,
500 MHz, —80 °C): ¢ 8.18 (d,J = 8.3, 1H, Anp-H), 8.13 (d,J =
8.3, 1H, Anp-H'), 7.52 (m, 2H, Anm-H), 7.34 (m, 6H, ArH), 6.66
(d,J = 7.3, 1H, Ano-H), 6.59 (d,J = 7.3, 1H, Ano-H'), 4.54 (s, 4H,
Pd(CH;=CHy)), 3.4 (v br, 1H,HB(CsFs)3), 2.24 (s, 6H, ArCis), 2.19
(s, 6H, AfCH3), 1.23 (q,J = 7.3, 2H, PdEi,CHs), 0.38 (t,J = 7.3,
3H, PACHCH5).

[((2,6-(-Pr)2CeH3z)N=C(An)C(An)=N(2,6-(-Pr),CsH3))Pd(CH2-
CH3)(CH,=CH,)]BAr 4 (30b[BAr'4]). *H NMR (CD.Cl,, 400 MHz,
—80°C): 6 8.07 (d,J = 7.6, 1H, Anp-H), 8.03 .(d,J = 8.0, 1H, An
p-H), 7.71 (br s, 8H, BAL 0-H), 7.55-7.38 (m, 8H, Anm-H, Ar H),
7.53 (br s, 4H, BARL p-H), 6.50 (d,J = 7.2, 1H, Ano-H), 6.44 (d,
J=7.6, 1H, Ano-H'), 4.58 (br s, 4H, Pd(B,=CH), dynamic), 2.99
and 2.92 (2 septets)] = 6.4 and 6.4, 2H each, AKMeMe,
ArC'HMeM¥€), 0.56 (g,d = 7.2, 2H, Pd®i,CHs), 1.33, 1.28, 0.85,
and 0.79 (4 dJ = 6.4, 6.4, 6.4, and 6.4, 6H each, ®lEMe,
CHMeM€, CHMeMe', CHMeM¢), 0.33 (t,J = 7.2, 3H, PACHCH3).

[((2,6-(-Pr)2CeH3z)N=C(An)C(An)=N(2,6-({-Pr),CsH3))Pd(CH2-
CH3)(CH,=CH3)]HB(C¢Fs)s (30b[HB(CgFs)3]). *H NMR (CDCly,
400 MHz, —80 °C): ¢ 8.17 (d,J = 8.0, 1H, Anp-H), 8.13 (d,J =

Shultz et al.

[((2,6-(CHs)2CeH3)N=C(An)C(An) =N(2,6-(CHs).CeH3))Pd(CH:-
CH,CH,CH3)(CH,=CH,)|BAr ' (37a).tH NMR (CDCLF, 400 MHz,
—50°C): ¢ 8.13 (d,J = 8.4, 1H, Anp-H), 8.09 (d,J = 8.0, 1H, An
p-H), 7.77 (br s, 8H, BAL 0-H), 7.51 (br s, 4H, BAL p-H), 7.38 (m,
2H, Anm-H), 7.35 (m, 6H, ArH), 6.72 (d,J = 7.2, 1H, Ano-H), 6.71
(d,J = 7.2, 1H, Ano-H'), 4.60 (s, 4H, Pd(8,=CH,)), 2.28 (s, 6H,
ArCHs), 2.22 (s, 6H, AiCH3), 1.28, 1.01, and 0.72 (m, 2H each,
Pdmchchch:g), 0.56 (t,.] = 7.2, 3H, PdCIQCHchzCH3)

[((2,6-(i-Pr)2CsH3)N=C(AN)C(An)=N(2,6-(-Pr),CsH3))Pd(CH-
(CH3)CH,CH3)(CH,=CH_)]BAr ', (36b). '"H NMR (CDCLF, 400
MHz, —90°C): 6 8.01 (d,J = 8.4, 1H, Anp-H), 7.97 (d,J = 8.4, 1H,
An p-H'), 7.78 (br s, 8H, BAy 0-H), 7.57 (br s, 4H, BAL p-H), 7.48
(m, 6H, Anm-H, Ar H), 6.50 (d,J = 7.2, 1H, Ano-H), 6.37 (d,J =
7.2, 1H, Ano-H'), 4.68 (m, 2H, Pd(EIH'=CHH")), 4.60 (m, 2H, Pd-
(CHH'=CHH")), 3.15 and 3.05 (2 septets, 2H each, Ai@eMe,
ArC'HMeM¥€), 2.05 (m, 1H, Pd(El(CHs)CH,CHz)), 1.40, 1.35, 0.90,
and 0.80 (4 dJ = 6.5, 6.5, 6.8, and 6.8, 6H each, GlMe',
CHMeM¢€, CHMeMe', CHMeM¥€), 0.70 (d,J = 6.4, 3H, Pd(CH-
(CH3)CH,CHg)), 0.36 (m, 3H, Pd(CH(CECH,CHj3)), Pd(CH(CH)CH,-
CHs) obscured.

[((2,6-(-Pr)2CsHz)N=C(An)C(An)=N(2,6-(-Pr) ,CsHz))Pd(CH,-
CH,CH,CH3(CH>=CH,)]BAr '4 (37b).™H NMR (CDCLF, 400 MHz,
—50°C): ¢ 8.07 (d,J = 8.0, 1H, Anp-H), 8.03 (d,J = 8.0, 1H, An
p-H), 7.77 (br s, 8H, BAL 0-H), 7.54 (br s, 4H, BAL p-H), 7.5 (m,
6H, An m-H, Ar H), 6.59 (d,J = 8.0, 1H, Ano-H), 6.55 (d,J = 8.0,
1H, An o-H'), 4.68 (s, 4H, Pd(8,=CH,)), 3.08 and 3.00 (2 septets,
J=6.8 and 6.8, 2H each, AtdMeM¢€, ArC'HMeM¢€'), 1.56 (m, 2H,
Pd(CH,CH,CH,CHy)), 1.42, 1.38 (2 d,J = 6.8, 6.8, 6H each,
CHMeMe', CHMeM€), 0.97 (m, 2H, Pd(CLCH,CH,CHj)), 0.92, 0.89
(2d,J=6.8, 6.8, 6H each, €MeMe', CHMeM¢), 0.58 (1, = 7.2,
3H, Pd(CHCHzCHgCH3)), Pd(cwCH2CH2CH3) obscured.

[((2,6-(CHz)2CeHz)N=C(AN)C(An) =N(2,6-(CHs)2CeHs))Pd(CHCH-
(CH3),)(CH;=CH,)]BAr'4 (35a).*H NMR (CD,Cl,, 400 MHz,—80
°C): 0 8.14 (d,J= 8.4, 1H, Anp-H), 8.10 .(d,J = 8.4, 1H, Anp-H'),
7.72 (br s, 8H, BAL 0-H), 7.51 (br s, 4H, BAL p-H), 7.49 (m, 2H,
An m-H), 7.35-7.26 (m, 6H, ArH), 6.67 (d,J = 7.2, 1H, Ano-H),
6.62 (d,J= 7.2, 1H, Ano-H'), 4.54 (s, 4H, Pd(8,=CH,)), 2.19 and
2.16 (2 s, 6H each, Me,;, Ar'Me;), 1.20 (d,J = 6.4, 2H, Pd(CEl--
CH(CHg)2)), 0.62 (d,J = 5.6, 6H, Pd(CHCH(CHs),)), Pd(CHCH(CHs),)
obscured.

[((2,6-(-Pr),CeH3)N=C(An)C(An)=N(2,6-(-Pr).CsH3))Pd(CH,CH-
(CHa3)2)(CH,=CH,)]BAr'4 (35b). *H NMR (CD,Cl,, 400 MHz, —80
°C): 4 8.06 (d,J = 8.4, 1H, Anp-H), 8.02 (d,J = 8.4, 1H, Anp-H'),
7.72 (br s, 8H, BAL 0-H), 7.51 (br s, 4H, BAL p-H), 7.47 (m, 2H,
An m-H), 7.40 (m, 6H, ArH), 6.52 (d,J = 7.6, 1H, Ano-H), 6.44 (d,
J=17.2, 1H, Ano-H'), 4.58 (s, 4H, Pd(B,=CH,)), 2.98 and 2.94 (2
septets,) = 6.4 and 6.4, 2H each, AlMeM¢€, ArC’'HMeM¥€'), 1.38
(d,J= 6.8, 2H, Pd(€1,CH(CHs)2)), 1.33, 1.28 (2 dJ = 6.4, 6.4, 6H
each, CHieMe', CHMeMeg), 0.95 (m, 1H, Pd(CkCH(CHj),)), 0.80
(m, 12H, CHMeMe', CHMeMe), 0.61 (d,J = 5.6, 6H, Pd(CHCH-
(CHa)2)).

Rates of Migratory Insertion, Dissociation, and Association:
NMR Spectroscopy. (a) Ethyl Ethylene Migratory Insertion. Rates
for migratory insertion of ethylene into the Pdthyl bond were

8.0, 1H, Anp-H'), 7.48 (m, 8H, Anm-H, Ar H), 6.53 (d,J = 7.6, 1H,
An 0-H), 6.45 (d,J = 7.6, 1H, Ano-H'), 4.59 (s, 4H, Pd(8;=CH,)),
3.4 (v br, 1H,HB(CsFs)3), 3.00 and 2.93 (2 septety= 6.8 and 6.4,
2H each, ArGiMeMe, ArC'HMeM¥'), 1.57 (g,J = 7.3, 2H, PdEi,-
CHg), 1.35, 1.29, 0.86, and 0.81 (4 3= 6.8, 6.8, 6.4, and 6.4, 6H
each, CHWeMe', CHMeM¢e, CHMeMe', CHMeM¢€), 0.35 (t,J = 7.3,
3H, PACHCH3).

[((2,6-(CH3)2CeH3)N=C(ANn)C(An) =N(2,6-(CH;)-CeH3))Pd(CH-
(CH3)CH3CH3)(CH,=CHy)]BAr '4 (36a).1H NMR (CDCl,, 400 MHz,
—90°C): 6 8.10 .(d,J = 8.0, 1H, Anp-H), 8.06 .(d,J = 8.4, 1H, An
p-H), 7.77 (br s, 8H, BAL 0-H), 7.53-7.45 (m, 2H, Anm-H), 7.51
(br s, 4H, BAt, p-H), 7.40-7.21 (m, 6H, ArH), 6.63 (d,J = 7.2, 1H,
An o-H), 6.60 (d,J = 6.8, 1H, Ano-H'), 4.56 (m, 2H, Pd(BH'=
CHH")), 4.53 (m, 2H, Pd(CH'=CHH")), 2.25, 2.21, and 2.18 (3 br s,
12H total, Ar(Hs, ArCHj3, Ar'CHs;, Ar'CH3), 1.67 (m, 1H, Pd-
(CH(CH3)CH:CHjy)), 0.61 (m, 3H, Pd(CH(B3)CH:CHj3)), 0.50 (m, 3H,
Pd(CH(CH)CH,CHz)), Pd(CH(CH)CH,CHs) obscured.

determined by adding 20 equiv of ethylene to the ethyl ethylene
complexes (BAu counterion; spectra are described above) and
monitoring the loss of the Pd(GBHj3), resonance (ca. 0.4 ppm) over
time (BAr'4 p-H was used as an internal standard). The natural logarithm
of the methyl integral was plotted versus time (first-order treatment)
to obtain kinetic plots (see Supporting Information). Three kinetic runs
were done for each species, and the averages are reported in Table 3.

(b) Isobutyl Ethylene Migratory Insertion. A similar method was
used for determining the rate of migratory insertion for the isobutyl
ethylene complex35b. Loss of the isobutyl methyl resonance was
monitored with respect to time, and the average barriers obtained are
also reported in Table 3.

(c) Ethylene DissociationRates for ethylene dissociation from the
ethyl ethylene compleR0b[HB(CsFs)s] were determined by monitoring
the loss of the labeled GHesonance in théH NMR spectrum with
time. These data was treated as a first-order reaction approaching
equilibrium (see Supporting Information for plot).
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(d) Associative Exchange of EthyleneThe rate of exchange of The volatile products were then vacuum transferred away from the Pd
bound ethylene with free ethylene in comple8€s,HHB(CeFs)s] was material and analyzed by GC. The following temperature program was
determined by NMR line broadening experiments-&5 °C in CD,- employed: injector temperature, 250; detector temperature, 25G;

Cl,. Samples were prepared by the reaction of the diethyl complexes initial temperature, 33C; initial time, 15 min; ramp rate, 20C/min;
31a,bwith a stoichiometric amount of B{Es)s, generating the ethyl final temperature, 25€C; final time, 15 min. Peaks were identified by
ethylene complexe80a,dHB(C¢Fs)3] in situ. After the 'H NMR elution time on the basis of standards run separately as solutions in
spectrum was acquired in the absence of exchange, ethylene was adde@H,Cl,. Retention times were as follows: 5.63 min (ethylene); 5.95
to the NMR tube via gastight syringe and a second spectrum was min (n-propane); 6.43 min (2-methyl propane); 6.77 mirbltane);
obtained at the same temperature. The amount of ethylene in solution8.00 min (2-methyl butane); 8.86-fpentane); 9.04 min (diethyl ether);
was calculated using the acenaphtbytho hydrogens as an internal ~ 9.55 min (methylene chloride); 10.14 min (2,2-dimethylbutane); 11.92
standard. Line widths«f) were measured at half-height in units of Hz  min (2-methylpentane); 12.89 min (3-methylpentane); 14.30 min (
for complexed ethylene and were corrected for line widthg (n the hexane); 20.21 minntheptane); 22.07 min (triethylsilane); 24.09 min
absence of exchange. Second-order associative exchange rates wei@-octane).

determined from the standard equation for the slow exchange ap-

proximation, k = s(w — wo)/[CzHa], where [GH] is the molar Acknowledgment. The authors wish to thank the NSF
concentration of free ethylene. A pulse delay of 60 s was used. (The (Grant CHE-0107810) and DuPont for funding. L.H.S. acknowl-
T, of free ethylene is 15 s.) These experiments were repeated twice,edges the NSF for a graduate research fellowship. M.B. thanks

and the average second-order rate constants are reported in Table : . -
Migratory Insertion Rate Ratios: Gas Chromatography. Ratios %mhgniusg?;tldt Foundation for support during preparation of the

of rate constants were obtained by GC for primary versus secondary
insertion using the butyl ethylene complex@64/37aand 36b/370H

and propyl ethylene complexea{10b) described above. A representa- Supporting Information Available: Preparation and spec-
tive procedure is outlined here for complexa&/37b. A small, flame- tral details for 13b, 14a,h and 15a,b and graphs for the
dried Schlenk flask was charged wi28b (38.3 mg, 0.025 mmol) in determination of rates of migratory insertion f8@a,BAr'4]
an argon-filled drybox. The flask was cooled+@8 °C, and CHCI, and 35a,b and ethylene dissociation BO[HB(CsFs)3]. This

(2.5 mL) was added via syringe. Ethylene (0.61 mL, 0.025 mmol) was material is available free of charge via the Internet at
added to the orange solution via gastight syringe. The flask was rapidly http://pubs.acs.org.

warmed to—20 °C and was stirred at this temperature for 10 min. The
reaction was then quenched by the addition of excess E@Ht mL). JA011055J



