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ABSTRACT: Despite widespread use of complexes of the
type Pd(L)(i*-allyl)Cl as precatalysts for cross-coupling, the
chemistry of related Pd' dimers of the form (u-allyl)(u-
Cl)Pd,(L), has been underexplored. Here, the relationship
between the monomeric and the dimeric compounds is
investigated using both experiment and theory. We report an
efficient synthesis of the Pd' dimers (u-allyl)(u-Cl)Pd,(IPr),
(allyl = allyl, crotyl, cinnamyl; IPr = 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene) through activation of
Pd(IPr)(5’-allyl)Cl type monomers under mildly basic
reaction conditions. The catalytic performance of the Pd"
monomers and their Pd' p-allyl dimer congeners for the
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Suzuki—Miyaura reaction is compared. We propose that the (u-allyl)(u-Cl)Pd,(IPr),-type dimers are activated for catalysis
through disproportionation to Pd(IPr)(7*-allyl)Cl and monoligated IPr—Pd°. The microscopic reverse comproportionation
reaction of monomers of the type Pd(IPr)(#-allyl)Cl with IPr—Pd° to form Pd" dimers is also studied. It is demonstrated that
this is a facile process, and Pd' dimers are directly observed during catalysis in reactions using Pd" precatalysts. In these catalytic
reactions, Pd' y-allyl dimer formation is a deleterious process which removes the IPr—Pd° active species from the reaction
mixture. However, increased sterics at the 1-position of the allyl ligand in the Pd(IPr)(77*-crotyl)Cl and Pd(IPr)(#*-cinnamyl)Cl
precatalysts results in a larger kinetic barrier to comproportionation, which allows more of the active IPr—Pd° catalyst to enter
the catalytic cycle when these substituted precatalysts are used. Furthermore, we have developed reaction conditions for the
Suzuki-Miyaura reaction using Pd(IPr)(77*-cinnamyl)Cl which are compatible with mild bases.

B INTRODUCTION

Pd-catalyzed cross-coupling is an area of intense research
interest because it has numerous applications in the synthesis of
pharmaceuticals, fine chemicals, and materials.' In the last 20
years one of the major advances in the field has been the
development of specialized phosphine- and NHC-based
ligands, such as those designed by Fu,> Buchwald,’ Har‘cwig,4
and Stradiotto,® which promote many of the fundamental steps
in catalysis such as oxidative addition and reductive
elimination.'®" Use of these relatively new ligands has resulted
in an expanded substrate scope, milder reaction conditions, and
lower catalyst loadings.lg’h Unfortunately, these specialized
ligands often have comparable expense to the Pd source, which
means that the traditional route for generating the Pd’ active
species, addition of excess ligand to a Pd° or Pd" precursor, is
not always attractive. Furthermore, in many cases it has been
determined that the optimal Pd to ligand ratio is 1:1 and that
the active species is monoligated L—Pd".® As a result, a number
of well-defined Pd" precatalysts with a 1:1 Pd to ligand ratio,
such as Buchwald’s palladacycles,” Organ’s PEPPSI complexes,”®
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and Nolan’s allyl-based systems’ (Figure 1), have been
developed and are now commercially available.

A key feature in determining the effectiveness of these
precatalysts is the rate and efficiency of their conversion into
the monoligated L—Pd° active species under the reaction
conditions."“™ Extensive studies have been performed on the
mechanism of activation of the Buchwald”® and Organ

& A

R
NH, //|\/
O Pld—PR3 Cl—Pd—Cl /Pd\
OMs NHC NHC cl
Buchwald Organ Nolan

Figure 1. Three popular well-defined precatalyst scaffolds with a 1:1
Pd to ligand ratio.
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Scheme 1. Two Steps Which Are Proposed to Be Relevant to Activation of Allyl-Containing Precatalysts: (a) Conversion of Pd"
to Pd® and (b) Comproportionation of Pd° with Pd" to Generate Pd"
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Figure 2. (a) Summary of allyl-based precatalysts reported by Nolan and co-workers. (b) Generic structure of cinnamyl-supported Pd" precatalysts
that are often used in cross-coupling. (c) Dimeric precursor which is often combined with a bulky ligand in situ in cross-coupling.

Scheme 2. Our Proposed Pathway for Activation of Precatalysts of the Type Pd(IPr)(7>-allyl)CI®
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“Both the rates of activation to Pd® and comproportionation to Pd" affect overall catalytic activity.

precatalysts,®'* and these activation pathways are now

relatively well understood. In contrast, relatively little is
known about the mechanism of activation of allyl-based
precatalysts. It is proposed that activation of these species can
be split into two steps (Scheme 1):** (a) activation of the
ligated precatalyst scaffold to form the catalytically active
monoligated L—Pd° species6 and (b) comproportionation,
which forms a Pd" y-allyl dimer'? and removes the L—Pd° from
the reaction mixture. Preliminary studies on activation®'* and
comproportionation'' have been reported, but both need to be
understood in greater detail. This current work investigates
both steps shown in Scheme 1, with an emphasis on b."*

To perform these studies we revisit precatalysts of the type
Pd(NHC)(i*-allyl)Cl (NHC = IPr or SIPr),” which were
originally reported by Nolan and co-workers in 2002.7*°
Subsequently, Nolan demonstrated that addition of substituents
in the 1-position of the allyl ligand results in a dramatic
improvement in catalytic efficiency for the Suzuki—Miyaura and
Buchwald—Hartwig reactions compared to unsubstituted allyl
precatalysts.”*'> This work has led to the widespread use of
complexes of the type PA(NHC)(77*-cinnamyl)CI (NHC = IPr
or SIPr) as precatalysts for both cross-coupling and related
reactions'® and the general use of cinnamyl-supported Pd
complexes with other bulky ligands in the cross-coupling
literature (Figure 2b)."7 In fact, based on these results the
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dimeric precursor (77*-cinnamyl),(u-Cl),Pd,, in conjunction
with an appropriate ligand, is also extensively used in cross-
coupling reactions (Figure 2c)."® Nolan postulated that the
substitution on the allyl ligand weakens bonding between the
Pd and the allyl moiety and makes activation to the catalytically
active IPr—Pd® more facile,”® but the precise reason for this
enhanced rate of activation and the more efficient performance
of cinnamyl-supported species is still unclear. In this
contribution, we provide insight into the efficiency of the
cinnamyl-supported precatalyst 3. It is demonstrated that Pd" u-
allyl dimers of the type (u-allyl)(u-Cl)Pd,(IPr), form via
comproportionation between the corresponding Pd(IPr)(’*-
allyl)Cl monomers and IPr—Pd° in Suzuki—Miyaura reactions
that use the monomeric precatalysts (Scheme 1b). The
presence of substituents in the 1-position of the allyl ligand
raises the kinetic barrier to comproportionation, thus increasing
the concentration of the monoligated active catalyst that can
enter the catalytic cycle via oxidative addition with the aryl
halide substrate (Scheme 2).

Surprisingly, despite the close relationship between com-
plexes of the type Pd(L)(n*-allyl)Cl and their Pd" y-allyl dimers
analogues little has been done to compare these systems or
study the reactivity of Pd" y-allyl dimers."'>"” This is even more
noteworthy given that in recent years binuclear Pd'—Pd'
complexes have repeatedly been isolated from reaction mixtures
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previously thought to involve complexes only in the Pd® and
Pd" oxidation states.'"!??® Furthermore, several binuclear Pd'—
Pd' complexes,* including Pd' p-allyl dimers,"'*'¥** have been
shown to be effective precatalysts for Pd-catalyzed cross-
coupling, and their mechanisms of activation have been a topic
of ongoing research.2'%?* In this work, we conduct a detailed
comparison of the catalytic efficiency of a series of precatalysts
of the type Pd(IPr)(i*-allyl)Cl and their Pd' u-allyl dimer
analogues for a simple Suzuki—Miyaura reaction. We propose
that the Pd" p-allyl dimers access the catalytically active IPr—
Pd° via disproportionation, and we present a detailed study of
the disproportionation pathway (Scheme 1b). In addition,
through our studies of the synthesis of Pd' y-allyl dimers we
have discovered a mild way to activate the PA(NHC) (77*-allyl)
Cl scaffold (Scheme 1a) and describe reaction conditions for
the Suzuki—Miyaura reaction using precatalysts of the type
Pd(L)(5-allyl)Cl with milder bases.

B RESULTS AND DISCUSSION

Activation of Pd(IPr)(-allyl)Cl. Although it has pre-
viously been postulated that complexes with 1-substituted allyl
ligands are activated faster in complexes of the type Pd(IPr) (i7*-
allyl)C1,°? there is no direct experimental evidence to support
this claim. Therefore, our mechanistic investigation began with
a study of the activation of 1—3 with excess KO'Bu and
PhB(OH), at 25 °C (eq 1). The reaction conditions used for
these experiments correspond closely to the conditions used for
the Suzuki—Miyaura coupling (vide infra), but the aryl halide
substrate is absent. A mixed solvent system was used to ensure
that the reaction was homogeneous, which allows for a more
exact comparison of rates. We were surprised that all three
monomeric precatalysts formed their corresponding Pd' y-allyl
dimer as the major product, as determined by 'H NMR
spectroscopy (vide infra for characterization of 4—6).>*
However, a large difference in rate was observed between the
systems, with 3 being activated completely in less than S min,
while after 1 h 50—60% of 1 or 2 was still present in solution,
and complete conversion was only observed after heating for an
additional hour at 40 °C.** These results suggest that it is
plausible that Pd" y-allyl dimers play a role in cross-coupling
and that under these conditions the speed of activation never
becomes sufficiently fast to prevent dimer formation,
presumably through comproportionation between the starting
complex of the type Pd(IPr)(i7*-allyl)Cl and monoligated IPr—
Pd° (vide infra).

Synthesis and Characterization of Pd' u-Allyl Dimers.
To probe the role of dimers further, we synthesized the IPr-
supported Pd" y-allyl dimer congeners to Nolan’s monomeric
species through the reaction of 1-3 with a slight excess of
K,COj; in warm ethanol (eq 2). Excellent yields were obtained
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for all of the isolated Pd" y-allyl dimers. Complexes § and 6 are
rare examdples of Pd" p-allyl dimers with 1-substituted p-allyl
ligands.***** Consistent with literature precedent, the y-allyl
ligands in the thermodynamicallsy preferred isomers of both §
and 6 exhibit an anti geometry,” where the 1-substituent is on
the opposite side of the allyl ligand to the central proton, as
determined from NOE experiments. In the reaction to form §,
a mixture of syn and anti isomers is initially formed, which
equilibrates almost exclusively to the anti isomer (the
thermodynamic product) when § is left in solution for 48 h
at room temperature.24 In contrast, in the reaction to form 6
only the anti isomer is observed under our standard synthetic
conditions.** The p-allyl ligands in 4, S, and 6 exhibit distinct
'"H NMR features compared to their monomeric 7>-allyl
counterparts.”> In all three cases the anti protons of the y-allyl
ligands resonate at abnormally low chemical shifts, in the range
of 0.5—0.9 ppm, and the anti methyl and phenyl resonances of
S and 6 are also shifted upfield. The central protons of
monomeric 173-al§71 ligands exhibit a chemical shift in the
olefinic region,gb’ whereas the signals corresponding to the
central protons of 4, 5, and 6 are observed between 1.55 and
1.75 ppm. These abnormally low chemical shifts may result in
part from the significant electron density present on the p-allyl
ligand due to back-bonding from the Pd—Pd bond into the 7*
orbital of the p-allyl ligands, an interaction first proposed by
Kurosawa and co-workers.”*">¢

Compounds 5 (Figure 3) and 6 (Figure 4) were
characterized by X-ray crystallography. They exhibit similar
structural characteristics to 4 and other Pd' y-allyl dimers which
also contain a p-chloride ligand.“a’lg’27 Consistent with
analogous structures, the central carbon atoms of the p-allyl
ligands interact with both Pd centers (Pd—C, 2.34—2.39 A),
while the terminal carbon atoms only interact with one Pd
atom. Crystallographic analysis suggests that the Pd—C bond
distances to the terminal carbon atoms of the p-allyl ligands are
not equivalent, although due to disorder this cannot be
concluded with absolute certainty.”® Longer Pd—C bond
distances are observed for the carbon atoms, which are
attached to either the Me (5) or the Ph (6) substituents.
Nolan previously observed a similar Pd—C elongation in the 7>-
cinnamyl ligand in the monomeric species 3.7 A feature of the
structures of § and 6 is that the central carbon atoms of the -
allyl ligands are canted toward the Pd—Pd—Cl plane (Figure Sa,
0 = 69.3° in 5 and 74.1° in 6), whereas in monomeric
complexes with 7°-allyl ligands the central carbon is canted
away from the L—Pd—Cl plane (Figure 5b).”” Kurosawa and
co-workers previously observed this structural feature in related
p-allyl dimers and propose that it is due to back-bonding from
the filled d orbitals of the Pd—Pd bond into the empty z*
orbital of the y-allyl ligand.ZSb’26 Another noteworthy character-
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Figure 3. ORTEP of S (hydrogen atoms have been omitted for
clarity). The crotyl fragment crystallized in two conformations, and the
major one is shown. Selected bond lengths (Angstroms) and angles
(degrees): Pd(1)—Pd(2) 2.5814(7), Pd(1)—C(1) 2.05(2), Pd(1)—
C(2) 2.34(1), Pd(2)—C(2) 2.37(2), Pd(2)—C(3) 2.11(2), Pd(1)-
CI(1) 2433(1), Pd(2)—CI(1) 2.4368(8), Pd(1)—C(5) 2.013(4),
Pd(2)-C(6) 2.017(3), Pd(1)-Pd(2)—C(6) 166.86(8), C(5)—
Pd(1)—Pd(2) 164.9(1).

Figure 4. ORTEP of 6 (hydrogen atoms have been omitted for
clarity). The cinnamyl fragment crystallized in two conformations, and
the major one is shown. Selected bond lengths (Angstroms) and
angles (degrees): Pd(1)—Pd(2) 2.5999(7), Pd(1)—C(1) 2.04(1),
Pd(1)—C(2) 2.390(7), Pd(2)—C(2) 2.377(7), Pd(2)—C(3) 2.09(1),
Pd(1)—CI(1) 2.421(1), Pd(2)-CI(1) 2.422(1), Pd(1)—C(5)
2.017(5), Pd(2)—C(6) 2.024(5), Pd(1)—Pd(2)-C(6) 166.2(2),
C(5)—Pd(1)—Pd(2) 168.0(2).

b)

0<90°

a>90°

Figure S. Different orientations of the central carbon atoms of the allyl
ligand with respect to the Pd bonding planes in (a) g-allyl and (b) #*-
allyl ligands. X is a generic anionic ligand such as CL

istic that § and 6 share with similar compounds is that the Pd—
Pd—IPr angles are not linear.>”*° Instead, the IPr ligands are
oriented away from the central carbon atoms of the p-allyl
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ligands, so that the Pd—Pd—IPr angles are between 164° and
169°.

Our new synthetic route for preparation of Pd" y-allyl dimers
is a vast improvement on previous methods,””*° which required
formation of air- and moisture-sensitive intermediates. A
proposed mechanism for dimer formation is depicted in
Scheme 3.*' The primary alcohol first displaces the chloride
ligand. This acidifies the hydroxyl group, which is deprotonated
by the weak carbonate base. The resultant Pd" alkoxide species
is then reduced to a monoligated IPr—Pd’ complex via f-
hydride elimination and reductive elimination of an olefin.
Finally, the IPr—Pd° species is trapped by starting material to
form the Pd" p-allyl dimer. Several experimental observations
support this mechanism: (i) Propene was observed as a
byproduct in the 'H NMR spectrum when the reaction of 1
with K,CO; was monitored using '"H NMR spectroscopy in d,-
methanol, and propionaldehyde was detected by GC after the
reaction of 1 with K,CO; in "PrOH. (ii) Reaction of 1 with
K,CO; in d,-methanol was inhibited by the presence of excess
"Bu,NCl in solution, as this presumably prevented initial
coordination of d,-methanol. (iii) Facile activation of the
monomeric precatalysts by K,CO; to form Pd' p-allyl dimers
was observed only in primary alcohol solvents, such as MeOH,
EtOH, "PrOH, and "BuOH, with a decrease in rate as the size
of the alcohol increased, most likely due to steric factors. (iv)
Only slow dimer formation was observed when 1 was heated at
40 °C in a dgisopropanol suspension of K,COj as the
increased steric bulk of PrOH probably prevents it from readily
displacing the chloride ligand and entering the proposed
reaction pathway. (v) No reaction was observed when 1 and
K,COj; were heated for 12 h at 60 °C in ‘BuOH, which is both
sterically bulky and lacks the p-hydrogen necessary for
activation. Overall, our synthetic protocol represents a novel
and mild way to activate the (NHC)Pd(#7*-allyl)Cl scaffold and
suggests that the harsh base KO'Bu used by Nolan and others
for catalysis is not necessary in the presence of primary alcohol
solvents.”

Catalytic Studies. The catalytic efficiency for the Suzuki—
Miyaura reaction of the Pd" monomers and their Pd" y-allyl
dimer congeners was compared using conditions similar to
those reported by Nolan and co-workers from 25 to 40 °C
(Table 1).°% A mixed solvent system®” was utilized to ensure a
homogeneous reaction mixture,” in contrast to the heteroge-
neous conditions used by Nolan. Unsubstituted complexes 1
and 4 are both poor precatalysts for this reaction, and dimer 4
outperforms 1 at all temperatures. The crotyl systems 2 and
are slightly more efficient precatalysts than the analogous
unsubstituted allyl systems at all temperatures, but the same
pattern holds, and dimer $ always gives higher yields than 2. A
combination of factors could account for the improved catalytic
activity of the dimers in the allyl and crotyl systems. As
demonstrated in eq 1, 1 and 2 are not efficiently activated
under our reaction conditions, whereas the dimeric systems are
already partially activated and may generate the Pd’ active
species faster than the monomer. Moreover, the IPr—Pd° that is
formed upon activation of 1 and 2 could be reacting with
unreacted 1 and 2 to form the corresponding dimers 4 and §
instead of entering the catalytic cycle. In contrast to the allyl
and crotyl systems, the monomeric cinnamyl precatalyst 3
vastly outperforms its dimeric congener 6. For example, a 95%
yield was obtained after 60 min at 25 °C using precatalyst 3,
whereas the yield was only 3% using the corresponding dimer
6. This disparity is inconsistent with complete conversion of 3
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Scheme 3. Proposed Mechanism for Formation of the u-Allyl Dimers 4—6 from Monomers 1—3 with Weak Base
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Table 1. Yields” of Product for the Suzuki—Miyaura
Reaction” Catalyzed by Complexes of the Type (IPr)Pd(;*-
allyl)Cl (1—3) and Related Pd" p-Allyl Dimers (4—6)

1 mol% [Pdy
1.1 eq KO'Bu
B(OH), + ol ——89OB o
iPrOH/MeOH/THF

% yields for precatalysts

temp (°C)  time (min) 1 4 2 S 3 6
25 30 <1 2 3 S 93 1

60 2 7 14 22 95 3

30 30 4 4 19 30 >99 4
60 13 17 36 69 >99 26
35 30 8 15 35 S1 >99 20
60 28 52 67 97 >99 97
40 30 20 32 58 922 >99 74
60 81 93 80 99 >99 99

“Yields were calculated using gas chromatography with naphthalene as
an internal standard and are the average of two runs. bReaction
conditions: 'PrOH solution containing 0.625 M 4-chlorotoluene,
0.3125 M naphthalene, and 0.6875 M KOBu (800 uL); MeOH
solution containing 3.5 M phenylboronic acid (150 uL); THF solution
containing 0.1 M [Pd],., (50 uL).

to 6 under the reaction conditions. The full set of monomeric
and dimeric precatalysts was also screened for the Suzuki—
Miyaura of more sterically hindered substrates (Table S,
Supportin% Information), and similar catalytic results were
obtained.”® An interesting feature of the catalytic studies is the
poor performance of precatalyst 2. Under Nolan’s heteroge-
neous reaction conditions 2 and 3 both had high activity,”
whereas under our conditions 3 gives significantly higher
activity than 2. Our control experiments indicate that under
Nolan’s conditions both 2 and 3 activate rapidly (see eq S1,

Supporting Information), whereas under our conditions only 3
activates quickly (eq 1).%*

Direct evidence for the presence of Pd' y-allyl dimers under
the catalytic conditions was obtained using NMR spectroscopy.
When catalytic reactions with 1, 2, and 3 were tracked by 'H
NMR spectroscopy under conditions virtually identical to those
described in Table 1 at room temperature (Scheme 4), signals
corresponding to 4, 5, and 6, respectively, were detected in the
baseline of the 'H NMR spectra. In all three systems
resonances associated with the Pd' p-allyl dimers could be
observed while the catalytic reactions were proceeding,”* which
indicates that Pd" y-allyl dimer formation is a process that can
remove some of the active IPr—Pd° species during catalysis.
The distinct "H NMR signals of the y-allyl ligands (vide supra)
permitted unambiguous assignment of the dimers, but the trace
concentration of these complexes compared to the catalytic
substrates prevented accurate quantification of Pd" y-allyl dimer
formation.**

Using modified catalytic conditions (eq 3) it was possible to
quantify the formation of Pd' p-allyl dimers by 'H NMR
spectroscopy in reactions using 1, 2, and 3 as the precatalyst.”*
In the cases of the unsubstituted precatalyst 1 and the crotyl
precatalyst 2, a gradual increase in the dimer concentrations
occurred as the catalytic reactions proceeded. When catalysis
was complete, approximately 76% of the Pd was in the form of
dimer 4 for precatalyst 1, whereas for precatalyst 2, only 25% of
the Pd was in the form of S. For precatalyst 3, approximately
35% of the Pd was in the form of 6 straight after mixing, and
this percentage stayed relatively constant as the catalytic
reaction proceeded. It is proposed that this increased rate of
formation of 6 compared to 4 and $ is due to the fast rate of
activation of 3.

On the basis of the significant concentration of 4 observed
under these modified conditions, we propose that that the low

Scheme 4. Conditions Used for Detection of Dimers 4—6 by '"H NMR Spectroscopy in Catalytic Reactions Using 1—3
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pL dg4-methanol/
25 pl dg-THF
25°C

Dimers 4-6 were all detected in the 'TH NMR spectra
under these reaction conditions
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Scheme S. Proposed Disproportionation of -Allyl Dimers”
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activity observed with precatalyst 1 is due not only to slow
activation but also to the formation of significant quantities of
the Pd" y-allyl dimer 4. In contrast, only a fraction of the Pd in
the substituted systems undergoes Pd" y-allyl dimer formation.
One explanation for the low yields of the 1-substituted dimers
is that formation of § and 6 from 2 and 3, respectively, is less
facile than formation of 4 from 1. In this scenario, more of the
IPr—Pd° formed from the activation can enter the catalytic
cycle instead of reacting with 2 or 3 to form the corresponding
dimers (Scheme 2). This hypothesis was tested by quantifying
the formation of the Pd" y-allyl dimers under identical reaction
conditions to eq 3 in the absence of the 4-chlorotoluene
substrate (eq 4). Consistent with the scenario proposed in
Scheme 2, the yield of the unsubstituted dimer 4 was unaffected
by the presence of 4-chlorotoluene in solution, whereas the
yields of the substituted dimers S and 6 were lower in the
presence of 4-chlorotoluene. The proposed reaction pathway
outlined in Scheme 2 is also consistent with the observation
that precatalyst 2 outperforms 1 in catalysis (Table 1), even
though the two precatalysts are activated at a comparable rate
under our reaction conditions (eq 1). In the case of 2 more
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IPr—Pd° can enter the catalytic cycle. 'The specific reasons for
the differences in yields of the dimers from precatalysts 1—3
were investigated in detail and are discussed below.

NMR Studies of the Activation of Pd' u-Allyl Dimers
via Disproportionation. Although several studies report the
use of Pd' y-allyl dimers as precatalysts for cross-coupling, the
mechanism of activation of these species is unclear.'”** Our
catalytic results with 4, 5, and 6 indicate that the substitution on
the p-allyl ligand has a profound effect on the activity.
Furthermore, the similar catalytic performance of the dimers at
elevated temperature suggests that in all three cases the same
active catalyst is formed and that the disparity in activity at
lower temperatures could simply be related to differences in the
rates of activation. Therefore, we were interested in probing the
mechanism of activation of Pd' u-allyl dimer precatalysts.
Previously, while studying the insertion of CO, into Pd" dimers
with two p-allyl ligands we suggested that these dimers can
disproportionate into a monoligated Pd° species and a Pd"
species, and others have proposed similar reactions.>%*>**73*
In this case, we propose that 4—6 are activated through an
analogous disproportionation, in which Pd(IPr)(*-allyl)Cl
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Legend .
Black: Unsubstituted Dimers Pd" Monomers + Pd-IPr
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Blue: Substituted Allyl A
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Figure 6. Reaction coordinate diagram illustrating two different scenarios for the relative rates of comproportionation of 1-substitued species
compared to unsubstituted species, based on the relative rates of disproportionation summarized in Scheme 6. In Scenario A, 1-substituted Pd" y-allyl
dimers are thermodynamically stabilized and no information from the relative rates of disproportionation can be obtained about the relative rates of
comproportionation (we have arbitrarily shown the barrier as smaller). In Scenario B, 1-substituted Pd" y-allyl dimers are not thermodynamically
stabilized and the relative rates of comproportionation will be directly related to the rates of disproportionation.

(1-3) and catalytically active IPr—Pd’ are formed (Scheme 5).
The disproportionation is thermodynamically unfavorable but
can be driven by trapping the IPr—Pd’ product. We
hypothesized that the rate of disproportionation will be related
to the catalytic performance of p-allyl dimer precatalysts.

The rates of disproportionation of 4—6 in the presence of 10
equiv of 1,3-divinyl-1,1,3,3-tetramethyldisiloxane (dvds)
(Scheme 6a), 2 equiv of dimethyl fumarate (Scheme 6b), and
1 equiv of allyl ether (Scheme 6c) were measured. The
disappearance of dimer over time was tracked using '"H NMR
spectroscopy, and the rate of trapping is 4 > § >> 6 for all three
trapping reagents. We conclude from these experiments that
increasing the steric bulk at the 1-position of the p-allyl ligand
increases the kinetic barrier to disproportionation. At first
glance these results appear inconsistent with our catalytic
results, which indicated that under all conditions the crotyl
dimer § was more active than the unsubstituted dimer 4 and
that under some conditions the cinnamyl dimer 6 is more active
than 4. However, we believe that the overall efficiency of a Pd"
dimer for catalysis is determined by both the rate of
disproportionation and the rate at which the subsequent
(IPr)Pd(5*-allyl)Cl product is activated and can enter the
catalytic cycle. For example, although disproportionation of the
crotyl dimer $ is slower than the unsubstituted dimer 4, the
crotyl monomer 2 is a better precatalyst than 1, so overall §
outperforms 4. A similar argument explains why 6, which
undergoes slow disproportionation, is a better precatalyst than
4 under some reaction conditions.

Our experiments clearly indicate that the rate of
disproportionation is dependent on the trapping reagent.
Allyl ether is the fastest trapping reagent, while the more
sterically hindered dvds is the slowest. In fact, in the case of
dvds, addition of 10 equiv was required to ensure that the
reaction proceeded at a reasonable rate. Under these pseudo-
first-order conditions we were able to demonstrate that there is
a first-order dependence on both the Pd dimer and dvds.**
Unfortunately from these experiments it is not possible to
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determine the exact role that the trapping reagent plays in the
reaction, and this is explored further computationally (vide
infra). Interestingly, the rate of disproportionation is also
dependent on the solvent. Trapping experiments were
performed in the presence of d,methanol (with some C¢Dj
present to solubilize the reaction mixtures) because coordinat-
ing solvents enhance the rate of disproportionation. For
example, reaction of 5 with 10 equiv of dvds proceeded faster
in the presence of the more strongly coordinating d;-ACN
instead of d,-methanol. Specifically, the reaction was complete
after 30 min in a 3:2 d;-ACN:C¢D¢ mixture, whereas the
reaction was complete after 90 min in 3:2 d,-methanol:C¢Dy.

Studies on Comproportionation to form Pd' u-Allyl
Dimers. In catalysis using dimers as the precatalyst it is
proposed that the rate of disproportionation to form the active
IPr—Pd’ species is important for high activity. However, in
systems where a monomeric precatalyst is utilized, dimer
formation from comproportionation of IPr—Pd’ and the
starting precatalyst (the microscopic reverse of disproportio-
nation of the dimer) will lead to reduced rates by sequestering
active catalyst. Therefore, we were interested in probing the
kinetics of comproportionation from 1—3 and monoligated
Pd’. Although the experiments in Scheme 6 show that
increasing the sterics at the 1-position of the p-allyl ligand
raises the kinetic barrier to disproportionation compared to the
unsubstituted species, we cannot conclude from these experi-
ments alone that this same relationship holds for compro-
portionation. As shown in Figure 6, the kinetic barrier to
disproportionation could arise from thermodynamic stabiliza-
tion of the 1-substituted Pd' y-allyl dimers (Figure 6, Scenario
A), in which case the kinetic barrier to comproportionation
could be smaller, the same, or larger than that observed for an
unsubstituted species, and our disproportionation experiments
do not provide us with any information about comproportio-
nation. (In Figure 6, Scenario A, we have arbitrarily drawn the
barrier as smaller.) On the other hand, if the substituted dimers
are thermodynamically destabilized relative to the unsubstituted
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Scheme 7. Summary of Cross-Over Experiments Between the Pd' u-Allyl Dimers 5 and 6 and the Pd" Monomer 1
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Figure 7. Structures of model compounds used in our calculations.
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dimer then the higher kinetic barrier to disproportionation in 1-
substituted species must arise from an increase in the relative
transition state energies (Figure 6, Scenario B). In this case the
relative kinetic barrier for the microscopic reverse compro-
portionation process will also be higher in I-substituted
systems.

To determine if Scenario A or Scenario B is operative, cross-
over experiments were run in which the unsubstituted
monomer 1 was mixed with the substituted dimers § and 6
(Scheme 7a).*® The cross-over reactions can be described as
the combination of the disproportionation of the substituted
dimers and the comproportionation of 1 with IPr—Pd°
(Scheme 7b). The equilibrium strongly favors formation of
the unsubstituted allyl dimer 4 from the substituted allyl dimers
5 and 6. This indicates that the comproportionation reaction to
form 4 is more exergonic than the comproportionation
reactions to form § or 6 (IAG®,l > IAG®, . in Scheme 7b).
Given that $ and 6 are less thermodynamically stabilized than 4,
the slower rates of disproportionation for 5 and 6 must arise
from an increase in the transition state energy for
disproportionation/comproportionation (Scenario B in Figure
6).

The experiments in Schemes 6 and 7 provide a rationale for
the disparity in the catalytic performance between monomeric
precatalyst 3 and its dimeric congener 6 (Table 1). The
increased steric bulk of the phenyl group on the 1-position of
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the cinnamyl ligand increases the transition state energy for
disproportionation and comproportionation. Precatalyst 6 is
inefficient because its kinetic barrier to disproportionation
prevents it from readily accessing the catalytically active IPr—
Pd’. Precatalyst 3 is highly effective not only because it is
rapidly activated to the catalytically active IPr—Pd’ but also
because a relatively large kinetic barrier to comproportionation
slows down formation of the less active 6 from unreacted 3 and
IPr—Pd’, a deleterious process that removes the active catalyst
from the reaction mixture. In this precatalyst system oxidative
addition with the aryl halide substrate is more likely to
outcompete comproportionation of IPr—Pd° with unreacted 3
compared to unsubstituted 1, thus increasing the concentration
of IPr—Pd° that enters the catalytic cycle (Scheme 2). However,
direct observation of dimer 6 in catalytic reactions with 3
indicates that comproportionation still occurs in this system. In
principle, even more active precatalysts could be designed by
further increasing the barrier to dimerization. Alternatively, if
the speed of activation is increased further by modifying the
precatalyst, it may be possible to develop highly active systems
in which all of the Pd" precatalyst is converted to Pd’, before
deleterious comproportionation between Pd" and Pd° can
occur.

Computational Studies on Comproportionation and
Disproportionation. DFT calculations were performed to
further evaluate the effect of substituents on the 1-position of
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the allyl ligand on the kinetics and thermodynamics of the
disproportionation/comproportionation pathway. Calculations
were performed with two different simplified NHC ligands,
IDM and IPh, where the steric bulk of the IPr ligand was
reduced to different degrees (Figure 7).> In the case of the 1-
substituted monomers and dimers, isomers with both syn and
anti conformations of the n’-allyl or p-allyl ligand were
modeled. In general, the relative energies of the isomers are
in agreement with our experimental results, and isomers with
syn conformations of the 1-substituted #°-allyl ligand are the
most stable for monomeric compounds, while isomers with anti
conformations of the y-allyl ligand are the most stable for the
dimeric compounds.** This suggests that our computational
method is suitable for modeling the relative stabilities of these
complexes. Furthermore, where calculated structures could be
directly compared with experimental structures, close agree-
ment between the theoretical and the experimental bond
distances and angles was observed.”*

The thermodynamics of p-allyl dimer formation through
comproportionation of Pd" complexes of the type Pd(L)(1*
allyl)Cl and L-Pd° were calculated (Table 2). The
monoligated Pd° complexes were modeled with an explicit
solvent molecule coordinated to Pd to complete the
coordination sphere. 'PrOH was selected as the solvent,
because this was the primary solvent used in catalytic reactions
(vide supra). The calculations indicate that dimer formation is
strongly preferred in all cases, in agreement with the exergonic
character of the comproportionation reactions observed
experimentally. For systems supported by the IDM ligand,
formation of anti-3'™™ is the most thermodynamically
favorable, although there is only a small difference in the
calculated energy of dimer formation for the unsubstituted,
crotyl and cinnamyl species. Calculations with IPh reveal a
different trend. In this case formation of the unsubstituted
species 47" is the most thermodynamically favored. The small
yet significant energy differences between the three systems
with the IPh ligand show the influence of steric bulk in the 1-
position of the p-allyl ligand on the relative stability of the Pd'
dimers.

Table 2. Calculated Thermodynamics for Formation of Pd"
p-Allyl Dimers through Comproportionation of Monomers
of the Type Pd(NHC)(#*-allyl)Cl and Monoligated Pd’

R
/f7§v//
Pd! 0—Pd2—NHC
nHe” e H/
R
\—//: .
— NHC—Pd—~pPd—NHC + 'PrOH
Cl
AG°, (keal mol™)
4'oM -16.7
anti-8"™M -17.3%
anti-6"™M —15.07
4'h -162
anti-s"™" —13.4°
anti-6""" —15.5¢

“Calculated numbers are for comproportionation from the syn isomers
of the Il-substituted monomers to the anti isomers of the pu-allyl
dimers, as these are the thermodynamically preferred isomers.
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Experimentally, when the unsubstituted monomer 1 was
mixed with the 1-substituted dimers S5 or 6, we observed
essentially complete conversion to the unsubstituted dimer 4
and the 1-substituted monomers 2 or 3 (Scheme 7). Within
error, the calculated equilibrium constants for cross-over
reactions between the monomer 1™ and the dimers anti-S"™
and anti-6"™ are consistent with these results. The calculated
K,q at 25 °C for cross over between 1™ and anti-s™ is 130,
while for 1™ and anti-6™" the value is 3. When the full IPr
ligand was used,** the calculations give even better agreement
with the experimental results. At 25 °C, the calculated K, value
for cross over between 1 and § is 83, while for 1 and 6 the value
is 1091. Therefore, we conclude that in an analogous fashion to
experimental results calculations with the more sterically bulky
IPh and IPr ligands suggest that formation of 1-substituted
dimers through comproportionation is less thermodynamically
favorable than formation of the unsubstituted dimer.

Three main pathways were computationally tested to provide
information about the activation of p-allyl dimers: (i)
disproportionation to generate a solvent (‘PrOH) stabilized
monoligated Pd’ species and a complex of the type Pd(NHC)-
(pP-allyl)Cl, (i) homolytic scission of the Pd—Pd bond to
generate two Pd' monomers, and (iii) disproportionation to
generate an anionic Pd’ monomer and a cationic Pd"
monomer. Pathways (ii) and (iii) are significantly higher in
energy than pathway (i) and are discussed further in the
Supporting Information.”* Pathway (i) is a two-step process,
which requires solvent assistance (Scheme 8). In the first step,
the bridging chloride ligand on one Pd atom is displaced by
PrOH to form an intermediate with a p-allyl ligand and
terminal Pd—Cl and Pd-'PrOH groups. The coordination of
PrOH is slightly energetically uphill and goes through a
relatively low-energy transition state in which one of the Pd—Cl
bonds is almost completely cleaved and a new bond between
Pd and 'PrOH is being formed. This transition state is similar to
those observed for ligand substitution at monomeric centers
which proceed via a dissociative interchange mechanism.”” An
alternative pathway in which 'PrOH coordination results in
conversion of the p-allyl ligand into an 7'-allyl ligand and the
bridgin§ chloride ligand remains intact is considerably higher in
energy.”* In the second step, a Pd—C bond of the y-allyl ligand
and the Pd—Pd bond are cleaved to generate two monomeric
fragments. The Pd atom to which 'PrOH binds undergoes Pd—
C bond cleavage. The transition state for Pd—C and Pd—Pd
bond breakage is the highest energy point on the reaction
pathway. The transition state for disproportionation of 4™
(TS-4™",), which is virtually identical to the transition state
for disproportionation of 4™, is shown in Figure 8. In this late
transition state the dimer has almost been completely cleaved,
and the Pd—Pd distance is 3.18 A, compared to 2.65 A in 4™
One of the Pd atoms is essentially two coordinate and in a
linear geometry, with IPh and 'PrOH supporting ligands. The
closest Pd—C contact from a carbon atom of the initial p-allyl
ligand to the two coordinate Pd atom is 2.74 A, while the Pd—
Cl distance is 3.53 A. The other Pd atom is four coordinate and
in a distorted square planar geometry, with IPh, and chloride
ligands, along with the incipient 7*-allyl ligand. The incipient
i-allyl ligand is bound through two C atoms with Pd—C bond
lengths of 2.10 and 2.28 A, respectively, while the other Pd—C
distance is 2.72 A. The Pd—Cl distance of 2.68 A is slightly
elongated compared with the calculated Pd—Cl distance in 1"
(2.52 A). Finally, it should be noted that a pathway in which
isopropoxide assists in cleavage of the dimer instead of 'PrOH
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Scheme 8. Calculated Pathway and Free Energies for Solvent-Assisted Disproportionation of

o iPrOH s
NHC—Pd—Pd"—NHC =—=—=|NHC—Pd'"—Pd—NHC

cl JProH \

0 kcal mol™ cr ¢

NHC = IDM 15.2 kcal mol™!
or IPh 9.7 kcal mol!

/\D A
/

Pd
nie” Nl H

NHC = IDM 16.7 kcal mol™!
or IPh 16.2 kcal mol™!

“The energy of the dimer and 'PrOH is defined as being at 0 kcal mol~L.

+ 0—Pd%—NHC

4IDM or 4IPha

t

V
NHC—P|d'—P|d'—NHC
o
HTY
NHC = IDM 11.3 kcal mol™!
or IPh 7.8 kcal mol™!

N

o

HTY

NHC = IDM 29.7 kcal mol™!
or IPh 25.9 kcal mol™

Cl

has the same kinetic barrier to disproportionation as the
pathway involving 'PrOH but is unlikely due to the relative
concentrations of isopropoxide versus 'PrOH under the
catalytic reaction conditions.”*

Figure 8. Calculated transition state for disproportionation of 4"

(TS-4™"y) (selected hydrogen atoms have been omitted for clarity).
Selected bond lengths (Angstroms) and angles (degrees): Pd(1)—
Pd(2) 3.18, Pd(1)—C(1) 2.10, Pd(1)—C(2) 2.28, Pd(1)—C(3) 2.72,
Pd(1)—-C(4) 2.20, Pd(1)-CI(1) 2.68, Pd(2)—C(5) 1.99, Pd(1)—
O(1) 227, Pd(2)—C(3) 2.74, C(1)—C(2) 1.44, C(2)—C(3) 1.39,
C(1)-Pd(1)—C(4) 94.4, C(1)-Pd(1)-CI(1) 167.6, C(5)—Pd(2)—
O(1) 169.1.

The energies of the transition states for disproportionation of
1-substituted and unsubstituted p-allyl dimers with both IDM
and IPh supporting ligands are compared in Table 3. In the case
of the I-substituted dimers, calculations were performed
starting from the anti isomers. The computed reaction pathway
leads to formation of the thermodynamically disfavored anti
isomer of the 1-substituted monomers of the type Pd(NHC)-
(17-allyl)Cl. However, these types of monomeric systems are
known to undergo facile isomerization from anti to syn,37 which
is consistent with our observation that the syn isomers were
exclusively the final product in our trapping experiments.*® The
transition state energies and structures for disproportionation
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Table 3. Calculated Barriers for Solvent (‘PrOH) Assisted
Disproportionation and Comproportionation of Pd" p-Allyl
Dimers with Monomers of the Type PA(NHC) (#*-allyl)Cl
and Monoligated Pd°

R R
— RGN
NHC—P({—/Pd'—NHC +IPrOH «——= /Pd”\ + /O—Pdo—NHC
Cl NHC Cl H
AG* 4 (keal mol™) AG*,,,, (kcal mol™)
4oM 29.7 13.0
anti-§"™M 29.3 12.0%
anti-6"™M 28.4 1347
4'Ph 25.9 9.6
anti-§™ 32.6 19.2¢
anti-6'™ 33.8 18.3¢
syn-5PM 10.2
syn-6""M 11.1
syn-§'"" 16.8
syn-6"™" 14.6

“Calculated numbers are the barrier for comproportionation starting
from the syn isomer of the 1-substituted monomers. The pathway for
this process presumably involves isomerization from the syn isomer of
the monomer to the anti isomer.

of unsubstituted, crotyl and cinnamyl y-allyl dimers are virtually
identical with the sterically undemanding IDM ligand, and the
structures are similar to that described for TS-4"" (Figure 8).
In contrast, when the sterically bulky IPh ligand is utilized, the
transition state energies for the 1-substituted species are
significantly higher than that for the unsubstituted species. This
is qualitatively in agreement with our experimental results that
disproportionation is faster for the unsubstituted species, and
our comparative calculations with the IDM and IPh ligands
indicate that the origin of this effect is related to steric rather
than electronic factors. A comparison of the calculated structure
of the transition state for disproportionation of anti-6"™" (TS-
6™, Figure 9) with TS-4"™", reveals major differences. For
example, in TS-6'™,. the two Pd-containing fragments are even
more separated. The Pd—Pd distance is 3.59 A, and the closest
Pd—C contact from a carbon atom of the initial y-cinnamyl
ligand to the two-coordinate Pd atom is 3.00 A. Furthermore,
although the incipient 7°-cinnamyl ligand on the square planar
Pd is still bound through two C atoms, the Pd—C distances are
longer (2.10, 2.41, and 3.07 A). Apart from the increased
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Figure 9. Calculated transition state for disproportionation of anti-6""
(TS-6",) (selected hydrogen atoms have been omitted for clarity).
Selected bond lengths (Angstroms) and angles (degrees): Pd(1)—
Pd(2) 3.59, Pd(1)—C(1) 2.10, Pd(1)—C(2) 2.41, Pd(1)—C(3) 3.07,
Pd(1)—-C(4) 2.00, Pd(1)—CI(1) 2.67, Pd(2)—C(5) 1.99, Pd(1)—
O(1) 2.23, Pd(2)—C(3) 3.00, C(1)—C(2) 1.44, C(2)—C(3) 1.39,
C(1)-Pd(1)-C(4) 98.7, C(1)—Pd(1)—CI(1) 174.4, C(5)—Pd(2)—
0O(1) 180.0.

separation of the two fragments, the other major difference
between TS-4", and TS-6™", is the orientation of the IPh
ligand around the two-coordinate Pd center. In TS-4"™"; the
five-membered imidazol-2-ylidene ring of this IPh ligand is
perpendicular to the plane containing the two Pd atoms and the
carbon donor of the IPh ligand. In contrast, in TS-6""y the
imidazol-2-ylidene ring is almost parallel to this plane,
presumably for steric reasons. The transition state structure
for disproportionation of anti-5™" is more similar to TS-6"";
than to TS-4™"; consistent with the increased barrier.

In our experiments exploring the disproportionation of
dimers 4—6 we noticed a pronounced effect of both the
trapping agent and the solvent on the rate of the reaction. As a
simple model for our olefin-based trapping reagents dis-
proportionation of the dimers 4™, anti-5™™, and anti-6"" were
modeled in the presence of ethylene (Scheme 9). The
calculated pathway for disproportionation is virtually identical
to that described for the PrOH-mediated process, with

ethylene initially binding to one Pd atom along with cleavage
of a Pd—Cl bond. However, the critical energy barrier
associated with cleavage of the Pd—Pd and Pd—C bonds is
lowered for all three systems when compared to that found for
'PrOH. This may be due to back-donation from the metal to
ethylene, which should stabilize the incipient Pd® oxidation
state in the transition state. Our computational results clearly
indicate that the nature of the coordinating solvent or trapping
agent can directly affect the rate of disproportionation,
consistent with our experimental results. Also in agreement
with our experimental results, the calculated barriers for
disproportionation with ethylene follow the order 4™ ~ anti-
SR < anti-6™. Thus, the calculations predict that increasing
the sterics at the 1-position of the p-allyl ligand results in an
increased calculated barrier to disproportionation in both the
ethylene- and the 'PrOH-assisted pathways. However, in the
"PrOH-assisted pathway, the barrier for disproportionation of
ant}l;-SP " is significantly closer in energy to that of anti-6"™ than
47,

Overall, our calculations provide clear support for the
hypothesis that the disproportionation of Pd' dimers into a
monoligated Pd’ complex and a Pd" complex of the type
Pd(L)(i-allyl)Cl is the pathway for generation of the Pd°
active species in catalysis. Although this process is thermody-
namically unfavorable, under catalytic conditions the aryl halide
substrate can trap the Pd” species via oxidative addition, which
provides a driving force for disproportionation. Given that the
pathway for disproportionation is assisted by solvent
coordination, we suggest that for faster activation in coupling
reactions with y-allyl dimer precatalysts a weakly coordinating
solvent such as 'PrOH or ACN should be present and that
these reactions should not be performed in pure hydrocarbon
solvents, which are the conditions most commonly utilized in
the literature,'®?2%4

The calculated trends for the activation energies of
comproportionation in the presence of 'PrOH are the same
as for disproportionation (Table 3). Formation of compounds
with 1-substituted p-allyl ligands species have significantly
larger barriers than unsubstituted species when steric factors are
considered. In the case of 1-substituted species, the kinetic

Scheme 9. Calculated Pathway and Free Energies for Ethylene-Assisted Disproportionation of 4™, anti-S™, and anti-6""*
R R ! R
IPh—Pd'\—Pd'—IPh —— | IPh—Pd—Pd—IPh IPh—Pd—Pd—IPh
o = < il
c’ i cl
0 keal mol'* R = H 8.9 keal ol
-1
R = H 13.5 kcal mol!, Me 10.6 kcal mol™' or

Me 13.5 kcal mol™" or
Ph 17.7 kcal mol™!

AN

Pd"
e’ Nl

R =H 1.3 kcal mol
Me -2.5 kcal mol™ or
Ph -0.4 kcal mol!

“The energy of the dimer and ethylene is defined as being at 0 kcal mol™".
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+ |F—Pd®—IPn

Ph 13.7 kcal mol™

cl

R =H 17.0 kcal mol™!,
Me 17.1 kcal mol™" or
Ph 19.4 kcal mol™

1
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Scheme 10. Inhibition of the Catalytic Activity of 3 by 1

//T\
pd' o+
IPr/ \CI
1
Facile A\
~_— comproportionation
IPr—Pd—Pd—IPr ~——— /Pd" +
Cl IPr Cl
4 1

Fast activation

of 3
Relatively slow
oxidative addition | Af _
Pd2—|Pr of Ar-Cl Pdl—ipr catalytic

cycle

Cl

products of comproportionation are predicted to be the syn
isomers of the dimers, formed from the thermodynamically
more stable syn isomers of monomers of the type Pd(NHC)-
(17-allyl)CL. This is consistent with our experimental results,
where during the synthesis of $ initially a mixture of syn and
anti isomers was formed, which equilibrated exclusively to the
anti isomer over time. We believe that the pathway for
formation of the thermodynamically preferred anti u-crotyl or
p-cinnamyl dimers involves the initial facile isomerization of the
starting 77°-allyl monomer to the anti conformation®” followed
by comproportionation of the anti monomer with L—Pd". The
computational results suggest that the crotyl monomer 2 is
slightly less likely to undergo comproportionation with L—Pd"
than the cinnamyl monomer 3. This is in agreement with the
experiments summarized in eq 3, where approximately equal
yields of the substituted dimers 5 and 6 were observed under
modified catalytic conditions using precatalysts 2 and 3,
respectively. On this basis we propose that the reason 2 is
not a good precatalyst under our reaction conditions is due
primarily to slow activation, not significant dimer formation.
Further evidence in support of this hypothesis is provided by
the results of Nolan and co-workers, who observed that 2 is a
very efficient precatalyst under their heterogeneous reaction
conditions,”® where we believe that activation of 2 is rapid.**
Essentially, if precatalysts 2 and 3 are activated at the same rate
both species will give similar catalytic results as they are both
equally likely to form the off-cycle dimer. In contrast, even if 1
is activated at the same rate as 2 and 3, it will give lower activity
in catalysis because it is more likely to comproportionate and
form 4.

Inhibition of Catalysis by Precatalyst 1. On the basis of
the experiments in Schemes 6 and 7 and our computational
results, it is clear that the barrier to comproportionation to
form 4 from 1 and IPr—Pd° is significantly lower than the
barrier to comproportionation in the 1-substituted systems.
Therefore, we postulated that 1 could inhibit the catalytic
performance of 3 by trapping the IPr—Pd’ produced from
activation of 3 as dimeric 4 (Scheme 10).

When a stock solution containing 1 mol % 1 and 1 mol % 3
was used for catalysis, a marked decrease in reaction rate was
observed compared to the corresponding reaction in which 1
was absent, despite the increase in the overall Pd loading
(Table 4). To provide support for our hypothesis that this
reduced efliciency was due to formation of 4, we performed a
Suzuki—Miyaura reaction under modified catalytic conditions
(2.5 mol % 1, 2.5 mol % 3, 40 °C) and monitored the Pd
speciation using 'H NMR spectroscopy.”* At the end of the

Table 4. Yields® of Product for Suzuki—Miyaura Reactions”
Inhibited by the Presence of 1 in Solution

2 mol% [Pd]iot
1.1eq KO'Bu
B(OH), + Cl —
'PrOH/MeOH/THF

% yields for precatalyst mixtures

temp (°C) time (min) 1+3 1 mol % 4
25 30 11 3
60 24 9
30 30 11 6
60 79 28
35 30 74 21
60 92 64
40 30 83 46
60 94 92

“Yields were calculated using gas chromatography with naphthalene as
an internal standard and are the average of two runs. “Reaction
conditions: 'PrOH solution containing 0.625 M 4-chlorotoluene,
0.3125 M naphthalene, and 0.6875 M KO'Bu (800 uL); MeOH
solution containing 3.5 M phenylboronic acid (150 #L); THF solution
containing 0.1 M 1 and 0.1 M 3 or 0.1 M 4 (50 uL).

reaction 68% of the Pd was in the form of 4, with no significant
amounts of 6 present. A control reaction was also performed to
show that 4 is simply an off-cycle side product in this
experiment that does not itself inhibit catalysis and that the
perturbation in catalytic efficiency in Table 4 is due strictly to
removal of active IPr—Pd" catalyst by comproportionation with
1. When a stock solution containing 1 mol % 3 and 0.5 mol % 4
was used for catalysis, the reaction proceeded at the same rate
as the corresponding reaction in the absence of 4.** The results
in Table 4 show that the extent of inhibition decreased with
increasing temperature, presumably in part because at higher
temperature 4 is more readily converted into monoligated IPr—
Pd°. If all the IPr—Pd° formed from 3 had been trapped as 4
then the catalyst mixture of 1 mol % 1 and 3 would exhibit the
same catalytic efficiency as 1 mol % 4. The mixture of 1 and 3
outperforms a 1 mol % solution of 4, suggesting that not all the
IPr—Pd° is trapped as the Pd" p-allyl dimer. Nevertheless, the
perturbation in the efficiency of precatalyst 3 in the presence of
1 demonstrates that a significant fraction of the active IPr—Pd°
catalyst can be removed from the reaction mixture through Pd"
p-allyl dimer formation.

Catalysis under Milder Conditions. As noted earlier, our
new synthesis of Pd' y-allyl dimers using K,CO; under mild
conditions suggests that the strong base KO'Bu is not necessary
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for catalysis with precatalysts of the type (IPr)Pd(i*-allyl)Cl
(eq 2) provided a primary alcohol is present. Table $§

Table 5. Yields” of Product for Suzuki—Miyaura Reactions”

Using Precatalyst 3 and Weak Bases
(o~ )i O~ )~

% yields for different base/solvent combinations

1 mol% 3

1.5 eq base
EtOH or 'PrOH

tem time K,CO; K;PO, K,CO; K;PO,
S) (min) EtOH EtOH PrOH PrOH
30 59 42 <1 <1
60 88 75 <1 <1
40 30 88 56 3 2
60 92 66 9 8

“Yields were calculated using gas chromatography with naphthalene as

an internal standard and are the average of two runs. bReaction
conditions: EtOH or 'PrOH solution containing 0.5263 M 4-
chlorotoluene, 0.2632 M naphthalene, and 0.5526 M phenylboronic
acid (950 uL); 0.75 mmol of K,CO; or K;PO,; THF solution
containing 0.1 M 3 (50 pL).

summarizes our catalytic results using K,CO; and K;PO, as
bases for the Suzuki—Miyaura reaction with precatalyst 3 in
EtOH and PrOH.* Use of EtOH instead of 'PrOH greatly
improves the efficiency of the reactions using weak bases, and
efficient conversions are observed even at 25 °C. This is the
first time a milder base has been shown to promote efficient
Suzuki—Miyaura reactions at mild temperature using Nolan’s
cinnamyl precatalyst, and this result could expand the substrate
scope of this catalytic system. Furthermore, it may be applicable
to cinnamyl-supported systems which use other ancillary
ligands.

B CONCLUSIONS

This work has established that the efficiency of the Pd(TPr) (-
cinnamyl)Cl precatalyst and most likely other related 1-
substituted species for the Suzuki—Miyaura reaction is not
only due to facile activation of the precatalyst scaffold but also
because this system exhibits an increased kinetic barrier to
comproportionation to form the corresponding Pd' p-allyl
dimer. However, Pd' p-allyl dimer formation, which is a
deleterious process that removes the IPr—Pd° active species
from the reaction mixture, was still observed under catalytic
conditions with this highly active precatalyst and shown to be a
facile process in all the systems that were studied in this report.
On the basis of these results, we propose that Pd" y-allyl dimer
formation is a general phenomenon in reaction mixtures that
use precatalysts of the type Pd(L)(n-allyl)Cl, which were
previously thought to only involve Pd’ and Pd" complexes. By
increasing the barrier to comproportionation between Pd° and
Pd" or by developing systems that activate sufficiently quickly
so that all of the Pd" is converted to Pd° before
comproportionation can occur it should be possible to develop
precatalysts that are even more active.

This study has also elucidated new pathways for activation of
precatalysts of the type PA(NHC)(5*-allyl)Cl as well as their
dimeric Pd' congeners. Efficient activation of
PA(IPr)(r*-allyl)Cl type precatalysts was observed under
weakly basic reaction conditions in primary alcohol solvents,
and reaction conditions for the Suzuki—Miyaura reaction were
subsequently developed using the Pd(IPr)(;7*-cinnamyl)Cl
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precatalyst and mild bases. Solvent-assisted disproportionation
of the dimers generate the monoligated L—Pd° active catalyst as
well as Pd" complexes of the type Pd(IPr)(;*-allyl)Cl. This
further demonstrates the close relationship between Pd"
complexes with 7-allyl ligands and Pd' dimers with u-allyl
ligands and indicates that interconversion between the two
species is significantly more facile than previously thought.
Overall, we expect that this work will aid in the design of more
efficient Pd precatalysts for cross-coupling that are supported
by #°-allyl or related ligands, and further studies toward this end
are being conducted in our laboratory.

B EXPERIMENTAL SECTION

General. Experiments were performed under a dinitrogen
atmosphere in an M-Braun drybox or using standard Schlenk
techniques unless otherwise stated. Under standard glovebox
conditions purging was not performed between uses of pentane,
diethyl ether, benzene, toluene, and THF; thus, when any of these
solvents were used, traces of all these solvents were in the atmosphere
and could be found intermixed in the solvent bottles. Moisture- and
air-sensitive liquids were transferred by stainless steel cannula on a
Schlenk line or in a drybox. Pentane, THF, and toluene were dried by
passage through a column of activated alumina followed by storage
under dinitrogen. All commercial chemicals were used as received
except where noted. MeOH (J. T. Baker), 'PrOH (Macron Fine
Chemicals), and 200 proof EtOH (Decon Laboratories Inc.) were not
dried but degassed by sparging with dinitrogen for 1 h and stored
under dinitrogen. Ethyl acetate (Fisher Scientific) and hexanes
(Macron Fine Chemicals) were used as received. Potassium phosphate
(97%), potassium tert-butoxide (99.99%, sublimed), naphthalene
(99%), propionaldehyde (97%), dimethyl fumarate (97%), 4-
chlorotoluene (98%), and 2-chloro-m-xylene (97%) were purchased
from Aldrich. Potassium carbonate was purchased from Mallinckrodt.
1,3-Divinyltetramethyldisiloxane, allyl ether (98%), and 4-methylbi-
phenyl were purchased from TCI. Phenylboronic acid (98%), 2,6-
dimethoxytoluene (98%), l-napthaleneboronic acid, "BuOH (99%),
and 'BuOH (99%) were purchased from Alfa Aesar. Phenylboronic
acid was purified via flash chromatography using 2:1 ethyl acetate/
hexanes.>”* Flash chromatography was performed on silica gel 60
(230—400 mesh, Fisher Scientific). Potassium phosphate and
potassium carbonate were ground with a mortar and pestle and
stored in an oven at 130 °C prior to use. 4-Chlorotoluene, 2-chloro-m-
xylene, "PrOH, 1,3-divinyltetramethyldisiloxane, and "BuOH were
degassed prior to use through three freeze—pump—thaw cycles.
Deuterated solvents were obtained from Cambridge Isotope
Laboratories. C¢Dg was dried over sodium metal and stored under
nitrogen, while d;-methanol, dg-isopropanol, and dg-THF were not
dried but degassed prior to use through three freeze—pump—thaw
cycles. NMR spectra were recorded on Bruker AMX-400 and -500 and
Varian-300 and -500 spectrometers at ambient probe temperatures
unless noted. For variable-temperature NMR, the sample temperature
was calibrated by measuring the distance between the OH and the
CH, resonances in ethylene glycol (99%, Aldrich). Chemical shifts are
reported with respect to residual internal protio solvent for 'H and
BC{'H} NMR spectra. Atom numbering for the peak assignments is
given below. All assignments are based on two-dimensional 'H,BC-
HMQC, and HMBC experiments. Robertson Microlit Laboratories,
Inc. performed the elemental analyses (inert atmosphere). Gas
chromatography analyses (GC) were performed on a Shimadzu GC-
2010 Plus apparatus equipped with a flame ionization detector and a
Shimadzu SHRXI-SMS column (30 m, 250 pm inner diameter, film
0.2S pm). The following conditions were utilized for GC analyses:
flow rate 1.23 mL/min constant flow, column temperature S0 °C (held
for S min), 20 °C/min increase to 300 °C (held for S min), total time
22.5 min. The response factor used to calculate GC yields was
determined using a purchased sample of 4-methylbiphenyl (TCI).
Literature procedures were used to prepare the following compounds:
IPr,*" PA(IPr)(i7-allyl)Cl (1),°* PA(IPr)(5>-crotyl)Cl (2),¢ and
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Pd(IPr) (7*-cinnamyl)Cl (3).”® Compounds 1—3 were stored on the
benchtop, while IPr was stored in a glovebox under dinitrogen.

X-ray Crystallography. X-ray diffraction experiments were carried
out on a Rigaku MicroMax-007HF diffractometer coupled to a
Saturn994+ CCD detector with Cu Ka radiation (1 = 1.54178 A) at
—180 °C. Crystals were mounted on MiTeGen polyimide loops with
immersion oil. Data frames were processed using Rigaku CrystalClear
and corrected for Lorentz and polarization effects. Using Olex2** the
structure was solved with the XS* structure solution program by
Patterson methods and refined with the XL* refinement package
using least-squares minimization. Non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were refined using the riding model.
Details of the crystal structure and refinement data for 5 and 6 are
given in the Supporting Information.

Computational Details. DFT calculations were carried out using
the Gaussian09 program.** Due to the rather large size of the systems
studied, two different basis sets, BS1 and BS2, were used. With BS1, all
elements were described with the full-electron double-{ quality 6-31G
basis set,* except the heaviest, Cl and Pd, which were described with
the small-core SDD pseudopotential basis set.*® BS1 was used in the
geometry optimization and frequency calculations at the DFT-
(MO6L)*/SMD*® level. The SMD continuum model was used to
model the effects of the solvent (PrOH; & = 19.264). Geometries were
fully optimized in solution without any geometry or symmetry
constraints. Frequencies were computed analytically with the aim of
identifying each stationary point as either a minimum (reactants,
intermediates, and products) or a saddle point (transition states, TS).
Transition state geometries were relaxed to reactants and products
using the vibrational frequency data. Frequency calculations were also
used to determine the difference between the potential (E) and Gibbs
(G) energies, G — E, which contains the zero-point, thermal, and
entropy energies. Potential energies were refined, E,,, by means of
single point (SP) calculations at the DFT(MO06)/SMD level with a
larger basis set, BS2. With BS2, all elements were described with a
triple-C + polarization quality basis set, including the SDD(£,d) for CI
and Pd and the 6-311+G** for all other elements.*’ The AG and AG*
values given in the text were obtained from the Gibbs energy in
solution, G,,, which was calculated by adding the thermochemistry
corrections, G — E, to the refined SP energies, E ), i.e., G = E + G
— E.

Synthetic Procedures and Characterizing Data for New
Compounds. (u-Allyl)(u-Cl)Pd,(IPr), (4). PdA(IPr)(i*-allyl)Cl (1)
(101.7 mg, 0.178 mmol) and potassium carbonate (37 mg, 1.5
equiv) were transferred to a Schlenk flask and placed under dinitrogen.
Degassed ethanol (S mL) was transferred by cannula into the Schlenk
flask at rt, and the reaction mixture was stirred at 40 °C for 3 h.
Volatiles were removed under vacuum. The residue was extracted
using a 3:1 pentane/toluene (S mL) solution and filtered through a
silica plug. Volatiles were removed under vacuum to give 4 (79.0 mg,
83%) as a pale yellow solid. 'H and '*C NMR data were consistent
with those that have been previously reported.>

(u-Crotyl)(u-ChPd,(IPr), (5). Pd(i*-crotyl)(IPr)Cl (2) (75.0 mg,
0.128 mmol) and potassium carbonate (27 mg, 1.5 equiv) were
transferred to a Schlenk flask and placed under dinitrogen. Degassed
ethanol (5 mL) was transferred by cannula into the Schlenk flask at rt,
and the reaction mixture was stirred at 40 °C for 3 h. Volatiles were
removed under vacuum. The residue was extracted using a 3:1
pentane/toluene (S mL) solution and filtered through a silica plug.
Volatiles were removed under vacuum to give 5 (60.4 mg, 87%) as a
yellow solid, which contained a 9:1 mixture of anti and syn isomers.
Redissolving the mixture in C4Hg and leaving it to stand for 12 h at
room temperature allowed for isolation of only the anti isomer of 5.
Crystals for X-ray analysis were grown through slow evaporation of a
saturated solution in pentane/toluene. Anal. Calcd for
CssH,oCIN,Pd,: C, 64.47; H, 7.37; N, 5.18. Found: C, 64.38; H,
7.39; N, 5.20.

Anti isomer (major product, geometry determined by irradiating the
central proton signal at § 1.68 in a 1D NOESY experiment): 'H NMR
(400 MHz, C,Dy) 7.22 (m, 4H, H1), 7.15—7.07 (m, 8H, H2), 6.64 (s,
2H, H3), 6.63 (s, 2H, H3), 3.22 (septet, ] = 6.8 Hz, 2H, H4), 3.17
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(septet, ] = 6.8 Hz, 2H, H4), 3.14—3.04 (m, SH, H4 and H8), 1.91
(dd, J = 83, 2.1 Hz, 1H, H6-syn), 1.68 (m, 1H, H7), 1.37 (d, ] = 6.8
Hz, 6H, HS), 1.34 (d, ] = 6.8 Hz, 6H, HS), 1.31 (d, ] = 6.8 Hz, 6H,
HS), 1.26 (d, ] = 6.8 Hz, 6H, HS), 1.13 (d, ] = 6.8 Hz, 6H, HS), 1.12
(s, J = 6.4 Hz, 6H, HS), 1.10 (d, ] = 6.6 Hz, 6H, HS), 1.08 (d, J = 6.9
Hz, 6H, HS), 0.85 (dd, J = 12.3, 2.2 Hz, 1H, H6-anti), 024 (d, ] = 6.2
Hz, 3H, H9). BC{'H} NMR (126 MHz, C/D;) 192.36, 19191,
146.02, 146.01, 145.96, 145.90, 137.26, 137.20, 128.85, 128.83, 123.45,
123.33, 123.33, 123.29, 122.28, 122.13, 55.07, 36.45, 28.49, 28.45,
28.36, 25.58, 25.27, 25.24, 23.32, 23.16, 23.14, 23.08, 20.12, 15.21.

Syn isomer (minor product): Some unobscured peaks are visible in
the 'H NMR spectrum. 'H NMR (400 MHz, C(Dg) 6.65 (s, 2H, H3),
6.59 (s, 2H, H3), 2.23 (dd, J = 8.0, 1.9 Hz, 1H, H6-syn), 0.44 (dd, ] =
12.1, 1.9 Hz, 1H, Hé-anti).

(u-Cinnamyl) (u-Cl)Pd(IPr), (6). Pd(n’-cinnamyl)(IPr)Cl (3)
(119.5 mg, 0.185 mmol) and potassium carbonate (127 mg, S
equiv) were transferred to a Schlenk flask and placed under dinitrogen.
Degassed ethanol (S mL) was transferred by cannula into the Schlenk
flask at rt, and the reaction mixture was stirred at 40 °C for 3 h.
Volatiles were removed under vacuum. The residue was extracted
using toluene (S mL) and filtered using a cannula. Volatiles were then
removed under vacuum, and the remaining residue was washed with
pentane (3 X 2 mL) and dried to give 6 (87.2 mg, 83%) as a yellow
solid. Crystals for X-ray analysis were grown by layering MeOH over a
concentrated solution of 6 in THF. Anal. Caled for C4;Hg, CIN,Pd,: C,
66.22; H, 7.15; N 4.90. Found: C, 66.34; H, 7.29; N, 4.84.
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only isomer observed
by "H NMR spectroscopy

"H NMR (500 MHz, C4Dy, geometry determined by irradiating the
central proton signal at § 1.75 in a 1D NOESY experiment) 7.28—7.19
(m, 4H, H1), 7.13 (d, J = 8.0 Hz, 4H, H2), 7.09 (d, ] = 7.7 Hz, 2H,
H2), 7.04 (d, ] = 7.6 Hz, 2H, H2), 691 (t, ] = 7.8 Hz, 1H, H11), 6.76
(t, J = 7.6 Hz, 2H, H10), 6.62 (s, 2H, H3), 6.62 (s, 2H, H3), 6.54 (d, |
= 7.3 Hz, 2H, H9), 3.86 (d, ] = 8.2 Hz, 1H, H8), 3.21 (septet, ] = 6.9
Hz, 2H, H4), 3.16—3.06 (m, 4H, H4), 3.01 (septet, ] = 7.0 Hz, 2H),
1.87 (dd, J = 8.8, 1.5 Hz, 1H, H6-syn), 1.75 (m, 1H, H7), 1.37 (d, ] =
6.8 Hz, 6H, HS), 1.30 (d, ] = 6.8 Hz, 6H, HS), 1.26 (d, J = 6.8 Hz, 6H,
HS), 1.10 (m, 18H, HS), 0.98 (d, ] = 6.9 Hz, 6H, HS), 0.94 (d, ] = 6.7
Hz, 6H, HS), 0.67 (dd, ] = 12.3, 1.8 Hz, 1H, H6-anti). *C{'"H} NMR
(126 MHz, CD,) 19229, 191.12, 146.54, 14624, 146.09, 144.48,
137.95, 137.54, 129.90, 129.38, 129.24, 126.81, 123.82, 123.76, 123.72,
123.66, 12334, 122.92, 122.69, 51.69, 44.50, 28.91, 28.90, 28.88,
28.78, 25.94, 25.93, 25.65, 25.53, 23.50, 23.44, 23.37, 22.78, 21.06.
One of the *C peaks in the aromatic region was obscured by solvent.

Suzuki—Miyaura Cross-Coupling Reactions, General Proce-
dures. Tables 1 and 4. Each reaction was performed under dinitrogen
in a 1 dram vial containing a flea stir bar and sealed with a septum cap.
To each vial was added 800 uL of an ‘PrOH stock solution (0.625 M
4-chlorotoluene, 0.6875 M KO'Bu, 0.3125 M naphthalene) and 150
uL of a MeOH stock solution (3.5 M phenylboronic acid). Each vial
was then heated using an aluminum block heater set to the appropriate
temperature. After thermal equilibration, each reaction was initiated via
addition of S0 uL of the appropriate precatalyst solution in THF (0.1
M [Pd],, for Table 1, 0.2 M [Pd],, for Table 4). Aliquots (~S0—100
uL) were removed at reaction times of 30 and 60 min. Aliquots were
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purified by filtration through pipet filters containing approximately 1
cm of silica and eluted with 1—1.2 mL of ethyl acetate directly into GC
vials. Conversion was determined by comparison of the GC responses
of product and the internal naphthalene standard.

Table 5. Potassium carbonate (0.75 mmol) or potassium phosphate
(0.75 mmol) was transferred on the benchtop into a 1 dram vial
containing a flea stir bar. The vial was sealed with a septum cap and
placed under dinitrogen (by cycling three times between vacuum and
dinitrogen) on a Schlenk line through a needle. To each vial was added
950 uL of an EtOH or 'PrOH stock solution (0.526 M 4-
chlorotoluene, 0.553 M phenylboronic acid, 0.263 M naphthalene).
Each vial was then heated using an aluminum block heater set to 25 or
40 °C. After thermal equilibration, each reaction was initiated via
addition of 50 uL of a 0.1 M solution of the precatalyst in THF.
Aliquots (~50—100 L) were removed at reaction times of 30 and 60
min. Aliquots were purified by filtration through pipet filters
containing approximately 1 cm of silica and eluted with 1-1.2 mL
of ethyl acetate directly into GC vials. Conversion was determined by
comparison of the GC responses of product and the internal
naphthalene standard.

B ASSOCIATED CONTENT

© Supporting Information

Further experimental details including (i) procedures for
reactions investigating activation of 1—3 and synthesis of
dimers in different solvents, (i) protocols for observing and
quantifying the presence of dimers 4—6 under catalytic
conditions, (iii) procedures for investigating disproportionation
and comproportionation reactions involving 1—6, and (iv) X-
ray crystallographic information for 5 and 6; computational
details including (i) optimized coordinates and energies, (ii) a
comparison of experimental and calculated bond lengths and
distances, (iii) test calculations performed using the full IPr
ligand, and (iv) information about alternative mechanisms. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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