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Abstract: The dimerization of olefins by well-defined cationig3-allyl—palladium complexes of the type
[(CsHs)PA(L)(PR)]T[BAr's]~ (Ar' = [3,5-GeH3(CFs)z]; L = OEt, H20; R = cyclohexyl (Cy),n-butyl ("Bu)) has
been studied. These complexes react with ethylene or methyl acrylat8atC with loss of L to form then?-
olefin complexes [(@Hs)Pd(?-olefin)(PRy)] "[BAr'4]~ (olefin = H,C=CH,, CH,=CHC(O)OCH). Upon warming,
allyl—olefin coupling occurs. The dimerization of ethylene occurs rapidly°& &ith an observable ethylethylene
intermediate [(GHs)Pd(GHa)2(PCys)]T[BAr's]~. Methyl acrylate reacts to form a stable acrylate chelate complex,
[(CH3O(0)CCHCH,)Pd(CH=CHC(0O)OCH)(PRs)] "[BAr'4] ~, which is the catalyst resting state for methyl acrylate
dimerization which occurs at room temperature to give predominarths-dimethyl-2-hexenedioate.

the unsaturated, linear diesters which can be converted to adipic
acid by hydrogenation and hydrolysis. Since acrylates are
produced from oxidation of propene, this route provides an entry
into adipic acid based on ag@eedstock which contrasts with
the currently practiced methods based qyfé2dstocksd:?

Introduction

Transition metal-catalyzed dimerization of functionalized
olefins represents an attractive route to inexpensive difunctional
monomers useful for polymer synthesis via condensation
techniques. The regioselective tail-to-tail dimerization of methyl

acrylate has been extensively examined as an alternative route HCO C/\,./J\/C‘chHa
to adipic acid, one of the monomers used in the production of ez
Nylon 6,6172° As shown in eq 1, tail-to-tail dimerization yields cis- and trans- dimethyl-2-hexenedioate
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Acrylate dimerization catalysts based on Rh, Ru, Pd, and Ni
have all been reportett2® The most efficient catalyst systems
and those best understood mechanistically are cationic Rh(lll)
catalysts derived from protonation of bis-ethylene complexes
of the type GMesRh(GHa),, (7°-1,2,3-trimethylindenyl)Rh-
(CaHa)2, and ¢°-1,2,3,4,5,6,7-heptamethylindenyl)Rh{G)..

The resting state of thes®lesRh'"-based catalyst was shown

to be the rhodium(lI)-chelate compleg illustrated below, with

the turnover-limiting step being the migratory insertion reaction
» of 3 with exclusive tail-to-tail coupling occurringyt12
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in pure methyl acrylate (60 turnovers, approximately 90%
selectivity for linear dimers). Oehme and co-workédiscov-
ered that activation of (§HsCN),PdChL with AgBF4/benzo-
quinone resulted in a longer lived catalyst (340 turnovers)
operating at room temperature while Nugent and McKifney
examined the influence of various Lewis and protic acid
additives on the catalytic activity of this system. Nugent later
reported a mild, highly selective route for the dimerization of
methyl acrylate using the electrophilic, dicationic [Pd-
(CH3CN)4)2"[BF4]2~ and LiBF; (150 turnovers, 40°C)1920
Tkatchenko and co-workers30:31 have examined;-allyl—
Pd(Il) precursors for methyl acrylate dimerization. Typically,
(7%-allyl)Pd(COD)" salts were treated with phosphines in
CHCI, to generate active catalyst systems. sBuvas found

to be particularly effective; addition of 0.5 equiv tg3%CH,-
CCH:CH,)Pd(CODY resulted in an active catalyst system (300
turnovers, 20 h, 80C) with high selectivity for linear dimers.
Methyl acrylate dimerization was also achieved by protonation
of Pd(AcAc) with HBF, in CH,Cl,.2531

e
Several possible mechanisms have been suggested for these<€Pd\

Pd(ll)-catalyzed acrylate dimerizations including an oxidative
addition pathway through a vinyl hydride intermediatea
Cossee-Arlman insertion mechanism functioning through a
palladium hydride intermediafé, and carbor-carbon bond
coupling through formation of a Pd(ll) metallacyéfe. No

thorough mechanistic studies have been carried out which firmly
established the mechanistic details of these closely related Pd(Il)
catalytic systems. Thus, it was the goal of this work to prepare

well-defined Pd(ll)-catalyst precursors and examine working

catalyst systems by NMR spectroscopy in order to establish the

mechanism of acrylate dimerization.

We report here the synthesis of monocatiopieallyl—
palladium(ll) complexes of the typg{-CsHs)Pd(PR)(OEL) *-
(BAr'z)~ (Ar' = [3,5-(CR)2CeHg]) and use of these complexes
for both catalytic ethylene and methyl acrylate dimerization and
low-temperature NMR studies which lend insight into the details
of the catalytic cycle for these dimerization reactions.

Results and Discussion

1. Synthesis of then3-Allyl —Palladium(ll) Precatalysts
[(C3Hs)PA(OEL)(L)] F[BAr ‘4]~ (7: L = PCys (a), PBus (b))
The dimeric complex [(Hs)PdCIL (4)32 reacts with PCyor
PBu; via chloride bridge-splitting to give the monomeric
complexes [(GHs)Pd(CI)(PR)] (5a,b).3% Treatment of5a,b
with CHzMgBr gives [(GHs)Pd(CHs)(PRs)] (6a,b).34 Complex
6a (R = Cy) and comple6b (R = "Bu) are isolated as a pure
crystalline solid and as an oil, respectively. Protonation of
complexesa,bwith the oxonium acid, (2O),H(BAr's)~ (Ar'
= 3,5-GH3(CFRs),), gives complexesr/a,b in good yields
(Scheme 1).

Complexes/a,bare highly electrophilic and the diethyl ether

ligands are quite labile. In the presence of even traces of water,
the ether ligand is readily displaced and thus complexes

[(C3Hs)Pd(OE:)(PRs)] T[BAr'4]~ (7a,b), which are isolated or

are observed in solution, often contain small amounts of the
corresponding aquo complexes. The noncoordinating counterion

[3,5-CsH3(CFs)2]4B~ stabilizes these highly electrophilic com-
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Scheme 1Synthesis of Precatalysts
(PRII[BAr's]— (7a,bi R = Cy (a)"Bu (b))
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Scheme 2 In Situ Generation of Isomeric
[(CsHs)PA(GH4)(PCys)] [BAr's] — (8o and 8f)

poysl *

B(Ar)

[(CsHs)Pd(C2H4)(PCy3)I*

OFt, -90 °C, CD.Cl, 8a (*'P=537.2)

Ia
88 (°'P = §36.1)

plexes and increases their solubility, whereas traditional coun-
terions, such as [RF and [BR]-, often yield insoluble
complexes that can decompose via halide ion abstra#tibhe

use of the noncoordinating counterion, together with the high
purity of the crystalline tricyclohexylphosphine complex, en-
abled the detailed mechanism of reactions of these complexes
with ethylene and methyl acrylate to be investigated by low-
temperature NMR spectroscopy.

2. Reactivity of the 3-Allyl Complex [(C sHs)Pd(OEty)-
(PCy3)][BAr 4]~ (7a) with Ethylene. Spectroscopic Detec-
tion of Reaction Intermediates. A. Initial Observation of
Catalytic Ethylene Dimerization. Treatment of a CBECl,
solution of thezS-allyl—palladium ether complex [(§E1s)Pd-
(OEL)(PCy)]"[BAr'4]~ (7a) at —10 °C with excess ethylene
results in catalytic ethylene dimerization to form butenes. The
major butene isomer present was identified By NMR
spectroscopy asrans2-butene (cis:trans, ca. 1:6). Having
demonstrated thata dimerizes ethylene, a detailed analysis of
the reaction mechanism was performed by monitoring this
reaction by low temperature NMR spectroscopy. Two key
intermediates in the catalytic formation of butenes have been
observed. The characterization of these intermediates and the
details of the initiation process and the subsequent dimerization
reaction are described below.

B. Formation, Low-Temperature Spectroscopic Charac-
terization, and Dynamic Behavior of [(CsHs)Pd(CoH4)-
(PCy3)]"[BAr 4]~ (8). Exposure of they*-allyl—palladium ether
complex [(GHs)Pd(OES)(PCy)] T[BAr'4] (74) to 40 equiv of
ethylene in CRCI, at —90 °C results in the generation of two
new species in approximately a 1:1 ratio witR NMR signals
at 37.2 and 36.1 ppm (Scheme 2 and Figure 1a). Warming
this solution in the NMR probe results in broadening of these
signals, coalescence af74 °C, and sharpening to a singlet at
—40 °C. Rate analysisk(= nAv/v/2) at the coalescence
temperature €74 °C) yields kex = 300 st with AGF = 9.3
kcal mol .

On the basis ofH NMR spectroscopy, these species are
proposed to be two isomers of thé-allyl—palladium ethylene
adduct [(GHs)Pd(GH4)(PCys)] T[BAr's]~ (8). At —20 °C a
multiplet centered at 4.4 ppm (see Figure 1b) that can be

(35) Brookhart, M.; Grant, B.; Volpe, A. FOrganometallicsl992 11,
3920.
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Figure 1. Variable-temperaturgP (a) and'H (b) NMR spectra oB.

Scheme 3Proposed Dynamic Behavior of
[(CsHs)PA(GH4)(PCys)] [BAr'4] ™~ (8)

v Ho'
Hy'<_UH2' Hy 2
.PCys -PCys
o o
H; H1‘ # Ha Hy ‘
8a

Hy'<_H2'
I-.,,”I Pd\\w, PC Y3

}."'// W

PC)’3

H2™ "H, A vé# Ha H1Pld
D e

interpreted as an ABB' pattern is observed, which corresponds
to the four hydrogens of the palladium-bound ethylene ligand.
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Scheme 4.The Two Enantiomers of
[(CsHs)PA(PCy),] [BAr'4]— (9)
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sets of AABB' signals for the ethylene hydrogens. Rapid allyl
rocking will result in coalesence of théP signals as well as
averaging the two sets of ABB' patterns to a single ABB’
pattern as observed at20 °C. The fact that the ethylerigl
signals do not coalesce to a single resonance indicates that
enantiomersa, and8a' (and8f, and8f') do not interconvert
on an NMR time scale. Such a process could have occurred
by the normalr — ¢ allyl mechanisn®/~42 but the narrowtH
line widths at—20 °C indicate such a process must have a free
energy of activation greater than ca. 14 kcal/mol.

C. Dynamic Behavior of [(CsHs)Pd(PCys)2] T[BAr ‘4]~ (9).
To provide further support for the allyl rocking mechanism, the
cationic allyl complex [(GHs)Pd(PCy),]T[BAr's]~ (9) was
examined in which the two cis ligands (P{yare identical. If
the allyl unit is unsymmetrically bound to Pd an allyl rocking
would result in a degenerate exchange between the two
enantiomer® and9' (Scheme 4). CompleSwas prepared by
addition of 1 equiv of PCy to a CDJCIl, solution of
[(CsHs)Pd(OEL)(PCy)] [BAr's]~ (78). The3P NMR spectrum
at —82 °C showed nonequivaleRtP signals as an AB quartet
centered at 36.6 ppmlg, = 29.3 Hz). Warming resulted in
broadening and coalescence of #He signals to a singlet above
—50°C. As expected, at20°C theH NMR spectrum showed
only three signals for the five allyl hydrogens &t5.36 (m,
1H, Hs), 4.47 (bs, 2H, Hand H,), and 2.91 (bs, 2H, Hand
HS)-43

The rates for allyl-rocking are most conveniently measured

In the presence of excess ethylene, these signals remain shardy line shape analysis of ttféP NMR resonances ofJPand
indicating that no exchange of bound ethylene with free ethylene Ps. The experimental line shapes were compared to calculated

is occurring on an NMR time scale at20 °C. Three allyl

line shapes using the DNMRS3 simulation progréitf? Figure

resonances appear at 5.32 (multiplet), 4.58 (broad doublet), anc? illustrates the set of observed and calculated spectra for
2.41 (broad) ppm. The two remaining allyl resonances are complex 9. Using this technique, rate constants could be

obscured by the resonances of@&tnd the tricyclohexylphos-
phine. The'H NMR resonances of the bound ethylene exhibit
complex behavior betweer-20 and —90 °C (Figure 1b).
Clearly between-20 and—74 °C the chemical shift difference
between H, Ha' and Hs, Hg' decreases. Below74 °C the
resonances again separate, and2@ °C two very broad signals

(37) Powell, J.; Robinson, S. D.; Shaw, B. . Chem. Soc., Chem.
Commun.1965 78.
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are observed which we propose to be two overlapping sets of Commun197Q 365.

AA'BB' resonances (see below). While accurate rate data
cannot be extracted from these spectra, it is clear that this

(42) Cesarotti, E.; Grassi, M.; Prati, L.; DemartinJFOrganomet. Chem.
1989 370, 407.
(43) A reviewer has suggested that the dynamic behavior we ascribe to

dynamic process must be the same one responsible for theallyl rocking may be due to interconversion of two conformational isomers

temperature dependence of tHe signals.

The dynamic behavior o8 is proposed to occur through a
“rocking” motion of the allyl ligand which interconverts isomers
8a and8p (Scheme 3). Solid-state structures of certgiallyl —
palladium(ll) complexes support the idea that the allyl unit can
be rotated out of the square plane in such a way that the C
C, of the allyl ligand is nearly aligned with the plane formed
by Pd and the remaining two liganés.In analogy with other
Pd(ll) olefin complexes, we assume that ethylene rotation in
8a. and 8f (which interconverts IHwith H;' and H with Hy'")
is always rapid on an NMR time scale. At low temperatures
two 21P signals will be observed f@a and88 as well as two

(36) Musco, A.; Pontellini, R.; Grassi, M.; Sironi, A.; Meille, S. V.;
Ruegger, H.; Ammann, C.; Pregosin, P(8ganometallics1988 7, 2130.

of the tricyclohexylphosphine ligand. This cannot be ruled out for the mono-
tricyclohexylphosphine complexes. In the case of the bis-tricyclohexylphos-
phine comple®, only two31P resonances are observed under slow exchange
conditions. These signals are coupled to one another showing they belong
to a single isomer undergoing a degenerate isomerization which interconverts
the two31P sites. This is consistent with the allyl rocking propo$akf
9). If two conformations of the tricyclohexylphosphine ligand were possible,
then three isomers would be expected $oOnly one isomer of the three
would exhibit inequivalent phosphorus nuclei. It seems unlikely that this
would be the sole isomer detectable. Thus we favor allyl rocking to account
for the dynamics 0B and, by analogy, for the dynamics of the other allyl
complexes.
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Chem. Soc1966 88, 3185.
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Figure 2. Calculated (a) and observed (b) variable-temperattie
NMR spectra for9.
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Figure 3. The Eyring plot of the rate data for intramolecular allyl
rocking in complexo.
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obtained over a 50C temperature range-86 to —36 °C),
which permits calculation oAH* andAS' for this process. The
Eyring plot of the data for intramolecular allyl rocking in
complex9 yields AH* = 9.1 kcal mot?! andAS* = —8.8 eu
and is shown in Figure 3.

D. Spectroscopic Studies of the Dimerization CycleThe
n-allyl—palladium ethylene complex [Els)Pd(GHy)-
(PCw)]T[BAr'4]~ (8) is stable up to—-20 °C in the presence of
excess ethylene. Warming abov@0 °C results in dimerization
of ethylene to butenes (primarilyans-2-butene cis:trans, ca.

DiRenzo et al.

Scheme 5Proposed Mechanistic Scheme for Catalytic
Butene Formation

9 N

& _PCy +

aIIyI ethylene coupling Pd

slow step

NN\
H\Pd/|=c:y_|+
wond )

1-butene —
_peys + obser.v1able intermediate
Pd CoHy: 'H 3.58 ppm,
\“ _/ 31p 37.7 ppm
mig. insertion

results in nearly complete disappearance of the signal at 5.41
ppm for free ethylene. Correspondingly, irradiating the free
ethylene signal results in complete disappearance of the 3.58
ppm signal. This result indicates that the 3.58 ppm resonance
belongs to a new palladiurrethylene complex in which the
coordinated ethylene is exchanging with free ethylene 20

°C. While the structure of this species is uncertain, a reasonable
proposal is that this species corresponds to the e#iylylene
complex, 11, which is the catalyst resting state in the dimer-
ization cycle?®50 After complete dimerization of ethylene, the
3.58 ppm species disappears. Scheme 5 represents a tentative
proposal for the reaction of [@Els)Pd(OE%)(PCys)] T[BAr's] ™~
(7a) with ethylene and entry into the catalytic ethylene dimer-
ization cycle.

3. Reactivity of the Allyl Ether Complexes [(GHs)-
Pd(OEty)(L)] T[BAr'4]~ (7: L ,= PCys (a), PBw) (b) with
Methyl Acrylate. Spectroscopic Detection and Study of
Reaction Intermediates. A. Initial Observation of Catalytic
Methyl Acrylate Dimerization. Exposure of they3-allyl—
palladium ether complexes [¢8s)Pd(OE})(PRs)]T[BAr4]™,
(7a,b) to excess methyl acrylate results in catalytic methyl
acrylate dimerization. For example, treatment of 1 mL of
methyl acrylate (10 mmol) with 0.05 g (0.04 mmol) of the tri-
n-butylphosphine complex, [¢Els)Pd(OES)(P("Bus))] T[BAr 4]~
(7b) results in the formation of tail-to-tail methyl acrylate dimers

/\/\

12

1:6). The major organometallic species remaining after ethylene (200 turnovers) after 24 h at 6@€. The reactivity of methyl

dimerization is thaunreactedallyl ethylene complex8. This
observation implies that complée in a slow step, undergoes

acrylate with complexe3a and 7b has been studied by low-
temperature NMR spectroscopy. These studies, which reveal

a transformation which generates an active catalyst for ethylenethe mechanistic details of the initiation step and the catalytic
dimerization which then rapidly dimerizes ethylene before cycle, are described below.

appreciable depletion of starting compl&x Monitoring of this
solution by variable-temperatutel and3'P NMR spectroscopy
yields additional information.

B. Low-Temperature NMR Spectroscopic Characteriza-
tion of the Acrylate Complex [(CsHs)Pd(CH,=CHC-
(O)OCH3)(PCy3)] T[BAr 4]~ (13). Treatment of [(GHs)Pd-

At —20°C a new?!P resonance grows in at 33.7 ppm at the (OEt)(PCy)]T[BAr'4]~ (7a) with 1 equiv of methyl acrylate

same time that ethylene dimerization to predominantiyrénes-

in CD,Cl, at —100 °C results in the formation of four new

2-butene isomer occurs. Its maximum intensity corresponds to species with3!P signals at 38.5, 37.5, 37.3, and 37.2 ppm

only about 25% of that of resonances 8ax, 88. This species

presumably corresponds to the catalyst resting state for ethyleng, ..

dimerization. In addition to the production of butenes, tHe

NMR spectrum reveals formation of a small amount of a species
containing olefinic resonances (assigned as 1,4 pentadiene) alongl

(48) Very recently, the reaction of similar altypalladium complexes

h ethylene was directly observed: Mecking, S.; Keim, ®tgano-
metallicsIn press.

(49) Rix, F. C.; Brookhart, MJ. Am. Chem. Sod.995 117, 1137.

(50) There is no evidence that this species is a bis-ethylene complex.
owever, since ethylene readily displaces diethyl ether in these cationic

with the appearance of a new broad singlet at 3.58 ppm in the gpecies, we believe a bis-ethylene complex is more likely than a solvated
IH NMR spectrunt® Saturation of the resonance at 3.58 ppm mono-ethylene complex.
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Scheme 6.The Eight Stereoisomers of
[(CsHs)Pd(?-CH;=CHC(O)OCH)(PCys) F[BAr's]~ (132

«PCys | + Ally! rocking
d
H "MA rotation
,,,// \\“..PCYa + Allyl rocking
% Pd
H
R et
H
,,,/ Pd\\\,..PCys + Allyl rocking
o |
[o]
H
s’E ”MA rotation
", \\\‘.-PC)’G + Allyl rocking
"'.H Pd
H i
D \ Set 2 D

a Allyl rocking is shown from left to right and olefin rotation is shown
from top to bottom. Setd and2 result from coordination of the two
enantiofaces of thg>methyl acrylate ligand.

(approximate ratios, 1.5:2.5:1:2). Warming this solution results
in broadening of thé'P resonances, coalescence of two pairs
of signals at ca=—70 °C, and sharpening to two singlets at 38.3
and 37.7 ppm at-50 °C. We postulate that these species are
cationicz3-allyl—palladium complexes of the type [§8s)Pd-
(7?>-CH;=CHC(O)OCH)(PCys)] [BAr's]~ (13). Eightisomers

of complex13 could possibly be observed if both allyl rocking
and methyl acrylate rotation were slow on the NMR time scale
(see Scheme 6).
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35.1 ppm. The'H NMR spectrum of this species exhibits a
methoxy resonance at 3.63 ppm, olefinic resonancéstai8
(m, 1H), 5.74 (d, 1H), and 4.85 (d, 1H), and upfield multiplets
atd 2.98 (m, 1H), 2.45 (m, 2H), and 2.07 (m, partially obscured
by PCy). This species is proposed to be the four-membered
chelate14, the result of coupling the allyl unit to LCof the
acrylate ligand.'H NMR assignments are shown below. The
pattern of the resonances at 6.78, 5.74, and 4.85 ppm clearly
corresponds to a terminal olefinic unitCH,—CH=CH,, but
the shifts are quite different from an uncomplexealefin.
Decoupling experiments establish that ¢ 6.78) is coupled

to both H (6 5.74,J12 = 16.7 Hz) and H (0 4.85,J13= 9.4
Hz), consistent with the proposed structure; (616.78) is also
coupled to the resonance @t2.45 and provides support for
this assignment asdiHgs'. The 1H band at 2.98 couples
only to the 2H,0 2.07 band and suggests tlia2.98 is H; and

0 2.07 corresponds to41Hz. An alternate structure fdt4 is

the five-membered chelate compl&xwhich could result from
p-hydride elimination and reinsertion itd. However,14 is
preferred based on the observation thatisicoupled only to
H7, Hz, and not K, Hg. Also, beinga to a carbonyl group K

H7 would be expected to appear further downfield thah07.
These results show that allyhcrylate coupling occurs at25

°C to initially give the four-membered chelaid. The rate of
allyl—acrylate coupling was measured-a5 °C (k = 1.1 x
1073 s71, AG* = 17.8 kcal mot?). A typical first-order rate
plot is shown in the Experimental Section.

Warming the solution ofi4 to 15 °C results in elimination
of CH;=CHCH,CH=CHCO,CHjs and the formation of a new
palladium species. The assignment of the elimination product
as methyl 2,5-hexadieneoate is based on comparison éHthe
NMR data with known value%¥. Particularly characteristic is
the shift and pattern of the-methylene protons (§), a triplet
of quartets at 2.96, due to vicinal coupling with 5l Hy (6.5
Hz), and long-range allylic coupling toiHHs, He (ca. 1.5
Hz). The first-order rate constant for elimination of
CH,=CHCH,CH=CHCOQO,CH; was determined to be 5.%

Based on experiments described above, it is reasonable t010-4 51 at 15°C (AG* = 21.0 kcal mot?).

assume that at-100 °C allyl rocking is slow but acrylate
rotation is rapid. This would lead to the appearance of four
31p signals as is observed for the s&éBA = 13B, 13A' =
13B, 13C= 13D, 13C = 13D. At higher temperatures rapid
allyl rocking would lead to interconversion of the isomers of
set 1,13A, 13B, 13A', 13B, and, likewise, of set 20.3C, 13D,
13C, 13D, and observation of twé'P signals. Averaging of
the two sets would have to occur by migration of Pd from one
enantioface of methyl acrylate to the other or from one
enantioface to the other of the allyl ligand. These processes
apparently have higher activation energies than the methyl
acrylate rotation and allyl rocking as supported by the dynamic
behavior of8.

The isomeric #n-allyl—palladium acrylate complexes
[(CaHs)Pd(CH=CHC(O)OCH)(PCys)] T[BAr'4] ~ (13) are stable
up to —30 °C in the presence of excess methyl acrylate.
Warming the solution in the NMR probe te25 °C results in
the formation of asingle new species with &P resonance at

The new Pd species is assigned as the five-membered acrylate
chelate complex {&-CH,~CHCQ,CH3)Pd(CHCH,C(O)OCH)-
(PCyw)] T[BAr'4]~ (16) based orH, H{31P}, 13C, and®’P NMR
spectroscopy. A singl@P band is observed at 49.5 ppm. The
IH NMR shows a single methoxy resonanceda&.77 (s, 3H)
and diagnostic of the chelate a 2H resonancg 272 (td,Jup
= 2.1 Hz) assigned to Jand a 2H resonance at1.77 (td,

Jup = 2.4 Hz) assigned to g1 There is only a single broad
resonance for methyl acrylate which suggests that free methyl
acrylate is in rapid equilibrium with bound methyl acrylate. This
was verified by cooling the solution te60 °C which results

in the appearance of signals for free methyl acrylaté.38,
6.13, and 5.81) as well as a second set for the bound methyl
acrylate inl6 (6 4.58, 4.31, and 4.12). The chelate structure is
further confirmed by**C NMR data (20°C) which show G at

(51) Sheffy, F. K.; Godschalx, J. P.; Stille, J. K.Am. Chem. So¢984
106, 4833.
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Scheme 7Mechanism for Catalytic Methyl Acrylate p
Dimerization C34 33 PP~ o
+ + /CH3
/P(;‘ allyl-acrylate coupling SN /PCV—3| ©
Pd\ CO,CHg P"\o
// 2 -25 °C
1
- 1B ok,
HgCOzC\/\/\ HaCOzC\/\/\ 15°C  COxCH3
CO,CH3 AGH 221 -
trans-dimethyl-2-hexenedioate kcal mol-1
B-elim.
PCy3 +
ST O—u
2 HyCOy Pl / 2
H3CO
HaC + 16 “co,cHg 24
o /F’CYa c23
\}’d Figure 4. ORTEP diagram for [(HO)Pd(CHCH,C(O)OCH)-
20°C (PCw)1*[BAr's]~ (18).
CO,CH3

Table 1. Selected Interatomic Distances (in A) for
[(H-O)Pd(CHCH,C(O)OCH)(PCy)]* [BAr's]~ (18)

6 40.4, G at 6 15.2, —OCHs at & 56.6, and the chelated Eigm 33?3?7()24) Eg% igggg%
carbonyl resonance at240.6, a typical shift for such carbonyl Pd-C(2) 2:837(6) P-C(31) 1:845(6)
groups?? Pd—C(3) 2.822(6) C(1¥C(2) 1.531(8)
Pd-0(4) 2.150(4) C(&C(3) 1.475(9)
Hs  HgHs  Hi Pd-0(9) 2.176(4) C(3)0(4) 1.243(8)
H")\/\/\C(O)owa _
Hy Hp Table 2. Selected Bond Angles (in deg) for
[(H0)Pd(CHCH,C(O)OCH)(PCy)] *[BAr's]~ (18)
Hg _| + P(1-Pd-C(1) 92.72(18)  C(LYPd-0(9) 170.30(20)
HBB /\ P(1-Pd-0(9) 96.92(13) PdP(1)-C(11) 114.91(21)
Ha Pf\ COCHg O(4)—-Pd-0(9) 88.39(17)  PeP(1)-C(21)  111.34(20)
HAe 5 o C(1)-Pd-O(4)  82.04(21) PdP(1-C(31) 107.72(21)
16 P(1-Pd-0O(4) 174.06(12) PdO(4)-C(3) 109.6(4)
OCHj

and angles are provided in Tables 1 and 2, respectively. A
Holding the solution ofl6 at 20°C in the presence of methyl  distorted square-planar geometry exists about the Pd(Il) center
acrylate results in slow production of methyl acrylate dimers with the carbonyl group chelated trans to tricyclohexylphosphine
(predominantlytrans-dimethyl 2-hexenedioate). No other pal- (Pd—0, 2.150(4) A).
ladium species appear. The expected palladium hydride inter-

mediates in the reaction steps 416 and 17— 16 are not pCys | T
observable under the reaction conditions. Thus, we assign 16 F,/
as the catalyst resting state. Scheme 7 summarizes the catalyst ?\L
activation process and the overall catalytic cycle. The geometry 0
assigned tdl6 places thep?-acrylate ligand cis to gof the 18
chelate in the necessary geometry for migratory insertion. OCHs

L = OH,, OEt,

However, results described in the next section suggest that the
alternative trans geometry must be considered.

C. lIsolation and Crystallographic Characterization of a
Palladium Chelate Complex from the Catalytic Reaction.

If the n?-acrylate in16 occupies the same coordination site
as HO in 18, then the catalyst resting state observed may

To further verify the catalyst resting state as the chelsiea actually bel6 (with acrylatetr_ansto Cﬁ_) rather_thanle. Since
derivative of this chelate has been isolated directly from the c&rbor-carbon bond formation requires a cis arrangement of
catalyst solution and structurally characterized by X-ray crystal- the 7-bound olefin and the alkyl group, an isomerization of
lography. Six equivalents of methyl acrylate were added to a COMPIex16 from a trans geometry to a cis geometry would be
dichloromethane solution of comple¥a at —80 °C. The necessary prior to alkyl migration and production tans
reaction was warmed to @ and stirred for 3 h. The solvent dimethyl 2-hexenedioafé. This is illustrated in Scheme 8.
was removed in vacuo, leaving a yellow oil. Single crystals 1€ palladium-acrylate chelate complet8 (L = H-0, E£O)
were grown from a concentrated solution of@&tand hexane shpws identical coupling patterns but slightly different chemical
at—30°C. H NMR spectroscopy of this material reveals it to shifts for the two methylene signals of the chelata:(H 2.75

be the chelate complel8 isolated as a mixture of the diethyl ~ for 18,2.72 forl6; Hg: 0 1.96 for18, 1.77 forl€). Treatment
ether and aquo adducts. The crystal selected for X-ray analysi?f 18 at 25 °C in CH,Cl, with excess methyl acrylate
turned out to be the aguo complex. The ORTEP diagram of =~ (53) we cannot rule out the presence of bdi and 16 in rapid

the aquo complex is shown in Figure 4 and selected bond lengthsequilibrium at 25°C. Associative exchange of bound and free acrylate is
rapid on the NMR time scale at 25C (see above); the five coordinate

(52) Brookhart, M.; Rix, F. C.; DeSimone, J. Nl. Am. Chem. So&992 intermediate responsible for associative exchange thus could provide a
114 5894. mechanism for very rapid interconversion and 16
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results in displacement of J@/EtO and formation ofL6 (or Scheme 8
16) which at 25°C catalytically producegrans-dimethyl PCys |+ POYs | +
2-hexenedioate with a turnover frequency of 2.2 day | Keg = ? o /

4. Reactivity of the n3-Allyl —palladium Complex Pg\/ —_— \Pd\/COZCHa
[(C3H5)Pd(OEt,)(P"Bug)] "[BAr ‘4]~ (7b) with Methyl Acry- .0 HaCO
late. Spectroscopic Detection and Study of Reaction Inter- 18 N0 cn 16
mediates. Low -Temperature NMR Spectroscopic Studies. OCHjy i

Treatment of [(GHs)Pd(OE$)(P'Bus)]T[BAr's]~ (7b) with 1

equiv of methyl acrylate in CELI; results in the formation of

n?-acrylate complexX 9 which exhibits two3!P signals at-80

°C (13.5 and 13.0 ppm) in approximately a 2:1 ratio. We HICOC A
assume thé'P spectrum ofl9 at —80 °C is analogous to the CO,CH3
spectrum ofLl3at —60 °C and corresponds to rapid equilibration

among isomers of set 1 and isomers of set 2 (see above) and|g54 [(CsHs)Pd(CHCH,C(O)OCH:)(P"Bus)] *[BAr'4]]~ (21)

the observation of only tw&'P signals. Warming this solution  gimerizes methyl acrylate at 60C to predominantlytrans
in the NMR probe results in broadening these signals, Coa|es'dimethyl 2-hexenedioate (200 turnovers, 24 h).

cence at—30 °C, and sharpening to a singlet at 11.4 ppm at
—10 °C. Line shape analysis using the slow exchange ap-

proximation k = wAw) yieldsk; = 30 s with AG¥H; = 12.5 Hew | B /Q

kcal mott andk_; = 14 s with AG*_; = 12.9 kcal mot! at H P CO,CH3
—40°C. Consistent with thé'P results, théH NMR spectrum H'/: X 3) P"Bug
at—80°C indicates the formation of two sets of bound acrylate 21
resonances. Three of the six resonances are clearly visible at OCH,

5.12, 4.93, and 4.80 ppm. The three remaining resonances are
observed at approximately 5.6, 5.4, and 4.6 ppm and are .

; Conclusions
particularly obscured by the allyl resonances.

The observations described here clearly show that a Cessee

pogyd t Arlman type migratory insertion mechanism operates in the
<€Pd/ methyl acrylate dimerization cycle for the Pd(ll) complexes
\/—COZCHa studied here. It seems quite likely that a similar mechanism

19 applies to all previously identified Pd(Hmethyl acrylate

dimerization catalysts. Furthermore, the catalyst resting state

The allyl acrylate complex [(&1s)Pd(CH=CHC(O)- in these Pd(ll) systems, a chelat@;acrylate complex, is quite
OCHz)(P'Bug)| T[BAr'4]~ (19) is stable up to—20 °C in the similar to the catalyst resting stat®, previously established
presence of excess methyl acrylate. Warming the solution in for the cationic Cp*RH-based system.
the NMR probe results in the formation of a new species with  These observations, coupled with previous studies, provide
3P resonance at 18.6 ppm atl0 °C. On the basis of  a rationale for the highly regioselective tail-to-tail coupling
comparison with théH NMR spectra of compled4, thisnew  normally observed for metal-catalyzed acrylate dimerization.
species, 20, is assigned as the"Bu; analog of the four- |t is well-established that migratory insertion of acrylate
membered-chelate intermediatd, which results from allyl complexes of the general structu22 (R = alkyl) occur in a
coupling to theB-carbon of the bound methyl acrylate ligand. highly regioselective 2,1 fashion to yield a species with the ester

Complex20 shows similar coupling patterns to complekbut groupa to the metal center. A chelate structure is observed in
slightly different chemical shifts are observettd NMR (300 the cases where the first insertion product can be detétted.
MHz, —10°C, CD,Cl,) 8 7.72 (s, 8H, Af); 7.56 (s, 4H, Af);
6.78 (m, 1H, H); 5.62 (d, 1H, H); 3.64 (s, 3H, @Hj3); 4.80 HaCO, /o
d, 1H, H); 2.90 (m, 1H, H). 2,1 OCH,
( ) ( ) “f}_, _ [M]\t

R R

22 23

Several factors may dictate such regioselectivity including
the polarity of the double bond induced by the ester group, steric
effects, and participation of the carbonyl oxygen in stabilizing
the vacant coordination site which develops during migratory
insertion®® In the case of hydride migration (R H) the
insertion reaction iseversibleand, while kinetic 2,1 insertion
is likely preferred” reversibility allows for rapid formation of

Warming the solution to OC results in the elimination of
CH,;=CHCH,CH=CHCO,CH; and the formation of a new
species witHH resonances at 2.75 ppm (triplet-of-doublets) and
1.85 (triplet, partially obscured by the tricyclohexyl region). The  (54) The NMR analysis of the sequend® — 20 — 21 is more
new species is assigned 2% the "Bus analogue of the five- complicated than the analogous transformations for the tricyclohexyl

phosphine complexek3 — 14 — 16. The rate ofL9 — 20is only slightly
membe_red aCfY'ate chelate compleg, based ontH NMR faster than the20 — 21 conversion and thug0 never appears without
comparisons with complet6 and broad band phosphorous substantial amounts of eith® and/or21 present.
decoupling, which reduces the triplet-of-doublet pattern at 2.75  (55) Johnson, L. K.; Mecking, S.; Brookhart, .. Am. Chem. So¢996
ppm to a triplet. Afte 2 h approximately a 1:1 ratio ¢f0:21 118 267.
: L AP ) (56) Hauptman, E.; Brookhart, M.; Calabrese, J. C.; Fagan, P. J.
is observed which indicates that the elimination of methyl 2,5- organometallics1994 13, 774.

hexadieneoate frord0 occurs at a much slower rate than from (57) Grant, B.; Brookhart, M. Unpublished results.
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the thermodynamically more stable five-membered chelate. In Scheme 9A General Scheme for Selective Tail-to-Tail
support of this idea we have observed rapid isomerization of a Acrylate Dimerization

four-membered chelate to a five-membered chelate8it°C, [M]—H
in related Pd(Il)a-diimine systems> CO.CH
Based on these observations, the tail-to-tail selectivity can ‘_ ek
be explained using the following general scheme (Scheme 9).
The metal hydride, [M}H, generated in the catalytic cycle
reacts with methyl acrylate to yield the more stable five- IML\ (MI-H —— ™ >~
membered chelatg5 (the four-membered chelat4, is likely o? OCHs _’_ To” TOCHs
the kinetically favored insertion product). Binding of methyl 2 COaCH; 25

acrylate to25 leads to thej2-acrylate comple6. Specie<26

then undergoes irreversible 2,1 insertion via migration fcC RO

Cs which results in tail-to-tail coupling. Small amounts of head-

to-tail dimer are sometimes obsenASdhese isomers most likely

result from trapping and insertion of a four-membered chelate

of type 24. HsCO
A second general feature of acrylate dimerization catalysts

which operate by this mechanism is also apparent. The chelate tail-to-tail dimer

occupies two coordination sites and the carbonyl oxygen is

unable to be displaced by the weakly donatjiecrylate ligand.

Thus, an additional coordination sités to the [M]—C, bond

must be available for coordination of acrylate to allow migratory

2 1
B
CO,CH ,_[M]\
2LH3 o o OCH3z
H3CO» 26

analyses were performed by Oneida Research Services, Inc. In
reporting chemical shifts, allyl carbons and hydrogens are labeled as

insertion from the chelate. Consistent with this hypothesis, follows:
Pd(ll) complexes possessing bidentate ligands such as phenan- Hq
throline are ineffective acrylate dimerization catalysts due to /' _Poys Hs ey
the unavailability of the third coordination site: C\ Pd_ Hs 6 ¢
X X
. Cs H] Ho
CO,CHs
+

AN —| __/COZCHa N [(CsHs)PdCI)2 (4). This compound was prepared as previously
< ™] —X—> ( ™] COLCHs reported® H NMR (300 MHz, 20°C, CD.Cl;) 6 5.44 (m, 1H, H);

/o7 otk 4 \/ 4.05 (d, 2H, H and H,); 2.97 (d, 2H, H and H). 3C NMR (75.4

MHz, —80 °C, CD,Cly) 6 111.5 (G); 63.1 (G and G).
[(CsHs)P(CI)(PCys)] (5a). The following procedure is a modifica-
tion of that reported by Sha®. A Schlenk flask was charged with
0.50 g (1.37 mmol) of [Pd(¢Hs)Cl], and 0.766 g (2.73 mmol) of PGy
The reaction flask was cooled t678 °C. Ether (50 mL) was added

Similarly 27is an extremely poor dimerization cataf/St2and
28 exhibits no dimerization activit®

+ +
Me Me and the suspension was warmed slightly to give a yellow solution, which
@ CO,CH, @ was cooled te-78°C and stirred for 1 h, at which time a beige powder
| — [ precipitated. The solvent was reduced in vacuo. The reaction mixture

PLU _ h OCHs was filtered and the product was washed withCEt An off-white solid
Me0)sP” N\ very slow  (Me0);P” \/\[(

was recovered (1.08 g, 85%3fH NMR (300 MHz, —20 °C, CD;Cly)
o 8 5.50 (m, 1H, H); 4.55 (q, 1H, H); 3.58 (dd, 1H, H); 3.50 (t, 1H,
Ha); 2.78 (d, 1H, H). 13C NMR (75.4 MHz, 20°C, CD,Cl,) ¢ (allylic)
. . 116.5 (d,Jcp = 4.7 Hz, G); 79.5 (d,Jcp = 28.8 Hz, G); 51.4 (d,Jcp
MT| ve | =1.8, G): (PCy) 34.5 (d,Jep = 18.9 Hz, G); 27.9 (d,Jep = 11.3 Hz,

@ CO,CHs @ C2); 30.4 (s, G); 26.7 (s, G). 3P NMR (121.5 MHz, 20°C, CD;Cl,)

| 0412,

I
ON/R\‘i ‘X_—' ON/T\/\H/OCHa [(CsHs)Pd(CI)(P"Bus)] (5b). The following procedure is a modi-
T o

27 oOMe CO,CH3

o fication of that reported by Sha#. A Schlenk flask was charged with

28 CO,CHg 0.50 g (1.37 mmol) of [Pd(¢s)CI]. and cooled to-78 °C. Diethyl

OMe ether (50 mL) was added and the suspension was stirréBius 2.73
mmol) was added dropwise and the suspension was warmed slightly
to give a yellow solution, which was cooled t678 °C and stirred for
2 h, at which time a white solid precipitated. The reaction mixture
. . was filtered and the product was washed with hexane. A white solid
Experimental Section was recovered (1.05 g, 82%)}H NMR (250 MHz, 20°C, CD¢) 6

General. All reactions were conducted under an atmosphere of dry, 4.8 (M, 1H, R); 4.45 (t, 1H, H); 3.3 (dd, 1H, H); 2.9 (bs, 1H, H);
oxygen-free nitrogen or argon using standard drybox or Schlenk 2.05 (bd, 1H, H). *C NMR (75.4 MHz, 20°C, CD;Cl,) ¢ (allylic)
techniques. Air- and moisture-sensitive reagents were handled using117.1 (dJce = 5.3 Hz, G); 78.7 (d,Jcp = 31.1 Hz, G); 51.1 (bd.Jcp
standard syringe techniques. Diethyl ether aftexane were freshly = 1.8 Hz, G); (P'Bus) 26.7 (s, G); 24.8 (d,Jcp = 1.2 Hz, G3); 24.5
distilled under a nitrogen atmosphere from sodium and benzophenone.(d; Jer = 8.8 Hz, G); 13.8 (s, CH). P NMR (121.5 MHz, 20°C,
Dichloromethanes, was vacuum transferred from Cabind degassed =~ CD2Clz) 6 15.1. Anal. Found: C, 47.28; H, 8.59. Calcd: C, 46.76;
via several freezepump-thaw cycles prior to use. Methyl acrylate  H, 8.37.
was purchased from Aldrich and stored p¥eA molecular sieves. [(C3sHs)Pd(CH3)(PCys)] (6a). The following procedure is a modi-
The following preparations were based on standard literature proce- fication of that reported by Nakamuf4.A Schlenk flask was charged
dures: [H(EtO)(BAr4)],% [(CsHs)PACIE,32 [(CsHs)Pd(CI)(PCy)], %3 with 0.400 g (0.86 mmol) of [(eHs)Pd(CI)(PCy)] (548) and E$O (15
and [(GHs)Pd(CH)(PCy)].2* H, 13C, and3P chemical shifts were mL) was added to give a suspension. The reaction mixture was cooled
referenced to protonated residues of solvents or 83P€k Elemental to —78 °C and 288uL of a 3 M solution of MeMgBr in E3O was

These general observations provide guidelines for design of
other late-metal catalysts for dimerization of acrylates.



Dimerization of Olefins

added dropwise. The solution was stirred-at8 °C for 1 h and the

J. Am. Chem. Soc., Vol. 118, No. 26, 18%33

[(H3CO(O)CCH,CH2)Pd(PCys)(L)] *[BAr ‘s~ (18: Ar' = 3,5-

solvent was removed in vacuo. The white solid was dissolved in hexane CeH3(CF3)2; L = OEt,, OHz). A Schlenk flask was charged with

and filtered. The solution was reduced in vacuo and the flask was
cooled to—30 °C. White crystals were isolated (0.28 g, 73%H
NMR (300 MHz, CQCl,) 6 4.99 (m, 1H, H); 3.47 (dd, 1HJww = 7.3

Hz, Hs); 3.30 (t, 1H, H); 2.38 (dd, 1HJuu = 12.9 Hz, H); 2.33 (d,

1H, Jun = 13.2 Hz, H); 0.03 (d, 3H,J4p = 4.7 Hz, CH). 3C NMR
(75.4 MHz, CDCly) ¢ (allylic) 117.2 (d,Jcp = 4.2 Hz, G); 60.7 (s,

C1); 56.0 (d,Jcp = 36.8 Hz, G); (PCy) 35.3 (d,Jcp = 17.4 Hz, G);

30.6 (d,Jcp = 13.4 Hz, G) 28.1 (d,Jcp = 10.6 Hz, G); 27.0 (s, G);
—17.9 (d,Jcp = 13.2 Hz, CH). 3P NMR (121.5 MHz, 20C, CD:Cl,)
042.2.

[(C3Hs)Pd(CH3)(P"Bug)] (6b). The following procedure is a
modification of that reported by Nakamuta.A Schlenk flask was
charged with 0.866 g (2.25 mmol) of [(Bs)Pd(CI)(Bus)] (5b) and
Et,O (40 mL) was added to give a suspension. The reaction mixture
was cooled to—-78 °C and 750uL of a 3 M solution of MeMgBr in
Et,O was added dropwise. The solution was stirred-@8 °C for 3
h. The resulting pale green solution was filtered, leaving a white solid
(MgBrCl). The solution was reduced in vacuo and filtered again to
remove additional MgBrCIl. The solvent was then removed in vacuo
and a yellow oil was isolated (1.430 g, 52%) NMR (250 MHz,
CDCls) 6 5.0 (m, 1H, H); 3.45 (m, 2H); 2.45 (dd, 1H); 2.3 (d, 1H);
0.05 (d, 3H, CH).

[(C3H5)Pd(OEt2)(PCy3)]+[BAr '4]7 (7a: Ar' = [3,5-C6H3(CF3)2])

A Schlenk flask was charged with 0.26 g (0.58 mmol) of3fe)Pd-
(CH3)(PCw)] (68) and 0.59 g (0.58 mmol) of [HOEL)(BAr's)]. The
reaction flask was cooled te-78 °C and E3O (10 mL) was added.
The reaction was warmed slightly to form a clear solution, which was
cooled to—78 °C and stirred for 1 h. The solvent was reduced in

0.290 g (0.21 mmol) of [(gHs)Pd(OER)(PCys)]*[BAr's]~ (78). The
reaction flask was cooled to78 °C and 10 mL of CHCI, was added.
Methyl acrylate (114uL, 1.26 mmol) was added. The solution was
warmed to ®C and stirred for 3 h. The solvent was removed in vacuo,
leaving a yellow oil. The oil was dissolved in a minimum amount of
Et,O/hexane and cooled to30°C. Pale yellow crystals (0.90 g, 30%)
were isolated.'H NMR (300 MHz, 20°C, CD,Cl,) 6 7.72 (s, 8H,
Ar'); 7.56 (s, 4H, A¥); 3.87 (s, 3H, OCh); 2.75 (td,Jwp = 2.1 Hz,
2H); 1.96 (td,Jup = 2.4 Hz, 2H); 1.6-2.0 (m, cyclohexyl).3C NMR
(75.4 MHz, 20°C, CD.Cl,) 6 240.6 C=0), 56.6 (CCHs), 40.4 (G),
15.2 (G); (BAr4) 163.1 (q, G), 136.1 (G), 130.0 (m, G), 126.0 (q,
CF3), 118.8 (G); (PCy) 35.3 (d, G), 31.4 (G), 28.7 (d, G), 27.4
(Cy). 3P NMR (121.5 MHz, 20°C, CD,Cly) 6 49.54, 46.07. Anal.
Found: C, 49.32; H, 4.43. Calcd: C, 49.36; H, 4.43.

X-ray Structural Analysis of [(H 20)(H3sCO(O)CCH.CHy)-
Pd(PCys)] '[BAr 4]~ (18). A single crystal 0f1l8(0.20 x 0.20x 0.40
mm) was grown from a concentrated solution of@&&nd hexane at
—30°C. The crystal was triclinicR1, No. 2) with the following cell
dimensions determined from 50 reflectiordi$Nlo) = 0.71073 A): a
= 12.816(7) A,b = 14.879(15) A,c = 18.537(9) A;a. = 79.10(6},

B = 89.28(4}, y = 85.72(6); z= 2; V = 3461(4) B, F,, = 1503.40
(PdQ2H74BF2405P); Dc = 1.442 g nts.

Data were collected at120°C on a Rigaku diffractometer with a
graphite monochromator using Makradiation. A total of 9559 data
were collected of which 6187 unique reflections wlith 2.50(1) were
observed (5 < 26 < 45°; maximumh, k, | = 13, 16, 19; data octants
= +/—h, +k, +/—I; w scan method; scan speed deg mirr?). Three
standards were collected every 100 reflections with no significant
change in intensity. An absorption correction was applied using the

vacuo to precipitate a beige powder, which was washed with hexane y scan metho® with a range of transmission factors of 0.85 to 0.94.

and isolated (0.58 g, 73%). In solution, an ether complex and an aquo

complex of7aare observed in approximately a 7:3 ratio, respectively.
H NMR (300 MHz,—20°C, CD,Cl,) 6 7.72 (s, 8H, AY); 7.56 (s, 4H,
Ar"), 5.79 (m, 1H, H); 5.08 (bt, 1H, H); 4.01 (dd, 1H, H); 3.80 (b,
1H, Hy); 3.10 (bd, 1H, H). 3C NMR (75.4 MHz,—20 °C, CD,Cl,)
o (BAr'y) 161.7 (g,dcs = 49.2, G); 134.7 (s, G); 128.7 (qq.Jcr =
32.2, G); 124.5 (g, 272.1, Cff; 117.5 (bt, G); (PCys) 34.3 (d, 21.2,
Ci); 30.1 (d, 16.1, ©@; 27.4 (d, 1.7, G); 26.0 (s, G); (allylic) 120.3
(b, G); 86.8 (d,Jcp = 22.9 Hz, G); (EO) 66.9 (b,CH.CHs); 15.2 (s,
CH,CH3). 3P NMR (121.5 MHz, 20°C, CD,Cl;) ¢ 39.7 (EtO
complex);é 41.3 (HO complex). Anal. Found: C, 50.30; H, 4.35.
Calcd: C, 50.15; H, 4.43.

[(C3Hs)Pd(OEt,)(P"Bug)] T[BAr 4]~ (7h: Ar' = [3,5-CsH3(CF3)]).
A Schlenk flask was charged with 0.616 g (1.69 mmol) of
[(CsHs)Pd(CH)(P'Bus)] (6b). The reaction flask was cooled t678
°C and E£O (10 mL) was added. To the yellow palladium solution
was added 1.71 g (1.69 mmol) of {kDEL)2(BAr'4)"]. The resulting
yellow solution was stirred at 78 °C for 1 h. The reaction was filtered,
leaving a small amount of insoluble material. Hexane was added to
the filtrate to facilitate precipitation. The solvent was then reduced in
vacuo and the resulting yellow solution was cooled-80 °C. A
yellow powder was isolated (0.320 g, 15%4H NMR resonances (300
MHz, —80°C, CD,Cl,) 4 7.72 (s, 8H, Ab); 7.56 (s, 4H, AY); 5.65 (m,
1H, Hs); 4.75 (bt, 1H, H); 3.75 (dd, 1H, H); 2.6 (bd, 1H). 31> NMR
(121.5 MHz,—80°C, CD;,Cl,) 6 16 (EO complex); 11 (HO complex).

[(CaHs)PA(PCys)J] 1[BAr ']~ (9: Ar' = 3,5-GH3(CFs),). A Schlenk
flask was charged with 100 mg (0.073 mmol) of
[(CsHs)PA(OESR)(PCys)] [BAr's]~ (7a@) and 21 mg (0.073 mmol) of
PCy. The reaction flask was cooled t678 °C and 5 mL of CHCI,
was added. The solution was warmed-td0 °C and stirred for 3 h.
The solvent was removed in vacuo, leaving a yellow oil, which was
dissolved in a minimum amount of /hexane and cooled to78
°C. A white solid (0.06 g, 52%) was isolatedH NMR (300 MHz,
—20°C, CD.Clp) 0 7.72 (s, 8H, A¥); 7.56 (s, 4H, AY); 5.36 (m, 1H,
Hs); 4.47 (bs, 2H, Hand H); 2.91 (bs, 2H, Hand Hy). *C NMR
(75.4 MHz,—20°C, CD,Cly) 6 119.5 (t, G); 70.6 (t, G and G); (BAr4)
163.1 (g, G), 136.1 (G), 130.0 (m, G), 126.0 (q,CFs), 118.8 (G);
(PCys) 36.0 (b, G), 30.5 (G), 27.6 (d, G), 26.2 (G). P NMR (121.5
MHz, —90 °C, CD.Cl) 6 36.5 (dd).

The structure was solved using direct methods. The asymmetric
unit consists of one ion pair in a general position. Hydrogen atoms
were idealized with €H = 0.96 A. The structure was refined by
full-matrix least squares and corrected for anamolous dispersion. There
are 847 parameters (data to parameter ratio of 7.30); Rrral0.055
(Ry = 0.063). The error of fit was 1.78 with a maximuxw—? of
0.021. The deepest hole wa®.93 e A3 and the highest peak was
1.52 e A3, Selected interatomic distances and angles are summarized
in Tables 1 and 2, respectively.

Measurement of the Rate of Interconversion between [(€Hs)-
(PCy3)Pd(CH4)]T[BAr 4]~ 8ae and 83. The sample was prepared in
a drybox by charging the palladium complex {Hz)Pd(OEY)-
(PCw)]1*[BAr's]~ (7a) (12 mg, 0.009 mmol) and GBI, into an NMR
tube at ambient temperature. The NMR tube was cooled#8 °C
under an argon atmosphere and ethylene was introduced via syringe
(excess ethylene was removed by purging the solution with argon for
approximately 30 min). The NMR tube was introduced into a precooled
(—90°C) NMR probe and gradually warmedH and3P NMR spectra
were recorded. The rate of interconversion 8f and 8f at the
coalescent temperature-74 °C, Bruker AMX-300 spectrometer) is
calculated from the frequency seperation of the two P@gonances
in the slow-exchange limit = 7(va — v)/v/2 (k=300 st at—74
°C). The free energy of activation obtained from the Eyring equation
is 9.3 kcal mof™. 3P NMR (121.5 MHz,—90 °C, CD,Cl,) 6 35.93,
37.04.

Measurement of the Rate of Interconversion (Allyl Rocking)
between [(GHs)(PCys)Pd(CH4)] [BAr ‘4]~ 9 and 9. The sample was
prepared in a drybox by charging the palladium complex
[(CsHs)Pd(PCy)2] T [BAr'4]~ (9) (10 mg, 0.006 mmol) and C{Tl, into
an NMR tube at ambient temperature. The NMR tube was introduced
into a precooled£90 °C) NMR probe and gradually warmecd*P
NMR spectra were recorded. Line broadening experiments were carried
out for9 and9' beginning at a temperature where the complexes were
static (the phosphorus signals appeared as an AB quartet) to a
temperature where the complexes were dynamic (the phosphorus signals
appeared as a broad singlet). Experimental line shapes were compared
to line shapes calculated using the DNMR3 progfafi (for an

(58) Gabe, E. J.; Le Page, Y. L.; Charland, J. P.; Lee, F. L.; White, P.
S.J. Appl. Crystallogr.1989 22, 384.
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Figure 5. The —In[(A; — B)]J/Ao versus time data for allyl acrylate
coupling of complexi3.

illustration see Figure 4 in the Results and Discussion section). This
dynamic NMR fitting program gave values of rate constakfsvhich
were used to calculate free energies of activation using the Eyring
equation: 5stat—82°C,AG" = 10.4;8stat—77°C, AG" = 10.5;
16 stat—72°C,AG" = 10.5; 29 st at —67 °C, AG* = 10.5; 53 s?
at —61 °C, AG* = 10.6; 81 s* at —56 °C, AG* = 10.7; 222 st at
—45°C, AG* = 10.8; 405 s' at —39 °C, AG" = 10.8.
Spectroscopic Characterization of Catalytic Intermediates during
Dimerization of Ethylene with [(C3Hs)Pd(OEt,)(PCys)] [BAr 4]~
(7a). In a typical experiment, the sample was prepared in a drybox by
charging the palladium complex [§8s)Pd(OE$)(PCys)] F[BAr'4]~ (7d)
(10 mg, 0.007 mmol) and CIBIl; into an NMR tube at ambient
temperature. The NMR tube was cooled-t@8 °C under an argon
atmosphere and ethylene was bubbled through the solution for 5 min.
The NMR tube was then purged with argon for 30 min to remove excess
ethylene and introduced into a precoole®( °C) NMR probe. Two
isomers of complex3 were immediately generated!P NMR (121.5
MHz, —90 °C, CD,Cl,) 6 35.93, 37.04. Excess ethylene was added
via syringe. The NMR tube was reintroduced into the NMR probe
and gradually warmed te-20 °C, at which temperature a new species
is observed which we propose to be the ettgthylene complex 1.
3P NMR (121.5 MHz,—20°C, CD;Cl) 6 38.5. *H NMR (300 MHz,
—20°C, CD,Cl) 6 3.58 (bs). The NMR probe was further warmed to
—15 °C, at which temperature dimerization of ethylene to butenes
(primarily trans-2-butene cis:trans, ca. 1:6) was observed.
Spectroscopic Characterization of Catalytic Intermediates during
Dimerization of Methyl Acrylate with [(C sHs)Pd(OEL,)-
(PCys)][BAr'4]~ (7a). In a typical experiment, the sample was
prepared in a drybox by charging the palladium complexHgPd-
(OER)(PCys)] T[BAr'4]~ (7@ (10 mg, 0.007 mmol) and GLTI, into an
NMR tube at ambient temperature. The NMR tube was cooledn®
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chelate complet6 were observed. For best signal resolution the NMR
probe was warmed to 28C. *H NMR (300 MHz, 25°C, CD,Cl,) 6
7.72 (s, 8H, AY); 7.56 (s, 4H, AY); 3.78 (s, 3H, OCh); 2.72 (td,Jwp

= 2.1 Hz, 2H); 1.77 (tdJup = 2.4 Hz, 2H); 1.6-2.0 (m, cyclohexyl).
3P NMR (121.5 MHz, 20°C, CD,Cl) 6 49.5.

Spectroscopic Characterization of Catalytic Intermediates during
Dimerization of Methyl Acrylate with [(C sHs)Pd(OEty)-
(P"Bus)]"[BAr'4~ (7b). In a typical experiment, the sample was
prepared in a drybox by charging the palladium complex
[(C3Hs)Pd(OES)(PBus)] '[BAr's]~ (7b) (10 mg, 0.008 mmol) and
CD.Cl; into an NMR tube at ambient temperature. The NMR tube
was cooled to-78 °C under an argon atmosphere and methyl acrylate
was introduced via syringe. The NMR tube was introduced into a
precooled {80 °C) NMR probe. Two isomers of compled were
immediately generated’? NMR (121.5 MHz,—100 °C, CD,Cl,) 6
13.5 and 13.0). The rate of interconversion of these isomers at the
coalescent temperature-40 °C, Bruker AMX-300 spectrometer) is
calculated from line shape analysis of the tw8&; resonances using
the slow-exchange approximatidn= 7Aw (k, = 30 st andk-, =
14 s'). The free energies of activation obtained from the Eyring
equation arAG*; = 12.5 kcal mof* andAG*-; = 12.9 kcal mot*! at
—40°C. The NMR probe was gradually warmed-+d.0 °C, at which
temperature the four-membered chelate comgewas observedH
NMR (300 MHz, —10 °C, CD,Cl,) 6 7.72 (s, 8H, Ab; 7.56 (s, 4H,
Ar'); 6.78 (m, 1H, H); 5.62 (d, 1H, H); 3.64 (s, 3H, @H;); 4.80 (d,
1H, Hs); 2.90 (m, 1H, H). 3P NMR (121.5 MHz,—10 °C, CD,Cly)

0 18.6. The NMR probe was further warmed to°Q, at which
temperature methyl 2,5-hexadieneoate (see above) and the five-
membered acrylate chelate comp&were observedH NMR (300

MHz, 0°C, CD;Cl,) 6 7.72 (s, 8H, AY); 7.56 (s, 4H, Al); 2.75 (triplet-
of-doublets) (1.85, triplet, partially obscured by tricyclohexyl reso-
nances).

Dimerization of Methyl Acrylate with [(C sHs)Pd(OEty)-
(P"Bug)]"[BAr's~ (7b). In a typical experiment, the sample was
prepared in a drybox by charging [{8s)Pd(OE%)(P'Bus)] "[BAr'4]~
(7b) (50 mg, 0.04 mmol) to a medium-walled glass Schlenk flask fitted
with a Kontes high vacuum Teflon plug. The Schlenk flask was placed
under an argon atmosphere, methyl acrylate (stabilized with 1 wt %
3,5-ditert-butyl-4-hydroxyanisole) was introduced via syringe (0.96
g, 11 mmol, 284 equiv), and the reaction mixture was heated@0
24 h). Quantitative organic analyses were obtained with an Hewlett
Packard 5890A gas chromatograph gsan J & W Scientific DB-5
capillary column (30 M, 0.25-mm i.d., 0.25-mm film thickness), the
following temperature program (5@ for 4 min; 50-250°C at 5 deg
min~1), and flame ionization detection. The assignment of products is
based on comparison with an authentic sample of mixed diester products
which was obtained from a reaction solution via distillation.

°C under an argon atmosphere and methyl acrylate was introduced via

syringe. The NMR tube was introduced into a precooled0 °C)
NMR probe. Four isomers of complé8were immediately generated
(%P NMR (121.5 MHz—~100°C, CD,Cl,) 4 38.5, 37.5, 37.3, and 37.2).
The NMR probe was gradually warmed te25 °C, at which
temperature the four-membered chelate comfpiewas observedH
NMR (300 MHz,—25 °C, CD.Cl,) 6 7.72 (s, 8H, AY); 7.56 (s, 4H,
Ar'); 6.78 (m, 1H, H); 5.74 (d, 1H,J1, = 16.7 Hz); 4.85 (d, 1HJ3
= 9.4 Hz); 2.98 (m, 1H, B); 2.45 (m, 2H, Hg); 2.07 (m, partially
obscured by cyclohexyl resonances). The rate of allyl acrylate coupling
was measured at25°C (k= 1.1 x 103s1, AG* = 17.8 kcal mot?)
by monitoring the appearance of k2.98 ppm) of the four-membered
chelate intermediaté4 (a typical first-order plot is shown in Figure
5). The NMR probe was further warmed te15 °C, at which
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