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ABSTRACT

Enormous efforts have been made to optimize the Pd-catalyzed Suzuki-
Miyaura reaction, but there is to date no generally useful protocol and forcing
conditions are often required. One reaction variable that has often been
neglected is the extent to which the supposed catalysts,
bisphosphinepalladium(0) complexes, are actually formed from the variety of
popular precatalysts used. There is in fact little evidence that these precursors
produce bis-ligated Pd(0) complexes and it is possible that the rate limiting factor
may be catalyst formation. If so, then the development of an optimized method
for forming these catalytic species would be a significant contribution to this field.
The following work describes research efforts to determine the optimum
conditions to generate PdL, (L = PCys;, PMeBu%, PBuU%3) cleanly and
quantitatively from Pd(n*-CsHs)(n°-CsHs) and Pd(n>-1-Ph-CsHs)(n°-CsHs).

Furthermore, the conditions under which PdL; species may exist in
equilibrium with the PdL, species are defined. NMR studies indicate that while
Pd(PBu'3), shows no inclination to increase its coordination number, Pd(PCys),
and Pd(PMeBu'), react with added phosphine to form 3:1 compounds.
Equilibrium constants for dissociation of the PdL3; compounds were measured
over a range of temperatures, yielding the thermodynamic parameters of
dissociation and estimated Pd-P bond dissociation energies. Additionally, the
generation of heteroleptic species serve to confirm the existence of 3:1

compounds.



A kinetic study of the oxidative addition of PhBr to Pd(PCys), was also
performed. It was found that oxidative addition was first order in palladium, but
that added bromide had no effect on the rate of oxidative addition. Added PCys;
inhibited oxidative addition, possibly due to the conversion of palladium(0) into
the less active 3:1 compound.

The formation of the catalytically less active 3:1 compounds has serious
implications for many catalytic cross-coupling processes which involve catalyst
formation via the slow reduction of palladium(ll) in the presence of excess
phosphine; for many systems, relatively little of the added palladium may actually

be present as the active bisphosphinepalladium(0) compound.
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Chapter 1

Introduction

It is widely accepted that the development of cross-coupling reactions has
revolutionized methodologies for the formation of carbon-carbon bonds, and
have thereby profoundly changed the strategies for the construction of many
types of complex organic molecules. Modern cross-coupling reactions now
encompass a field of research that continues to expand at an astounding rate,
thus requiring many frequent and thorough reviews."

It is the catalytically performed cross-coupling of organometallic reagents
with organic electrophiles that now constitutes one of the main classes of
chemical reactions for the formation of carbon-carbon bonds. More recently,
catalytic cross-coupling has evolved to include other bond forming reactions (e.g.
C-N, C-0), inciting novel areas of research. 2

Catalyzed cross-coupling reactions are perhaps best defined as an

assisted exchange, as shown in Scheme 1.

[M]
Rm + RX —> R-R

(m = Li, Mg, B,Sn, Zn, Zr)

(X =1, Br, Cl, OTf)
[M] = Ni, Pd

Scheme 1. Generalized catalytic carbon-carbon cross-coupling reaction.



Here R-m is the organometallic, nucleophilic component of the system, and R’X
is an organic electrophile. Given the wide variety of possible R-m species, many
processes have developed over many years of research. However, the Suzuki-
Miyaura (SM) reaction (m = B) has become by far the most widely utilized cross-
coupling methodology for the formation of carbon-carbon bonds.'®¢"°
Consequently, the SM reaction has been the focus of overwhelmingly extensive
research, producing varied and seemingly infinite literature reports. A concise

description of the historical development of the SM reaction is warranted in order

to fully appreciate both its mechanistic features and limitations.

1.1 Historical Development of Cross-coupling Reactions

Modern cross-coupling reactions have their origins in the pioneering
efforts of Grignard, whose work initiated the utilization of organometallic reagents
in organic synthesis. Carbon-carbon bond formation historically has involved the
use of organic halides RX with alkyl-magnesium or alkyl-lithium reagents,
producing the coupled species R-R’ (Scheme 2)2 The use of such
electropositive metals creates a highly polar M-C bond, effectively producing a

strong nucleophilic and basic carbanion.

RX + RMgX —> R-R' + MgX

RX + R'Li —> R-R' + LiX
(R = alkyl, R' = aryl, X = halogen)

Scheme 2. Carbon-carbon bond formation by means of RMgX and RLi.



However, the scope of these reagents is quite limited in terms of their
broader utility in organic synthesis. As strong bases and nucleophiles,
organometallic compounds of Mg and Li are extremely reactive and highly
intolerant of acidic and electrophilic functional groups. Complications thus result
when reactions are performed with unprotected functional groups such as OH
and C=0.* While methyl, primary alkyl, allyl and benzyl halides can undergo
coupling with organic Li and Mg reagents, coupling is difficult when performed
with hindered organic halides RX and reactions involving organic halides with
unsaturated sp® and sp carbons are unsuccessful.® Cross-coupling reactions
with these organoalkali reagents are thus plagued by a variety of undesirable

side reactions, severely limiting their broader application to organic synthesis.?

1.1.1 “First Generation” Palladium Catalyzed Cross-coupling

The genesis of modern palladium-catalyzed cross-coupling occurred as a
result of the combined research efforts to overcome the limitations associated
with organoalkali and organoalkali earth reagents. Until the early 1970’s, cross-
coupling had remained generally limited to the above mentioned reactions
involving Li and Mg.®> Over three decades, research has involved a wide variety
of other organometallic compounds and the “modern” cross-coupling processes
that have resulted are to a great extent performed catalytically. An extremely
significant advance towards universally applicable cross-coupling involved the
discovery that Ni complexes can catalyze the cross-coupling of Grignard

reagents at sp? carbons.® Reported independently in 1972, Corriu and Masse,



as well as Kumada et al. demonstrated the utility of group 10 transition metals in
surmounting the original difficulties of RLi and RMgX nucleophilic substitution at

sp? carbon atoms (Scheme 3).>°

Corriu and Masse

H Br H Ph
Ni(acac),
— + PhMgBr — — 70 % yield
- [$)
pr H 0.1-0.5 mol% Ph: i ’

Kumada et al.

NiCl,dppe
cl + EtMgBr ——— Et 98 % yield
0.7 mol%

Scheme 3. Ni catalyzed cross-coupling of Grignard reagents at sp? carbons.’

The proposed reaction pathway put forth by Kumada et al. for the cross-coupling
has been considered a basis for transition metal catalyzed coupling processes

(Scheme 4)."°

RMgX' nglxu
X \ /t R
L2N| L2N|
~rRr / \ N
R_R, RIXII

Scheme 4. Pathway for Ni catalysis proposed by Kumada et al.



The development of palladium catalyzed cross-coupling, beginning around
1975, was predominantly influenced by the successes achieved with the
aforementioned nickel catalysts.®>  Many contributors adopted the use of
palladium as an alternate method to overcome some of the restrictions
associated with nickel catalysis. For example, Ni catalysts were found to be
ineffective for the equivalent coupling with RLi reagents, but Murahashi et al.
achieved some successful coupling by utilizing Pd rather than Ni."®®” Further
work by Negishi et al. indicated that the use of Pd allowed for the replacement of
Mg with other less electropositive metals (e.g. Al, Zn, Zr), leading to the
development of what has been called the “first generation” Pd catalyzed cross-
coupling reactions.>® In addition, these studies demonstrated the more general
applicability of palladium as an effective cross-coupling catalyst, facilitating the
coupling of a greater range of substrates with fewer side reactions than had been
observed with Ni.>  These significant discoveries thus revealed the potential of

palladium as a powerful and versatile metal for catalyzed cross-coupling.

1.1.2 *“Second Generation”

In subsequent work, the spectrum of suitable coupling partners for
palladium-catalyzed cross-coupling was widened to encompass more
convenient, organometallic reagents. The first examples of palladium-catalyzed
cross-coupling with organotin reagents were reported in 1977 by Kosugi et al.®

Stille, for whom the cross-coupling process is now named (Scheme 5), also



reported palladium assisted coupling of organotin reagents in 1978'° and

provided an in depth examination of its mechanistic features.

[Pd]
R'Sn(R?); + R3X———> R'-R® + Sn(R?);X

R = vinyl, aryl, alkynyl, allyl
R? = butyl, methyl

X =1, Br, OTf

Scheme 5. Generalized Stille carbon-carbon cross-coupling reaction.™

The Stille reaction remains an important method for the formation of new carbon-
carbon bonds, particularly because of the versatility of organotin reagents.
Organotins are both air and moisture stable, leading to their convenient
preparation and storage.1e Furthermore, protecting group strategies are almost
never required as organotins are quite tolerant of many functional groups.'®
Despite these advantages, Stille coupling possesses a key shortcoming, severely
prohibiting its widespread applicability: the toxicity of organotin reagents. This
unfortunate disadvantage has meant that other equally versatile, but innocuous
organometallic coupling partners are required for truly general applicability to

industrially significant organic synthesis.



1.2  The Suzuki-Miyaura (SM) Reaction

The development of the SM reaction represents a momentous
achievement in the evolution of palladium catalyzed cross-coupling
methodologies. Of its predecessors, it has found the greatest success in terms
of its applications to organic synthesis. Developed by Suzuki and Miyaura
beginning in 1979, the process involves the coupling of an organic electrophile
with an environmentally benign, non-toxic organoboron reagent acting as the
organometallic coupling partner (Scheme 6)."®"2

[Pd]
R-X + RBY, ——> R-R + BY,X

R = aryl, vinyl, allyl, benzyl
R' = alkyl, aryl, vinyl

X = |, Br, OTf

Y = OH, OR

Scheme 6. Generalized SM carbon-carbon cross-coupling reaction.

Most often, SM coupling is utilized to react an aryl halide ArX (X = ClI, Br, |, OTf)
catalytically with an in situ generated arylborate [ArBY’Y,] (Y’ = F, OH, OR) to
form the coupled product Ar-Ar’, although extensions to the coupling of alkyl
halides have also been explored."

The synthetic utility of the SM reaction has been widespread to say the
least, and many well-summarized and comprehensive treatments of its

applicability exist."'?'* As such, a description of the synthetic applicability of the



process will be set aside in this work, favoring instead an examination of the

current body of work on its mechanistic features.

1.2.1 Mechanistic Features of the SM Reaction

The mechanistic features associated with the SM reaction are common to
many palladium catalyzed cross-coupling reactions. The most widely accepted
catalytic cycle (Figure 1) typically involves oxidative addition of ArX, a commonly
used substrate, to the catalytically active species, a bisphosphinepalladium(0)
complex PdL, (L = tertiary phosphines), followed by transmetallation and
reductive elimination steps.! Transmetallation requires that the organoborane
(e.g. organoboronic acid, organoboronate, organotrifluoroborate salt) utilized be
tetracoordinate, thus allowing the organic group on boron to be sufficiently

carbanionic for transfer to Pd."

Precatalyst

lZL

Ar-Ar’ Pl Ar-X
Reductive Oxidative
Elimination Ar\pd lllllll L At o L Addition
Ar” ML X~ d\L
XBY; [ArBY3]

Transmetallation

Figure 1. Generally accepted catalytic cycle for SM cross-coupling reactions.



1.21.1 Oxidative Addition

Oxidative addition to Pd(0) is common to many catalytic processes and
has therefore received substantial attention in the literature. A number of reviews
summarize the important work that has examined oxidative addition as it relates

10,15

to catalysis. Mechanistically, oxidative addition is generally believed to be

the rate limiting step in the SM catalytic cycle'"™

and many attempted have
therefore been made to maximize the rates of oxidative addition of various
classes of organic substrates by varying the phosphine ligands."

Some of the earliest research on oxidative addition to Pd(0) was

conducted by Fitton et al., who observed the addition of aryl halides to Pd(PPhs3)

(Scheme 7)."°

PPh,

|
Pd(PPh3), + @' > QPd—I
|

PPh,

Scheme 7. Oxidative addition of Phl to Pd(PPhs)s,.

The relative reactivity of aryl halides was found to be Phl > PhBr > PhCI. While
iodobenzene can undergo oxidative addition at room temperature,
bromobenzene was found to require heating to 80°C and chlorobenzene was
found to be unreactive, even at 135°C. Of note, aryl chlorides activated with
electron withdrawing groups (e.g. NO,, CN) were found to be reactive, implying
that the mechanism for oxidative addition might be similar to that of nucleophilic

aromatic displacement.’®



Fauvarque et al. initiated further studies of oxidative addition to palladium
systems in the early 1980s."” The authors discovered that the reaction of
Pd(PPhs)s and Phl is first order with respect to both [Phl] and [Pd], while
inversely proportional to [PPhs], due to the dissociation of Pd(PPhs); to give the
reactive Pd(PPhs),. Furthermore, activation parameters were determined to be
AH* = +77 kJ/mol and AS* = +13 J/mol-K, supporting oxidative addition of ArX to
Pd(PPhs),. Studies of oxidative addition with a variety of substituted aryl iodides
revealed a Hammett relationship of p = + 2, indicating that addition is assisted by
the presence of electron withdrawing groups on the aryl ring. It was therefore
suggested that the mechanism for oxidative addition of Pd(PPhs), to Phl is
similar to that of nucleophilic aromatic substitution (Scheme 8), as was earlier put

forward by Fitton et al.’

Pd(PPhs),
PPh,

+ Pd[PPh3], |
— |4 — O
|+
|
e .
Scheme 8. Proposed mechanism for oxidative addition of Pd(PPhs)y."”
It was also suggested that |, being “softer” than both Br and Cl, is a better ligand

for palladium and facilitates the addition. The proposed mechanism is therefore

consistent with the observed relative reactivity of ArX where Arl > ArBr > ArClI.

10



Pfliger and Amatore have also contributed significantly to the
determination of the mechanism of oxidative addition to aryl halides.’® The
authors view the mechanism of oxidative addition as one of two limiting
processes, where one possible route is concerted with a three centered, neutral
transition state (A), while the other involves oxidative addition by means of ionic
intermediates or transition state (B), as suggested by Fauvarque'’ and Fitton'®

(Scheme 9)."®

A |
_-Pd[PPh3]; - .
N

PPh,

Pd[PPhs], |
|+
B

\

Scheme 9. Limiting mechanistic scenarios proposed for oxidative addition.®

Pfluger and Amatore found that oxidative addition of Pd(PPhs)s with a variety of
substituted aryl iodides in toluene revealed a Hammett correlation of p = + 2.3,
quite similar to the value obtained by Fauvarque in THF (+ 2). In addition,
solvent variation from THF to toluene had no significant effect on observed

activation parameters (AH* = + 75 kJ/mol and AS* = + 7 J/molK in toluene).
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It was therefore concluded that the mechanism of oxidative addition to aryl
iodides cannot involve a transition state with any significant ionic character, as
changes in solvent polarity would affect the observed activation parameters for a
charged transition state. Pfliger and Amatore therefore supported a concerted
mechanism for oxidative addition with a three centered, neutral transition state
(A), rather than one similar to nucleophilic aromatic substitution.'®

The geometry of the oxidative addition product in the above mentioned

mechanism is worth noting.’**"

Generally, the isolated products of oxidative
addition reactions are trans complexes,?® while that described above in the three-
centered mechanism yields a Pd complex with cis geometry. Interestingly, the
first cis-phosphine palladium(ll) complex was isolated by Fuchikami et al.?'.
Their work revealed that the reaction of 1,3-dimethyl-5-fluoro-6-iodouracil with
Pd(PPhs)4 yields a cis-product, which isomerizes to the trans product according
to first order kinetics (kops = 2.78 x 10° s™') (Scheme 10). This result supports the
validity of the above mentioned mechanistic pathways, since a cis isomer can be
formed and subsequently converted the more thermodynamically stable trans

isomer.

0]

A Y
N/ 3 Benzene, RT
| /j\ + Pd(PPhy),
N O

C|H3 | — Pd — PPh, PhyP — Pd — PPh,

PPh3 |

Scheme 10. Isolation and isomerization of cis oxidative addition product.?’
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Furthermore, the addition of phosphine to the Fuchikami system was found to
decrease the rate of isomerization (5.28 x 10° s™), implying that the
isomerization proceeds by initial dissociation of a phosphine from the cis
complex.'®?!

Further work has since been performed on the isomerization of cis to trans

arylpalladium(ll) species. Espinet et al. observed that oxidative addition of 3,5-

dichlorotrifluorophenyl iodide with Pd(PPhs)s results in a cis product (Scheme

11).19
F F
F F
+ Pd(PPhy), —> F F — F F
Cl Cl |— Pd — PPh, PhsP — pq — PPhy
F |
PPhs |

Scheme 11. Isomerization of cis-Pd(PPhs),(CsCl2F2)l."°

The slow transformation from the cis to the trans isomer allowed for the kinetic
determination of the mechanism of isomerization.’® The authors discovered that
not one, but four concurrent pathways exist for the isomerization, implying that a
substantial degree of complexity generally exists for the cis to trans isomerization
involving PARXL, species. Although it is the trans product that is obtained when

performing oxidative addition on a stoichiometric scale, it has been emphasized
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that in a catalytic system, the isomerization from cis to trans may itself be slower

than subsequent transmetallation. %2

1.2.1.2 Transmetallation

While considerable research has been devoted to oxidative addition
reactions, much less has been focused on the process of transmetallation.® It
has been noted that this deficiency is likely because the mechanism of
transmetallation depends upon organometallic reagent in question, as well as the
reaction conditions used for the coupling process.'? Generally, transmetallation
occurs under SM conditions as a result of the differing electronegativities of

palladium and boron." Under the conditions for SM coupling, boron is more
electropositive than palladium, resulting in the transfer of the R group to the more
electronegative Pd.

However, organoboronic acids contain a C-B bond that is itself too weakly
nucleophilic to undergo transmetallation.’®® A base-assisted transmetallation is
therefore customary when performing cross-coupling with organoboronic acids.
Added base results in the quaternization of boron, which enhances the
nucleophilicity of the organic group on boron, and facilitates transfer of R to Pd.?
Typically added bases include Na;COs, K;COs;, NaOH, and Ks3;PO. (1.5-2
equivalents) in either aqueous solution or in suspension. '

Several pathways have been suggested by Miyaura for transmetallation in

the SM reaction (Scheme 12)."%?®  Firstly, the proposed path A involves

transmetallation with R'B(OH)3’, which is exists in equilibrium with RB(OH), under
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basic aqueous conditions. A second route, path B involves exchange of X for
the base R”O" (R” = H, alkyl, acetyl) on PdRL.X, producing a complex which
undergoes transmetallation with R’'B(OH),. A third path (path C) has also been
proposed where the substrate (e.g. phenyl trifluoroacetate) oxidatively adds to
directly produce a complex that can then transmetallation without base, as is the

case in path B.

?H
R'— B—OH

| B(OH); + X

oH (OH);
R— Pd— X \ / > R— Pd— R’

Path A
R'— B(OH),
R'— B(OH), : I

R— Pd— OR" ey ~“* -

P;N

e.g. phenyl trifluroacetate

R-OR™ + [Pd°]

Scheme 12. Pathways for transmetallation in the SM reaction.?®

1d,23,24

In some instances, one path might dominate another and it has also been

indicated that transmetallation is a function of the organoboron reagents
used.'®1?

It is also worth noting that the transmetallation is not typically favored

should coupling be with an alkyl halide that possesses a -hydrogen. Generally,
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B-hydride elimination of the oxidative addition product will occur rather than the

desired transmetallation.'3%¢

1.21.3 Reductive Elimination

Reductive elimination is a catalytic step by no means exclusive to SM
cross-coupling reactions. As was the case with oxidative addition, reductive
elimination is crucial to many other palladium catalyzed cross-coupling reactions.
Given its significance as the step responsible for carbon-carbon bond formation
and release of the active PdL,, one might anticipate that reductive elimination of
diorganopalladium(ll) complexes has been well studied. However, reductive
elimination has historically been the focus of much less research when compared
to its reverse process, oxidative addition to Pd(0).%

Studies involving dialkylpalladium(ll) complexes revealed some of the
mechanistic requirements for reductive elimination.?®  Stille and Gillie have
shown that the reductive elimination of cis-Pd(Me).L, (L = PPhs, PPh,CHj3) in
coordinating solvents is inhibited by the addition of excess L. Furthermore, trans-
Pd(Me),L, was noted to isomerize to the cis complex prior to undergoing

reductive elimination (Scheme 13).
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L Me

Me — Pd— Me L— Pd— Me
L L
L Me

Me — Pd— Me L— Pd— Me ——> Me—Me + PdL

Scheme 13. Isomerization and reductive elimination for cis/trans-Pd(Me),L,.%°

The equivalent chelating complex Pd(dppe)(Me), was found to eliminate much
more slowly than its monodentate counterparts. These observations imply that
reductive elimination in these dialkyl complexes requires a cis geometry and
dissociation of L.%°

However, a different mechanism for reductive elimination has been
observed for diarylpalladium(ll) complexes and such species are of greater
relevance to the SM reaction.' Diarylpalladium(ll) species must be cis
complexes, but require no prior dissociation of phosphine in order to undergo
reductive elimination. Rather, they proceed through a concerted elimination

directly from the four-coordinate cis-palladium(ll) complex (Scheme 14).'%%%227
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Scheme 14. Concerted reductive elimination for diarylpalladium(ll) complexes.?’

Moreover, it has been noted the order of reactivity in diorganopalladium(ll)
complexes is diaryl- > (alkyl)aryl- > dimethyl, which implies that the = system of
the aromatic ring in some way assists the reductive formation of the new carbon-
carbon bond.'*?”  Stille has suggested that the relative ease of reductive
elimination involving an sp? carbon compared to an sp® carbon originates from its
greater s character.’® An sp? hybrid orbital is therefore less directional and can
more easily participate in multicentred bonding in the transition state of reductive
elimination. %

In a recent review, Hartwig has put forward a detailed summary of the
generally accepted steric and electronic factors affecting reductive elimination in
carbon and carbon-heteroatom bond forming reactions.?® It is now generally
accepted that bulky ligands encourage reductive elimination. Additionally,
electron rich auxiliary ligands are found to slow reductive elimination and
subsequent formation of Pd(0) compared to those ligands that are electron
poor.?3 |t has also been noted that the reductive elimination process is facile
when the ligands to be eliminated are themselves electron donating, and more

difficult when they are electron withdrawing.?®®' Thus, groups that electronically
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increase the strength of the M-C bond decrease the driving force for reductive

elimination.?®

1.2.2 Common Conditions for SM Reactions

A wide variability exists for the conditions appropriate for successful SM
cross-coupling. Generally speaking, high temperatures in high boiling solvents
and long reaction times are utilized to obtain good yields. Attempts to further
improve coupling efficiencies have predominantly involved varying the nature of
the phosphines L, although the variation of precatalyst systems, bases, solvents,
additives and other ligands has proven successful with certain substrates. There
is therefore substantial variance among effective SM protocols, which continues
to stimulate the development of a universally applicable catalytic system for

effective SM cross-coupling.

1.2.2.1 Generally Used Precatalyst

Many palladium compounds have been successfully used to catalyze SM
coupling. Pd(ll) salts have been considered a particularly convenient source to
introduce Pd into the SM catalytic cycle. The most frequently used are Pd(OAc),
and PdCIy(PPhs),, although Pd(ll) precursors such as PdCI, have also found
uses in SM coupling.“ Typically, phosphines are assumed to cause the

reduction of Pd(Il) precursors to Pd(0)."

Pd(0) complexes are also commonly
used as SM cross-coupling precatalysts. Pd(PPhs)s is an effective source of

Pd(0) and is perhaps the most common catalyst used”, although its air sensitivity
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is often considered a nuisance. A convenient, air stable alternative to Pd(PPhs)4
is Pd(dba), (dba = trans, trans-dibenzylideneactone).>* When recrystallized, the
composition of this complex is Pdz(dba)s;.CHCI; Both Pd(dba), and Pdy(dba);
have found utility in the context of SM cross-coupling.

A far greater variability exists in the choice of ligand for a given SM cross-
coupling reaction. New ligands are regularly designed in order to achieve high
catalyst efficiency and broaden the scope of the coupling process.”" Historically,
phosphines have been the ligands of choice for SM cross-coupling (Figure 2).
The most widely used is triphenylphosphine (PPhs), although a variety of
phosphines have been applied to the SM process with the rationale that
properties inherent to the phosphine bring about a certain coupling outcome.
More recently, bulky, highly donating ligands (L = PCys, PMeBu', PBute,)33 have

become catalytically significant for coupling with ArClL.'2°9h

see below).
Generally, electron rich ligands are understood to assist oxidative addition, while
bulky phosphines, as well as bidentate phosphines, are thought to assist in

reductive elimination.?®
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©_ PPh, CH3 CH

| 3
Fe HaC P <H3C P—CH;
CHs /5

thp‘_<CH2>; PPh2

n

n=234

Figure 2. Examples of relevant phosphines for SM cross-coupling reactions.

Non-phosphorus containing ligands such as N-heterocyclic carbenes®* are
becoming increasingly relevant to SM cross-coupling. However, a proper
treatment of the development and relevance of all of these ligands far exceeds

the scope of this work.

1.2.2.2 Organoboron Reagents

The commonly chosen organometallic reagents (R-m) for SM coupling are
organoboronic acids RB(OH),. While these compounds avoid many of the
difficulties associated with their organometallic predecessors RMgX, RLi and

RSnR’s, they are not without their own disadvantages.35 Their shelf life is limited
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due to reactions with O, and H,0.***"  Furthermore, boronic acids can cyclize

¢ As a result, an excess of the

and trimerize, losing H,O to form boroxines.>
boron reagent is often needed to ensure the stoichiometric requirements of a
particular coupling are met. In addition, the purification of organoboronic acids is
particularly difficult and often meets with minimal success.>*

Boronate esters (RB(OR);) are a useful substitute for organoboronic acids
in many SM reactions.** However, it has been noted that while they are more
easily purified than their parent organoboronic acids, their use lacks in atom
economy.3%¢-%

Organotrifluoroborate salts (K[RBF3]) have recently become an attractive
alternative to other available organoboron reagents in SM coupling reactions.
They are both air and moisture stable and resolve the above mentioned
difficulties associated with organoboronic acids and boronate esters. It has been
previously assumed that organotrifluoroborate salts are more effective
transmetallation partners than trivalent organoboranes, as they are added to a
coupling reaction as a tetravalent species and are thus believed to be “primed”
for the SM transmetallation step.>*® However, experimental evidence has lead to
the suggestion that the species undergoing transmetallation is in fact a hydroxyl
derivative of the type RBF;(OH) or RBF(OH),, generated in situ from the
organotrifluoroborate salt in the presence of water.®*®¢ In fact, coupling product

yields in some instances are low to non-existent when performed with an

organotrifluoroborate salt in the absence of water.**®
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1.2.2.3 Aryl Electrophiles

The standard electrophiles for palladium catalyzed cross-coupling
reactions, including the SM reaction, are aryl iodides, bromides and triflates.®
Aryl iodides are most reactive for oxidative addition, while aryl bromides and
triflates possess similar, albeit reduced, reactivities.'®

The broad applicability of the SM reaction has been limited by the poor
reactivity of aryl chlorides.®" Aryl chlorides are highly desirable substrates for SM
cross-coupling reactions, as they provide a greater diversity of coupling partners
and a lower cost than aryl bromides, iodides and triflates.’’ The reduced
reactivity of aryl chlorides in palladium-catalyzed coupling has been attributed to
the higher C-X bond strength in aryl chlorides (C-Cl 96 kcal/mol), as compared to
bromides (C-Br 81 kcal/mol) and iodides (65 kcal/mol). As a result, aryl chlorides
experience more difficulty undergoing the initial oxidative addition step in the
catalytic cycle. This difficulty can be circumvented by the presence of an
electron-withdrawing group on the aromatic ring of the aryl chloride.*® While this
activates the aryl chloride for oxidative addition, the range of possible substrates
is thus restricted. However, in the late 1990’s extensive research performed by
both Fu and Buchwald indicated that effective SM coupling can be achieved with
both electron neutral or electron rich aryl chlorides (i.e. deactivated substrates).>’
The key to success with these demanding substrates was found to lie in the
choice of ligand for catalysis. = While the more conventionally employed
phosphines (e.g. PPhs) are ineffective for aryl chlorides, electron-rich, bulky

phosphines (e.g. PCys, P'Bu;Me, P'Bus) were found to meet the criteria
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necessary for oxidative addition of deactivated aryl chlorides.®” This discovery
has incited extensive research towards the design of many new ligand systems

to effect catalysis of aryl chlorides.*’

1.3 Challenges to “Textbook” SM Catalysis

As mentioned previously (Section 1.1.2), the SM reaction often requires
high temperatures and long reaction times to obtain good product yields, and
attempts to improve reaction efficiencies have involved varying the nature of the
phosphines L (sterically demanding phosphines often seem to be best) and the
L:Pd ratios, as well as the solvent, the temperature, the role of added anions and
cations, and the nature of Y (Scheme 6)." There are thus an oppressive number
of reaction variables to achieve optimum SM cross-coupling. Surprisingly, it has
been said, with respect to palladium catalyzed cross-coupling reactions, that
“relatively few fundamental principles are involved, the understanding of which
will bring order out of this apparent chaos, and make the area both approachable
and usable”.*® While SM catalysis has proven to be consistently useful, it has
come to light in recent years that the principles involved in this area of catalysis
are by no means simple. Moreover, frequent developments and studies in SM
catalysis reveal the possibility of new catalytic species and mechanistic pathways
for product formation. As a result, many questions regarding mechanistic details
and the nature of catalytic intermediates remain to be answered.

Interestingly, a possibly central variable that has not generally been

considered is the extent to which the putative catalytic species, PdL, is actually
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present in solution. The following examination of the wide variety of commonly
used precatalyst systems demonstrates that there is very little evidence to show
that the presumed active species PdL; is generated in situ in SM cross-coupling

catalysis.

1.3.1 Consequences Associated with Choice of Precatalyst

Because of their delicate, unpredictable nature, “preformed” PdL,
complexes, the presumed active catalysts in SM cross-coupling, are rarely used
directly as catalysts in SM cross-coupling reactions. Bisphosphinepalladium(0)
compounds are not only air sensitive, but are also prone to form clusters
containing Pd-Pd bonds and to expand their coordination spheres to form
species of the type PdL,L’ or PdL,L’; (L' = CO, alkenes, alkynes, small
phosphines).? Consequently, the more readily accessible precatalysts, such as
Pd(PPhs),>**4%4"" are utilized. Interestingly, the use of a particular precatalyst
system can often introduce synthetic and mechanistic consequences unique to

the system in question, as described below.

1.3.1.1 Pd(PPhs),
Pd(PPhs)4 is understood to be an 18 electron complex which in solution
dissociates to produce the tris-substituted 16 electron species Pd(PPhs);.3%*"

However, the truly active species in oxidative addition was later identified as the

14 electron complex Pd(PPhs),." The low concentration of this active species is
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governed by a disadvantageous equilibrium that favors Pd(PPhs); as the major

species in solution (Scheme 15).

Pd(PPh3)4 Pd(PPh3)3 + PPh3 K1 >> 1

——
———
——
———

Pd(PPhs)s Pd(PPhs), + PPhy K, << 1

Scheme 15. Dissociation equilibria associated with Pd(PPhs)s in solution."’

This behaviour is not limited to Pd(0) species ligated by PPhs. Other phosphines
also participate in similar equilibria and low ligated species where n=2 and n = 3
are possible. However, the preference for low coordination number appears to
relate not to basicity, but rather to the steric hindrance associated with the
phosphine in question: PMes ~ PMe,Ph ~ PMePh, < PPhs; < P'Pr; < PCys.*' As a
result, complexes of the type PdL, are isolable with phosphines possessing
particularly large cone angles (P'Bus and PCy;). The degree of coordinative
unsaturation thus depends on the steric bulk of the phosphine in question. As a
result, a complex of higher substitution, and possibly of lower reactivity for
oxidative addition, may be the dominant species in solution rather than the

desired coordinatively unsaturated, catalytically active species.

1.3.1.2 Pd(dba)./Pd,(dba)s;
As mentioned above, palladium(0) complexes of dba have often been
used as alternate catalyst precursors in SM cross-coupling reactions." For a

given SM cross-coupling protocol, the desired phosphine is added to solutions of
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Pd(dba), or Pdy(dba)s; (dba = trans, trans-dibenzylideneacetone).® With dba
containing precursors, it had been thought that the true Pd(0) catalyst, PdL,, is
generated in situ, thus eliminating the need for the more air sensitive
Pd(PPhs)s.** Furthermore, the addition and quantity of the phosphine used in this
case is more easily controlled, which is particularly advantageous when utilizing
expensive phosphines.*?

It has been generally assumed that dba is completely displaced from
Pd(dba), or, if not, that it does not impede oxidative addition. While catalyst
preparation from Pd(dba), + 2L has generally been thought to generate PdL; in
situ,** Pd(dba), + 4L has been assumed to generate PdL,.** In studying these
systems, Amatore et al. showed that the assumed “innocent” dba ligand in fact
affects the nature of the catalyst species generated in solution. Their work
demonstrated that Pd(dba), + 2 PPhs is not, as anticipated, a direct source of
PdL,. Their *'P NMR experiments indicate that monoligation through dba double

bond occurs when Pd(dba); is combined with two equivalents of PPhs (Scheme

16).4
Ph
/
Pd(dba), ——> Pd(dba) + dba
PhyP
Pd(dba) + 2PPh; —» Pd(dba)(PPhs), N 0
PP’ ph

Scheme 16. Monoligation of Pd(0) by dba in the presence of PPhs.*?
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A similar observation was made for mixtures of Pd(dba), + L-L (L-L =
dppm, dppe, dppb, dppf)43 which generates Pd(dba)(L-L). Essentially, these
monoligated species are unreactive and release dba in an equilibrium that
influences the concentration of the species that are capable of undergoing

oxidative addition (Scheme 17).%3

Pd(dba)(PPhs), Pd(PPh;), + dba

Scheme 17. Equilibrium between dba ligated Pd(0) and Pd(PPhs),.*?

There is therefore ample evidence showing that alkenes possessing
electron withdrawing groups, including dba, bind very strongly to Pd(0) and are

not always fully displaced by tertiary phosphines.*?4344

As ligands, dba and
other alkenes can thus inhibit many oxidative addition reactions.****** Amatore
et al. found that in DMF, oxidative addition of Phl to Pd(PPhs)4 can be slowed in
the presence of styrene and methyl acrylate by the formation of unreactive

(olefin)Pd(PPh3),, thus decreasing the amount of Pd(PPhs), available for

oxidative addition (Scheme 18).*%
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— N\

- PPh, R
Pd(PPhs), = = J— Pd(PPhs),
R = Ph, CO,Me

Pd(PPh3)3

+ PPh;

Phl

Pd(PPh3),(Ph)(l)

Scheme 18. Inhibition of oxidative addition as a result of alkene coordination.**°

A similar effect is observed when oxidative addition of Phl to Pd(PPhs)s is
performed in the presence of terminal alkynes such as phenylacetylene and
ethylpropiolate, producing complexes of the type [(n*-RC=CH)Pd°(PPhs),] (R =
Ph, EtO,).**

Lee et al. discovered that the variation of the electronic character of dba in
a Pd(0) precatalyst has an impact upon the observed SM cross-coupling of 4-
chlorotoluene and phenylboronic acid.**? It was anticipated that the strength of
the n? coordination of the alkene to Pd(0) would depend on the m-accepting
ability of the dba derivative Pdy(n,n’-Z-dba)s; (n,n’-Z = 4,4’-OMe, 3,5,3',5-OMe,
4,4-'Bu, 3.3-NO; 4,4-CF3) (Figure 3). It was proposed that electron withdrawing
groups would strengthen alkene coordination due to increased backbonding, thus
diminishing the availability of active catalyst PdL,. Conversely, electron donating

groups (OMe) would diminish backbonding, thus weakening alkene coordination
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and increasing the concentration of the bisphosphine species. As expected,
tuning the electronic character of dba in this way resulted in a 86% conversion
when R = 3,5,3',5-OMe, compared with a 77% conversion with unsubstituted
Pdy(dba)s;. Additionally, the catalysis efficiency was found to be significantly
reduced (20% conversion) when R = 3,3’-NO..

0

= X

W/ \\/

Figure 3. n,n-Z-dba (n,n’-Z = 4,4'-OMe, 3,5,3’,5-OMe, 4,4-Bu, 3.3'-NO, 4,4-
CF3)_44d

Jutand et al. confirmed that the abovementioned effects on SM coupling
are the result of inhibition of oxidative addition.*** As with their work involving
Pd(dba),/PPhs systems, it was found that the addition of two or four equivalents
of PPhs to Pdy(n,n’-Z-dba); (n,n’-Z = 4,4'-F, 4,4-OMe, 3,3,4,4’,5,5-OMe) or
Pd(n,n’-Z-dba); (n,n’-Z = 4,4'-Br, 4,4'-Cl, 4,4'-CHs;, 3,3’,5,5-OMe) resulted in the
formation Pd(n,n’-Z-dba)(PPhs)2, which is unreactive towards oxidative addition

and in equilibrium with Pd(PPhs), and free n,n-Z-dba (Scheme 19).44

Pd(n,n"-Z-dba)(PPhs), Pd(PPhs), + n,n-Z-dba

Scheme 19. Equilibrium releasing Pd(PPhs), from n,n’-Z-dba complex.**
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The authors found that as the electron donating properties of n,n’-Z-dba were
increased, the value of the Kp for the equilibrium releasing Pd(PPhs), increased,
thus enhancing the rate of oxidative addition with Phl.

It has therefore been well established that dba, among other alkenes, are
not merely “innocent” spectator ligands. The aforementioned work indicates that
the use of dba containing precursors can have a serious impact on the efficiency

of SM cross-coupling catalysis.

1.3.1.3 Monophosphine Complexes

The vast efforts to achieve SM coupling with difficult substrates (i.e. aryl
chlorides) have yielded a variety of very efficient catalyst systems based upon
bulky, electron rich phosphines."™ The success of many of these systems has
been attributed to the generation of highly reactive monophosphine species, Pd-
L, whose existence is likely a direct result of the ability of the involved phosphine
to stabilize the coordinatively unsaturated complex or destabilize the 2:1
complex."™*°

As mentioned above, a number of kinetic studies have been reported for
the oxidative addition of aryl halides to palladium(0) compounds Pd(PPhs),,” and
evidence for the intermediacy of this 2:1 compound has been deduced although,
with some other phosphines, inhibition by added L has been interpreted in terms

d.1m,45

of 1:1 species PdL being kinetically preferre The significance of 12
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electron Pd-L species as the truly active catalytic species with such phosphines
has challenged previous notions regarding the role of PdL, as SM catalysts.
There is ample experimental evidence which points to the existence of Pd-
L as the catalyst species in cross-coupling reactions. Such a system was
reported by Fu et al., who showed that a highly active SM catalyst system can be
obtained by using a precatalyst mixture consisting of Pdx(dba)s; and PBu's. This
system successfully couples a variety of aryl halides, and more notably was the

45h,i

first to allow for coupling of electron rich aryl chlorides. Further studies

revealed that the Pdx(dba)s/PBu's system can effect coupling of both electron rich

and sterically hindered aryl chlorides (Scheme 20).*°

Me

1.5 mol % Pdy(dba),
4.5 mol % P'Bug
MeO cl + 1.1 B(OH), 3.3 eq. KF MeO

THF or dioxane

Me 70°C

88 % yield
M
Me 1.5 mol % Pda(dba)s €
3.6 mol % P'Bug
oo+ 11 B(OH), 33 00 KF
THF
Me 60°C Me
93 % yield

Scheme 20. SM cross-coupling of electron rich and hindered aryl chlorides.

The existence of a monophosphine catalyst was suggested as a rationale for the

noted optimum Pd:PBu'; ratio for catalysis. It was found that high catalyst activity

required this ratio to be in the range of 1:1 — 1:1.5. Once the ratio was elevated
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to 1:2, the catalyst activity was greatly diminished. *'P NMR spectroscopy
revealed that for systems at each of the above ratios, the only detectable species
was Pd(PBuY),. The authors inferred that half of palladium present in the system
must be exist as the unreactive Pd(PBu's);, which the other half remained
unligated. It was thus concluded that the active catalyst must be monoligated
Pd- PBu's. Moreover, it was found that Pd(dba); was a superior precursor to
Pd(OAc),. Itis possible that the presence of dba in the catalyst system allows for
some stabilization of Pd- PBu's by means of coordination through the dba alkene
moiety.

Others have provided further experimental evidence for the significance of
monophosphine palladium(0) complexes as active catalytic species for SM cross-
coupling. Hartwig et al. discovered that the dimeric species Pdy(u-Br),(PR3)2
(PR3 = P(1-Ad)Bu's, PBU'3) could be utilized as a catalyst precursor to affect the
cross-coupling of hindered aryl bromides with phenylboronic acid.** The
catalytically active species are believed to be the result of either the cleavage of
the dimer, yielding monoligated Pd(PR3), or by reduction in the presence of

substrate and base to produce Pd(PR3) or [Pd(PR3)Br]” (Scheme 21).
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/ Br\ Br

~
RsP — Pd! Pd' — PR, > Pd°(PRy) + Pd' — PR,
Ng”

/
Br
PR; = P(1-Ad)'Bu,, P'Buj,

mup |/ Br\Pd' Substrate/base
3P — Pd — PR, . 0
N 2 Pd°(PRs)

or 2 [Pd%PR3)BrT

Scheme 21. Generation of active catalysts from Pdy(u-Br)2(PR3)2

The resulting system was capable of successfully coupling o-substituted aryl
bromides (92-96% yield) and 2-bromo-m-xylene (84% yield) at room temperature

in 15 minutes (Scheme 22).

R2 R2

0.5 mol % Pd,Br,(P(1-Ad)'B
" - QBW oo o ()L
KOH, THF

R’ 15 min, RT

R1
R',R?, R®=CN, H, H

R',R% R®=0OCHs, H, H

R',R? R®=CHj;, CH,, H

Scheme 22: Room temperature SM cross-coupling of hindered aryl chlorides.

Hartwig et al. have also successfully isolated monomeric, arylpalladium(ll)

complexes of the type Pd(PR3)(Ph)(X), lending credence to the possibility of

monophosphine bound intermediates in SM catalysis. (PR3 = (1-AdPBu',, PBu'3,
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X = Br, 1).'™%* |t was observed that Pd(PBu's)PhBr and Pd(1-AdPBu',)PhBr

could be isolated in neat PhBr from PdL; at 70 °C (Scheme 23).

PdL, neat PhBr _ L—Pd — x

70 °C |
L = P(1-Ad)Bu,, P'Bus Ph

Scheme 23. Isolation of monomeric, T-shaped arylpalladium(ll) complexes.***

The resulting complexes represented the first examples of T-shaped, monomeric
arylpalladium(ll) complexes that lack coordinated solvent. In fact, IR and
computational data indicate that the complexes possess a weak agostic
interaction between Pd and the C-H present in the phosphine Iigand.45k Such
interactions may very well be present in other monophosphine intermediates that
participate in catalysis.

Buchwald et al. have also provided a great deal of experimental evidence
supporting the existence of monophosphine Pd-L species and their significance
in SM catalysis.****™ Their highly reactive catalyst systems have been a result of
the utilization of ligands that enhance the stability of monoligated Pd-L.**%¢™ A
variety of dialkylphosphanylbiphenyl ligands were developed to provide the ideal
electronic and steric environments necessary to facilitate oxidative addition and

reductive elimination (Figure 4).
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PR; PCy, PCy,

1: R=Cy,X=H 4 'Pr
2: R="Bu,X=H
3: R=Cy, X=NMe,

Figure 4. Buchwald ligands for SM cross-coupling.*>®¢™

When applied to SM cross-coupling, extremely efficient protocols have
been achieved, including the successful coupling of aryl chlorides at room
temperature. Furthermore, one can achieve room temperature cross-coupling in

good yield involving hindered, as well a electron rich, aryl chlorides (Scheme 24).

OMe OMe
0.25 mol % Pd(OAc),
0.75mol % 5
Cl + 15 B(OH), >
3eq. K3PO4‘H20
THF, RT
Ph Ph
97 % yield

Scheme 24: SM cross-coupling with Buchwald system using ligand 5.

The authors believe the overall success of the catalyst systems lies in a «

45d

interaction between Pd(0) and the biaryl ligand moiety. Supporting this
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supposition, crystallographic analysis of isolated 4+Pd(dba) demonstrated a Pd-
C(ipso) interaction between biaryl ligand.**® Computational analysis indicated
that the Pd-C(ipso) distance in this complex is 2.378 A, contrasting with the
observed Pd-C(ortho) distances of 2.696 A and 2.788 A .**®* This shorter

distance implies an n'-interaction between Pd(0) and the biaryl ligand (Figure 5).

=

Figure 5. Representation of the interaction involved in 4+Pd(dba). °*

Such an interaction thus stabilizes the highly reactive monophosphine Pd-
L. However, DFT calculations of 4+Pd indicate an n'-Pd arene interaction with an
aryl ortho carbon, rather than the ipso carbon.*®™  Furthermore, these
interactions exist in both the active catalyst and the oxidative addition products,
but remain absent in the associated transition state structures, indicating that the
Pd-arene = interaction serves to stabilize the metal when it is not participating in
catalytically relevant steps.*®™ Additionally, the isolation and crystallographic

analysis of PdL, indicates that it lacks the abovementioned n'-arene interaction,
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and its large size likely means that oxidative addition is prohibitive. The result is
an encouraged dissociation of L, shifting the PdL,/Pd-L equilibrium towards the

stabilized and more highly reactive monoligated species.**®

Regardless of the
type of arene interaction (ortho or ipso carbon), it is clear in the Buchwald
systems that the hitherto “accepted” cross-coupling catalyst PdL, in fact plays a
minor role as compared to monoligated PdL species.

While the Buchwald systems depend on the intrinsic nature of the
phosphine to stabilize Pd-L, Beller et al. have also succeeded in producing
stabilized monophosphine catalyst systems. However, in their work the
catalytically active species are stabilized by virtue of a coordinated 1,6-diene.

(Figure 6).** The resulting catalysts effectively couple aryl chlorides with

phenylboronic acid (Scheme 25).

/s AR

CysP—Pd o) CysP—Pd NH
AN /—S/i(Me)z AN /—/
6 7
A O M
CysP — Pd o PCy,— Pd o)
N~ O N
8 9

Figure 6. 1,6-diene stabilized monophosphine catalyst systems.*®

38



0.05 mol % cat

] Qu + QB(OH)Z 1???5;4 _ §_/>_<_/>
, 22 hrs R

100 °C
R =H, p-OMe, 0-CN

Scheme 25. Beller ligand systems for SM cross-coupling of aryl chlorides.*®

Improved product yield and turnover number were observed with complex 8, as
compared to cross-coupling caused by 1:1 Pdy(dba),/PCys, 1:1 Pd(OACc)/PCys,
and 1:2 Pd(OAc),/PCys. Furthermore, as the acceptor ability of the coordinated
diene increased, a decrease in the catalyst reactivity was observed in the order
of 8 > 7 > 6, implying that the lability of the diene was linked to the enhanced
reactivity of the catalyst system. Thus the successful cross-coupling observed in
these systems is attributed to the release of the diene to produce the anticipated
catalytically active Pd-L.** The most efficient of the coordinated diene systems
was 9, based on the Buchwald di-cyclohexyl-o-biphenyl ligand. It is likely in the
case of this phosphine that Pd-L stabilization results from both the coordinated
diene as well as the Pd(0) n"-arene interaction described by Buchwald.**%¢"™
While the above represents substantial experimental evidence indicating
the importance and potential of Pd-L species as catalysts in cross-coupling
reactions, theoretical work has also been performed to assess the importance of
these low coordination complexes. Norrby et al. studied the reaction of Phl to

Pd(0) through DFT calculations in an effort to determine the stability of Pd(0)
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complexes containing one to three ligands.*" Their work led them to conclude
that oxidative addition is in fact most favorable when Pd(0) is linearly bound by
Phl and one ligand only, lending support to the catalytic significance of Pd-L
species. Additionally, calculations indicated that anionic palladium (0) complexes
are more likely to be monophosphine complexes of the type [Pd(PPh3)X], rather
than anionic complexes [Pd(PPhs).X] suggested by Amatore et al.**"
Overwhelming evidence thus points to the existence and significance of
coordinatively unsatatured, 12 electron species of the type Pd-L. It seems that
the choice of ligand has a profound impact on the nature of the Pd species that
acts as active catalyst. Through efforts to attain more efficient cross-coupling
reactions with a broader scope of substrates (namely aryl chlorides), the Pd-L

species, rather than PdL,, has become forerunner as “active catalyst” in the

many SM cross-coupling protocols.

1.3.1.4 Pd(OAc), + nPPh;

Catalyst solutions for SM cross-coupling are also generated by adding a
phosphine to a suspension or solution of Pd(OAc),, the assumption being that
the palladium(ll) salts are reduced to palladium(0) compounds.” However, for
most of the phosphines used in SM catalysts, there is little evidence that
reduction is achieved either rapidly or completely.

Some studies exist that describe the reduction Pd(OAc), when it is treated
with PPhs.*”  Amatore et al. discovered that in these systems the anticipated

Pd(PPhs), is not the species generated.*’? In fact, the acetate anions introduced
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through the Pd(Il) precursor are significant in the process, producing an anionic
palladium(0) species (Scheme 26). Similar results were observed when

Pd(OCOCF3), was treated with PPhs in DMF.*®

PA(OAG), + 3PPhy + H,0 —— Pd(PPh;),(OAc) + O=PPhs + H* + HOAC

Scheme 26. Reduction of Pd(OAc), in the presence of PPhs in DMF.*"

Additionally, other phosphines are capable of causing the reduction of
Pd(ll). Mandai et al. have observed that catalytically active but unidentified Pd(0)
complexes can be generated in situ from Pd(OAc), and PBu"; in a 1:1 ratio in

THF or benzene (Scheme 27).%°

Pd(OAc), + PBuU"3; — > [Pd] + O=PBu"; + 2 CH3;CO(O)COCH,

Scheme 27. Reduction of Pd(OAc); in the presence of PBu";.*?

Likewise, reactions of Pd(OAc), with PBu";, PMe,Ph and PMePh, give
similar species in DMF at 60 °C.*® Thus reduction to palladium(0) does occur in
some instances although the species produced have not always been identified.
Interestingly, under the particular conditions of the latter study, reduction is
inhibited by bulky substituents on phosphorus*’® such that reduction of Pd(OAc).
by monodentate phosphines becomes disfavored when the phosphine cone
angle is ~130°; this corresponds approximately to the size of PEts,*® and thus
reduction of Pd(OAc), by the bulkier phosphines normally used in Suzuki

coupling reactions’ is problematic. ~Reduction to Pd(0) from Pd(OAc), is
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therefore dependent upon the phosphine in question. Furthermore, anionic
species of the type PdL,(OAc’), rather than the anticipated PdL,, may be

generated as a result of the chosen precursor Pd(OAc)s.

1.3.1.5 PdCl,(PPhs3);
Palladium (lI) complexes of the type Pd(PPhs3),Cl, have often been used

as catalyst precursors as an alternative to Pd(PPhs)s.>*

They are often
considered improved catalyst precursors as they are anticipated to quantitatively
generate Pd(PPhs),. However, work by Amatore et al. indicates that this is not
the case.’’ Reduction of PdCly(PPhs), yields not Pd(PPhs), but several anionic

Pd complexes in equilibrium (Scheme 28).>' Reduction of Pd(PPhs),Br; results

in two equilibrating anionic species (Scheme 29).

PACI,(PPhs),
l 2¢
B 1 Rk

PP\ Ol PPhy LN o PP o
112 Pd Pd . Pd — i Pd

php” Na” D

3 PPhs
Ph;P Ph;P cl

Scheme 28. Electrochemical reduction of PdCly(PPhs)y.*"
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PdBr2(PPh3)2

g

1 2
N g PhP Br
Pd —Br =

PhsP

Pd
/. \
PhsP PhP Br

Scheme 29. Electrochemical reduction of PdBra(PPhs),.”’

Anionic species of the types [PdX(PPhs)], [Pd(u-X)(PPhs)s;> and
[PdX2(PPhs)2]* (X = Cl, Br) are thus formed in the presence of halide ions,*'#%%>"
and these have been thought to undergo oxidative addition more rapidly than

does the neutral tris-phosphine compound Pd(PPh3)s.

1.4 Research Objectives

The prevailing theme revealed in this complicated and often confusing
area of literature is that SM catalyst reactivity and subsequent efficiency is not
only a function of chosen ligand, but can also be a result of the chosen precursor
to the active Pd(0) catalyst. The question arises then, if one particular
palladium(ll)-phosphine cross-coupling catalyst system is found to be more
effective than another, does the difference arise because one phosphine is
intrinsically superior, as is often assumed? Or does the difference arise because

more of the palladium(ll) precursor is reduced in the one case than in the other?
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Furthermore, in situations where reduction by the phosphine L is far from
complete such that the ratio of L:Pd(0) >>1, might the major catalytic species in
solution be predominantly of the type PdLs;4, depending on the steric
requirements of L? In addition, does a particular phosphine favour a more highly
coordinatively unsaturated active species Pd-L, over the generally accepted PdL;
catalyst? The importance of and difficulties in identifying the true catalyst(s) in the
plethora of processes investigated has been recognized,™ although it may be an
exaggeration to suggest that the “literature has grown into a morass, with an
endless list of hypothesized or claimed true catalytic species”.

However, as mentioned above, high temperatures and long reaction times
are often required to obtain good vyields in SM cross-coupling. If one
hypothesizes that somewhat extreme conditions may be necessary in order for a
particular palladium(0) catalyst species to be formed in significant concentrations,
then an efficient method to produce PdL, unambiguously would permit an
accurate assessment of the relative merits of various phosphines in the overall
catalytic cycle. It might also result in the realization of much milder reaction

conditions for cross-coupling reactions involving otherwise poorly reducible

palladium(ll) precatalysts.

1.4.1 Optimization of PdL, Generation
In order to assess the true relevance of compounds of the type PdL123 in
cross-coupling protocols, this work initiates a study in which compounds of the

specific stoichiometry PdL, are generated quantitatively and unambiguously. The
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method chosen utilizes Pd(n3-CsHs)(n°-CsHs)*?, which can be prepared

according to the method of Otsuka from [PdCl(n3-C3Hs)].>? (Scheme 30).

F 0N N

2 CH,=CHCHCI +2 NayPdcl, MO0 {— Pd Pd— ) + 2CO, + 4NaCl + 4HCI
Cco N N

\ cl 7

2 NaCp @

12 C| \

III / \ \\\

< —Pd Pd —:) m Pd + 2 NaCl
N N\~ A -78°C -

/,

Scheme 30. Generation of [PdCI(n*-CsHs)]> and Pd(n®-C3sHs)(n°-CsHs).>

Upon heating in the absence of potential ligands, Pd(n®-CsHs)(n°-CsHs)*
reductively eliminates CsHs-CsHs to deposit palladium metal.>®> There is a fairly
complex chemical behaviour associated with Pd(n>-CsHs)(n°-CsHs), as it is
known to react with phosphines L to produce 111 intermediates depending upon
the nature of L.>* Furthermore, precedence exists for the generation of
intermediate dinuclear species of the type Pd,Lo(u-Cp)(p-allyl).>* Reductive
elimination of CsHs-C3sHs produces the anticipated palladium(0) complexes of the
types PdL, (n = 2-4).3%4%2% The system has been studied at great length by
Werner et al.** and the accepted pathway to PdL, by this route is shown in

Scheme 31.
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Scheme 31. Pathway for reaction of Pd(n*-CsHs)(n°-CsHs) with phosphine.>*

Pd(n3-C3Hs)(n°-CsHs) has been used previously as described above to
generate palladium(0) cross-coupling catalysts.****°*%® Bisphosphinepalladium(0)

complexes in this work are isolated from Pd(n>-CsHs)(n°-CsHs) (Scheme 32).%2

toluene . .

Pd + 2PR; » Pd(PR3); + "CgHyo
. | . 3 hrs
P 80 °C

Scheme 32. Isolation of Pd(PR3), from Pd(n>-C3Hs)(n°-CsHs).>?
However, a description of the minimum reaction conditions required to
obtain compounds of the type PdL, has not been provided in the literature.

The goal of this work is to determine the optimum conditions under which the
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catalytically very important'®®9" compounds PdL, (L = PCys, PMeBu';, PBu')*
are generated from Pd(n>-CsHs)(n°-CsHs) cleanly (i.e. without the presence of the
aforementioned intermediates) and essentially quantitatively. It is anticipated

that the minimum temperature and maximum time required to generate these
species from Pd(n>-CsHs)(n°-CsHs) is often exceeded in literature examples.

In addition, the feasibility of PdL, generation from Pd(n>-1-Ph-C3H4)(n°-
CsHs)*® will be assessed (Figure 7). This precursor is conveniently generated
from [PdCl(n3-1-Ph-C3H,)]2>" and provides a substantial advantage to the Pd(n*-
C3Hs)(n°-CsHs) route to PdL,, as Pd(n®-1-Ph-C3H,)(n°-CsHs) is less volatile and
more thermally stable than Pd(n>-CsHs)(n°>-CsHs). The reactivity of Pd(n3-1-Ph-

CsHa4)(n°-CsHs) with a variety of L and the related route to PdL, will be described.

Figure 7. Alternate precursor Pd(n®-1-Ph-C3H4)(n°-CsHs). *°

1.4.2 Assessment of the Relevance of Species of the Type PdLi,3
As noted above, should reduction of a chosen Pd(ll) precursor by a
phosphine be incomplete, such that the ratio of L:Pd(0) >>1, one can predict that

the major catalytic species in solution could be predominantly of the type PdL3 4.
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One must therefore be cognizant of situations in which these more highly
substituted species are present, as they can conceivably affect the oxidative
addition step. The conditions under which 3:1 compounds PdL; (L = PCys,
PMeBu';) may exist in equilibrium with the isolated 2:1 species PdL, will be
defined in this work, as well as the thermodynamic parameters for the
dissociation of PdL; by variable temperature *'P NMR spectroscopy. These
parameters will allow the assessment of the concentration and subsequent

relevance of catalytically inactive species, such as PdLs.

1.4.3 Kinetics of Oxidative Addition with Pd(PCys3).

As mentioned previously, the extent to which the “innocent” anions (e.g.
OAc’, CI” Br), introduced via precatalysts, may coordinate to species of the type
PdL, is not generally known. However, many probably do and can be expected
to influence the rates of oxidative addition. In any case, the mechanism shown in
Figure 1 and referred to recently as the “consensus” or “text book” mechanism,>""
probably does not apply when anions are present. This work initiates a kinetic
study of the oxidative addition of PhBr to Pd(PCys): in toluene and assesses the
effect of added bromide, as the toluene soluble tetraoctylphosphonium bromide
salt (TOPB). In addition, the effect of added PCys on oxidative addition is also

assessed.
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1.4.4 Studies in Transmetallation and Reduction of Pd(ll)

It was noted above that few research efforts have been focused on the
process of transmetallation in the context of catalyzed coupling reactions. A
minor objective of this work was to initiate new methods to study the process of
transmetallation and establish a simple, efficient protocol using gas
chromatography.  The product of oxidative addition of Pd(PCys), and
bromobenzene, trans-Pd(PCys)2(Ph)(Br), was chosen as the palladium species,
while the organotrifluoroborate salt K[PhBF3;] was selected as the boron
containing reagent for examination. It is anticipated that GC analysis will allow a
simple method with which to assess the effects of a wide variety of reaction
conditions (temperature, solvent, base) on the transmetallation of trans-
Pd(PCys)2(Ph)(Br) and K[PhBFs]. Furthermore, it is anticipated that GC analysis
will allow for a facile kinetic study of transmetallation between the chosen
reagents.

It was also of interest to initiate transmetallation studies by means of
multinuclear NMR spectroscopy. As kinetic studies of this kind require an easily
monitored internal standard for integration purposes, it was desirable to utilize a
borate salt as a coupling partner whose cation also possessed an easily
monitored, NMR active nucleus. Tetraoctylphosphonium phenyltrifluoroborate,
[TOP][PhBF3] is thus an ideal coupling partner for such studies, as TOP" can
serve as internal standard for kinetic analysis by *'P NMR, while also increasing
the solubility of the borate salts in organic solvents. This phosphonium salt has

not been reported in the literature and its preparation will be attempted by the
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method of counter ion exchange using tetraoctylphosphonium bromide and
K[PhBF3].

While significant work has addressed the nature of species resulting from
the reduction of Pd(ll) precursors to active Pd(0) species, few efforts have been
made to examine the mode of reduction in the greater context of an actual SM
reaction protocol. Given the wide variety of conditions for successful SM
coupling, any meaningful study of the reduction of Pd(Il) precatalysts should be
performed in the presence of several different reaction components, including
base and solvents appropriate for coupling. In this work, an assessment of the
effect of the boron containing reagent (PhB(OH), and K[PhBF3]) on reduction of
PdL,Cl, (L = Cys, PMeBuY) is undertaken. In the instance where PhB(OH); is

used, the effect of added aqueous base (K,CO3) will also be assessed.
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Chapter 2

Experimental

2.1 Physical Methods

When indicated, syntheses were carried out under a dry, deoxygenated
argon atmosphere using standard Schlenk line techniques. Argon was
deoxygenated by passage through a heated column of BASF copper catalyst,
and then dried by passing through a column of 4 A molecular sieves. Handling
and storage of air-sensitive organometallic compounds were done in an MBraun
Labmaster glove box. Solvents (anhydrous THF, hexanes and toluene) were
stored in 18 L containers packaged under nitrogen; they were dried by passage
through columns of activated alumina (Innovative Technology Solvent
Purification System) and stored over 4 A molecular sieves. Methanol (MeOH)
was dried over magnesium and iodine under argon .

NMR spectra were recorded using Bruker AV 300 (*'P: 121.5 MHz, >C:
75.4 MHz), AV 400 (*'P: 163.0 MHz, *C: 100.6 MHz), AV 500 (*'P: 202.3 MHz,
3C: 125.7 MHz) and AV 600 (*'P: 242.9 MHz, '*C: 150.9 MHz) spectrometers.
P NMR spectra were referenced with respect to external 85% HsPO,, while 'H
and "C NMR spectra were referenced to TMS via the residual protons signals of
the deuterated solvents. All chemical shifts are reported on the 6 (ppm) scale

with positive values referring to chemical shifts downfield from 0 ppm.
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GC analysis was conducted on a Varian 3900 GC equipped with a CP-
8400 autosampler, a CP-1177 injector, an FID detector and a Varian WCOT

Fused Silica column (CP-Sil 8CB, 25 m x 0.32 mm ID, DF = 0.52).

2.2 Chemical Supplies

All supplies were purchased from Aldrich and used without further
purification, with the following exceptions. Bromobenzene (PhBr) was distilled
from sodium under argon and stored over 4 A molecular sieves prior to use. Allyl
chloride, (1-bromo)ethylbenzene and chlorobenzene were degassed and stored
over 4 A molecular sieves prior to use. Toluene-ds, benzene-ds and 1,1,2,2-
tetrachloroethane-d, (TCE) (Cambridge Isotope Laboratories, Inc. or CDN
Isotopes) were degassed under vacuum and dried by passage through a small
column of activated alumina before being stored over 4 A molecular sieves.
PdCl, was obtained on loan courtesy of Johnson Matthey. The phosphines
PCys, PMeBu'; and PBu'; were obtained from Strem, while PMe; was obtained
from Aldrich, and all were used without further purification. Potassium
phenyltrifluoroborate (K[CesHsBF3]) and phenylboronic acid (PhB(OH),) were dried
at 25 °C under vacuum for 16 hours. Tetraoctylphosphonium bromide (TOPB)
and tetrabutylammonium bromide (TBAB) were dried for 16 hours under vacuum
at 45 °C and 110 °C respectively prior to use. PPhs was recrystallized from dry
and deoxygenated MeOH. Sodium cyclopentadienide (NaCp) was prepared

according to methods reported in the literature by Panda et al.’
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2.3 Preparation of Palladium Compounds

2.3.1 Preparation of [PdCl(n3-C3Hs)]2
The following compound was prepared based on the method described by

Tatsuno et al.?

PdCl; (2.19 g, 12.5 mmol) and NaCl (1.52 g, 26.0 mmol) were placed in a
one neck 100 mL round bottom flask and dissolved in a mixture of distilled water
(5 mL) and MeOH (35 mL). The resulting red-brown solution was allowed to stir
for 16 hours at 25 °C. 3-chloro-1-propene (3.4 mL, 42 mmol was then added by
needle to the stirring palladium solution. CO was bubbled through the solution
through a syringe at an approximate rate of 4 cm®/s. Within 15 minutes the red-
brown solution became yellow, and the CO() flow was continued for one hour.
The yellow water/MeOH solution was then added to distilled water (100 mL) and
extracted with three 20 mL portions of CHCI;. The CHCI; extracts were collected
and washed with three 20 mL portions of distilled water. The CHCI; layer was
then dried with MgSO,4 and CHCI; was then removed under vacuum to yield a
yellow powder. Yield: 1.80 g, 79 %. 'H NMR (CDCl3, 400 MHz): & 3.03 (d, J =
12.1 Hz, 2H), 4.10 (d, J = 6.7 Hz, 2H), 5.45 (tt, J = 6.6 Hz, 12.1 Hz, 1H). *C
NMR (CDCls, 100.6 MHz): & 62.9 (CH,), 111.1 (CH). Lit:> '"H NMR (CDCl3) &

3.03 (d, J = 12.0 Hz, anti CH>), 4.10 (d, J = 7.1 Hz, syn CHy), 5.48 (CH, 1).
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2.3.2 Preparation of [PdCI(n3-1-Ph-C3Hy)]»
The following compound was prepared according to the method described

by Auburn et al.?

A solution of cinnamyl chloride (PhCH=CHCH,CI) (1.6 mL, 9.6 mmol) in
95 % ethanol (6 mL) was added to a stirring solution of PdCI, (0.5 g, 3 mmol) and
LiCl (0.5 g, 12 mmol) in warm distilled water (0.7 mL). CO( was bubbled
through the resulting solution at 25 °C and, within 15 minutes, an oily orange
solid was formed. After three hours the CO) flow was stopped and the solution
was allowed to stir under an atmosphere of carbon monoxide for 20 hours. The
resulting product was filtered and washed with MeOH (5 mL) and ether (5 mL).
The product was then recrystallized from chloroform and ether, yielding an
orange crystalline solid. Yield: 0.641 g, 88 %. 'H NMR (CDCls, 400 MHz): & 3.04
(d, 3 =121 Hz, 1H), 3.97 (d, J = 6.8 Hz, 1H), 4.63 (d, J = 11.4 Hz, 1H), 5.80
(ddd, J = 6.5 Hz, 11.6 Hz, 11.9 Hz, 1H), 7.27 (t, J=7.8 Hz, 2H), 7.35 (t, J = 7.3
Hz, 1H), 7.50 (d, J = 7.3 Hz, 2H). *C NMR (CDCls, 150.9 MHz): § 59.6 (CH,),
82.0 (CH(Ph)), 106.1 (CH), 128.1 (p-CH), 128.7 (0-CH), 129.2 (m-CH), 137.2
(C). Lit:* "H NMR (dmso-ds) 6 3.83 (d, J = 10 Hz, 2H), 5.13 (d, J = 12 Hz, 1H),

6.40 (dt, J = 12 Hz, 10 Hz, 1H), 7.0-7.8 (m, 5H)
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2.3.3 Preparation of Pd(n*-CsHs)(n>-CsHs)
The following compound was prepared according to the method described

by Tatsuno et al.?

A one-neck, 50 mL round bottom flask was charged with [PdCI(n*-C3Hs)]2
(1.1 g, 2.7 mmol) and a stir bar and placed under Ar. Dry THF (10 mL) and
hexanes (10 mL) were then added via syringe, producing a clear yellow solution
that was then cooled to —20°C in an isopropanol/dry ice bath. A THF solution
(1.1 M) of NaCp (0.93 g, 11 mmol) was then added dropwise over 1.5 hours to
the stirring [PdCI(n>-C3Hs)]2 solution. The resulting red solution was warmed to
approximately 0 °C and the solvent was evaporated under vacuum. The
obtained dark red solid was extracted with two 10 mL portions of hexanes. The
red extract was filtered and the solvent was removed under vacuum to obtain a
red crystalline solid that was then stored under nitrogen at —30°C. Yield: 0.91 g,
80 %. "H NMR (CsDs, 600 MHz): 5 2.09 (d, J = 10.8 Hz, 2H), 3.40 (d, J = 5.9 Hz,
2H), 4.58 (tt, J = 6.0 Hz, 10.8 Hz 1H), 5.84 (s, 5H). Lit* "H NMR (CgDs, 25 °C)

§2.07 (d), 3.38 (d), 4.52 (tt), 5.73 (s).
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2.3.4 Preparation of Pd(n*-1-Ph-CsHgs)(n°>-CsHs)
The following compound was prepared according to the method described

by Murrall et al.’

NaCp (0.402 g, 4.56 mmol ) in THF (30 mL) was added by cannula to a
solution of [PdCl(n>-1-Ph-C3Hs)]> (0.508 g, 0.981 mmol) in THF (15 mL). The
orange solution immediately turned red, and after 15 minutes of stirring the
solvent was removed under vacuum. The non-volatile, deep red solid was
extracted with two 20 mL portions of hexanes, filtered, and the filtrate was
reduced under vacuum, producing a deep red solid. The solid was recrystallized
from a minimum of hexanes. Yield: 0.22 g, 78 %. "H NMR (C7Dsg, 400 MHz):
52.16 (d, J =10.6 Hz, 1H), 3.36 (d, J = 6.1 Hz, 1H), 3.83 (d, 9.9 Hz, 1H), 5.13
(ddd, J = 6.3 Hz, 10.1 Hz, 11.1Hz, 1H), 5.63 (s, 5H), 6 7.00 (t, J = Hz, 2H), 7.10
(t, J = Hz, 1H), 7.25 (d, J = Hz, 2H). >C NMR (C;Ds, 100.6 MHz): 5 42.8
(CHy), 68.3 (CH(Ph)), 92.1 (CH), 95.2 (CsHs), 126.7 (p-CH), 126.9(o-CH),
137.44 (m-CH), 148.8 (C). Lit:> '"H NMR (dmso-ds) 2.35 (d, J = 10.5 Hz, 1H),
3.60 (d, 1H, J = 6.06 Hz), 4.14 (d, 1H, 9.79 Hz), 5.55 (m, 1H), 5.56 (s, 5H),
8 7.17-7.58 (Ph). Lit:® *C NMR (C;Ds, 100.6 MHz): & 42.8, (CH,) 68.3 (CH(Ph)),

92.1 (CH), 95.2 (CsHs), 126.7 (p-CH), 126.9(0-CH), 137.44 (m-CH), 148.8 (C).
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2.35 Preparation of PdL, (L = PCys, PBu's)

The following complexes were prepared according to the method
described by Yoshida and Otsuka. ’

A 150 mL Schlenk flask under inert atmosphere was charged with PCy;
(0.803 g, 2.86 mmol), Pd(n*-CsHs)(n°-CsHs) (0.273 g, 1.28 mmol), a stir bar, and
dry toluene (12 mL). The red solution was then stirred in an oil bath at 80 °C for
three hours. The solvent was removed under vacuum and the brown residue
was washed with two 10 mL portions of dry, deoxygenated MeOH. The residue
was then recrystallized from dry, hot toluene (5 mL) and MeOH (5 mL) and
stored for 16 hours at —10 °C. The mother liquor was removed by syringe, and
the remaining beige crystalline solid was washed with MeOH (5 mL), dried under
vacuum and stored under nitrogen. Yield: 0.854 g, 73 %. 'H NMR (CgDs, 400
MHz): 8 1.21 — 2.22 (m, Hcy). *'P NMR (CgDs, 163.0 MHz): § 39.31 (s). Lit>: 'H
NMR (CgDs): 8 0.70 — 2.60 (m) Lit®: *'"P NMR (CgDs, 121.9 MHz): & 39.4 (s).

Pd(PBu's), was also prepared according to the method described above.
However, PBu's (0.56 mL, 2.3 mmol) was added by means of a heated syringe
(m.p. 30 °C) to a Schlenk tube containing (Pd(n®-CsHs)(n°-CsHs) (0.21 g, 0.98
mmol) in toluene (15 mL). After heating and removal of the solvent, the residue
was washed with three 10 mL portions of MeOH prior to recrystallization. Yield:
0.17 g, 34 %. "H NMR (CgDs, 400 MHz): & 1.53 (vt, J = 6.0 Hz, CCHs). *'P NMR
(CeDs, 163.0 MHz): & 85.1 (s). Lit:®> '"H NMR (CgDs): 8 1.53 (t, J = 5.7 Hz ), *'P

NMR (CeDe): & 85.2 (s).
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2.3.6 Preparation of PdL, (L = PMeBu',)

The preparation of Pd(PMeBu';), was based on the method for Pd(PCys),
and Pd(PBu'), described by Yoshida and Otsuka.’

A 150 mL Schlenk flask under inert atmosphere was charged with Pd(n>-
CsHs)(n°-CsHs) (0.20 g, 0.94 mmol), a stir bar, and dry toluene (10 mL).
PMeBu';Me (0.24 mL, 1.8 mmol) was added to the Schlenk flask by syringe. The
red solution was stirred in an oil bath at 80 °C for three hours. The solvent was
then removed under vacuum, producing a dark brown solid. Crude yield: 0.26 g,
67 %. 'H NMR (C;Dg, 600 MHz): 5 1.04 (bs, 3H), 1.27 (vt, 18H, J = 6.0 Hz). *'P
NMR (C7Dg, 242.9 MHz): & 41.9 (s). Lit:" "H NMR (CeDs): 5 1.28, 5 1.07 *'P

NMR (CeDe): & 41.0 (s).

2.3.7 Preparation of PdCl,[PMeBu';],
PdCl;[PMeBu';], was prepared according to the method described by

Mann et al."”
Cl

MeBu',P — Pd — PMeBul,

Cl

Under inert atmosphere, PMeBu'; (1.25 mL, 6.43 mmol) was dissolved in
dry, deoxygenated MeOH (5 mL). This solution was then added over five
minutes to a warmed (approx. 40 °C) MeOH solution (15 mL) of PdCl, (0.569 g,
3.20 mmol) and NaCl (0.409 g, 6.99 mmol). The resulting yellow solution was

stirred for one hour and then reduced under vacuum to yield an orange solid.
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The product was recrystallized from a minimum of CH,Cl, and MeOH, producing
an orange crystalline solid. Yield: 0.94 g, 59 %. 'H NMR (CDCls, 600 MHz, 298
K): 8 1.35 (br. s, 3H), 1.45, (vt, 18H, J = 6.6 Hz). *C NMR (CDCls, 125.7 MHz,
298 K): 6 2.43 (bs, P-CH3 syn-syn or syn-anti), 3.63 (bs, P-CH3 syn-syn or syn-
anti), 29.7 (bt, C-CHs), 35.6 (t, P-C, J = 8.7 Hz). "*C NMR (100.6 MHz, TCE,
350 K): 6 3.32 (t, J = 11.7 Hz, P-CH3), 29.7 (t, J = 2.3 Hz, CH3), 35.8 (t, J = 8.3
Hz, P-C). *'P NMR (TCE, 163.0 MHz, 298 K): § 28.4 (s P-CHs syn-syn or syn-
anti), 30.9 (s, syn-syn or syn-anti). *'P NMR (163.0 MHz, TCE, 350 K): & 30.5

(br. s, P-CHs). Lit:"" "H NMR (CH.Cl,) & 1.42 (Bu') 5 1.25 (Me).

2.3.8 Preparation of PdCI,[PCys3],

PdCI,[PCys], was prepared by the method described by Grushin et al.?

Cl

Cl

PdCl; (0.222 g, 1.25 mmol) and NaCl (0.161 g, 2.75 mmol) were dissolved
in distilled water (12.5 mL) to produce a brown solution that was then
deoxygenated by means of bubbling with Ar. The palladium containing solution
was then added by syringe to a warmed solution (approx. 40 °C) of PCy; (0.92 g,
3.3 mmol) in similarly deoxygenated EtOH (60 mL). A pale yellow precipitate
was immediately produced and the solution was then stirred at 21 °C for a further

45 minutes. The resulting yellow solid was collected by filtration, washed with 10
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mL distilled water, 10 mL EtOH and 10 mL ether, and allowed to dry. Yield:
0.807 g, 87 %. 'H NMR (CDClz, 400 MHz): 8§ 1.17 — 2.60 (m, Hcy). *'P NMR
(CDCl3, 163.0 MHz): § 26.2 (s). Lit:® "H NMR (CDCl3) 1.0 — 2.7 (m) *'P NMR

(CDCl3) & 25.4 (s).

2.3.9 Preparation of trans-PdPh[PCy;].Br
This compound was prepared according to the method described by

Stambuli et al.'?

CysP— Pd — PCy;

Br

Under an inert atmosphere, a 100 mL Schlenk flask was charged with
Pd(PCys), (0.2 g, 0.3 mmol), a stir bar and toluene (5 mL). PhBr (0.055 mL,
0.523 mmol) was added and the resulting orange solution was stirred at 21 °C for
24 hours. The solution was then reduced under vacuum to produce an orange
residue. A minimum of cold ether was added by syringe, resulting in the
precipitation of a beige solid. The solution stored at 0 °C for 16 hours, followed
by filtration and washing with cold ether (5 mL). The beige solid was collected
and dried under vacuum. Yield: 0.2 g, 81%. 'H NMR (C;Dg, 600 MHz): § 1.12 —
2.27 (m, Hey), §6.85 - 7.56 (m, Ph). P NMR (C;Ds, 242.9 MHz): & 20.3 (s).

Lit:'* "H NMR (CsDs, 500 MHz): & 1.11-1.22 (br. s, 18H), 1.59-1.76 (m, 30H),
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2.07-2.09 (m, 12H), 2.29 (br. s, 6H), 6.87 (t, J = 7.0 Hz, 1H), 6.87 (t, J = 7.0 Hz,

2H), 7.59 (d, J = 7.0 Hz, 2H). *'P NMR CgDg, 202 MHz): 5 20.6.

2.3.10 Preparation of Pd[COD]Br;
This compound was prepared according to the method described by Drew

etal.’

/ \ /Br
Pd
/ / \Br

A NaBr solution (2.33 g, 22.6 mmol) in distilled water (3.5 mL) was added
to a solution of PdCI;, (1.0 g, 5.6 mmol) in warm, concentrated HCI (2.5 mL). The
resulting solution was heated to 55 °C for 5 minutes, followed by addition of
absolute ethanol (25 mL). The red solution was then filtered and the collected
NaCl was washed with three 5 mL portions of 75 % EtOH/water. 1,5-
cyclooctadiene (1.5 mL, 12 mmol) was added to the combined filtrate and
washings, immediately producing an orange precipitate. The orange product
was collected by filtration and washed with two 25 mL portions of distilled water
followed by two 50 mL portions of ether. Yield: 1.95g, 91%. 'H NMR (CDCls,
400 MHz): §2.82 (br. d, 4H, CH,), §6.38 (br t. CH). '*C NMR (CDCls, 100.6
MHz): §31.1 (C=C), 116.6 (CH,). Lit:"> "H NMR (CDCls): § 2.60 (CH,), 5 6.42

(CH).
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2.3.11 Attempted Preparation of Pd(PBu's);Br;
Several attempts were made to isolate Pd(PBu'%),Bry, based on the

method described by Goel and Montemayor.™

Br

Bu';P — Pd — PBuUY;

Br

In a first attempt, a 150 mL Schlenk tube under inert atmosphere was
charged with dried Pd[COD]Br, (0.374 g, 0.998 mmol), CH,Cl, (25 mL) and a stir
bar. The resulting orange solution was stirred for 10 minutes, followed by
addition of PBu'; (0.49 mL, 2.0 mmol) by heated syringe. The solution changed
from orange to dark amber and finally to a green-black colour. The solution was
allowed to stir at room temperature for 16 hours. The solvent was then reduced
under vacuum to yield an intractable, tar-like brown residue with apparent
amounts of Pd black. There was no indication (namely a virtual triplet in the 'H
NMR) that the desired compound had been isolated.

In a second attempt, a 15 mL Schlenk tube under inert atmosphere was
charged with dried Pd[COD]Br; (0.011 g, 0.029 mmol), CH,Cl, (1.5 mL) and a stir
bar. The resulting orange solution was allowed to stir in an ice bath at 5 °C for
approximately 15 minutes. PBu's (0.05 mL, 0.20 mmol) was then added to a
second 15 mL Schlenk tube containing CH,Cl, (2 mL). 0.1 mL the PBu'; solution
was then added to the Pd[COD]Br; solution, and after 10 minutes the orange

solution became green-black in colour. Three additional portions of the PBu's
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solution (0.15 mL, 0.12 mL, 0.15 mL) were added over the course of an hour, for
a total of 0.52 mL (0.053 mmol). The solution was then allowed to warm to 21
°C. '™H NMR and *'P NMR spectra were then obtained of the green-black
solution in CD,Cl,. *'"P NMR spectra indicated that Pd(PBu's), and PBu's were
the major species present.

In a third attempt, a 150 mL Schlenk tube under inert atmosphere was
charged with dried Pd[COD]Br; (0.010 g, 0.027 mmol), hexanes (50 mL) and a
stir bar. The resulting orange solution was allowed to stir in an ice bath at 5 °C
for approximately 15 minutes. PBu's (0.13 mL, 0.53 mmol) was then added to a
second 100 mL Schlenk tube containing hexanes (25 mL). The PBu'; solution
was then added to the Pd[COD]Br, solution in 3 mL increments over the course
of 90 minutes, with no observable colour change. CH,Cl, (25 mL) was then
added to orange hexanes solution and the solution then turned green-black. The
solution was warmed to 21 °C, reduced under vacuum and 'H and *'P NMR

spectra were obtained.

2.4 In Situ Generation of PdL,

2.4.1 In Situ Generation of PdL, from Pd(n3-CsHs)(n°-CsHs)

The following describes the in situ, NMR monitored generation of PdL,

developed from the method described by Yoshida and Otsuka.’
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2411 L = PCys

In a typical reaction, PCys (12 mg, 0.043 mmol) was dissolved in 0.3 mL
CeDs under inert atmosphere, placed in an NMR tube and sealed with a Teflon
cap. A similarly prepared solution of Pd(n3-C3Hs)(n°-CsHs) (4.5 mg, 0.021 mmol)
in 0.18 mL CgDs was added to the PCys solution by syringe and a *'P NMR
spectrum of the solution was run every 10 min for 2 h at 25 °C. This experiment
was repeated to obtain corresponding '"H NMR spectra. Similar experiments ('H
and *'P NMR) were carried out for various periods of time, at 65 °C and 77 °C in
toluene-ds. In these instances the PCys solution was warmed to prior to addition

of Pd(n-C3Hs)(n°-CsHs).

2.4.1.2 L = PMeBu';

The same procedure was followed as in 2.4.1.1, except that PMeBu', (7.3
ul, 0.038 mmol) was added by microlitre syringe to a sealed NMR tube
containing CsDg or C;Ds. Similar 'H and *'P NMR experiments were performed

at both 25 °C and 77 °C.

2.4.1.3 L = PBu';

The same general procedure was followed as in 2.4.1.1, except that PBu's
(0.1 mL, 0.4 mmol) was added by a heated syringe to a Schlenk containing
toluene-dg (2 mL). The resulting PBu's solution (0.20 M) was added (0.28 mL,
0.06 mmol) to a sealed NMR tube containing 0.05 mL toluene-ds, prior to addition

of Pd(n*-CsHs)(n°-CsHs) (5.95 mg, 0.028 mmol) in 0.2 mL toluene-ds.
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Additionally, experiments with a Pd:PBu's ratio of 1:1 were conducted in this

manner. 'H and 3'P NMR experiments were performed at both 25 °C and 77 °C.

2414 L = PPhs

The same procedure was followed as in 2.4.1.1., except that multiple
experiments were conducted at various Pd:PPh; ratios and temperatures in
exclusively toluene-ds. Spectra ('H, 3'P) at 25 °C were obtained immediately

after mixing. These conditions are summarized in Table 1.

Table 1. Summary of experiments involving in situ generation of PdL, from
Pd(n3-C3Hs)(n°-CsHs) with PPhs.

Entry Pd(n°*-CsHs)(n°>-CsHs): PPhs Temperature/ °C
1 1:1 25°C
2 1:2 25°C
3 1:2 80°C?
4 1:4 25°C

a) heated for 150 min, spectrum obtained at 80 °C.

2415 L = PMes

The same general procedure was followed as in 2.4.1.2. However, NMR
experiments were conducted at 25 °C, 2°C or -55 °C in exclusively toluene-ds.

Prior to mixing at low temperature, reagents were kept cold in an ice or Ny bath.
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2.4.1.6 Independent Oxidation of L (L = PPhs, PCys, PMeBu')

In order to determine the *'P NMR chemical shifts of the related oxide of
the phosphines used in NMR experiments, approximately 20 mg of PCy; was
placed in a vial and left open to air for 24 h. The solid was then dissolved in 0.5
mL of toluene-ds and a *'P NMR spectrum was obtained of the solution. This
procedure was repeated with PPhs and PMeBu'; in benzene-dg and toluene-ds
respectively however, the vial was in these cases left open to air for several
days. *'P NMR (C;Ds, 242 MHz): & 9.9 PCys, & 47.2 O=PCys. Lit: § 10.27 PCys
(CeDg),” O=PCy; & 47.3" ¥'P NMR (C;Ds, 162 MHz): § -5.1 PPhs, & 24.8
O=PPhs, Lit: § —4.93 PPhs (C¢Ds),” & 25.4, O=PPhs."” 3'P NMR (C;Dg, 242

MHz): & 61.7 O=PMeBu"; Lit: § 60.0 O=PMeBu'; (CCl)."

2.4.2 In Situ Generation of PdL; from Pd(n3-1-Ph-C3Ha)(n>-CsHs)

24.2.1 L = PCys

In a typical reaction, 0.3 mL of a toluene-dg solution of PCys (34 mg, 0.12
mmol) were placed in an NMR tube under inert atmosphere and sealed with a
rubber septum. 0.3 mL of a toluene-dg solution of Pd(n*-1-Ph-C3H4)(n°-CsHs) (17
mg, 0.06 mmol) were then injected into the NMR tube and 'H and *'P NMR
spectra of the solution were obtained every 10 minutes for 2 hrs at 25 °C. Similar
experiments ("H and *'P NMR) were carried out at 80 °C, with the PCys solution

heated prior to addition of Pd(n®-1-Ph-C3H,)(n°-CsHs).
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2.4.2.2 L = PMeBu';

The same procedure was used as in 2.4.2.1, except that PMeBu'; (22 uL,
0.12 mmol) was added by microlitre syringe to the sealed NMR tube prior to
injection of Pd(n®-1-Ph-C3H,)(n°-CsHs). *' P and "H NMR spectra were obtained

at 25 °C over two hours, as well as 24 hours after mixing.

2.4.2.3 L = PPh;
The same procedure was followed as in 2.4.2.1. Successive 'H and *'P
NMR spectra were obtained at 25 °C for two hours, followed by 3'P-*'P

correlation and "*C spectra.

2.5 Thermodynamic Parameters for Dissociation of PdL3

25.1 L = PCys;

In a typical experiment, 0.5 mL of a 0.018 M solution of Pd(PCys), (6.1
mg, 9.8 x 10" mmol) in toluene-dg was added to 0.1 mL of a 0.09 M solution of
PCys (2.5 mg, 9.0 x 10 mmol) in toluene-ds. The resulting solution was diluted
with an additional 0.2 mL toluene, a glass capillary containing a toluene-dg
solution of TOPB (0.046 M, 3.0 x 10 mmol) was added ([Pd(PCys)2], = [PCys] =
0.011 M) and *'P inverse-gated NMR spectra were obtained between —85 and —

68 °C with d4 =45 s.
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25.2 L = PMeBu';

Pd(n3-C3Hs)(n°-CsHs) (0.020 g, 0.094 mmol) were dissolved in 5 mL
toluene in a Schlenk tube with a stir bar. PMeBu'; (37 uL, 0.19 mmol) were
added and the solution was heated to 80 °C for three hours. The brown solution
was reduced under vacuum, and the residue was dissolved in 1 mL toluene-ds.
0.6 mL of this solution was transferred to an NMR tube that contained a sealed
glass capillary standard (TOPB in toluene, 3.30 x 10 mmol). An inverse-gated
¥'P NMR spectrum was obtained followed by injection of PMeBu', (19 pL, 0.095
mmol). Inverse-gated *'P NMR spectra were then obtained from at variable

temperatures (-73°C to -88 °C) with d4 = 45 s.

253 L = PBu';
The procedure was followed according to 2.6.1, except that PBu's (10 pL,

0.041 mmol) was added by means of a heated microsyringe to a sealed NMR

tube containing Pd(PBu's), (4.65 mg, 0.0230 mmol) in 0.6 mL toluene-ds.
2.6 Generation of Heteroleptic Systems PdLL’
2.6.1 PCys/ PBu's
In a typical experiment, 0.18 mL of a 0.2 M solution of PBu's (7.3 mg,
0.036 mmol) in toluene-dg was injected into a sealed NMR tube containing 0.25

mL of a 0.14 M solution of PCys (10 mg, 0.036 mmol) in toluene-ds. The NMR
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tube was heated to 77 °C and 0.25 mL of a 0.14 M solution of Pd(n3-CsHs)(n’-
CsHs) (7.6 mg, 0.036 mmol) in toluene-ds was injected. After 1 hour of heating, a
3P NMR spectrum was obtained.

A similar spectrum, as well as a *'P-*'P correlation spectrum, was
obtained at 21 °C by reacting 500 uL of a 0.021 M toluene solution of Pd(PCys3),
(7.0 mg, 0.011 mmol) with Pd(PBu%), (7.3 mg, 0.014 mmol), followed by dilution
with 0.2 mL toluene-ds.

Complementary experiments were performed varying the ratio of
PBu'3:PCys (1:2 and 2:1). In the instance were the phosphine ratio was 1:2, 0.11
mL of a 0.20 M solution of PBu's (4.48 mg, 0.0217 mmol) in toluene-dg was
injected into a sealed NMR tube containing 0.3 mL of a 0.142 M solution of PCy;
(11.9 mg, 0.04254 mmol) in toluene-ds. 0.15 mL of a 0.141 M solution of Pd(n*-
C3Hs)(n°-CsHs) in toluene-ds (4.48 mg, 0.0211 mmol) were then injected into the
NMR tube, and introduced into the spectrometer at 77 °C. After 15 minutes,
successive >'P NMR spectra were obtained in intervals of ten minutes for 2
hours. In the case where the phosphine ratio was 2:1, 0.14 mL of a 0.20 M
solution of PBu'3 (5.58 mg, 0.0276 mmol) in toluene-ds was injected into a sealed
NMR tube containing 0.25 mL of a 0.057 M solution of PCy; (3.99 mg, 0.0143
mmol) in toluene-ds. 0.15 mL of a 0.141 M solution of Pd(n3-C3H5)(n5-C5H5) in
toluene-ds (3.0 mg, 0.014 mmol) were then injected into the NMR tube and
introduced into the spectrometer at 77 °C. After 15 minutes, successive 31p

NMR spectra were obtained in intervals of ten minutes for 2 hours.
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2.6.2 PMeBu',/ PBu';

Pd(PMeBu';), (71 mg, 0.17 mmol) and Pd(PBu'3), (89 mg, 0.17 mmol)
were dissolved in 0.65 mL toluene-ds. The solution was transferred to a sealed
NMR tube and a *'P NMR spectrum, as well as a 3'P-3'P correlation spectrum

was obtained.

2.6.3 PCys/ PMeBu';

Under inert atmosphere, 0.25 mL of a PCyj; solution in toluene-ds (0.143,
0.0357 mmol) was placed in a NMR tube and sealed with a Teflon cap. PMeBu',
(4.5 pL, 0.023 mmol, 0.65 eq.) was added to the NMR tube, followed by 0.25 mL
of a Pd(n3-C3Hs)(n°-CsHs) solution in toluene-dg (0.141 M, 0.0353 mmol). The
NMR tube was introduced into the spectrometer at 77 °C and after 30 minutes,
successive *'P NMR spectra were obtained at ten minute intervals for 2.5 hours.

Additional experiments were performed by combining a solution of
Pd(PMeBuY); (4.4 mg, 0.010 mmol, 0.021 M) in 0.5 mL benzene-ds with 0.5 mL
of a 0.022 M benzene-ds solution of Pd(PCys), (7.2 mg, 0.011 mmol). An aliquot
of 0.6 mL of the resulting solution was diluted further with 0.1 mL benzene-ds,
placed in an NMR tube and a *'P NMR spectrum was obtained.

In complementary *'P NMR experiments, 500 puL of a 0.03 M solution of
Pd(PCys)2 (10 mg, 0.015 mmol) in toluene-dg in an NMR tube and diluted with
an additional 0.2 mL toluene-dg was treated with 3 uL of PMeBu'; (2.5 mg, 0.015

mmol) and *'P NMR spectra were obtained in the temperature range 25 °C to -
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93 °C. Similarly, Pd(PCys), (27 mg, 0.04 mmol) in 700 uL toluene-dg in a sealed
NMR tube was treated with 16 pL PMeBu'; (13 mg, 0.082 mmol) and a *'P-*'P

NMR correlation spectrum was obtained at —93 °C.

264 PCys/PPhs

Under inert atmosphere, 0.2 mL of a PCys; solution in toluene-dg (0.142 M,
0.0284 mmol) and 0.21 mL PPh3 solution in toluene-dg (0.134 M, 0.0281 mmol)
were placed in an NMR tube and sealed with a rubber septum. 0.2 mL of a
Pd(n3-C3Hs)(n°-CsHs) solution in toluene-dg (0.140 M, 0.0280 mmol) was then
injected into the NMR tube and the tube was introduced into the spectrometer at
77 °C. Thirty minutes after injection of Pd(n>-CsHs)(n°>-CsHs), successive *'P

NMR spectra were obtained at 10 minute intervals for 2.5 hours.

2.7 Investigative Experiments Involving Oxidative Addition

Several experiments were performed to qualitatively monitor the formation
of products and associated reaction conditions for oxidative addition reactions
involving PdL, (n = 2 for L = PCys, PMeBu',, PBu';). These were conducted on
pre-generated PdL,, as well as in situ generated PdL, from Pd(n>-CsHs)(n°-

CsHs).
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2.7.1 Oxidative Addition with Isolated PdL,

2.7.1.1 Oxidative addition with Pd(PCys), and Pd(PMeBu',),

Under inert atmosphere, 0.5 mL of a 0.031 M Pd(PCys), solution in
toluene-ds (0.0103 g, 0.0154 mmol) was placed in a NMR tube and sealed with a
rubber septum. Bromobenzene (15 uL, 0.14 mmol) was injected into the tube
and successive *'P NMR spectra were obtained at 25 °C for intervals of 1.5
minutes for 10 minutes.

Similar experiments were performed as above with other substrates
(chlorobenzene, allyl chloride,(1-bromoethyl)benzene)) to examine their reactivity
with Pd(PCys;),. Furthermore, oxidative addition experiments were performed

with Pd(PMeBu';), and bromobenzene. These results are described in Table 2.

Table 2. Summary of attempted oxidative addition experiments with Pd(PCys3).
and Pd(PMeBUtz)z,

Entry PdL, Substrate Pd:Substrate Solvent Time /h
1 Pd(PCY3)2 C5H5CH(CH3)BF 1:3 C6D6 2
2 Pd(PCys). CH,CHCH,CI 1:0.4 CeDs 3
3 Pd(PCys), CeHsCl 1:11 C/Ds 1
4 Pd(PCys). CgHsBr 1:1 CsDs 2
5 Pd(PCys), CeHsBr 1:10 C/Ds 0.2
6 Pd(PMeBu'%,), CeHsBr 1:1 C;Ds 3
2.7.1.2 Attempted Oxidative Addition with Pd(PBu's),

Under inert atmosphere, Pd(PBu'), (0.0211 g, 0.0413 mmol) was

dissolved in 0.5 mL toluene-dg, placed in an NMR tube and sealed with a
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septum. Bromobenzene (0.04 mL, 0.4 mmol) were added to the NMR tube by
syringe and subsequent *'P NMR spectra were obtained at 25 °C at 10 minute
intervals for 2.5 hours. Similar experiments were performed in this manner, with

some variation in reaction conditions, described in Table 3.

Table 3. Summary of oxidative addition experiments with Pd(PBu's),

Entry Pd(PBu's),:PhBr Solvent Time /h Temperature/°C
1 1:1 C,Dg 1 25
2 1:1 CeDs 0.33 60
3 1:10 C,/Dg 2.5 25
4 1:1 1:1.5 C;Dg/THF 2.5 25
5 1:10 1:1.5 C;Dg/1,4-dioxane 3 25
6 1:10 1:1.5 C;Dg/THF 1 60
7 1:10 1,4-dioxane 2.75 25
8 THF 3 25
2.7.2 Oxidative Addition with In Situ Generated PdL,

Under inert atmosphere, Pd(n*-CsHs)(n°>-CsHs) (0.0079 g, 0.037 mmol)
was placed in an NMR tube with PCys (0.0196 g, 0.0698 mmol) and 0.5 mL
toluene. The tube was sealed with a septum and heated at 100 °C for 1 hour.
After cooling to 21 °C, PhBr (75 puL, 0.71 mmol) was injected into the tube and
successive >'P NMR spectra were obtained at 25 °C at 10 minute intervals for
three hours.

In addition, experiments were performed in which the in situ generation of
Pd(PCys), and Pd(PMeBu';), was done in the presence of TBAB (in THF) or

TOPB (in toluene). These experiments are summarized in Table 4.
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Table 4. Summary of oxidative addition reactions with in situ generated PdL;.

Entry L In Situ Conditions Pd:PhBr Halide Solvent
1 PCy; 60 °C, 180 min 1:10 TBAB THF
2° PCys; 75 °C, 180 min 1:10 TOPB C;Ds
3 PMeBu', 60 °C, 60 min 1:10 TBAB THF
42 PMeBU', 75 °C, 150 min 1:10 TOPB C;Ds

a) halide source added after heating, prior to PhBr

2.8 Kinetic Study of Oxidative Addition
28.1 Oxidative Addition of PhBr to Pd(PCys)-

In a typical experiment, 500 uL of a 0.03 M solution of Pd(PCys)2 (10 mg,
0.015 mmol) in toluene were added to a vial containing 180 pL of toluene, and
the solution was transferred to an NMR tube containing a sealed glass capillary
of TOPB in toluene (0.045 M, 2.7 x 10 mmol). The appropriate amount of PhBr
was then injected, in this case 20 uL (0.27 M, ratio of PhBr:Pd 13:1). The time
was noted and 3'P inverse gated spectra were obtained at 94 s intervals for
greater than 2 ti,. These experiments were repeated at several PhBr
concentrations of 0.47 M, 0.68 M, 0.82 M and 1.08 M (ratios of PhBr:Pd 22:1,
32:1, 38:1 and 51:1 respectively), varying the amount of toluene added such that

the total sample volume was consistently 700 puL.

2.8.1.1 In the Presence of TOPB
To assess the effects of bromide ion, added as TOPB, 0.5 mL of a 0.03 M

solution of Pd(PCys), (10 mg, 0.015 mmol) was added to an NMR tube
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containing 0.15 mL of a 0.1 M solution of TOPB (8.456 mg, 0.015 mmol) in
toluene. A volume of bromobenzene was injected by microsyringe into the NMR
tube so that the ratio of PhBr:Pd(PCys), was varied in each experiment, from
10:1 to 50:1 (0.23 - 1.2 M PhBr). The sample was then introduced into the NMR
probe preset at the desired temperature (25 °C) and the probe was tuned utilizing
a separate sample of toluene-ds. The time of PhBr injection was recorded and a
3P inverse-gated spectrum was run at 94 s intervals. The total experimental run

time for each experiment was greater than 2 ty,.

2.8.1.2 In the Presence of Additional PCy3

To assess the effects of added PCys, the above experiments were
repeated in the presence of one equivalent of PCys. In these instances, 500 uL of
a 0.03 M solution of Pd(PCys)2 (10 mg, 0.015 mmol) in toluene were added to a
solution containing 34 uL of a 0.44 M toluene solution of PCy; (4.2 mg, 0.015
mmol). To ensure that the initial concentration ratio of Pd(PCys), to PCy; was 1:
1, an appropriate amount of toluene was added prior to injection of PhBr (thus

146 pL toluene were used for 20 uL PhBr).

2.9 Studies of Transmetallation by GC

Under inert atmosphere, trans-Pd(PCys)2(Ph)(Br) (0.0105 g, 0.0121 mmol)
and K[CgH5BF3] (0.0024 g, 0.012 mmol) were placed in a vial and both dissolved
in toluene (1 mL). The vial was sealed with a septum cap and heated in a water

bath at 50 °C for ten minutes. An aliquot (1 uL) was injected into the GC injection
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port (300 °C), introducing the sample to the column oven with gradient
temperature programming (100 °C to 260 °C over 10 minutes). After 19 hours at
21 °C, a second aliquot (1 uL) of the sample was introduced into the GC at the
same conditions. This experiment was repeated in a 5:1 toluene/THF mixture.

In complementary experiments, trans-Pd(PCys)2(Ph)(Br) (0.0106 g, 0.0121
mmol) and K[CeHsBF3] (0.0022 g, 0.012 mmol) were dissolved in 1 mL toluene
and heated at 80 °C for 2 hours, prior to an aliquot (1 uL) being injected into GC
at the above mentioned conditions. After the sample had been heated at 80 °C

for an additional hour, a second aliquot (1 uL) was injected.

2.10 Attempted Preparation of [TOP][CsHsBF3]

2.10.1 Preparation in Water

In a 150 mL Erlenmeyer flask, a solution of TOPB (0.672 g, 1.19 mmol) in
CH,Cl, (10 mL) was added to a solution of K[CsHsBF3] (0.229 g, 1.24 mmol) in
distilled water (10 mL). The resulting biphasic solution was allowed to stir for 1.5
hours. The CH.CI, layer was then washed with three 10 mL portions of distilled
water. The water layer was extracted with three 10 mL portions of CH,Cl,. The
respective layers were combined and the CH,Cl; solution was dried with MgSQOg.
The resulting water and CH,CI, layers were allowed to evaporate, yielding a
white solid (0.107 g) and a viscous, colourless oil (0.616 g) respectively. 'H NMR

spectroscopy of the oil indicated side product formation.
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2.10.2 Anhydrous Preparation

Under inert atmosphere, a 150 mL Schlenk flask was charged with TOPB
(0.67 g, 1.2 mmol), K[CeHsBF3] (0.23 g, 1.2 mmol) and a stir bar. The Schlenk
flask was then warmed until the mixture became viscous and it then was allowed to
stir for 3 hours at room temperature. MeOH (20 mL) was then added by syringe,
and the solution was allowed to stir for an additional hour. The solvent was
removed under vacuum, yielding a viscous, colourless oil with a suspended white
residue. The product was extracted with CDCls (1 mL) and a '"H NMR spectrum

indicated side product formation.

2.11 Attempted Reduction of Pd(Il) Compounds

In a typical experiment, a 15 mL Schlenk tube under inert atmosphere was
charged with PdCI;[PMeBu'], (0.0250 g, 0.0502 mmol), K[CeHsBF3] (0.0184 g,
0.0999 mmol) and a stir bar. Toluene (5 mL) was added by syringe and the
solution was allowed to stir for 22 hours at 21 °C. The solvent was the removed
under vacuum, the residue was taken up in toluene-dg and a *'P NMR spectrum
was obtained.

Many complementary experiments were performed as mentioned above,
with a number of variations. Similar experiments were also performed with
PdCI;[PCys].. Experiments were also repeated at either 65 °C or 80 °C. The
solvent system was also varied to a 5:1 mixture of toluene/water (deoxygenated),

or 5:1 DMF/water. Finally, experiments were repeated with 2 eq. of PhB(OH),
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and K,COgs, instead of K[PhBF3]. All of these variations are summarized in Table

5 and 6.

Table 5. Summary of reduction experiments with PdCl,(PMeBu',)..

Entry Pd(Il) Complex Boron Solvent Base  Temperature/°C
Reagent
1 PdCIZ(PMeButz)Z K[CsH5sBF3] toluene - 25
2 PdClz(PMeBUtz)z K[C6H5BF3] tOluene/Hzo - 25
3 PdCIZ(PMeButz)Z K[CsH5sBF3] toluene - 80
4 PdClz(PMeBUtg)g K[CGH5BF3] toluene/HZO - 80
5 PdClz(PMeBUtg)g C6H5B(OH)2 toluene K2C03 25
6 PdClz(PMeBUtg)g C6H5B(OH)2 tquene/HZO K2C03 25
7 PdCl,(PMeBuU'), CgHsB(OH), toluene K,CO; 80
8 PdClz(PMeBUtz)z CGHsB OH)2 toluene/H20 KZCO?, 80
9 PdCl,(PMeBuU'), - toluene/H,0 - 80
10 PdCl,(PMeBuU'), - toluene/H,0  K,CO4 80
11° PdCl,(PMeBuU';), - toluene/H,0  K,CO4 80

a) 4 eq. of K,CO3 used

Table 6. Summary of reduction experiments with PdCIz(PCys)s..

Entry Pd(Il) Complex Boron Solvent Base  Temperature/°C
Reagent
1 PdCl,(PCys), K[CgHsBF3] toluene - 25
2 PdClI,(PCys), K[C¢HsBF3]  toluene/H,O - 25
3 PdCl,(PCys), K[CgHsBF3] toluene - 65
4 PdCl,(PCys), K[C¢HsBF3]  toluene/H,0 - 65
5 PdCl,(PCys), K[CsHsBF3] DMF - 25
6 PdCl,(PCys), K[CsHsBF3] DMF/H,0 - 25
7 PdCIx(PCys), K[CesHsBF3] DMF - 65
8 PdCI,(PCys3), K[CeHsBF3] DMF/H,O - 65
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Chapter 3
Results and Discussion
3.1 In Situ Generation of PdL, from Pd(n>-CsHs)(n>-CsHs)

The primary goal of this research was to determine the optimum
conditions under which PdL, (L = PCys, PMeBu',, PBu';) is generated cleanly and
quantitatively. The synthetic preparation described by Otsuka et al.” for these
phosphines was chosen as a starting point from which to begin optimization
studies of PdL, formation (Scheme 33). A series of both 'H and *'P NMR
monitoring experiments was performed in which one or two equivalents of
different phosphines (L = PCys, PMeBu';, PBu';) were mixed with a toluene-dg
solution of Pd(n*-CsHs)(n°-CsHs). These experiments were performed at both
room temperature and elevated temperature (60 — 80 °C) to assess the
conditions for PdL, generation. Additionally, these experiments were repeated

with PMes; and PPh3 with the goal of observing PdL,, (n = 2 - 4) formation.

| toluene
jd
\/

3h
80 °C

\

+ 2PR, Pd(PR3); + "CgH1o"

Scheme 33. Preparation of PdL from Pd(n3-C3Hs)(n°-CsHs) (PR3 = PCys,
PPhBu';, PBuU's).

At the time that this procedure for the synthesis of PdL, was reported,

ligand displacement reactions of Pd(n>-2-R-C3H4)(n°-CsHs) (R = H, Me, Bu') with
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phosphines PR3 (R = Ph, Pr, Me, Ph,Me, PhMes, Bu") and phosphites P(OR); (R
= Me, Et, Ph, o-tol) were the subject of several reports by Werner et al.? These
studies revealed that a significant degree of complexity exists in the
displacement reactions of Pd(n*-2-R-C3H4)(n°-CsHs). As a result, some of the
previously reported work was herein reexamined in order to better understand
these systems in the context of clean and quantitative PdL, generation monitored
by NMR spectroscopy. Furthermore, much of the work of Werner et al. focused
on reactions of Pd(n®2-RC3H4)(n°-CsHs) when R = Me, leaving an incomplete
assessment of the systems involving the more reactive Pd(n>*-CsHs)(n°-CsHs).2%"

A summary of the relevant findings revealed by previous work in the area is thus

beneficial prior to the examination of the current results.

3.1.1. Displacement Reactions of Pd(n*-CsHs)(n°>-CsHs) Complexes

In their initial work, Werner et al. studied the kinetics of ligand
displacement reactions of Pd(n°-2-R-CsH4)(n°-CsHs) (R = H) with phosphite
P(OR); (R = Ph) and determined that displacement proceeds according to a
second order rate law." This led to a mechanistic proposal in which the first step
of ligand displacement is the reversible formation of an intermediate species (1),
from nucleophilic attack of P(OR)s; (Scheme 34)." A secondary, unidentified
intermediate (Il) was proposed, eventually resulting in the formation of

Pd(P(OPh)s)a.
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K1

Pd(C3H5)(CsHs) + P(OR)3 Pd(C3Hs5)(CsHs)(P(OR)3)

k-1 (1)

k2 fast
(1) + POR)3 —> (lII) ————> Pd(P(OR);)s
+ P(OR);

Scheme 34. Initial mechanism proposed for ligand displacement of Pd(n>-
CsHs)(n°-CsHs) by P(OR); (R = Ph)."

Further NMR investigations showed that the reaction of Pd(n®-2-R-CsHs)(n°-
CsHs) (R = CH3) with phosphites P(OR); (R = Et, Me Ph) at low temperature
yields a n'-allyl complex as primary intermediate (1) (Figure 8).? Several of
these complexes were successfully isolated at -6 °C and characterized by 'H
NMR. The 'H NMR data for Pd(n'-2-CHs-C3H4)(n°-CsHs)(P(OMe)s),?® along with

that of other significant intermediate species, are summarized in Table 7.

&

|
CH
3 Pd
/\/ N

Figure 8. The n’-allyl complex Pd(1’]3-2-R-C3H4)(Tf-CsH5) isolated as primary
intermediate (1) (L = P(OEt)s, P(OMe)s, P(OPh)3).~
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Table 7. Relevant Species described by Werner et al.?

Species 5 '"H NMR Notes Reference
@\ Ho  5.73(s) CeDs 2g
Ha Ho  2.07 (d) 25°C
F’Id Ho  3.38(d)
Hy | Hy He  4.52(tt)
HMHC H,  5.80(s) C,D; this work
H H,  2.09 (d) 25 °C
d H,  3.42(d)
Hy  4.60 (tt)
/:\ "
Pd— Pd— Ph not given CD,Cl, 2a
PhsP PPhs Ho 542 (t Jon = 1.5 Hz)
Hc / HC Hb 2.18 (q, ‘]PHy JHH =8 HZ)
H He  0.8(d, Juy = 12 Hz)
b Hp He  2.85(m)
Hqg
/ : \ Ha Cy not given CeDs 2b
gy Ho  5.95(t, Jpn = 1.5 Hz)
CysP PCys Ho  3.05(t Jpy = 5.5 Hz)
How . / ~H, He 2.1 (br.s)
Hbv H, Hqe  1.47 (t Jpn = 3 Hz)
CHzq @\Ha
| | H,  5.62(d, Jpy = 1.7 Hz) C:Ds 29
C Pd Hb 2.70 (br.d, JpH =6.5 HZ) —GOC
Ho—_ C/ AN C/ POMe),  Hee  4.97,4.54 (m)
/\ Hy  1.95(s)
'L Hp Hy
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Through their continued efforts to isolate n'-allyl intermediates, equimolar
quantities of Pd(n®-2-R-CsHs)(n°>-CsHs) (R = CH3) and L (L = PPhs, P(OPh)s,
P(OMe);) were combined at room temperature, producing unanticipated
dinuclear metal complexes of the type Pd,Lo(p-2-R-CsHa)(u-CsHs).22>%"  Further
investigations resulted in the overall proposed mechanism shown in Scheme

35.2de

Pd Pd Pd
s . ~
\l/  ~ : j L
Psz L PdL3
> ]
/ N\
L— P{—/Pd —L PdL,

Scheme 35. Reaction sequence in the formation of PdL; from Pd(n3-CsHs)(n’-
C5H5)12d,e

One must remain cognizant of many of the above mentioned findings
during the analysis of the systems described in this work. Firstly, one must
anticipate the existence of a n'-allyl species, Pd(n'-CH,CH=CH,)(n°-CsHs)(L), as
a primary intermediate in the formation of PdL,. At the temperatures utilized in
this work (mainly 25 °C to 80 °C) such an intermediate may undergo rapid
equilibration with Pd(n>-CsHs)(n°-CsHs) and L, producing a dynamic NMR

spectrum that may demonstrate a series of time-averaged resonances.
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Further complicating these systems, the later work of Werner et al.
showed that reactions of Pd(n-2-R-CsHs)(n°-CsHs) (R = Me, Bu'Y) with
phosphines L (L = PPr's, PCys, PBu'Ph,, PCy,Ph, PBU'3) can produce a primary
intermediate that is in fact a mixture of two isomers, involving a simultaneous n—c

2¢h  The constant for the

shift of each of the organic ligands (Figure 9).
isomerization equilibrium was calculated to be K¢q = 1.39 for the reaction of
Pd(n3-2-CH3-C3H4)(n5-C5H5) with PCy,Ph at 292 K, indicating a slight prevalence
of n'-allyl- n°-Cp isomer at ambient temperature.?" The value for Keq was found to
increase to 2.33 at 333 K", thus setting a precedent for the currently observed
systems (at 25 °C - 80 °C). Should this type of isomerization exist for the primary
intermediate, one must again anticipate a dynamic NMR spectrum, depending
upon the rate of exchange between the isomers. Should the rate of exchange be
slow compared to that of the NMR timescale, one would expect to see distinct
resonances for both n'-allyl- n°-Cp and n>-allyl- n'-Cp isomers. However, as the
work of Werner suggests, the rate of isomerization at room temperature may be
comparable to that of the NMR timescale, producing broadened resonances
which represent an average of the resonances expected for each of the species
in a static (low temperature) spectrum. In either case, the possibility of
simultaneously isomerizing n'-allyl- n°-Cp and n*-allyl- n'-Cp isomers must be
anticipated, adding a degree of complexity to the obtained NMR data in the

currently examined systems.
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1 5
-allyl-n>-C
n’-allyl- n'-Cp " yme-p

Figure 9. Simultaneous n-c isomerization of the primary intermediate (1) (R =
Me, Bu', L = PPr's, PCys, PBu'Ph,, PCy,Ph, PBu'3). %"

These are not the only instances in which resonance broadening may be
observed in the obtained NMR spectra. Studies of the solution stoichiometry of
Pd(PCys), in the presence of additional PCys; indicate that the complex can
undergo rapid phosphine exchange at room temperature, producing broadened
*’P NMR resonances.” This behaviour is confirmed in this work and the current
study indicates similar behaviour for Pd(PMeBuY;), (Section 3.3). In addition,
Pd(PPhs)s has been shown to undergo exchange and also dissociate in solution,
existing predominantly as Pd(PPhs)s, which in turn can dissociate to form
Pd(PPhs),.**>® Rapid phosphine exchange has also been noted for Pd(PMes3)4 in
the presence of free PMes;. Such ligand exchange and the resulting broadening
of any observed *'P NMR resonances must therefore be anticipated during the
examination of these systems.

One must also consider the reductive elimination product “CgHqo” in the
currently examined systems. Previous work with Pd(n3-2-R-C3H,)(n°-CsHs) (R =
CH3) indicated that the reductive elimination product (methylallyl-

cyclopentadiene) isomerizes by 1,5-hydride shift, producing several isomeric side
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products.?®  Parker and Werner thus synthesized and characterized 1-(2-
methylallyl)cyclopentadiene to serve as a model compound for these products.?
The "H NMR data are summarized in Table 8, as a means of comparison to the

work described herein.

Table 8. "H NMR assignment for 1-(2-methylallyl)cyclopentadiene in CDCl3.%

Structure S

Ho Hb H, H, Hy

H, 17
H 277
H b
° 7 NH, He 3.09
- Ha 47
Hosg 6.6 - 6.1

Hs M

It is anticipated that similar products (allyl-cyclopentadiene and related isomers)
will emerge in the current systems, potentially obscuring many regions of the 'H
NMR spectrum. In order to better identify the reductive elimination species, the
approximate "H NMR chemical shifts of 5-allylcyclopentadiene (isomer A) and
related isomers (isomers B and C) were simulated and summarized in Table 9.”8
The 'H NMR chemical shifts of these potential reductive elimination products
were calculated using the method summarized by Silverstein et al.,” which
utilizes tabulated substituent constants for a variety of R groups (gem, trans and
cis groups) to calculate the approximate chemical shift of an olefinic proton. A
more thorough simulation of the '"H NMR spectrum of each of these products was

performed using ACD Labs 'H NMR Predictor software,® which utilizes a
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database of approximately 200,000 experimentally obtained '"H NMR spectra

upon which to estimate the chemical shifts of an entered chemical structure.

Table 9. Simulated "H NMR chemical shifts for allyl-cyclopentadiene isomers.”®

Hy H,
Hu
Hy H
v
HI’ Hs
Hy
Hq H;
Isomer A Isomer B Isomer C
o ) o
H, 6.3 H; 6.0 Hq 6.2
Hp 6.3 H; 6.0 H, 6.4
H. 3.0 Hy 6.3 Hs 6.1
Hq 2.1 H, 2.9 H; 3.0
He 5.8 Hm 3.0 H, 2.9
Hs 4.9 H, 5.8 H, 59
Hg 52 H, 5.1 Hy 5.1
Hp 5.0 H, 5.2

Additional complexity in the NMR monitoring of these systems arises from
the choice of phosphine (e.g. PCys), as its resonances can obscure portions of
the '"H NMR spectrum. This is particularly relevant when attempting to assign the
'H resonances of dinuclear species, which are shifted upfield significantly from
Pd(n3-C3sHs)(n°-CsHs).2>%"  Emerging 'H resonances associated with the
isomeric reductive elimination products also result in many overlapping '"H NMR

signals.
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The research efforts described in this work, driven by the desire for the
optimization of the conditions for PdL, generation, are far from exhaustive in
providing a clear picture of these complex systems. An analysis of these
systems was performed using several phosphines (PCys, PMeBu'z, PBu's, PPhs,
PMes) noting the likely intermediates (when possible) and the ideal conditions in
which one can cleanly and completely generate PdL,. Chemical shifts of
representative n'-allyl and dinuclear species described in the literature are used
as the best possible precedent to identify likely species in the presently examined

systems (Table 7).

3.1.2 Generation of PdL, (L= PCys, P MeBu',, PBu')
Conversion of Pd(n>-CsHs)(n°-CsHs) to the 2:1 compounds was expected
to proceed as described above in Scheme 35.2 The following describes the

results of each NMR monitoring experiment according to each phosphine used.

3.1.2.1 L = PCys

Reactions of Pd(n>-CsHs)(n°-CsHs) with two equivalents of PCys (5 10.0)
at 25 °C (Figure 10) were monitored by *'P NMR spectroscopy and found to
proceed slowly to produce a species exhibiting a *'P resonance at § 27.8,
attributable to the corresponding dinuclear species.? In addition, an extremely
broad resonance at & 54.6 was present, barely visible in the baseline, possibly

representing an n1-aIIyI intermediate, such as that seen above in Table 7.
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10 min O=PCys
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50 40

|

Figure 10. Stacked plots of *'P NMR spectra (163.0 MHz) for reaction of Pd(n>-
C3Hs)(n°-CsHs) with two equivalents PCys in toluene-ds at 25 °C.

This resonance was thought to be broadened due to the equilibration of the
starting material Pd(n>-CsHs)(n°-CsHs) and the anticipated primary intermediate |
(Figure 10). This broadening may also be explained by the possible isomerization

of the primary intermediate | between n'-allyl-n>-Cp and n’-allyl-n'-Cp

coordination (Figure 10).%°"

comparable to the NMR timescale, producing broadened resonances. The slow
disappearance of this broad peak occurred over the course of four hours. The

resonance at d 54.6 in the currently studied system is similar to that observed in

systems such as Pd(n>-2-Me-C3H,)(n°-CsHs)/PPr's (5 59.6)*° and Pd(n*-2-Bu'-
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C3H4)(n®-CsHs)/PPr's (5 51.2).%* However, while the Pd(n3-2-Me-CsH4)(n°-
CsHs)/PPr's system was shown to involved rapidly equilibrating n'-allyl-n°>-Cp and
n>-allyl-n'-Cp species, that derived from the Pd(n®-2-Bu'-CsH4)(n°-CsHs)/PPr's
system was found to be exclusively an n3—allyl—n1—Cp species. The exact nature
of the species observed in this system at 6 54.6 thus remains unconfirmed by
experiments conducted at 25 °C.

No *'P NMR resonance was observed at § 39.4 (Pd(PCys).)° in the *'P
NMR monitoring of the Pd(n>-CsHs)(n°-CsHs)/PCys system, although after two
hours a broad resonance at this chemical shift was seen. After approximately
five hours, the dinuclear species appears to be the major component in solution
(8 27.8).2 Additionally, the signal observed at & 47.6 is due to O=PCy; confirmed
by literature'® as well as an independent oxidation of a sample of PCy; (Section
2.4.1.6).

Several significant features were observed in the associated 'H NMR
spectra obtained over the course of the reaction (Figure 11 and 12). The Cp
resonance (Ha, 8 5.81) for the starting material, Pd(n®-CsHs)(n°-CsHs), was
replaced by a broadened resonance at 6 5.84 labeled | (see Figure 11). This
broadened resonance initially increased and subsequently diminished in intensity
over the course of the reaction, consistent with the formation of a fluxional
primary intermediate species and likely corresponds to the intermediate species
with 3'P NMR § 54.6 (see above). As reported previously for other phosphines,?®

and mentioned above, Pd(n*-C3Hs)(n°-CsHs) may react with PCy; to
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Figure 11. Stacked plots of "H NMR spectra (5 3.8 — 7.2; 600 MHz) for the reaction of Pd(n*-C3Hs)(n°-CsHs) with two
equivalents of PCyj; in toluene-dg at 25 °C (* indicated unidentified resonances).

160 min
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Figure 12. Stacked plots of '"H NMR spectra (5 2.0 — 4.0; 600 MHz) for the reaction of Pd(n3-CsHs)(n°-CsHs) with two
equivalents of PCys in toluene-dg at 25 °C (* indicates unidentified resonances).
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reversibly produce a primary intermediate species and this rapid equilibration
between Pd(n®-CsHs)(n°-CsHs) and PCys and primary intermediate produces
broadened, time averaged resonances in the '"H NMR spectrum. Additionally,
the observed broadening could be due to the simultaneous isomerization of the
primary intermediate between n'-allyl-n>-Cp and n*-allyl-n’-Cp coordination
modes, producing time-averaged 'H NMR resonances of the individual n-allyl-
n°-Cp and n*-allyl-n'-Cp intermediates (Figure 10).2°"

Several other broadened resonances in the '"H NMR spectra support the
existence of rapidly equilibrating or fluxional species. Two of these broad
resonances were observed at 5 6.26 (Il) and 4.86 (lll), while the third, barely
visible, appeared in the region around & 4.43 (IV). Given the broadening
observed, it is not possible to provide a definitive assignment of the intermediate
species at 25 °C. However, it can be said that the resonances present are not
consistent with a static, stable n'-allyl intermediate (see Table 7 above). The
broadened resonances labeled Il and IV could possibly be the terminal CHy=
protons of a rapidly equilibrating n'-allyl species (5 4.97, 4.54 in Table 7).
However, the additional broadened resonance at 6 6.26 (ll), possibly a time
averaged Cp resonance, supports the possibility of a rapidly isomerizing primary
intermediate where both n'-allyl-n>-Cp and n*-allyl- n'-Cp isomers were present.
Previously reported work indicates that equimolar quantities of Pd(n3-2-Me-
CsH4)(n°-CsHs) and PCys produce such an intermediate species.®*" The
reported NMR data in toluene-dg at —60 °C showed a Cp resonance at 6 5.66 for

the isomer with n'-allyl- n*>-Cp coordination, and a second Cp resonance at &
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6.60 for the 1 *-allyl- n '-Cp isomer.*® The additional broadened resonance at &
6.26 (1) observed in the current system may represent the n'-Cp resonance of a
n 3-allyl-n "-Cp isomer, rapidly equilibrating with n'-allyl- n*-Cp, possibly at &
5.84. One might anticipate, however, coalescence of these Cp resonances at
room temperature, as was reported for the Pd(n*-2-Me-CsHs)(n°-CsHs)/(PCys)
system. A low temperature examination of the current system was not performed
and would be required to assign the above mentioned resonances with certainty.

A sharp Cp singlet appeared at 6 6.03 (Figure 11), which increased in
intensity over the course of the reaction. In a separate experiment, this
resonance showed a correlation by HSQC to a '*C resonance at & 89.4. These
'H and *C resonances are typical of a coordinated n°-CsHs ligand (He) in a
dinuclear species Pdo(PCys)a(u-CsHs)(u-CsHs) (Figure 11).2°

The resonances of the allyl protons of the dinuclear species cannot be
assigned with certainty, due to overlap with both PCy; and reductive elimination
products (Figure 12). It was anticipated that the allyl protons f, g, and h would
each exhibit a complex multiplet pattern resulting from coupling to adjacent
protons, as well as coupling to phosphorus, as has been observed in the

literature (see Table 7).22Pdf

The resonance observed at 6 2.76 (labeled h)
possibly represents the central allyl proton, showing a COSY correlation to a
resonance at 6 1.10, perhaps representative of H. However, precedent dinuclear
species suggest that protons f and g should appear further downfield (6 2.10 and

3.05 respectively). 2P4H |n addition, the resonance & 2.76 appeared to overlap

with a second resonance, possibly from PCys. A PCy; resonance in this region
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would be expected to show COSY correlation to other PCy; resonances, such as
those in the region of & 1.10. The PCy; protons appear to shift downfield from
free PCys (6 1.10 — 1.19) upon coordination to palladium as can be seen by the
strong resonance that appeared at 6 2.40. As a result, the resonances in the
anticipated allyl region for the dinuclear species cannot be assigned with
certainty from the current NMR spectra.

One can identify several small yet distinct resonances that emerged over
the reaction (Figure 11 and 12), consistent with the formation of reductive
elimination products, CsHs-C3Hs, formed as a mixture of isomers.?*9  Those
labeled i (6 6.39), j (5 6.34), k (5 6.29), | (6 6.18) and m (5 6.12) correspond to the
cyclopentadiene protons of these products as seen in Table 9. The presence of
more than two signals in this region suggests that the initial reductive elimination
product, 5-allylcyclopentadiene (isomer A), has isomerized over the course of the
reaction, producing 1-allylcyclopentadiene and 2-allylcyclopentadiene (isomer B
and C respectively). Regions of the spectra labeled n (5 5.68-5.75) and o (6 4.93-
5.00) correspond to vinyl protons CH=CH, and CH=CH, respectively (Figure 11).
Several signals of similar intensity in the region & 2.00-3.00 (q,r,s,t) are
consistent with methylene protons CH,CH=CH> as well as the methylene protons
of the cyclopentadiene ring.

The reaction of Pd(n>-CsHs)(n°-CsHs) with two equivalents of PCys thus
suggests the existence of an intermediate species (n'-allyl-n®>-Cp and possibly
isomerizing to n’-allyl-n'-Cp), as well as a dominant dinuclear species

Pd2(PCys)2(u-CsHs)(u-CsHs) at 25 °C.  Consequently, the described Pd(n-
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CsHs)(n°-CsHs)/PCys system at 25 °C does not represent optimal conditions for
the efficient generation of the desired Pd(PCy;),. The same system was
subsequently monitored at 65 °C and 77 °C in order to assess the generation of
Pd(PCys), at elevated temperatures.

At 65 °C, the dinuclear species Pd(PCy3)2(u-CsHs)(u-CsHs) is slowly

consumed to produce the anticipated 2:1 product Pd(PCys), (6 39.4) (Figure 13).
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Figure 13. Stacked plots of *'P NMR spectra (163.0 MHz) for reaction of Pd(n°-
CsHs)(n°-CsHs) with two equivalents PCys in toluene-dg at 65 °C.

The initial resonance for Pd(PCy3), observed at 10 min is quite broad,
likely a result of rapid exchange with unreacted PCys, which is not observed at 6
10.0. However, within 20 min of mixing, the Pd(PCys), resonance was observed
to sharpen, suggesting that all free PCys had reacted to produce both Pd(PCys)»
and Pdz(PCys)2(u-CsHs)(u-CsHs). Such experiments were repeated at 77 °C and

indicated the reproducible and quantitative generation of Pd(PCys), (5 39.5)
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within 1 h. In addition, the resonances for the reductive elimination products
were observed in the corresponding '"H NMR spectra.

Werner et al. indicate that bulky phosphines like PCys require heating in
order to generate the dinuclear palladium species.’ However, the above
mentioned NMR data suggest that the dinuclear species can in fact be formed at
room temperature. Heating is required in order to convert the dinuclear species

quantitatively to Pd(PCys)s.

3.1.2.2 L = PMeBu';

Reactions of Pd(n®-CsHs)(n°-CsHs) with two equivalents of PMeBu'; at
25 °C were anticipated to produce similar intermediates as seen with PCys.
Successive NMR spectra indicated the formation of a species exhibiting a *'P
resonance at & 35.4, which was identified as the dinuclear species
Pd(PMeBu%)x(u-C3Hs)(u-CsHs) (Figure 14)%. In addition, an extremely broad
resonance at & 61.0 was observed, which was attributed to an n'-allyl
intermediate?® or a rapidly isomerizing n*-allyl- n'-Cp and n'-allyl- n°-Cp isomers,

as mentioned above.?*"
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Figure 14. Stacked plots of *'P NMR spectra (163.0 MHz) for reaction of Pd(n°-
C3Hs)(n°-CsHs) with two equivalents of PMeBu'; in benzene-ds at 25 °C.

Over the course of the experiment at 25 °C, no *'P resonance was observed at &
41.0, the chemical shift of the 2:1 compound Pd(PMeBu%),"" In addition, no
resonance was observed consistent with reports of free PMeBu'; (8 11.4 in
CeDe)."? This report was confirmed by an independently run *'P NMR spectrum
of PMeBu'; in CgDs (5 11.5).

A "H NMR spectrum obtained three hours after mixing at 25 °C (Figure 15)
showed unreacted starting material (Pd(n>-CsHs)(n°-CsHs)) at & 5.86 (Ha), & 4.59
(Hq), 6 3.42 (Hc) and & 2.11 (Hp) and in addition, a new species emerged with a
'"H NMR resonance at & 6.02 (He), consistent with what was expected for the

coordinated p-CsHs ring of a dinuclear species (Figure 15).2°04"
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Figure 15. 'H NMR spectrum (400 MHz) for reaction of Pd(n>-CsHs)(n°-CsHs)
with two equivalents of PMeBu'; 3 h after mixing at 25 °C in benzene-dgs (*
indicates unidentified resonances).

Interestingly, a broad resonance at 6 5.85 (labeled |) was observed underneath
the Cp resonance H,. It is possible that this broad resonance, likely
corresponding to a coordinated Cp group, appeared for the same reasons
discussed in the PCy; system above. The reversible reaction of Pd(n®-CsHs)(n°-

CsHs) and PMeBu'; may form a primary intermediate species, which in turn may
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be rapidly isomerizing between n'-allyl-n®-Cp and n-allyl-n'-Cp coordination
modes. This dynamic system may be undergoing exchange at a rate
comparable to that of the NMR timescale, producing 'H resonances which reflect
an average of the resonances that would be anticipated for each individual Pd
containing species. Several other broadened resonances (labeled IlI, Il and 1V)
remain unidentified.

The multiplet observed at 5 2.46 (Hy) is consistent in its splitting pattern
the central allyl CH proton of a dinuclear species, appearing upfield from the
corresponding CH resonance at § 4.59 for Pd(n®-C3sHs)(n°-CsHs) (Table 7). The
remaining allyl protons cannot be assigned with certainty, although the small
unidentified doublet at 5 1.22 may be that of H; or Hg. In addition, the resonances
of the anticipated reductive elimination products CsHs-CsHs are also observed in
the "H spectrum, labeled regions 1-5.

Although the resonances observed at & 1.08 and & 1.00 have the
appearance of virtual triplets, they could not be attributed to alkyl groups of
Pdo(PMeBu',)2(u-CsHs)(u-CsHs), as their relative integrations are not consistent
with Bu' and Me groups (1:2:1). In addition, two large doublets appeared at
50.94 and 5 0.79 (relative integrations 18:3), labeled i and j respectively and
were observed to diminish in intensity over the course of the reaction. These
resonances did not correspond to free PMeBu'; (Bu' 1.04, Me & 0.83)," nor did
they correspond to Pd(PMeBuY), (Bu's 1.28, Me §1.07)."" This suggests that
resonances i and | are associated with a PMeBu'; bound to a primary

intermediate (n'-allyl- n°-Cp, or perhaps n'-Cp- n*-allyl).
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At 77 °C, the disappearance of the dinuclear species (6 35.4) was
observed with the concurrent, quantitative formation of the anticipated 2:1
product Pd(PMeBu';), (5 41.0) in less than one hour (Figure 16)."" As was seen

with reactions involving PCys, the anticipated resonances for the reductive

&
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Figure 16. Stacked plots of *'P NMR spectra (163.0 MHz) for reaction of Pd(n>-
C3Hs)(n°-CsHs) with two equivalents PMeBU'; in toluene-dg at 77 °C.

elimination products CsHs-C3Hs were also observed in the 'TH NMR spectra while,
for the PMeBu', system, broad resonances at & 1.26 and 1.03 appeared and are

attributed to the Bu' and Me groups, respectively, of Pd(PMeBu'),."

3.1.2.3 L = PBu';

In contrast, it was found that PBu's generated neither primary
intermediates (n'-allyl-n°>-Cp, n*-allyl-n'-Cp ) nor dinuclear intermediate species
at 25 °C in toluene-ds, as has been noted elsewhere.?® Only Pd(PBu';), was

formed in a reaction which was complete within one hour at 25 °C. The *'P and
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Figure 17. a) *'P NMR spectrum (163.0 MHz) of the reaction of Pd(n>-CsHs)(n°-
CsHs) with two equivalents PBu'; in toluene-dg at 77°C 25 minutes after mixing b)
'H NMR spectrum (300 MHz) at 25°C 120 minutes after mixing.

'"H NMR spectra (25 °C) exhibited resonances at & 86.0 and at & 1.49 (vt)
respectively, consistent with the formation of the anticipated 2:1 product
Pd(PBu'), (Figure 17)." Furthermore, Pd(PBu's), was formed quantitatively in
about 30 minutes at 77 °C.

It seems likely in this system that a primary intermediate species (n'-allyl-
n°-Cp) species is initially formed from Pd(n3-CsHs)(n°-CsHs), but that the steric
bulk of the PBu'; ligand induces rapid reductive elimination of CsHs-CsHs. The
anticipated resonances of the latter were observed in the '"H NMR spectra of the
reaction mixtures at both 25 and 77 °C.

In summary, variable temperature 'H and *'P NMR experiments have
permitted the evaluation of the optimum condition in which to produce PdL, from

Pd(n3-C3Hs)(n°-CsHs) with L (L = PCys, PMeBu'; and PBu's ). While both PCys
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and PMeBu', require heating at 77 °C for 1 h to form their respective
bisphosphine complexes, PBu'; requires only 30 min at this temperature to
quantitatively form Pd(PBu's)s.

One can compare this now optimized method to the alternate methods
that have been previously reported for the generation of PdL, (L = PCys,
PMeBu';, PBu's). The formation of these complexes has generally involved the
reduction of Pd(ll) precursors by a variety of means. However, the method
described by Otsuka,' optimized herein, represents the only method that has
been successfully used for each of the phosphines described. Furthermore, the
method of Otsuka represents the only successful preparation for
Pd(PMeBuY),. "™

The alternative methods for the preparation of Pd(PCys), have been
performed at a variety of temperatures and reaction times. Pd(PCys), has been
successfully prepared by reaction of PdCl,(PCys),, PCys, KOH and 18-crown-6 in
refluxing toluene (20 h) (85-90% vyield).” The preparation of Pd(PCys), has also
been described at room temperature from the reaction [nB-Me-C3H4PdCI]2,
NaOMe and PCys for 24 h at room temperature (80%)." In comparison, the
current method represents a significant improvement on the described alternative
methods, as it provides significantly shorter reaction times to obtain Pd(PCys),.

Several alternative methods for the preparation of Pd(PBu';), have also
been reported in the literature. The isolation of Pd(PBu';), has been performed
by the reaction of Pd(dba), and excess PBu'; at room temperature for 15 h (65 %

yield)." A similar preparation has been reported from Pd,(dba); and two

114



equivalents of PBuU's in DMF for 3 h at room temperature (83% vyield)."® Both
require significantly longer reaction times at room temperature than does the
method optimized herein (1 h at 25 °C). A further method for the preparation of
Pd(PBu'3), is that reported by Goel et al., which involves the reaction of
PdCIx(NCPh), and two equivalents of PBu's with sodium napthalenide in 1 h in
THF at room temperature (70 % vyield)." Although this method involves a
comparable reaction time and temperature to the method described herein, it
utilizes additional and relatively inconvenient reducing agent (sodium
napthalenide). The currently optimized method of Otsuka' thus represents an
general, efficient and mild method for the quantitative generation of PdL, (L =

PBu'3, PCys, PMeBuUY%).

3.1.3 Generation of PdL, (L = PMe3, PPh3) where n >2

As the method described above was successfully optimized for the clean
and quantitative formation of PdL, (L = PCys, PBu'3, PMeBu'), it was also
desirable to evaluate the process for less sterically demanding phosphines, such
as PPh; and PMe; (cone angles 118 © and 145 ° respectively).”® Such
phosphines tend to result in palladium complexes PdL, with higher coordination
number (n = 3,4) as a result of the reduced steric bulk of the phosphine.'
Although the reaction of Pd(n*-CsHs)(n°-CsHs) with these phosphines has been
studied by Werner et al., it has not been utilized for the synthesis and isolation of

2

palladium(0) complexes of PPhs and PMes.“ Rather, the reported preparation of

Pd(PMes); involves the reaction of [PdCl(n*-2-Me-CsHs)l> and PMes.”
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Pd(PPhs)s has also been successfully obtained by numerous means, the most
widely utilized being the reaction of PdCl, with PPhs and NoH4+H,O in dmso.?°
Complexes of lower coordination number, both Pd(PPhs); and Pd(PPhs),, have

%21 |t thus worth considering the

also been isolated and are discussed below.
current body of work regarding the nature of these complexes prior to examining
the systems herein.

There have been very few studies of the nature, lability and structure of
homoleptic Pd(0) complexes of PMes;. While the tetrakis substituted complex
Pd(PMes)s has been reported and characterized by elemental analysis and NMR
('P,"H,"*C),*"® complexes of lower coordination number, namely Pd(PMe3)s and
Pd(PMes), have not been isolated. The solution stoichiometry of Pd(PMes)s has
been previously studied by low temperature *'P NMR spectroscopy.® It was
reported that a sample containing Pd(PMes)s produced no new >'P resonances
upon cooling to —60 °C, indicating that Pd(PMe3)4 does not dissociate in solution
to form Pd(PMes)s.* In addition, the cooling of samples containing both
Pd(PMes)s and excess PMe; to —60 °C revealed the decoalescence of the
exchange averaged *'P resonance for Pd(PMes), and PMes, indicating that
phosphine exchange is rapid on the NMR timescale at room temperature.4

Several studies have been performed to characterize Pd(0) complexes of
PPhs. Crystallographic work indicates that Pd(PPhs)s is tetrahedral in
geometry.??  In contrast to Pd(PMes)s, Pd(PPhs)s is known to dissociate in
solution, producing almost exclusively Pd(PPhs3)s;, as indicated by low

temperature *'P NMR studies and cryoscopic molecule weight measurements.*??
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Pd(PPhs); has itself been isolated from the reaction of [2-
methylallylPd(PPhs)2]BF4, PPhs and benzylamine and has been found to possess
trigonal planar geometry.>?* In solution, Pd(PPhs)s dissociates minimally to form
Pd(PPhs), (Kp << 1).4561%25 Although several reports® have been made of the in
situ preparation and use of Pd(PPhs), only Urata et al. have attempted to
characterize Pd(PPhs),, isolated by reaction of [(n3-CsHs)Pd(PPhs),][PFe] with
Ph,MeSiLi.?' In their work IR,'H, *C and *'P NMR (*'P & 31.0) and elemental
analysis all suggest the isolation of Pd(PPhs),. Their low temperature *'P NMR
studies also indicated that while ligand exchange (resonance broadening as a
result of PPhs; dissociation and coordination) occurs for Pd(PPhs); even at
—80 °C.?' However, no such broadening is observed for Pd(PPhs), at —40 °C,?’
implying no equilibration of Pd(PPhs), to (Pd(PPhs) + PPhs).

Given what is known of Pd(0) complexes of PMes and PPhs, the current
work aims to evaluate the effective generation of PdL, (L = PMes, PPhs, n =
2,3,4) from Pd(n3-CsHs)(n°-CsHs). As described above for PCys, PBu's and
PMeBu';, the reactions of Pd(n3-CsHs)(n’-CsHs) with PMes or PPhs were
monitored by *'P and '"H NMR at various temperatures in an effort to determine
the nature of the species formed, as well as the optimum conditions for PdL,
formation (n = 2,3,4). It was anticipated that intermediate species, such as the
n'-allyl-n®-Cp or n*-allyl-n'-Cp type intermediates, as well as dinuclear species,
as described above (Section 3.1.1 and 3.1.2) may also be present in the

currently studied systems (PPh3; and PMe3).
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3.1.3.1 L = PMes

When Pd(n*-CsHs)(n°-CsHs) was reacted with two equivalents of PMes at
25 °C, an immediate colour change from red to green-yellow was observed.
Within 3 hours, traces of palladium metal were observed. A *'P spectrum
obtained 35 minutes after mixing showed a broadened resonance at 6 —32.3.
This resonance is consistent with that reported for Pd(PMes)s (6 —34.8 ppm)

(Figure 18).*
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Figure 18. 3'P NMR spectra of Pd(n>-CsHs)(n°-CsHs) and two equivalents PMes,
35 minutes after mixing in toluene-dg at 25 °C (202.3 MHz) and 2 °C (242.9 MHz)
(* indicates unidentified resonances).

An additional broad resonance was observed at 6 -26.5, but the
resonance for free PMe; was absent from the spectrum (8 -62).2” When this
reaction was repeated at 2 °C, in an effort to reduce broadening, the resonance
at 6 —26.5 was sharper, while that at 6 —32.3 remained broad, compared to the
experiment at 25 °C (Figure 18). As neither Pd(PMej3); nor Pd(PMe3s), have been
previously reported, the resonance at 6 —26.5 cannot be assigned as either of

these species with any certainty. It was also possible that this resonance might
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result from an intermediate species (n'-allyl-n®-Cp, n*-allyl-n'-Cp, or dinuclear
species Pd(u-CsHs)(u-CsHs)(PMes)z) prior to formation of Pd(PMes)s. A
corresponding 'H NMR spectrum was thus consulted to gain insight as to the

nature of the resonance observed at & —26.5 (Figure 19).
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Figure 19. "H NMR spectrum (500 MHz) of reaction of Pd(n*-CsHs)(n°-CsHs) and
two equivalents of PMej in toluene-dg 35 minutes after mixing at 25 °C (* and
roman numerals indicate unidentified peaks, ** indicates impurity).

The "H NMR spectrum also suggested the presence of Pd(PMes)s, seen at §
1.16 at 25 °C, which is consistent with the literature (5 1.16)."” A sharp
resonance indicative of an n°-CsHs species was observed at & 5.84 (l11), similar
in chemical shift to the broad Cp resonance of the primary intermediate observed

in the Pd(n®-CsHs)(n°-CsHs)/PCys system. This resonance remains present in

the '"H NMR spectrum two hours after mixing. In addition, broad 'H NMR
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resonances were observed in the region of ~ 5 5.4 and 5 4.4 (labeled | and II).
These resonances remained broad for two hours, while the singlet at 6 5.84
remained sharp. This suggests a n'-allyl-n°>-Cp intermediate (Figure 19),
perhaps in equilibrium Pd(n®-CsHs)(n°-CsHs), producing the *'P resonance
observed at 6 —26.5. Although the dinuclear species Pd(u-2-Me-CsHg)(u-
CsHs)(PMes), has been reported,® literature '"H NMR resonances are not
consistent with any of those observed in the currently examined system. Several
regions of the '"H NMR spectrum showed resonances consistent with the
anticipated reductive elimination products (labeled 1 — 3). However, many of
these resonances overlapped with additional 'H NMR resonances that could not
be identified.

This experiment was repeated at —55 °C; the *'P NMR spectrum obtained
(Figure 20) revealed the two species observed above, now as sharp resonances
at 5 —33.2 (Pd(PMe3)4) and 8 —25.7.

In order to gain insight into the nature of the species at *'P § —25.7, a 'H
NMR spectrum of the same reaction mixture was obtained 25 minutes after

mixing (Figure 21).

-10 -20 -30 -40 -50 60§

Figure 20. *'P NMR spectrum (242.9 MHz) of reaction of Pd(n>-C3Hs)(n°-CsHs)
and two equivalents of PMes in toluene-dg at 20 minutes after mixing at —55 °C. (*
indicates unidentified resonance).
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A strong resonance was observed at 6 5.97, indicative of a Cp containing
intermediate species. Several resonances were also consistent with the
presence of a n'-allyl-n°>-Cp intermediate (labeled a - e). However, this
assignment was tentatively made, as many significant resonances remained
unidentified and no corresponding COSY spectrum was obtained to assist in the
assignment. The resonance at 6 1.22 corresponds fairly well in chemical shift to
that of Pd(PMes)s."' The resonance at & 1.02 was assigned as the PMes bound

to the n'-allyl complex, given its relative intensity to the Cp resonance observed

at 5 5.97.
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Figure 21. 'H NMR spectrum (600 MHz) of reaction of Pd(n*-CsHs)(n°-CsHs) and
two equivalents of PMej in toluene-dg 25 minutes after mixing at —=55 °C (*
indicates unidentified resonances).
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3.1.3.2 L = PPhs

3P and 'H NMR experiments were also conducted to observe possible
PdL, formation (n = 2 - 4) when Pd(n®-CsHs)(n°-CsHs) is reacted with PPhs, both
at 25 °C and 80 °C. These reactions were first attempted in a 1:1 PPhs:Pd(n’-
CsHs)(n°-CsHs) ratio to provide the conditions necessary to generate the
dinuclear species exclusively,?®%" thus facilitating its 'H NMR assignment.
Although Pda(PPhs)2(p-CsHs)(u-CsHs) has been reported,®® the '"H NMR data are
given in CD,Cly, thus providing different chemical shifts than those in toluene-ds.

When Pd(n>-CsHs)(n°-CsHs) and PPhs were reacted at 25 °C in a 1:1
molar ratio, a *'P NMR spectrum run approximately 15 minutes after mixing
showed a strong resonance at 6 24.9 (Figure 22). This resonance was assigned
to Pdy(PPhs)2(u-CsHs)(u-CsHs), after considering the related 'H NMR spectra
(see below). In addition, no broadened *'P resonances associated with a
Pd(PPhs), (n = 3,4) species were observed (5 22.6, 17.2 respectively),* nor was
free PPh; observed at & -5.11. The *P of free PPhs; was determined

independently in toluene-dg and resembles that reported in C¢Dg (5 —4.93).28
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Figure 22. *'P NMR (242.9 MHz) spectrum of reaction of Pd(n*-C3Hs)(1°-CsHs)
with one equivalent of PPhs in toluene-dg at 25 °C 17 minutes after mixing.
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A "H NMR spectrum obtained 10 minutes after mixing (Figure 23) showed
a singlet at & 5.94 with correlated by HSQC to '*C signal at & 91.5, consistent
with previously reported u—CsHs.Zb One can also see on closer inspection that
this u—CsHs showed a slight shouldering (1.9 Hz), consistent with what was
observed by Werner et al. in terms of coupling with phosphorus.?*"" Furthermore,
COSY correlated 'H resonances appeared upfield from Pd(n3-C3Hs)(n°-CsHs) at
8 3.35 (Hh), 62.54 (Hy) and 5 1.18 (Hs). These 'H assignments were confirmed
by HSQC and HMBC NMR data which showed correlations to '*C resonances at
d 32.20 and & 82.61 consistent with other reported p-allyl groups in dinuclear
species.?

The 'H and ™C NMR assignments for Pdy(PPh3)z(u-CsHs)(u-CsHs) are
given in Table 10, along with reported literature data for this species. In addition,
resonances (labeled 1-15) associated with the reductive elimination products
were observed, with 5-allylcyclopentadiene (Table 9) being the dominant product.
Over the course of two hours, this product isomerized and there appeared
resonances  associated with  either  1-allylcyclopentadiene or  2-
allylcyclopentadiene (isomer B and C in Table 9). Werner et al. observed a
similar isomerization when reacting Pd(n>-2-Me-C3H,)(n°-CsHs) with P(OR)3 (R =
Me, Et, Ph) and PR3 (Bu", Ph).?® The initial reductive elimination product, 5-(2-
methyallyl)cyclopentadiene, was reported to rapidly rearrange to 1-(2-
methallyl)cyclopentadiene. Subsequent rearrangement to 2-(2-
methallyl)cyclopentadiene was observed after several days at room

temperature.?®
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Figure 23. 'H NMR (600 MHz) spectrum of reaction of Pd(n3-C3H5)(n5-C5H5) with one equivalent of PPhs in
toluene-dg at 25 °C 10 minutes after mixing (** indicates impurity).
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Table 10. 'H and "*C NMR assignment for Pdx(PPhs),(p-C3Hs)(u-CsHs) in

toluene-ds.
? cy,
PhyP—— Pd—— Pd— PPh;
:f>C‘2\\_ _ // . 2/\ H;¢
9 C|33 Hg
Hp
S™H  Mult. J (H2) Assignment | §*C  Mult. J (H2) Assignment
1.18 d *Jun =125 f 32.20 S - 2
254 dt  %),,=68 g 82.61 t %Jpc = 3.3 3
Jpn = 6.8 90.75 s - 1
3.35 ttt *Jm =125 h 128.72 s - para Ph
*Jin=6.8 127.65 't SJpc =47 meta Ph
Jpn=3.0 133.50  t *Jpc=6.9 ortho Ph
5.94 t Jry=1.9 e 134.89 t Jpc = 15.9 ipso Ph
7.05 br.s para Ph
706 br.s meta Ph
7.58- m ortho Ph
7.60
Literature:* (CD,Cl,)
0.8 d Jun =12 f
2.18 q JpH, JuH =8 g
2.85 m - h
5.42 t Jev=15 e
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When a 2:1 ratio of PPhs:Pd(n>-CsHs)(n°-CsHs) was used at 25 °C, a

different *'P NMR spectrum was obtained 22 minutes after mixing (Figure 24).

Pd2(PPhs3)2(u-CsHs)(u-CsHs)

255 250 245 240 235 23.0 225 220 §

Figure 24. 3'P NMR (163.0 MHz) spectrum of reaction of Pd(n>-CsHs)(n°-CsHs)
with two equivalents of PPhs in toluene-dg at 25 °C 22 minutes after mixing.

The resonances at 6 24.8, 6 24.3 and 6 22.8 remained unchanged over
the course of 2.5 h. The first was to assigned to Pdz(PPh3)2(u-CsHs)(u-CsHs),
given the 1:1 experiments described above. The second resonance, 6 24.3, was
assigned to O=PPhgs, according to an independently oxidized sample of PPhs in
toluene-ds (see Section 2.4.1.6). The last of the observed resonances was
assigned to Pd(PPhs)s (5 22.6 in toluene-dg at =70 °C).* A corresponding 'H
NMR spectrum obtained 2.5 h after mixing showed the anticipated dinuclear
species (assigned from Table 10). No free phosphine was observed around
8 —5.0'* nor were resonances observed that were consistent with reports of
Pd(PPhs), (5 31.0 in toluene-ds).*’

When a 2:1 ratio of PPhs:Pd(n>-C3Hs)(n°-CsHs) was reacted at 80 °C, a

broad *'P resonance at § 27.1 was observed (Figure 25) and was observed to
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shift to & 25.1 over 2 h. These resonances are not consistent with PdL, (n = 2 -
4),*?" perhaps because these species were present but are undergoing rapid
exchange on the NMR timescale, producing time averaged signals associated
with mixtures of Pd(PPhs),, Pd(PPh3); and Pd(PPhs)s. The rapid equilibration of
these species and subsequent resonance broadening is supported by solution
stoichiometry studies of Pd(PPhs)4, which indicate the reversible dissociation of
PPh; to produce Pd(PPhs); and Pd(PPhs),.*® Once again, no free phosphine
was observed in the current spectrum, anticipated around & -5.0.% The
corresponding '"H NMR spectra indicated no resonances associated with a

dinuclear species.

/ time averaged resonances for:

Pd(PPhs), === Pd(PPhs); === Pd(PPh;),

35 min *
I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I
31 30 29 28 27 26 25 24 23 22
95 min R
I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I
31 30 29 28 27 26 25 24 23 22
103 min *
I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I
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Figure 25. 'P NMR (163.0 MHz) spectrum of reaction of Pd(n>-C3Hs)(n°-CsHs)
with two equivalents of PPhj in toluene-dg at 80 °C (* indicates unidentified
resonance).
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It was expected that a 4:1 PPh3:Pd ratio would result in the formation of
Pd(PPhs)s. *'P NMR spectra for the reaction of Pd(n®-CsHs)(n°-CsHs) with four
equivalents at 25 °C revealed a single broad resonance at & 17.2, which
corresponds fairly well to Pd(PPhs)s, reported at § 18.4 in toluene-dg at —70 °C.*

Consistent with the observations of Werner et al., it appears that a 1:1 mixture
preferably reacts to form only the dinuclear species at 25 °C.2*>%% However, in
the presence of additional phosphine (as is the case in the 2:1 system), the more
substituted Pd(PPh3); or possibly Pd(PPh3), are formed along with the dinuclear
species Pdy(PPh3)a(u-CsHs)(u-CsHs). At an elevated temperature (80 °C), the
dinuclear species was undetected favoring Pd(PPhs), (n = 2 - 4), which
undergoes rapid phosphine exchange on the NMR timescale.

In summary, variable temperature 'H and *'P NMR experiments have
permitted the evaluation of the optimum conditions in which to produce PdL, (n =
2 for PCys, PBu';Me and PBu';, n = 3-4 for PPhs, PMes) from Pd(n3-C3H5)(n5-
CsHs) with L (L = PCys, PBu';Me, PBu's, PPhs, PMes). The optimized conditions
for formation of PdL, for L = PCy; and PMeBu'; were 77 °C in toluene-dg for 1 h,
while the PBu's system examined required only 30 min at this temperature to
quantitatively form Pd(PBu's),. As noted above, this method represents a
significant improvement upon many of the previously reported methods for
generation of PdL,, which vary in temperature and according to the phosphine
used. The possibility of generating PdL, (L = PPhs, PMes, n = 2-4) from Pd(n°-
C3Hs)(n°-CsHs) was also evaluated by *'P and "H NMR experiments, indicating

the presence of many of the intermediate species observed in the PCy; and
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PMeBu'; systems. However, these systems are complicated by the tendency of
these complexes to assume higher coordination numbers, which also results in
the broadening of 3P resonances as a result of rapid phosphine exchange.
Nevertheless, PPh; and PMe; were found to form PdL, (n = 3,4) appreciably at
room temperature, which contrasts with the higher temperatures required to
produce PdL, for L = PCys PMeBu'; and PBu's. While the conditions for
formation of Pd(PMes)s were not evaluated at elevated temperature, the
examination of the PPh3 system indicated that Pd(PPhs), formed within 35 min of
mixing at elevated temperature (80 °C). The current method thus represents a

successful means for the in situ generation Pd(PPh3), (n = 3,4).

3.2 Generation of PdL; from Pd(n3-1-Ph-C3Hg)(n>-CsHs)

Although optimum conditions for PdL, generation (L = PCys, PMeBu';,
PBuU';) were established above, it was desirable to find an alternative to Pd(n°-
CsHs)(n°-CsHs) as the palladium containing starting material. The efficient
preparation and use of Pd(n®-C3Hs)( n°-CsHs) presents some difficulty, as it is a
thermally unstable (stored at —30 °C) volatile solid (30 mm Hg at 40 °C) with a

2930 |n order to circumvent these inconveniences, the phenyl

noxious odour.
substituted analogue, Pd(n>-1-Ph-C3sH4)(n°-CsHs),>' was chosen as an
alternative starting material for generation of PdL,. It was anticipated that the
increased mass provided by the phenyl group would result in the reduced

volatility of Pd(n3-1-Ph-C3Hs)(n°-CsHs) compared to Pd(n3-CsHs)( n°-CsHs).

Pd(n3-1-Ph-C3H,)( n°-CsHs) was prepared according to the literature by the
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reaction of NaCp with [PdCl(n>-1-Ph-C3H4)], and was subsequently characterized
by 'H and C NMR.** Once isolated and purified the physical properties of
Pd(n3-1-Ph-C3H,)( n°-CsHs) were compared with those of Pd(n*-C3Hs)( n°-CsHs).
While toluene-ds solutions of Pd(n*-CsHs)(n°-CsHs) were found to
decompose to palladium black, under N, or in air, within 16 hours at 25 °C,
solutions of Pd(n*-1-Ph-CsH4)(n°-CsHs) produced no observable traces of Pd
metal under the same conditions and time frame. Pd(n>-1-Ph-C3Hs)(n°-CsHs)
thus possesses a similar air stability to Pd(n®-CsHs)( n°-CsHs), which has been
reported to remain stable in air for several days upon refrigeration.?® During the
work-up of Pd(n3-CsHs)( n°-CsHs), noticeable quantities of the compound were
regularly found to contaminate the attached vacuum line and solvent traps, even
when solvent was removed using a weak vacuum pressure of 0.2 atm. However,
Pd(n3-1-Ph-C3H,)( n°-CsHs) was prepared with no observable deposits in the
vacuum line, even when solvent was removed at a measured vacuum pressure
of 1.3 x 107 atm. The isolation and storage of Pd(n>-1-Ph-C3H,)( n°-CsHs) was
therefore found to be a great deal more convenient than that of Pd(n®-CsHs)( n°-
CsHs).
Having established its relative convenience compared to Pd(n-
CsHs)( n°-CsHs), the reactivity of Pd(n®-1-Ph-C3H.)(n°-CsHs) with phosphines L
(L = PCys, PMeBu';) was monitored by *'P and "H NMR spectroscopy, in order to
determine the feasibility of PdL, generation from Pd(n®-1-Ph-CsH,)( n°-CsHs).
However, it was expected that Pd(n3-1-Ph-C3H,)( n°-CsHs) may require harsher

reactions conditions (higher temperature, longer reaction times) to produce PdL,
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than was observed for Pd(n>-CsHs)(n°-CsHs), as a result of its enhanced thermal
stability. It was also speculated that the n1-aIIyI and dinuclear intermediates®
observed with Pd(n®-CsHs)( n°-CsHs)/L systems may also play a role in reactions

involving Pd(n3-1-Ph-C3H,)( n°-CsHs) with L.

3.2.1 L = PCys;
When Pd(n*-1-Ph-C3Hs)(n°-CsHs) was reacted with two equivalents of
PCy; at 25 °C, a *'P NMR resonance at & 54.8 was observed, identified as a

stable n'-allyl species (Figure 26).

Figure 26. *'P NMR spectrum (242.9 MHz) for reaction of Pd(n>-1-Ph-CsHs)(n°-
CsHs) with two equivalents of PCy; 20 minutes after mixing at 25 °C in toluene-ds.

Over the course of 12 h, the free PCys resonance (5 10.0)?® broadened, and a
broad resonance at & 39.0 appeared, associated with Pd(PCys) (8 39.1).% Within

45 h after mixing, the intensity of the n'-allyl resonance (8 54.8) was greatly
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diminished, with the dominant species being Pd(PCys), (Figure 27). Two
resonances observed at 6 22.5 and § 54.2 remain unidentified, despite analysis

of the corresponding 'H and COSY NMR spectra.

PA(PCys), @

O:PCYQ,

50 40 30 20 10 B

Figure 27. *'P NMR spectrum (242.9 MHz) for reaction of Pd(n>-1-Ph-CsHg)(n°-
CsHs) with two equivalents of PCys in toluene-dg at 25 °C 45 h after mixing ( *
indicates unidentified resonances)

'"H NMR and COSY spectra confirmed the identity of the species at *'P &
54.8 as the n'-allyl species. The new singlet was observed at § 5.77 showed an
HSQC correlation § "*C & 98.1 and was assigned as coordinated n°-CsHs (Figure
28). Additionally, three sharp, COSY correlated "H resonances appear at & 6.90,
6.40 and 2.58 corresponding to the protons of a n'-allyl group, along with Ph

protons in the region of & 7.02-7.40. The obtained 'H and ">*C NMR data (Table
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11), confirm the presence of a stable n'-allyl species, Pd(n'-CH,CH=CHPh)(n°-

CsHs)(PCys).  Furthermore, the value of 3JHdHC (15.5 Hz) suggested the trans

arrangement of the Ph and Pd moiety.

Hs \Ha

H He HC |

‘ | Pd

C

., / 3\02/ AN PCys,

f Cs PC

a He \ Hb/ \Hb v
K —
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Figure 28. "H NMR spectrum (600 MHz) for reaction of Pd(n>-1-Ph-CsHg)(n°-
CsHs) with two equivalents of PCys at 25 °C in toluene-ds at 20 minutes after
mixing.
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Table 11. 'H and ®*C NMR data for Pd(n'-CH,CH=CHPh)(n°-CsHs)(PCys) in

toluene-ds.
L,
H ~

H | Ha
k " i Pd
/Cs \C/ \ PCy3
H; & / 2\
He ‘ Hp Hp
Hq

5 H Mult. J (Hz) Assignment | §C® Mult. J (Hz) Assignment
1.12-1.84 - ; PCys 4.8 d “Jpc=5.5 C,
2.58 dd %y =87 b 98.2 s - C;
Jon=4.2 121.0 s - Cs
5.77 s i a 1254 S i ortho Ph
6.40 d  Juw=155 d 128.9 s meta Ph
6.90 dt  *Jyu=155 c 142.0 s Cs
% =87
7.02 t =72 g
7.16 dd %)y =76 f
33 = 8.1
7.40 d =78 e

a) ipso and para carbons not assigned due to overlap with C;Dg in *C NMR spectrum

This result is in contrast with the observed Pd(n*-CsHs)(n°-CsHs)/PCys
systems. While the Pd(n®-CsHs)(n°-CsHs)/PCys system at 25 °C produced
exchanged broadened resonances associated with a possible n'-Cp-n>-allyl
intermediate prior to forming of a dinuclear species, Pd(n>-1-Ph-C3Hg)(1°-CsHs)
formed a relatively stable n'-allyl complex that remains the dominant species in

solution for several hours.
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A small number of isolated n1-aIIyI complexes have been reported in the

literature®®, many of which involving chelating ligands.***><*

Fewer examples
have appeared involving other n-bound ligands, such as the isolation of Pd(n1-
C3Hs)(n3-CsHs)(PPr3).3*¢ It is presumed that the isolation of these n’-allyl
species by a 1:1 reaction of Pd(n>-1-Ph-CsH4)(n°-CsHs) and L (L = PCys) may
very well become one of the first examples of a stable n'-allyl-n°-Cp complex of
Pd at ambient temperature.

A "H NMR spectrum obtained 45 h after mixing Pd(n>-1-Ph-CsHa4)(n°-

CsHs) with two equivalents of PCys at 25 °C showed weak resonances for the n'-

allyl species, consistent with its consumption to produce Pd(PCys;). (Figure 29).

PCy3
' - I
c-allyl Cp
Ph 5
I_L\ (_A_\
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A 3 e
2
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Figure 29. "H NMR spectrum (600 MHz) for reaction of Pd(n>-1-Ph-CsHg)(n°-
CsHs) with two equivalents of PCysin toluene-ds at 25 °C at 45 hours after mixing
(* indicates unidentified resonances).
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Concurrently, resonances appeared in the phenyl region (5 7.03-7.23),
as well as in the regions of 5 6.11-6.48, 4.90-5.07, 4.25-4.31, 3.09-3.13 and 2.65-
2.79 (labeled 1-5 respectively). It was anticipated that these resonances would,
at least initially, be those of reductive elimination product 5-(3-
phenylallyl)cyclopentadiene (labeled isomer D) formed according to Scheme 36,

originating from Pd(n'-CHCH=CHPh)(n°-CsHs)(PCys).>>**

¥ Qe
Pd R Pd/ -
Ph\/\/ \ PCy, Ph\/\/ \

PCy3

Isomer D

Scheme 36. Anticipated mechanism of reductive elimination from Pd(n'-
CH,CH=CHPh)(n°-CsHs)(PCys).

It was anticipated that subsequent 1,5-hydride shifts would produce 1-(3-
phenylallyl)cyclopentadiene (isomer E) and 2-(3-phenylallyl)cyclopentadiene
(isomer F), whose 'H NMR spectra were simulated as described above, using
the methods described by Silverstein et al.” as well as ACD Labs 'H NMR
Predictor software (Table 12).® Upon examination of Figure 29, it became clear
that more than one isomeric product was present. However, no multiplets were
observed in the area of 6 5.7, which would correspond to the vinylic protons H,

and Hs in isomers E and F respectively.
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Table 12. Simulated chemical shifts for reductive elimination products derived
from 5-(3-phenylallyl)cyclopentadiene.

Isomer D Isomer E Isomer F

o ) )
H, 6.3 Hyg 2.90 H, 6.0
Hp 6.1 Hn 6.1 Ho 2.8
H. 1.8 H; 6.1 Hp 6.1
Hgq 2.1 H; 6.0 Hq 6.2
He 6.4 Hy 2.3 H, 2.3
H; 6.5 H, 57 Hs 57
Ph 7.2-7.3 Hrm 6.4 H; 6.4

Ph 7.2-7.3 Ph 7.2-7.3

This implies that while D may be present, E and F are not. Furthermore,
simulations of isomers D, E and F could not account for the resonances
observed in the regions around 65.0 and 4.3. These resonances can be
explained if one considers the alternative reductive elimination products, derived
from 5-(1-phenylallyl)cyclopentadiene, whose 'H spectra were also simulated

(Table 13).
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Table 13. Simulated chemical shifts for alternative reductive elimination products
derived from 5-(1-phenylallyl)cyclopentadiene.

H,. Hy
Ph
Ht Hu
Hs HP
Hq
H; Hq
Isomer G Isomer H Isomer |
) ) )
H, 6.3 Hy 2.9 Hp 6.0
Hp 6.1 H; 6.1 Hq 2.8
H. 1.8 H; 6.1 H, 6.1
Hqy 41 Hy 5.9 Hs 6.3
He 6.1 H, 2.4 H; 24
H; 5.1 Hrm 5.8 H, 5.8
Hg 5.1 H, 5.0 H, 5.1
Ph 7.2-7.3 Ho 50 H., 51
Ph 7.2-7.3 Ph 7.2-7.3

The resonances observed at 5 4.25-4.31 (Figure 29) are consistent with that of

Hg in isomer G, while those at 6 4.90-5.07 are consistent with vinylic methylene

vvvvv

insufficient in further identifying the nature of the isomers present. In addition,
the mechanism of formation of these isomers cannot be confirmed, and was
quite unexpected given the observed n'-allyl species Pd(n'-CH,CH=CHPh)(n°-
CsHs)(PCys).

Similar studies by Werner et al. involved ligand displacement reactions
of the asymmetrically substituted complex Pd(n*-1,1,2-MesCsH4)(n°-CsHs), in

order to determine if reductive elimination occurred at C; or Cs of the n*-bound
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allyl group.?® Interestingly, both products, 5-(2,3,3-trimethylallyl)cyclopentadiene
and 5-(1,1,2-trimethylallyl)cyclopentadiene were observed, but only at low
temperature ( —40 °C). It could not be confirmed if either of these products had
resulted from the formation and subsequent isomerization of the other. At room
temperature, 5-(2,3,3-trimethyallyl)cyclopentadiene was found to dominate,
implying that reductive elimination occurred at the less substituted carbon-3.
However, it was also noted that the product distribution was dependent on the
Lewis base used for ligand displacement.

The reaction of Pd(n>-1-Ph-C3H4)(n°-CsHs) with two equivalents of PCys
was also monitored by *'P NMR at 50 °C (Figure 30).
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Figure 30. Stacked plots of *'P NMR spectra (161.9 MHz) for reaction of Pd(n°-
1-Ph-C3H.)(n°-CsHs) with two equivalents PCys in toluene-dg at 50 °C.
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The *'P NMR data indicated that the n'-allyl species (5 55.8) was consumed,
while a new peak at & 40.2 emerged, attributed to Pd(PCys),.°

Additionally, two sets of doublets appeared at & 22.4, 27.0 (labeled b, Jp.
p = 127.5 Hz) and & 27.1, 33.4 (labeled a, Jp.p = 72.1 Hz), as confirmed by *'P-
3P correlation spectroscopy (Figure 31). The presence of two distinct sets of
doublets suggested the formation of two different dinuclear species, where the
asymmetry of the 1-phenylallyl group results in inequivalent *'P nuclei. It is
conceivable that these dinuclear species exist as conformational isomers (syn

and anti Ph), resulting in two sets of doublets in the spectrum (Figure 32).
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Figure 31. 3'P-*'P correlation spectrum (242.9 MHz) for reaction of Pd(n>-1-Ph-
CsH4)(n°-CsHs) with two equivalents PCys in toluene-dg at 50 °C (spectrum
obtained upon cooling to 25 °C)

140



~

Figure 32. Postulated anti and syn isomers of Pd(n®-1-Ph-C3H,)(n°-CsHs)(PCys)..

The presence of these complexes is however very difficult to confirm
from 'H NMR data, as resonances from both reductive elimination products, as
well as PCys;, obscure the regions associated with the dinuclear complex.
However, a corresponding ">C NMR spectrum shows a signal at & 91.0, typical
for a dinuclear species®, which in turn shows an HSQC correlation to a 'H signal
at & 5.98, consistent with an n°-Cp ring. Similarly, a "*C resonance at & 89.7
shows an HSQC correlation to & "H 5.70, supporting the presence of another n°-
CsHs containing species.?

When Pd(n*-1-Ph-CsH4)(n°-CsHs) was mixed with two equivalents of
PCy; at 77 °C, a *'P NMR spectrum obtained 12 minutes after mixing shows a
broad peak at 6 40.2 associated with Pd(PCys),, and a resonance at & 46.0
(O=PCys) (Figure 33).>?®  This was substantially faster than that observed for
PdL, generation in Pd(n*-CsHs)(n°-CsHs)/PCys system (1 h at 77 °C ), as

described in Section 3.1.2.1.
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Figure 33. *'P NMR spectrum (163.0 MHz) for reaction of Pd(n>-1-Ph-CsHg)(n°-
CsHs) is reacted with two equivalents of PCys in toluene-dg at 77 °C 12 minutes
after mixing (* indicates unidentified resonance).

The increased reactivity of Pd(n>-1-Ph-CsHs)(n°-CsHs) towards ligand
displacement relative to Pd(n>-CsHs)(n°-CsHs) is likely due to electronic effects.
Previous work has indicated that the metal center of Pd(n>-CsHs)(n°>-CsHs) is

significantly electron deficient,**

accounting for its reactivity with Lewis bases
such as phosphine. As Pd(n*-1-Ph-C3H4)(n°-CsHs) reacts much more quickly to
produce PdL,, this may be a result of a change in electronic character of the n°-
allyl ligand as a result of the phenyl substituent. Much of the work done in
assessing the electronic character of the n>-allyl group in palladium complexes
has been performed in the context of catalytically significant cationic n>-allyl
complexes.®® However, early work performed on para substituted phenyl allyl
complexes,®® Pd(1-(p-CsH4X)C3H4)(L) and Pd(2-(p-CsH4X)C3H4)(L) (L = acac,
Cp, X = Br, Cl, H, CHs, CH30) indicates that the 1-position of the n>-allyl group,
bearing the substituted phenyl, is particularly electron poor. Given the behaviour

of the 1-Ph complexes described here, it is reasonable to assume that this
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enhanced reactivity at the Pd center arises from the electron-withdrawing effect
of the phenyl substituent.

An additional explanation for the increased reactivity of the 1-Ph complex
towards ligand displacement can be understood by examining the crystal
structure of Pd(n>-1-Ph-C3H4)(n°-CsHs).>'  Crystallographic studies of Pd(n>-1-
Ph-C3H.)(n°-CsHs) indicate that the Pd-CHPh bond is much longer, and therefore
presumably weaker, than the Pd-CH, bond.®' This could cause the former to be
a much more reactive position for nucleophilic attack, perhaps through the

formation of an n'-intermediate species.

3.2.2 L = PMeBu',

Upon reaction of Pd(n*-1-Ph-CsH4)(n°-CsHs) with two equivalents of
PMeBu', at 25 °C, similar behavior was observed as with PCys. A *P NMR
spectrum obtained one hour after mixing at 25 °C showed a strong singlet at 6
60.6, associated with a n1—aIIyI complex, along with a weaker unassigned
resonance at 6 61.6 (Figure 34). Furthermore, there was an extremely broad
resonance observed in the region of 5 41, which implied formation and exchange
of the Pd(PMeBu'), complex at room temperature."” No free PMeBu', was

observed at § 11.4.12
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Figure 34. *'P NMR spectrum (163.0 MHz) for reaction of Pd(n>-1-Ph-CsHg)(n°-
CsHs) with two equivalents of PMeBu'; in toluene-dg at 25 °C 1 h after mixing (*
indicates unidentified resonance).

A "H NMR spectrum obtained ten minutes after mixing at 25 °C confirmed the
presence of a stable n1-aIIyI species, indicated by 'H NMR resonances similar to
those observed for Pd(n'-CH,CH=CHPh)(n°-CsHs)(PCys) (Figure 35). The 'H
NMR data for Pd(n'-CH,CH=CHPh)(n°-CsHs)(PBu',Me) are summarized in Table
14. Two resonances appear in the '"H NMR at § 1.05 (8.9 Hz) and & 0.83 (8.0 Hz)
which broaden substantially over the course of the reaction. Although these
resonances have chemical shifts similar to those of free PMeBu'; (5 1.04, 10.6
Hz, & 0.83, 4.5 Hz),"? the anticipated *'P coupling constants are not. These
PMeBu', resonances are likely associated with the rapidly exchanging

Pd(PMeBuY),, seen in region of 3'P § 41."
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Figure 35. "H NMR spectrum (600 MHz) of Pd(n*-1-Ph-CsH,)(n°-CsHs) with two
equivalents of PMeBuU'; in toluene-dg ten minutes after mixing at 25 °C.

Table 14. Summary of 'H NMR data for Pd(n'-CH,CH=CHPh)(n’-
CsHs)(PBu';2Me)

& H Multiplicity J/(Hz)  Assignment

0.95 d “Jp = 8.3 Me

0.82 d *Jpy = 13.6 Bu'

2.69 dd Jhn = 9.1 b
Jey=4.5

5.71 :

6.42 d %3 =155 d

6.78 dt %3 =155 c
%3y = 9.1

7.02 t =72 g

7.15 dd =76 f
=72

7.36 d =76 e
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After 51 hours at 25 °C, the dominant n'-allyl species Pd(n'-
CH,CH=CHPh)(n°-CsHs)(PBu';Me) at & 60.6 has been partially consumed to
produce the anticipated resonance at & 41.6, associated with Pd(PMeBu',),."
When this sample was then heated to 50 °C, the remaining n1-aIIyI species was

rapidly consumed within 5 minutes to form Pd(PMeBu',), (Figure 36).

Pd(PMeBu'%),

L

52 50 48 46 44 42 40 38 36 3459

Figure 36. *'P NMR spectrum (242.9 MHz) for reaction of Pd(n>-1-Ph-CsHg)(n°-
CsHs) with two equivalents of PMeBu', after 51 hours at 25 °C, followed by
heating to 50 °C.

As was observed for the Pd(n*-1-Ph-C3H4)(n°-CsHs)/PCys; system, the formation
of Pd(PMeBuY), from Pd(n*-1-Ph-CsH4)(n°-CsHs) occurs much more rapidly at

elevated temperature than with the analogous systems using Pd(n®-CsHs)(n°-

CsHs) (1 h at 77 °C).

3.2.3 L = PPhs

3P and "H NMR spectra were also obtained for the reaction of Pd(n>-1-
PhC3H4)(n°-CsHs) and two equivalents of PPhs at 25 °C. As was observed with
both PCys and PBu'Me,, the stable n'-allyl species Pd(n'-CH,CH=CHPh)(n°-

CsHs)(PPhs) was detected in the '"H NMR spectrum (Figure 37) within minutes of
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mixing and was confirmed by analysis of the corresponding COSY spectrum
(Table 15). The intensity of the n'-allyl 'H resonances diminished over the
course of the reaction, consistent with the consumption of n1-aIIyI species. In
addition, reductive elimination products were observed in the regions labeled 1-

10 in Figure 37.

b
c 1 d
‘6‘.6‘ - ‘6ﬁ4‘ . ‘6ﬁ2‘ - ‘6‘.0‘ . ‘5.‘8‘ . ‘5‘.6‘ |
a K K
2.70 2.60

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 20 &

Figure 37. "H NMR spectrum (600 MHz) for reaction of Pd(n3-1-Ph-CsHs)(n°-
CsHs) with two equivalents of PPhs in toluene-dg 7.5 minutes after mixing at 25
°C (* indicates unidentified resonances).
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Table 15. 'H NMR Assignment for Pd(n'-CH,CH=CHPh)(n°-CsHs)(PPhs).2

& H Multiplicity J (Hz) Assignment
2.66 dd “Jun=9.4 b
Jen =5.7
5.66 d 33 = 15.1 d
5.77 S i a
6.59 dt 33 = 15.1 c
% =87

a) Ph peaks not assigned (see text).

The phenyl resonances for the n1-aIIyI species could not be assigned with
certainty. In addition to the n'-allyl species, *'P NMR data (discussed below)
indicated the presence of Pd(PPhs3);, O=PPhs, and dinuclear species. All of
these species produced resonances in the phenyl region that overlapped
significantly and the obtained 'H and COSY NMR were thus insufficient for the
identification of the phenyl resonances of the n'-allyl complex.

The monitoring of this reaction by *'P NMR revealed a resonance at &
44.7, associated with the n'-allyl species Pd(n'-CH2CH=CHPh)(n*-CsHs)(PPhs),
which diminished in intensity over time, while that at 6 22.4 grew in, likely

attributable to Pd(PPhs); (Figure 38).*
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Figure 38. *'P NMR spectra (242.9 MHz) for reaction of Pd(n>-1-Ph-CsHg)(n°-
CsHs) with two equivalents of PPhs in toluene-dg at 25 °C.

A sharp resonance was observed at 6 24.2, identified as O=PPhg, consistent with
what was observed in an independently oxidized sample of PPhs in toluene-ds (&

24.3) (see Section 2.4.1.6).

Interestingly, during this time two sets of doublets emerge in the *'P NMR
spectra, the first after ten minutes, at 56 23.4 and 25.2 (96.3 Hz), and the second
after about 15 minutes at 6 21.9 and 25.8 (138.8 Hz), with respective correlations

indicated by *'P-*'P correlation NMR (Figure 39). As was seen with PCys, the
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presence of two sets of coupled doublets are could be due t0 syn and anti

isomers of the dinuclear species Pd2(PPhs)2(u-1-Ph-CsHa)(u-CsHs).

ppm

21.0-

23.0- @ S - A
23.5 - It A -
24.0- %

24.5 %
25 04 N (ﬂ\ /\

g P 20 AT
25.5- i = y
26.0- i < M S «% :
265 -
ol E

26 25 24 23 22 ppm

Figure 39. 3'P-*'P correlation spectrum of Pd(n>-1-Ph-C3H,)(n°-CsHs) and two
equivalents PPhs in toluene-dg at 25 °C.

These coupling constants are comparable to those seen for the presumed
dinuclear species generated from Pd(n*-1-Ph-C3H4)(n°-CsHs) and PCys; (72.1 Hz
and 127.5 Hz).

Supporting the formation of two conformationally different dinuclear
species, new n5-C5H5 peaks emerged in the '"H NMR spectra at § 5.62 and 5.93
(labeled a and b in Figure 40). These & 'H resonances each showed correlation
(HSQC) to "*C peaks at & 92.6 and 91.8 respectively, lending further support to

the possibility that two different dinuclear species are present.?
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Figure 40. 'H NMR spectrum (600 MHz) for reaction of Pd(n®-1-PhC3H.)(n°-
CsHs) with two equivalents of PPhsin toluene-ds 35 minutes after mixing at 25 °C
in C7Dg (= indicates starting material 56 5.63, * indicates unidentified resonances).
3.3 Homoleptic Compounds PdLs; Equilibria between PdL; and PdL3

The analysis described above often involved the occasional addition of
slight excesses or deficiencies of the phosphines because of the small amounts
of materials being reacted, and it became apparent that other Pd(0) species were
also being formed. In some cases there was observed exchange broadening
which implicated species other than the 2:1 compounds of interest, while low

temperature spectra sometimes exhibited weak resonances that could not be

accounted for.
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There is definite precedent for 3:1 compounds PdL3 existing in solution in

437 as in Scheme 37, but

equilibrium with the corresponding 2:1 compounds,
these usually involve sterically undemanding ligands and would not be expected
to be very important in the chemistry of the three relatively large phosphine

ligands of interest.

Pd(PCys3)s

Pd(PCy3), + PCy;

Scheme 37. Dissociation equilibrium for Pd(PCys)s.

On the other hand, there is considerable speculation in the literature
concerning possible equilibria between 2:1 and 1:1 compounds and the possible
role(s) of monophosphine compounds PdL in cross-coupling reactions,*=° and it
was decided to investigate further the palladium(0) systems being formed.
Therefore experiments were carried out in which one equivalent of the phosphine
was added to a solution of the PdL, compound in toluene-ds and the *'P NMR
spectra were obtained at various temperatures.

Although the *'P NMR spectrum of pure Pd(PCys), at 25 °C exhibits a
sharp resonance at & 39.2, the *'P NMR spectrum of a solution containing
equimolar amounts of Pd(PCys), and PCy; at this temperature exhibited
broadened resonances at 6 39.7 and 9.4 respectively, very close to the
independently observed chemical shifts of Pd(PCys), and PCys; alone®? and

hence attributed to these compounds undergoing exchange.
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On cooling the solution, the two resonances sharpen and shift slightly and
at =56 °C, a new broad resonance appears at 6 26.3. At —68 °C the latter is

clearly visible and of intensity comparable with that of the 2:1 compound (Figure

41).
TOPB
_48 °C Pd(PCys). PCy,
W T ‘ iy Wl ‘WW A A Yo Ly MWWM
- 56 °C | \
-68 °C
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Figure 41. Stacked plots of low temperature 3P inverse gated NMR spectra
(242.9 MHz) for reaction of Pd(PCys), with one equivalent of PCy; (TOPB
indicates tetraoctylphosphonium bromide standard).

This new resonance was not observed in low temperature *'P NMR
spectra containing just Pd(PCys),, and therefore, consistent with a previous
report based on relatively low field spectra (*'P at 36.43 MHz),” it is attributed to
the 3:1 compound, Pd(PCys)s rather than the monophosphine complex Pd(PCys).

Since the *'P resonances of all three compounds, PCys, Pd(PCys), and
Pd(PCys)s, are observable over a range of temperatures, it was possible to
measure the equilibrium constant Kp for the dissociation (see Scheme 37) as a

function of temperature and obtain thermodynamic data for this system in

toluene-dg. To this end the concentrations of all three species in a 1:1 mixture of
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PCys and Pd(PCys), were determined via integrations in the temperature range
—-68 to -85 °C, mass balances being ensured by relating all intensity
measurements to the constant intensity of a very narrow *'P resonance of a
solution of tetraoctylphosphonium bromide (TOPB) standard in toluene-ds and
contained in a glass capillary inserted into the NMR tube.

A plot of In Kp as a function of 1/T was obtained, from which values of AH

and AS were found to be 21 kJ mol™ and 59 J K™ mol™, respectively (Figure 42).

In Kb

7 T T T T 1
.0035 0.0040 0.0045 0.0050 0.0055 0.0060

T K

0

Figure 42. Plot of In Kp as a function of 1/T for the dissociation of Pd(PCys])s (R
= 0.98, * point from reference 4).

Extrapolation of this plot indicated that Kp is 0.3 at 25 °C and 1.5 at 100
°C. Thus, for a situation in which the ratio of PCy3:Pd(0) in an attempted cross-
coupling reaction might be 100:1, the proportion of the total palladium present as
Pd(PCys)s could be 84 % at 25 °C and 48 % at 100 °C. On the other hand, if the
ratio of PCy;:Pd(0) were, say, 1000:1, as is likely the case in the very early

stages of any cross-coupling reaction involving Pd(ll) precatalysts, the proportion
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of the total palladium present as Pd(PCys)s; at 25 °C and 100 °C could be 98 %
and 90 %, respectively.

Similar *'P NMR experiments involving 1:1 mixtures of Pd(PMeBu';), and
PMeBu', in toluene-ds resulted in similar observations, with a resonance
attributable to Pd(PMeBu%); being observed at & ~30.3 over a range of
temperatures. A In Kp as a function of 1/T plot was again obtained, from which
AH and AS values 23 kJ mol™" and 86 J K™' mol™, respectively, were derived

(Figure 43).

In K

0.0048 00050 0.0052 0.0054
1T K

Fi%ure 43. Plot of In Kp as a function of 1/T for the dissociation of Pd(PMeBu')s
(R“=0.98).

Extrapolation to 25 °C and 100 °C yielded Kp values at these
temperatures of 3 and 19, respectively. Therefore a 100:1 mixture of PMeBu';
and Pd(PMeBu'), under the conditions described above could contain 32 % of
the total palladium as Pd(MeBuY); at 25 °C, 7 % at the higher temperature.
Similarly, if the PMeBu';:Pd(0) ratio were 1000:1, then the total palladium present

as Pd(MeBu';); at 25 °C and 100 °C could be 83 and 42 % respectively.
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In contrast, >'P NMR spectra of a 1:1 solution of PBu's and Pd(PBu'%) in
toluene-ds exhibited two unbroadened resonances for the two compounds over
the temperature range 0 °C to —73 °C, implying that exchange must be slow on
the NMR time scale. There is thus no evidence for the formation of Pd(PBu's)s,
reasonable considering the much larger cone angle of this ligand.”® The large
steric bulk of this ligand has been claimed by others*® to be significant in its role
in cross-coupling, producing the monophosphine complex Pd-PBu'; as the active
catalyst species. No such species could be confirmed in the current system.

The AH values presented above, 21 and 23 kJ-mol™" for the PCys and
PMeBu', systems, respectively, presumably provide reasonable approximations
of the Pd-P bond dissociation energies. If so, then the Pd(0)-phosphine bond
energies of these 3:1 compounds are considerably lower than are those
determined for many other types of phosphine-transition metal complexes.*'
They are also significantly lower than the only available bond dissociation energy
value of a Pd(ll)-phosphine compound (54 kJ mol™)*"* and the Pt-PCys bond

dissociation energy of the Pt(0) compound P{{PCys]s (55 kJ mol™").#'®

3.4 Syntheses of the 2:1 Heteroleptic Compounds PdLL’ (L, L’ =
PCys, PMeBu';, PBu's); Identification of the Corresponding 3:1 Compounds
As indicated above, in situ identification of the 2:1 compounds Pd(PCys),,
Pd(PMeBu';), and Pd(PBu';), was readily made on the basis of comparisons with
spectra of authentic samples in addition to previously published spectroscopic

data for these compounds.'®®'""®  The identification of the homoleptic species
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PdLs; formed in situ on addition of excess PCys; or PMeBu"; to solutions of
Pd(PCys), or Pd(PMeBuU'%;),, respectively, seems therefore reasonable, but there
is a possibility that the resonances of these two compounds were for some
reason severely exchange broadened and therefore unobservable. In this case,
since the *'P nuclei are expected to remain chemically equivalent regardless of
the number of ligands coordinated to the palladium, the resonances observed
could conceivably be attributable to the PdL4 species and the identification of the
compounds formed to this point is therefore uncertain.

Unambiguous determinations of coordination numbers could be made via
mixed phosphine heteroleptic systems, since the spin-spin coupling patterns
observed in the *'P NMR spectra would provide information concerning the

nature of any new species formed (Scheme 38).

| toluene-dg

P|d * PRy + PRy ————>=  Pd(PRy); + PAPRY), + P(PRy)PRY)
77
N L + C H
~ 8r0 PR’
Pd(PR3)(PR'3)2

Scheme 38. Generation of heteroleptic 2:1 compounds from Pd(n*-CsHs)(n’-
CsHs).

Thus a compound of the type Pd(PR3)(PR’s) is expected to exhibit the spectrum
of an AX or AB spin system, depending on the ratio Av/J,** and a compound of
the type Pd(PR3)(PR’3)2 is expected to exhibit the spectrum of an AX, or AB5 spin

system. Similarly, compounds of the type Pd(PR3)2(PR’3)2 or Pd(PR3)(PR’s); are
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expected to exhibit the spectra of AxX; (A2B2) or AXs (AB3) spin systems,
respectively.*?

As it was of interest to determine if heteroleptic 2:1 compounds would
form as readily and in the same way as the homoleptic compounds described
above - such species have not been studied as cross-coupling catalysts -
experiments were carried out that were designed to generate heteroleptic
compounds in which different phosphines were bound to palladium.

Pd(n3-C3sHs)(n°-CsHs) was therefore reacted with one equivalent each of
PCy; and PBuU3 for 1 h at 77 °C in toluene-dg and the resulting P NMR

spectrum, run at 25 °C after brief cooling, is shown in Figure 44.

Pd(PBu'),
Pd(PBu';)(PCys)
Pd(PBuU's)(PCys) ~—
(_'A_\
PBU',
O=PCys, Pd(PCys).
.
| | | | | | | | | | |

80 70 60 50 40 3

Figure 44. *'P NMR spectrum (121.5 MHz) of the reaction of Pd(n>-CsHs)(n°-
CsHs) with one equivalent PCys and one equivalent of PBu's in toluene-dg at 77
°C (after cooling to 25 °C, assignment indicated in italics).

As can be seen, in addition to the resonances of Pd(PCys), (6 40.1,

exchange broadened), Pd(PBu';); (5 86.0, sharp), unreacted PBu's (8 63.3), and

a minor amount of O=PCy; (6 46.3), the spectrum also exhibits an AX pattern
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with chemical shifts & 41.4 and 85.2 and coupling constant 2Jp.p of 241 Hz (Av/J =
0.182). An essentially identical *'P NMR spectrum was obtained on reaction of
equimolar amounts of preformed Pd(PBu's), with Pd(PCys), in toluene-ds, and a
31P31P correlation experiment at 25 °C confirms the mutual coupling of the two
doublets, supporting their assignment to the new heteroleptic compound
Pd(PCys3)(PBu';) (Figure 45).
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Figure 45. 3'P-3'P correlation spectrum (242.9 MHz) of equimolar quantities of
Pd(PBu'3), and Pd(PCys), in toluene-dg at 25 °C (assignment indicated in italics).
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Formation of Pd(PCys)(PBu%) directly from the two homoleptic PdL;
precursors shows that ligand exchange is possible in this system, although
exchange broadening is observed for only Pd(PCys),, not for Pd(PCys;)(PBu's) or
Pd(PBu's),. Similar results were noted above where the *'P resonance of
Pd(PCys), broadened in the presence of free PCys while that of Pd(PBu'),
remained sharp in the presence of free PBu's. Exchange processes are probably
associative for compounds PdL,, with the low coordination number of two,* and it
is likely that compounds containing relatively bulky PBu's are too sterically
hindered to participate in exchange readily.

A very similar result was obtained on reaction of equimolar amounts of
Pd(PMeBu'%), and Pd(PBu%), in toluene-ds. Again an AX spin system with
chemical shifts & 85.4 and 41.8 and 2Jp.p) = 246 Hz, was attributed to the
heteroleptic compound Pd(PMeBu';)(PBu's), and again this compound is in
equilibrium with its precursors Pd(PMeBu',), (8 41.7, exchange broadened) and
Pd(PBu'), (5 85.3). As above, a *'P-*P correlation spectrum of

Pd(PMeBu';)(PBu's) confirmed the assignments (Figure 46).

160



t
Pd(PBu’s) PA(PBUS)(PMeBUY) Pd(PMeBu')(PBu';)
/ Pd(PMeBUY),

{_L\
ppr H o \u

70

75

0 85 80 75 70 65 60 55 50 45 ¥y 35 ppr

Figure 46. 3'P-3'P correlation spectrum (242.9 MHz) of equimolar amounts of
Pd(PBu's), with Pd(PMeBu';), in toluene-dg at 25 °C (assignment indicated in
italics).

In the interest of varying the size and donating ability of the phosphine,
Pd(n3-C3Hs)(n°-CsHs) was also reacted with one equivalent each of PPhs and

PCys for 2.5 hours at 77 °C in toluene-ds. Once cooled to 21 °C, a *'P NMR

spectrum was obtained, showing two exchange broadened resonances at 6 22.8
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and & 39.8, consistent with Pd(PPhs); and Pd(PCys), (Figure 47).*° It seems
that, while the above mentioned heteroleptic systems undergo relatively slow
exchange to produce distinctly observable spin systems at 25 °C, heteroleptic
systems involving PPh3; undergo rapid exchange on the NMR timescale. Such
systems would require low temperature *'P NMR to produce useful spin systems

for analysis, but this was not attempted.

Pd(PPh3)s
O=PCy; Pd(PCys),

* *
* *

48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 128

Figure 47. *'P NMR spectrum (121.5 MHz) of reaction of Pd(n*-C3Hs)(1°-CsHs)
with one equivalent each of PCys; and PPhj after cooling to 21 °C (* indicates
unidentified resonances).

The last of the heteroleptic systems examined involves PCys; and
PMeBu';, both with cone angles significantly smaller than that of PBu's (170°,
160° and 182° respectively)."" Complicating matters, while the *'P chemical shifts
of coordinated PBu's generally lie ~20 - 40 ppm downfield from the chemical
shifts of coordinated PCys; and PMeBu'; (Table 16), giving rise to first order *'P
NMR spectra, the *'P chemical shifts of Pd(PCys), and Pd(PMeBu'%), differ by
only ~2 ppm. This (~486 Hz at a probe frequency of ~243 MHz) is comparable in
magnitude to the values of 2J(p-p) discussed above for Pd(PCy;)(PBu's), and it

was therefore anticipated that a second order *'P spectrum would be observed*

for the compound Pd(PCys)(PMeBu',).
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The Pd(0)/PCys/PMeBu'; system turned out to be much more complex
and interesting than anticipated, and it was thus investigated in more detail than
the other systems described. In the first experiment carried out, a *'P NMR
spectrum of a toluene-ds solution containing equimolar amounts of Pd(PMeBu'),
and Pd(PCys), was run at 25 °C (Figure 48a) and showed four resonances of
comparable intensity at & 41.8, 40.6, 40.5 and 39.3, very similar to the *'P

chemical shifts of the corresponding homoleptic PdL, compounds.

300Hz 300 Hz AB quartet
<~ <

b)  Pd(PMeBu), Pd(PCys)

) g

\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\

43 42 41 40 39 38 Pd(PCys)(PMeBu';)

Figure 48. a) *'P NMR spectrum (242.9 MHz) at 25 °C of a solution containing
equimolar quantities of Pd(PCys), and Pd(PMeBu%), b) Representation of
postulated AB quartet.

The two apparent 2J(p_p) separations (i.e. the differences in Hz between the
resonances at 6 41.8 and 40.6, and between those at 6 40.5 and 39.3) were
identically 300 Hz, greater than the values of “Jp.p found above for
Pd(PMeBu';)(PBu's) and Pd(PCys)(PBu'3). Therefore Av appears comparable to
2)p.p) for the presumed species Pd(PCy;)(PMeBu';) in solution. However, if the
two very closely spaced central lines at 5 40.6 and 40.5 are taken as the two
center peaks of an AB quartet (Figure 48b), then the two outside peaks should

exhibit much lower intensities than are observed.*? It therefore seems likely that
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most of the intensity of each of the resonances at 6 41.8 and 39.3 results from
the presence of significant amounts of the two homoleptic compounds
Pd(PMeBu',),; and Pd(PCys),, respectively. Supporting this conclusion, a >'P-*'P
correlation experiment showed that the central peaks at & 40.6 and 40.5 correlate
with resonances at 6 41.8 and 39.3 respectively, hidden under the main

resonances with these chemical shifts (Figure 49).
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Figure 49. P3P correlation spectrum (242.9 MHz) of Pd(PMeBuY), and
Pd(PCys), at 25 °C.

Furthermore the chemical shifts of the two “outside” resonances are
essentially identical to those of Pd(PMeBu',); and Pd(PCys), respectively. It can

also be seen (Figure 45) that the chemical shifts of the two “outside” resonances
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of the quartet in the spectrum of Pd(PCys)(PBu's) are very similar to those of the
two homoleptic compounds Pd(PBu's), and Pd(PCys)s.

Consistent with the described observations for the PMeBu',/PBu's and
PCys/PBu'; systems, it is not surprising to find significant amounts of the two
homoleptic compounds present in equilibrium with the heteroleptic species. It
should be noted that the *'P chemical shifts of the AB spin system do not, of
course, coincide with any of the four observed resonances, but are calculated to
be 5 40.3 and 40.8.%

In a second experiment carried out to understand this system, a solution
containing Pd(PCys), (0.015 mmol) and one equivalent of PMeBu', was prepared
in 0.5 mL toluene-dg at 21 °C and *'P NMR spectra were obtained over the

temperature range +25 to —93 °C (Figure 50).

25°C
sttt N i " o
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Pd(PCys)s free PMeBu', ——>

PCy; PCys free PCy, JbL
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Pd(PMeBu',)s
Pd(PMeBuiz)(PCyg)
Pd(PMeBu’), PMeBuU',

-93°C Pd(PCys), {—fbw \PMeBu‘z PMeBU',

Figure 50. Stacked plots of variable temperature *'P NMR spectra (242.9 MHz)
of the reaction of Pd(PCys), with one equivalent of PMeBu'; in toluene-dg
(Pd(PMeBu',)2(PCys) in blue, Pd(PMeBu',)(PCys). in red).
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As can be seen, the *'P NMR spectrum at 25 °C exhibited two very broad
resonances at 6 ~14 and ~42. On cooling to —40 °C these narrowed and shifted
upfield slightly and by —63 °C both had begun to decoalesce. At —93 °C, many
more resolved features can be observed. The dominant features of the spectrum
at —93 °C are singlets at 6 7.52 and 7.95 which are assigned respectively to free
PMeBu'; and PCys shifted from the room temperature chemical shifts (Table 16)
by temperature effects. There were also strong singlets at & 25.5 and 30.3 which
are assigned to the homoleptic compounds Pd(PCys); and Pd(PMeBul)s,
respectively (see above).

Much weaker resonances present in the spectrum at —93 °C include
several resonances in the region 6 39 - 40; these are consistent with the
anticipated presence of Pd(PCys),, Pd(PMeBu'z), and Pd(PCy;)(PMeBu';). Two
very broad resonances were also observed at 6 ~23.3 and ~21.6, along with two
less broadened 1:2:1 ftriplets at & ~32.2 and ~34.4 and an extremely broad
resonance at & ~35, partially obscured by the triplet at 6 ~34.4. None of these
resonances appeared in spectra of solutions containing only PCys or PMeBu',.
These resonances thus suggest the presence of several of the possible
heteroleptic compounds, Pd(PCys)(PMeBu')s, Pd(PCys)2(PMeBu',),
Pd(PCys),(PMeBu'),, Pd(PCy;)(PMeBuY); and/or Pd(PCys)s(PMeBu). The
initial interpretation of the pair of 1:2:1 triplets at 6 ~32.2 and ~34.4 was that they
comprised an AyX, spin system, attributed to the 4:1 compound

Pd(PCys)2(PMeBuY),. This was surprising, given that PCys and PMeBu'; are

166



similar, sterically demanding phosphines that are not known to form homoleptic
PdL, species.

In order to obtain better resolved 1D spectra and 2D *'P-3'P correlation
spectra, the described NMR experiment was repeated utilizing a higher
concentration of Pd(PCys), (0.025 mmol in 0.5 mL toluene-dg) and two
equivalents of PMeBu',. The spectra obtained at the various temperatures were
similar to those shown in Figure 50, although the exchange broadening at 25 °C
was so severe due to the large excess of PMeBu'; that the two resonances at §
~14 and ~42 were barely distinguishable from the baseline. A spectrum run at
—88 °C (Figure 51) is similar to that shown in Figure 50 at —93 °C except that the

resonance of free PMeBu'’; at § 7.71 is (as expected) more intense than that of

free PCys (0 8.14).
PMeBu'
: Pd(PMeBU,), e
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Figure 51. *'P NMR spectra (242.9 MHz) of the reaction of Pd(PCys), with two
equivalents of PMeBu'; at —88 °C.
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More importantly, the triplets at 6 ~32.2 and ~34.3 are now much more intense
than the resonances of the 2:1 compounds in the region & 39 - 40, consistent
with their assignment as species of higher coordination number. In addition,
these resonances are well resolved enough that the splittings can be accurately
measured: ~90.7 Hz for that centered at 6 ~34.3 and ~101.6 Hz for that centered
at 6 ~32.2. Furthermore, both the center lines were also found to be broader than
the corresponding outside lines, and thus the two resonance patterns were found
not to be 1:2:1 triplets (associated with an unlikely PdLs complex) but pairs of
overlapping doublets.

The two broad resonances at 6 ~23.6 and ~21.7 gained in intensity
relative to the resonances at 6 39 - 40. However, while the resonance at 5 ~23.6
was featureless, the resonance at & ~21.7 became a broadened triplet, with
splittings of ~90.4 Hz and therefore also appeared to be a set of overlapping
doublets. The resonances at 6 ~32.2, ~34.3, ~23.6 and ~21.7 were all of
comparable intensities and the extremely broad resonance at 6 ~35 remained
barely visible.

A 3'P-3'P correlation experiment of the sample was then obtained at —88
°C (Figure 52) and several features are important to note. The resonances in the
region & 39 - 40 did not correlate with any resonances at higher field, consistent
with their assignment as the homoleptic and heteroleptic 2:1 compounds. The

proposed sets of doublets at 6 ~32.2, ~34.3 and ~21.7 were all mutually coupled,
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implying that they comprise an AMX spin system and were thus assigned to one

of the three coordinate compounds Pd(PCys)2(PMeBu's) or Pd(PCys)(PMeBu';)s.
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Figure 52. 3'P-*'P correlation spectrum (242.9 MHz) of a solution containing
Pd(PCys), and two equivalents PMeBu'; in toluene-dg at —88 °C.

Since the *'P resonance of Pd(PMeBu',); was downfield from and was sharper
than that of Pd(PCys;); (Figure 52), it seems likely that the compound giving rise
to the AMX spin system was Pd(PCys)(PMeBu'),, with the multiplets at § ~32.2

and ~34.3 attributed to two PMeBu'; rendered nonequivalent. This non-
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equivalence may originate because the PMeBu', groups are “frozen” at this low
temperature in different rotational conformations relative to the PCys.

In support of this suggestion, it was noted that the room temperature *'P
NMR spectrum of trans-PdCl,(PMeBu';), (Section 3.8.1) showed two singlets of
unequal intensity because of the presence of two different rotamers in solution,
resulting from a significant steric barrier to rotation about the Pd-P bond.** It is
thus reasonable to suppose that the two PMeBu'; ligands in Pd(PCys)(PMeBu';),
adopt different orientations with significant barriers to interconversion at low
temperature. Alternatively, the two PMeBu', ligands may be magnetically
nonequivalent (diastereotopic) by virtue of the chirality of the coordinated PCy;.**

Assuming, that the magnitudes of 2J(p-p) in these palladium(0) compounds
are governed mainly by the Fermi contact term,*® the decrease in 2J(p-p) from 486
Hz for Pd(PCys)(PMeBu'Y;) to ~96 Hz for Pd(PCys)(PMeBu'), is consistent with
the change from the linear sp hybridized structure to the trigonal sp? analogue.
This supports the suggestion of an increase in the coordination number from
PdL; to PdL;. The weakening of the Pd-P ¢ bonds due greater steric crowding in
the 3:1 compound should also result in a decrease in *Jp.p).*> Observation of a
near first order pattern between the resonances at 6 ~32.2 and ~34.3 occurs
because Av ~500 Hz and J ~90 Hz, and therefore A v/J = 5.6, much larger than
was the case with Pd(PCys)(PMeBu',).

By process of elimination, the very broad resonance at 6 ~23.6 was
assigned to the PCy; ligands of the compound Pd(PCys)2(PMeBu'), with the

PMeBu', resonance being the very broad resonance at & ~35.
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In summary, P NMR experiments at variable temperature involving
homoleptic and heteroleptic phosphine systems serve to confirm the tendency of
many systems to assume 3:1 coordination complexes. The observed species in
these systems along with their *'P chemical shifts are summarized in Table 16.

Table 16. *'P NMR data for homoleptic and heteroleptic complexes of PdL, at 25
°C in toluene-dg (L = PCys, PMeBu';, PBu')

Compound 5 (FreeL) & (PCys) § (PMeBu';)  §(PBu'y)  “J (P-P) (H2)
Pd(PCys). 9.9 39.2 - - -
Pd(PCys)s 25.5°
Pd(PMeBuU'%), 1.4 - 41.9 - -
Pd(PMeBu',); 30.3°
Pd(PBu'%), 63.3 - - 84.7 -
Pd(PCys)(PMeBu',) - 40.3° 40.8° 300
Pd(PMeBu',)(PBu's) - 418 85.4 246
Pd(PCys)(PBu') - 414 - 85.2 241
a. At-68°C.
b. At-88°C.

c. In benzene-ds at 25 °C; calculated as an AB spin system

The formation of such complexes has significant implications for cross-coupling
processes involving 2:1 bisphosphine complexes. This is because relative
catalyst activities may vary, not necessarily due to a steric or electronic property
of the phosphine, as is often assumed, but because of differing degrees to which

the initially very small amounts of generated Pd(0) species may be present as a
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unreactive tris-phosphine complex rather than the assumed bisphosphine
species. The tendency of a particular phosphine to form a more highly
coordinated and presumable less reactive species may thus be a determining

factor in the overall efficiency of a cross-coupling process.

3.5 Investigative Experiments In Oxidative Addition

With the intention of investigating the kinetics of oxidative addition,
preliminary experiments were performed in which oxidative addition of PdL, (L =
PCys, PMeBu',, PBu's) was monitored by 'H and *'P NMR with a variety of
substrates RX (allyl chloride, 1-bromoethylbenzene, bromobenzene,
chlorobenzene). Experiments of this kind were performed by two different
methods: from previously isolated PdL, and from in situ generated PdL, (from
Pd(n3-C3Hs)(n°-CsHs)).  Furthermore, given reports of anionic bisphosphine

46 it was of interest to

complexes PdL,X", generated upon reduction of Pd(ll),
determine if added halide affected the nature of species observed during

oxidative addition.

351 Oxidative Addition with Isolated PdL.

Reactions were performed with isolated PdL, (L = PCys, PMeBu';, PBu')
and several different organic halides (bromobenzene, chlorobenzene, allyl
chloride and 1-bromoethylbenzene), with the goal of observing the tendency of

the bisphosphine complexes towards oxidative addition. A generalized scheme
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for oxidative addition is shown in Scheme 39, and the attempted oxidative

addition reactions are summarized in Table 17 for Pd(PCys); and Pd(PMeBu',),.

PdL, + RX —> L—Pd—L

Scheme 39. Oxidative addition reaction involving PdL; .

Table 17. Attempted oxidative addition reactions involving PdL, (L = PCys,
PMeBu';) at 21 °C.

Entry PdL, RX Pd:RX  Solvent Reaction
Time /h
1 Pd(PCy3)2 C5H5CH(CH3)BF 1:3 C6D5 2
2 Pd(PCys). CH,CHCH.CI  1:04  C¢Ds 3
3 Pd(PCys), CeHsCl 111 C;Ds 1
4 Pd(Pcy3)2 C6H5Br 1:1 CGDG 2
5 Pd(PCys), CeHsBr 1:10  C;Dg 0.5
6 Pd(PMeBUtz)z C6H5Br 1:1 C7Dg 3

The reaction of Pd(PCys), and bromobenzene in a 1:1 molar ratio
proceeded rapidly at room temperature, producing a resonance at 5 21.3
consistent with trans-Pd(PCys)2(Ph)(Br) (*'P & 20.6),*” seen in (Figure 53).
Pd(PCys), was no longer visible after two hours after mixing, indicating the
completion of the reaction. The presence of the trans-Pd(PCys;).(Ph)(Br) was
also confirmed by the appearance of three resonances (6 6.89, 7.01, 7.61) in the
aromatic region of the associated 'H NMR spectrum (Figure 54) However,
residual bromobenzene was observed, indicating that an excess has been added

to the NMR scale reaction.
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Pd(PCys)(Ph)(Br)

Pd(PCys) /
/
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Figure 53. *'"P NMR spectrum (163.0 MHz) for reaction of equimolar quantities of
Pd(PCys), and bromobenzene in benzene-dgs at 25 °C.
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Figure 54. "H NMR spectrum (400 MHz) for reaction of equimolar quantities of
Pd(PCys), and bromobenzene in benzene-ds at 25 °C two hours after mixing.
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When the reaction was repeated in a 1:10 Pd(PCys)/PhBr ratio, the
oxidative addition reaction was complete in approximately 30 minutes at room
temperature.

Similar studies were repeated with Pd(PCys), and (1-bromo)ethylbenzene
(CeHsCH(CH3)Br, of interest due to the presence of a B-hydrogen, which may
undergo B-hydride elimination following oxidative addition. While B-hydrogen
elimination has been acknowledged as a difficulty associated with cross-coupling
reactions involving alkyl halides,*® recent work has shown that B-hydride
elimination can be avoided to produce isolable trans complexes at room
temperature, as shown with Pd(PMeBu%),.> A 'H NMR spectrum was obtained
two hours after mixing Pd(PCys), with three equivalents of (1-
bromo)ethylbenzene (CsHsCH(CH3)Br) at 21 °C, showing residual (1-
bromoethyl)benzene, along with weak styrene resonances in the regions of &
5.07, 5.60 and & 6.50-6.63 (Figure 55). In addition, a hydride resonance at &
—13.21 was observed, consistent with the literature reports for [Pd(PCy3).HBr]
(6-13.3)," indicating that oxidative addition had occurred, followed by
subsequent B-hydride elimination. A 3'P NMR spectrum taken 2.5 hours after
mixing showed a resonance at & 25.1, presumably [Pd(PCys),HBr], as well as

unreacted Pd(PCys;), and O=PCy; at 56 40.5 and 45.9 respectively (Figure 56).
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Figure 55. "H NMR spectrum (300 MHz) for reaction of Pd(PCys), and three
equivalents (1-bromo)ethylbenzene in benzene-ds two hours after mixing at 21
°C (* indicates unidentified resonance, ** indicates impurity).
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Figure 56. *'P NMR (163.0 MHz) for reaction of Pd(PCys), and three equivalents
(1-bromo)ethylbenzene 2.5 hours after mixing at 21 °C.

'H and *'P NMR experiments were performed to observe potential
oxidative addition with chlorides, specifically chlorobenzene and allyl chloride.
Aryl and alkyl chlorides are desirable coupling partners in Suzuki-Miyaura

reactions as they are widely available and inexpensive.*
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However, their weakness remains their poor reactivity towards oxidative addition,
and numerous efforts have been made to effect coupling with aryl and alkyl
chlorides.®® As was anticipated, the reaction with Pd(PCys), and allyl chloride for
five hours at 21°C did not produce any evidence of oxidative addition in the 'H or
IP NMR spectra. Only the 'H resonances associated with unreacted allyl
chloride and Pd(PCys), (*'P & 39.1) were observed. Similarly, no reaction was
observed when Pd(PCys), and chlorobenzene were combined at 21 °C.
Pd(PMeBu';), was also found to react with bromobenzene in a 1:1 molar
ratio producing a resonance at & 26.2, as seen in the *'P NMR (Figure 57). This
species was assigned to trans-Pd(PMeBu',)2(Ph)(Br), and it consistent with the
appearance of three new phenyl resonances in the '"H NMR spectrum (Figure

58).

Pd(PMeBu';),(Ph)(Br)

L B B L I L B L L L L L L LB L B L RN
70 60 50 40 30 20 10 0 10 5§

Figure 57. *'"P NMR spectrum (163.0 MHz) for reaction of Pd(PMeBu';), with one
equivalent bromobenzene in benzene-ds at 25 °C (* indicates unidentified
resonances).
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Figure 58. "H NMR spectrum (400 MHz) for reaction of Pd(PMeBu',), with one
equivalent bromobenzene at 25 °C (** indicates impurity).

Given these results, bromobenzene was chosen as an appropriate
substrate to pursue kinetics studies of oxidative addition (see section 3.6), as it
underwent rapid oxidative addition at 21 °C with both Pd(PCys), and
Pd(PMeBu"%)s.

Many attempts were made to observe oxidative addition with Pd(P'Bus),
and bromobenzene, at a variety of experimental conditions, shown in Table 18.
When performed at 25 °C in toluene-ds (entries 1 and 3), no reaction was
observed, as was indicated by a single, unchanged 3P resonance for Pd(P'Bus).

appearing at 8 85.1."
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Table 18. Attempted oxidative addition experiments involving Pd(PBu'3)s.

Entry Pd(PBu';),:PhBr Solvent Time /h Temp/°C
1 1:1 C;Dsg 1 25
2 1:1 CeDs 0.33 60
3 1:10 C;Dsg 25 25
4 1:10 1:1.5 C;Dg/THF 2.5 25
5 1:10 1:1.5 C;Dg/1,4-dioxane 3 25
6 1:10 1:1.5 C;Dg/THF 1 60
7 1:10 1,4-dioxane 2.75 25
8 1:10 THF 3 25

When this reaction was instead heated for 20 min in CgDs (entry 2), the
resonance at & 85.1 (Pd(P'Bus),) was observed unchanged, along with a minor

peak at & 62.3 consistent with PBu's (Figure 59)."®

Pd(P'Bus),
P'Bus

S —

64 62 60
/
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A

Figure 59. *'P NMR spectrum (163.0 MHz) for attempted reaction of Pd(PBu's),
with one equivalent bromobenzene at 60 °C 20 minutes after mixing.

Oxidative addition of Pd(PBu's), was also attempted toluene-dg/THF (entry
4) and pure THF (entry 8) at 25 °C, and both experiments revealed only the
resonance for Pd(PBu'3), (8 85.0). However, when Pd(PBu's), was reacted with

bromobenzene in toluene-dg/THF at 60 °C (entry 6), a *'P NMR spectrum
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revealed Pd(PBu'3), (885.2) and two very close signals at & 62.4 and 62.8
(Figure 60). It is possible that these resonances are due to free PBu's as well as
the oxidative addition product [Pd(PBu's)PhBr], (*'P & 63.0) described by Hartwig
et al.>" The quite minor amount of this product in the current work is consistent
with the harsh conditions reported for quantitative formation of [Pd(PBu'3)PhBr]
(neat bromobenzene at 77 °C).

In much the same way, reactions performed in 1,4-dioxane (entries 5 and
7) produced two species with *'P resonances in the region of §~63. In all of
these instances however, the assignment of these species cannot be confirmed,
as corresponding 'H NMR spectra (in protonated THF and 1,4-dioxane
respectively) do not show the associated proton resonances for Pd(PBu's)y,

PBu'; or Pd(PBu's)(Ph)(Br).

Pd(P'Bus)(Ph)(Br)

P'Bus

64 62 60 )

Figure 60. 3P NMR spectrum (242.9 MHz) for reaction of Pd(PBu's), with
bromobenzene in toluene-ds/THF at 60 °C.

The relative lack of oxidative addition in systems involving Pd(PBu's); is
consistent the work Hartwig et al., who noted that oxidative addition under these
conditions is unfavorable for Pd(PBu's);, requiring 40 equivalents of

bromobenzene at 70 °C for greater than 16 hours.*” The poor reactivity of
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Pd(PBu'3), towards oxidative addition observed here is however consistent with
the systems for Suzuki coupling that have been reported with PBu's.2"™¢ The
authors note that the catalyst generated in situ from Pdx(dba); and PBu'3in a 1:1
Pd:PBu'; ratio produces a highly active species (i.e. Pd-PBu's;), while that
generated with a 2:1 Pd:PBus ratio (presumably Pd(PBu%);) produces an

extremely slow rate of coupling.**

3.5.2 Oxidative Addition with In Situ Generated PdL>

Oxidative addition experiments with in situ generated PdL; also of interest
as it was desirable, prior to beginning a quantitative kinetic analysis, to determine
if the addition of a halide had any effect on the nature of Pd complexes formed,
as well as any subsequent oxidative addition products. A generalized
representation of these experiments is shown in Scheme 40 and the varied

experimental conditions are described in Table 19.

@ halide source R
|
P|d

heat RX |

+ o2 —> PdL, —— L—Pd —L

Scheme 40. Generalized representation of in situ oxidative addition reaction.
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Table 19. Oxidative addition experiments performed with in situ PdL,

Entry L In Situ Conditions* Pd:PhBr Halide Solvent
1 PCys 60 °C, 180 min 1:10 TBAB THF
2* PCys 75 °C, 180 min 1:10 TOPB C/Ds
3 PMeBu', 60 °C, 60 min 1:10 TBAB THF
4* PMeBu', 75 °C, 150 min 1:10 TOPB C;Ds

* halide source added after heating, prior to PhBr

Experiments were performed with added tetraoctylphosphonium bromide
(TOPB) in toluene-ds, or tetrabutylammonium bromide (TBAB) in THF as the

halide source (Figure 61).

e e
Br Br
®
/\/_,\P_/\/ NN P NN
TBAB
TOPB

Figure 61. Tetrabutylammonium bromide (TBAB) and tetraoctylphosphonium
bromide (TOPB).

It was found that in each instance the addition of halide (TBAB or TOPB)
during the in situ formation of PdL, from Pd(n*-CsHs)(n°-CsHs) did not produced
new or unanticipated *'P containing Pd species observed in solution, indicated by
unchanged *'P chemical shifts for Pd(PCys), and Pd(PMeBu'),. Furthermore,

subsequent addition of bromobenzene produced only the anticipated peaks for
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Pd(PCys)2(Ph)(Br) and Pd(PMeBub)x(Ph)(Br), as reported above. The
purposeful addition of halide as TOPB or TBAB therefore failed to produce any
changes in the species typically observed in the *'P NMR spectra during

oxidative addition.

3.6 Kinetic Analyses of Oxidative Addition of PhBr to Pd(PCys3);
Kinetic experiments on oxidative addition reactions involving Pd(PCys).
and bromobenzene were performed with a two-fold purpose in mind (Scheme
41). Firstly, while added halide did not noticeably alter the nature of the species
observed during oxidative addition (Section 3.5.2), it remained of interest to
determine if the presence of halide ion altered the rate of oxidative addition,

given the reported existence of anionic bisphosphine complexes PdL,X".%

Ph

Pd(PCys), + OBr ——  Cy;p— Pd—PCy,

Br

Scheme 41. Oxidative addition of Pd(PCys), and bromobenzene.

TOPB was a convenient choice as a halide source in these systems as it has
good solubility in toluene-ds while also acting as a *'P NMR internal standard by
virtue of the tetraoctylphosphonium cation. Secondly, it was of interest to
establish the kinetic parameters and mechanistic details of the oxidative addition

step. The relative ease with which oxidative addition of PhBr to Pd(PCys), occurs
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at room temperature is in direct contrast with the high temperatures and long
reaction times often used in cross-coupling processes, perhaps indicating that
the rate-determining step of the catalytic process is reduction of typically used
Pd(Il) precursors.

The rate expression for oxidative addition was expected to be a function of
both [PhBr] and [PdL;]. By conducting experiments under pseudo first order
conditions (large [PhBr]), one can assume that [PhBr] remains essentially
constant, allowing for the isolation of the rate expression as a function of [PdL;].
The rate of reaction will thus be equal to kops[PdL2], where the dependence of kops
on [PhBr] can be established by plotting kops as a function of [PhBr].

In a typical kinetics experiment, a toluene-dg solution of Pd(PCys), was
transferred to an NMR tube containing a sealed glass capillary of TOPB in
toluene. The added TOPB solution was of known concentration and thus served
as an external standard from which relative integrations could be made. In order
to obtain pseudo-first order data, the amount of PhBr that was injected into the
NMR tube was varied, and experiments were performed at several PhBr
concentrations (PhBr:Pd ratios of 13:1, 22:1, 32:1, 38:1 and 51:1). Prior to
injection of PhBr, the probe was first tuned using a separate sample of toluene-
ds. After the appropriate amount of PhBr was injected into the NMR tube, the
time was noted and the sample was introduced into the NMR probe at 25 °C. *'P
inverse gated spectra were then obtained at 94 s intervals. In order to obtain
sufficient kinetic data, spectra were obtained in each experiment for greater than

two half-lives of Pd(PCys),. Typically, Prism software®® was then utilized to
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perform either linear or non-linear regression to analyze the obtained kinetic
data.

The obtained 3'P inverse-gated NMR spectra showed the disappearance
of the Pd(PCys)22 resonance at 6 39.0 with the concurrent growth of a resonance
at 6 21.3, associated with Pd(PCys)(Ph)(Br). The integration of these
resonances relative to the external TOPB standard allowed one to calculate the
concentration of each of these species over time. A representative example of

the obtained kinetic data in these experiments is shown in Figure 62.
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Figure 62. Concentration of Pd(PCys), as a function of time for the oxidative
addition of PhBr (0.483 M) to Pd(PCys), ([Pd(PCys)2]o = 0.0232 M) at 25 °C in
toluene-ds.

Subsequent analysis of the obtained concentration data revealed linear
plots of In[Pd(PCys),] as a function of time (at varied [PhBr]), suggesting that the
reaction is first order in Pd(PCys), (see Appendix 1 for data). A representative
example of this linear plot is shown in Figure 63. Linear regression provided

slope values for each of these linear plots, which corresponded to the observed

rate constants kops (see Appendix 1).
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Figure 63. In[Pd(PCys).] as a function of time for oxidative addition of PhBr
(0.483 M) to Pd(PCys)2 ([Pd(PCys)z2]o = 0.0232 M) at 25 °C in toluene-ds.

The obtained values of ks were then plotted as a function of [PhBr] and
produced a linear plot with a y-intercept, having the general form kops = k¥ +

k[PhBr] (Figure 64).

0.003
[PhBr] Kops
0.234 0.0008935
< 0.0021 0.263 0.001009
2 0.483 0.001221
3 0.688 0.001465
| 0.693 0.001472
0.001 1.160 0.002149
0.000 . . . . . k=1.30x 102 + 6 x 10°L/mol-s
000 025 050 075 1.00 125 K = 6.05x%10% ¢ 4x 10581

[PhBr] /M

Figure 64. kops as a function of time for the oxidative addition of Pd(PCys), and
PhBr at 25 °C in toluene-ds (--- represents 95% confidence intervals, R? = 0.99).

With this general form for the rate law in mind, such experiments were

repeated in the presence of added halide in order to assess its effect of the rate
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of oxidative addition (Section 3.6.1). Similarly, experiments were also repeated
in the presence of one equivalent of PCy3 (with respect to Pd(PCys;). = 0.0021M)
(Section 3.6.2). These kinetic results and related rate expressions were then
interpreted in the context of a proposed mechanistic scheme (Section 3.6.3),
revealing significant insight into the mechanism for the formation of the oxidative

addition product trans-[Pd(PCy3),PhBr].

3.6.1 Assessment of The Effect of Added Halide as TOPB

To assess the effect of added bromide ion, oxidative addition experiments
were performed as described above, except that the Pd(PCys), solution was
added to an NMR tube containing a solution of TOPB (0.15 mL of 0.10 M in
toluene-ds). The added TOPB thus served as the Br~ source (one equivalent of
TOPB with respect to Pd(PCys)2), as well as an internal standard. The
concentrations of the Pd containing species were monitored by *'P inverse-gated
NMR spectroscopy over time by integration relative to the internal TOPB
standard. The value of kops Was then determined as described above (at varied
[PhBr]) and a plot of kops as a function of [PhBr] was obtained (Figure 65). As
was observed above in the absence of TOPB (Figure 64), a plot of kops as a
function of [PhBr] with added TOPB produced a linear plot with a y-intercept,
once again with a general form kqps = k + K'[PhBr] (Figure 65). A comparison of
the data in the absence of TOPB (k = 1.30 x 10 L/mol-s and k' = 6.05 x 10™ s™")

and presence of TOPB (k = 1.27 x 10 L/mol-s and k' = 6.20 x 10* s™') showed
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no significant difference in the values of k and k’, indicating that added TOPB had

no effect on the oxidative addition reaction of Pd(PCys), with bromobenzene.

0.003-
[PhBr] Kobs
0.234 0.0009052
< 0.002 0.263 0.000974
2 0.483 0.001179
3 0.688 0.001542
1.160 0.002093
0.0011 1390 0.002376
0.000 : : . : . : k=1.27x 10°+ 4 x 10°L/mol-s
0.00 025 050 0.75 1.00 1.25 1.50 k' =6.20x 10*+ 3x 10°s?

[PhBr] /M

Figure 65. kops as a function of time for the oxidative addition of PhBr to
Pd(PCys); in the presence of TOPB (--- represents 95% confidence intervals, R
=0.99).

3.6.2 Oxidative Addition in the Presence of Additional PCy3

Oxidative addition of Pd(PCys), with bromobenzene was also monitored
by 3'P NMR spectroscopy in the presence of one equivalent of PCys (with
respect to [Pd(PCys)2]o = 0.021 M) in order to elucidate the mechanistic details of
the oxidative addition step, as well as associated kinetic parameters. Such
experiments were performed as above except that a toluene-ds solution of
Pd(PCys), was added to an NMR tube containing a toluene-ds solution of PCy;
prior to injection of PhBr. In each instance, the concentration of the product
trans-Pd(PCys),(Ph)(Br) was determined by integration relative to the included
TOPB standard. Two replicate experiments were performed at each value of
[PhBr]. The concentration data were then plotted as a function of time for a given

[PhBr]. The obtained concentration data for [PhBr] = 0.272 M are shown in
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Figure 66a. For purposes of comparison, data obtained in the absence of free

PCys; ([PhBr] = 0.272 M) are also shown (Figure 66b).
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Figure 66. Plot of [Pd(PCys;).PhBr] as a function of time for oxidative addition of
PhBr (0.272 M) to Pd(PCys)2 ([Pd(PCys)2]o = 0.021 M) a) in the presence of one
equivalent of PCys ([PCys] = 0.021 M) b) in the absence of one equivalent of
PCy3

A comparison of the data obtained at [PhBr] = 0.272 M with 0 or 0.021 M
PCys revealed significant inhibition of oxidative addition in the presence of
additional PCys. The values of kqps at varied [PhBr] were obtained by the non-
linear regression of the concentration data, allowing one to produce a plot of Kgps
as a function of [PhBr] (Figure 67). The plot of kops as a function of [PhBr] was
found to be linear and lacked a y-intercept, thus having the general form Kgps =

k[PhBr]. This plot contrasts with that obtained in the absence of added PCys;

(Figure 64), which has the general form kqps = k’ + K[PhB].
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0.003-

k=162x10%+1x10"s™ Kops
y-intercept = 6.33 x 10° + 9 x 10° [PhBI] Trial 1 Trial 2
0.272 0.000572  0.000498
=, 0-002- 0.476  0.000746  0.000841
o 0.680 0.001118  0.001233
< 0.816 0.001360  0.001382
0.001- 1.09° 0.001630  0.002096
a) [PhBr] = 1.09 M performed with a third
replicate where kops = 0.001793 s
0.000 i . . . |
000 025 050 075 1.00 1.25

[PhBr] M

Figure 67. Kkops as a function of time for the oxidative addition of PhBr to
Pd(PCys), in the presence of one equivalent of PCy; (--- represents 95%
confidence intervals, R? = 0.95).

A comparison of these plots indicates that while they possess similar slope
values (k), their values for the y-intercept are significantly different. This

difference was then interpreted in the context of the possible mechanistic

pathways to product formation (Section 3.6.3).

3.6.3 Mechanistic Interpretation of Kinetic Data for Oxidative Addition
Given the observed difference in the experimental rate laws in the
absence (kobs = K’ + k[PhBr]) and presence of PCys (kops = k[PhBr]), the possible
mechanistic pathways for the oxidative addition were considered. The rate
expressions for each of these pathways were derived, with the aim of comparing
plots based on these expressions to the experimentally obtained plots of kqps as a
function of [PhBr]. If one or more of the derived rate expressions produces a

linear plot that corresponds to the obtained kinetic data, one can say that the
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related pathway is a viable mechanism for oxidative addition of Pd(PCys), and
PhBr.
The first mechanistic scenario considered was that in which oxidative

addition occurs in the absence of additional PCys, as is visualized in Scheme 42.

[de]ﬂ [PdLPhX] L
L "

K, 5 Ke
K.
PdPhBrL
PdL, PhX 2

K,

Scheme 42. Possible mechanistic pathways for the oxidative addition of PhBr to
PdL, (L= PCys).

Two reasonable pathways can be conceived for oxidative addition to PdL;
(L = PCys3). The first involves direct oxidative addition to PdL;, (ks), while the
second involves a reversible dissociation of PCy; to produce a monophosphine
complex, which subsequently undergoes oxidative addition (ks) and association
of PCys (ks) to form the product. The associated rate laws were derived using
the assumption of a rapid pre-equilibrium (kz, k-2 > ks), as well as the steady
state approximation for [PdLPhBr] (for all derivations, see Appendix 1). It was
then possible to further simplify the rate equations to reflect each of the following
mechanistic possibilities; a) PdL; is unreactive, b) PdL is unreactive, c) both PdL,
and PdL are reactive. A summary of these assumptions and the resulting rate

expressions appear in Table 20.
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Table 20. Summary of rate expression derivations for oxidative addition of PhBr to Pd(PCys), in the absence of

additional PCys.

Mechanistic Possibilities

Pre- Rate Law a) PdL;is unreactive b) PdL is unreactive c) PdL; and PdL are reactive
equilibrium (ka=0) (ks = 0) (ks , ks # 0)
Assumption

for K,
k, K [ArX Kops = K4[ArX
kobs = k4[ArX] + & kobs = M e 4[ ' ] kobs =(k4 + ﬁ][Arxl
Rapid L] [L] [L]
k.. =k, [AX] + k,ks[ArX] = k,ks[ArX]
Non-rapid k ,[L] + ks[ArX] k ,[L] + ks[ArX] Koy, = K, [ARX]

1.if k,[L] >> k[ArX] then:

_ Koks[ArX]
obs k72 [L]

2.if k,[L] << ks[ArX] then:

Kk [ArX]
obs = k 2
ks [ArX]

1.if k_,[L] >> k[ArX] then:

Kops = [k4 + &J [ArX]
kL]

2.if k_,[L] << k[ArX] then:

Kops = K4 [ArX] + K,
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Based upon the proposed mechanistic scheme, there are eight possible
expressions that must be compared to the experimentally obtained plot of kops as
a function of [PhBr] (Table 20). In examining these expressions, it is possible to
predict whether a zero or non-zero y-intercept would result if kops Was plotted as a
function of [PhBr]. These possibilities and the nature of the related y-intercept

are summarized in Table 21.

Table 21. Possible rate expressions describing oxidative addition of PhBr to

Pd(PCys)2 under pseudo first order conditions.

Entry Assumptions Rate Law y-intercept

1 K; rapid kK, [ArX] zero
ky=0 I T

2 Kz rapid Kops = K4[ArX] zero
k5 =0

3 K, rapid k.K zero
k4 ’ k5 e 0 kobs :(k4 + EL]Z [AI"X]

4 K> non-rapid _ kokg[ArX] zero
=0 R
k_o[L] >> ks[ArX]

5 K2 non-rapid Kops = K, non-zero
k4 =0
k_,[L] << kg[ArX]

6 K non-rapid Kops = K4[ArX] zero
k5 =0

7 Kz non-rapid K,Ks zero
k4 , k5 # 0 kobs = k4 + m [ArX]
K ,[L] >> ks[ArX] 2

8 K2 non-rapid Kops = K4[ArX] + K, non-zero
ks, ks # 0
K 5[L] << ks[ArX]®

a) [L] is assumed to be extremely small (no [PdL] is observed spectroscopically), thus
the assumption holds true for very small [ArX]
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Of all these expressions, that which is represented in entry 8 is the only
equation which adequately predicts the experimental pseudo first order plot,
namely, where Kqps varies as a function of [PhBr] and possesses a non-zero y-
intercept (kobs = k' + K[PhBr]). One can therefore conclude that k in the observed
rate law is in fact k4, while k' corresponds to k.. This result is particularly
significant in that it suggests the existence of two separate pathways, involving
oxidative addition of PhBr to PdL; (ks) or PdL (ks), both of which produce the
oxidative addition product.

This result is in contrast to that reported for the kinetics of oxidative
addition of Pd(PCys), with both Phl and PhOTf.>?> The rate of reaction of Phl with
Pd(PCys), in THF was noted to remain unaffected by excess of PCys, implying a
single path for oxidative addition involving only Pd(PCys),. Similarly, the rate of
addition of PhOTf was also unchanged with additional phosphine.®? However,
the existence of two pathways for oxidative addition (from Pd-L and PdL;) has
been shown for the reaction of the more sterically hindered complex Pd(P(o-
Tol)s), (cone angle 194 °)" with p-Bu-CsH4Br.>® Interestingly, others have
reported that for Pd(Q-phos), (Q-phos = Fe(n’-CsHsP(Bu')2)(n°-Cs(CHa)s) the
mechanism for oxidative addition depends upon the nature of the substrate.>* It
was found that while oxidative addition with Phl proceeds directly from Pd(Q-
phos),, the addition involving PhBr occurs through the monophosphine complex
Pd-Q-phos, formed by irreversible dissociation of Q-phos from Pd(Q-phos),. The
oxidative addition of PhCI behaved similarly, proceeding via the monophosphine

complex after a reversible dissociation of Q-phos from Pd)Q-phos),. Such
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studies, taken along with the currently described kinetic system, thus serve to
highlight the difficulty in making generalizations regarding of the mechanism of
oxidative addition to bisphosphine complexes of Pd(0).

Using the selected rate expression (entry 8) and values obtained from the
pseudo first order plot, it was possible to determine the percentage of product
formed by each pathway. Since the overall rate constant for product formation
(kobs) can be expressed as the sum of individual contributions from the PdL, path
(ka[ArX]) and the PdL path (kz), the proportion of product formed by each
pathway can be determined as a percentage of the overall rate constant kqps, as
seen in Figure 68. Thus, as an example, when [PhBr] = 0.693 M, 60% of the
product is formed from oxidative addition of PdL,, while 40 % is formed by

dissociation of PdL,, followed by reaction of PhBr and PdL.

_ [ KalAX] o000 < 60%
Product from k4 path (k“ArX] . kzj 100% =~
Product from k; path = (kzj 100% =~ 40%

k4 [ArX] + ko

Figure 68. Percentage of produced by pathway for oxidative addition of PhBr to
Pd(PCys)2 ([PhBr] = 0.693 M).

Interestingly, if the product distribution is calculated at other [PhBr], it can
be seen that the proportion of product derived from the PdL pathway is expected

to decrease as [PhBr] increases (Table 22).
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Table 22. Percentage of product produced by each pathway at varied [ArX] for
the oxidative addition of PhBr to Pd(PCys3),.

[PhBI] 0.234 M 0.693 M 1.16 M
% from PdL; (k) 33 60 71
% from PdL (ko) 66 40 29

If one considers the conditions for catalytic oxidative addition, one would
expect a large excess of PhBr compared to the Pd species present. At larger
[PhBr], the PdL pathway may be essentially shut down, favoring instead the PdL,
pathway. For example, in a given coupling protocol where [ArX] is 5.0 M, the
PdL, pathway would account for 91 % of product formed, while that of PdL would
only provide 9%. This is particularly significant in the context of recent reports of
monophosphine catalyst systems.*® The current results indicate (at least for the
Pd(PCys), system) that oxidative addition of Pd-L may play a minor role in
product formation if the associated PdL, complex can undergo direct and facile
oxidative addition and if the concentration of ArX is large.

The second mechanistic scenario to be considered was that which
involved oxidative addition in the presence of additional PCys. Such a scheme
must now account for the presence of a tris-substituted species Pd(PCys)s. The
associated mechanistic possibilities for oxidative addition with additional PCys;

are described in Scheme 43.
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ArX
[PdL] ——— [PdLArX]

L
k2 k5 \
K., Ke

PdL, ArX ArXPdL,
K, K ]
‘ )
L ArX k
PdL, [PdL,ArX] 7
k3

Scheme 43. Possible mechanistic pathways for the oxidative addition of PhBr to
Pd(PCys), in the presence of excess PCys.

In addition to pathways involving PdL, and PdL, the proposed mechanistic
scheme now accounts for the possible reactivity of PdL; towards oxidative
addition. The possible rate expressions for each of these pathways were derived
as described above (see Appendix 1 for derivations) with the added complication
of assuming either rapid or non-rapid pre-equilibria for both K; and K,. It was
assumed that both PdL, and PdL would always be reactive species (i.e. ka4, Ks
#0), as was the case in the absence of additional PCys. A summary of these

rate laws appears in Table 23.
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Table 23. Summary of rate law possibilities for oxidative addition of PhBr to Pd(PCys3). in the presence of excess PCys.

Pre-equilibrium
Assumption Rate Law If PdL3is unreactive (k3 = 0) If all species are reactive
Ky Kz (k3, ks, ks #= 0)
k,[L kK kK
| ko = | 2y i, 4 K2 g Kos = (k4 +#J [AIX] GLL . kK
Rap Rapid K, IL] [L] Kops = | ——+ Kk, +——2 |[ArX]
id Ki [L]
k [k + aks J [ArX] 1.1 k,[L] > kg[ArX], th
obs L n1. L rAvl . _ > , then:
k.. = Ka[L] ik, + Koks Ax] | * 7 kML + ks[ArX] 2 5
Rap | Non-Rapid K, k ,[L]+ks[ArX]
. Kepe = |2y i, 4 ks 1rang
1.1f k ,[L] > k5 [ArX], then: K, k,[L]
2.1f K ,[L] < ks[ArX], then:
K, [k4 N K,Ks J[AFX] LlL] < ksl ], then
K o[L]
Kops = Ks[L] + Kk, [[ArX] + k,
2.1f k_,[L] < ks[ArX], then: K,
kobs = k4[ArX]+k2
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Table 23. Continued.

Pre-
equilibrium Rate Law If PdL3is unreactive (k3 = 0) If all species are reactive
Assumption (ks, kg, ks = 0)
Ky K,
kK :
A L. K, = [k4 ks zj[ArX] 1.1t K4 > K5 [ArX], then:
K, + k;[ArX] IL]
Kk ,[L kK
_ Kops = | — al ]+ k, +——2 | [ArX]
Non- Rapid K, [L]
Rapid
2. 1f k; < k;[ArX], then:
obs = k’1[L]+ k, + ksK, [ArX]
[ArX] [L]
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Table 23. Continued.

Rapid Rapid

+ Kakts J[ArX]
K_,[L] + k5 [ArX]

Kobs :(k4 + ﬁ] [ArX]
KL

2.1 K_,[L] < kg[ArX], then:

Kops = K4 [ArX] + k,

Pre-
equilibrium If PdLsis unreactive (ks = 0) If all species are reactive
Assumption Rate Law (ks, k4, ks = 0)
K1 K,
k_k;[L] (e
K _o=|—1780 Lk, .. Kops =| kg + ——————|[ArX 1. 1f k,[L] > ks[ArX], then:
e (k1 +ky[ArX] ’ ( P K[ + kg [ArX] A o[L] > kel ATK]
a) It Ky > k,[ArX] , then:
11t K_,[L] > k4[ArX], then: k. :[M+ K, + ﬁ} [ArX]
Non- Non- k1 k72[L]

by If Ky < Ky[ArX], then:

(ﬂ K, + &J (AIX]
[ArX] K o[L]

obs

2.1 k,[L] < ks[ArX], then:
a) it K > k,[ArX] , then:

Ko :(%+ k4J [ArX] + k,

1
by if Ky < K4[ArX], then:
K_4[L]

Kops =| ——=+ k, | [ArX] + k
obs [kS[ArX] 4}[ ] 2
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Having derived all possible rate expressions, it was necessary to compare
them to the obtained kinetic data for oxidative addition in the presence of
additional PCys. The pseudo first order plot of kops as a function of [PhBr] for
oxidative addition in the presence of one equivalent of PCy; was linear and
lacked the y-intercept (Figure 67) that had been observed in the absence of PCy;
(Figure 64). The derived rate equation(s) that meet these requirements (linear
plot of kops @as a function of [ArX], zero y-intercept for the same plot) were
therefore possible expressions for the rate of formation of product. Given that
experiments in the absence of PCy; indicated that K, involved a non-rapid
equilibration relative to subsequent steps, rate equations derived with a similar
non-rapid equilibration were considered the most reasonable in describing the
experimental rate law (i.e. those in which attainment of K, is slow, but the nature
of Ky is varied). These “candidate” rate equations and related assumptions are
summarized in Table 24. For each of these rate expressions, the nature of the y-
intercept is described.

The rate expression described in entry 5 is not consistent with the
observed pseudo first order plot, as it predicts a non-zero y-intercept at large
values of [ArX]. Furthermore, the rate expressions based on the assumption of
an unreactive PdL; species (entries 1 and 3), as well as those that assume a
reactive PdL; (entries 2 and 4) both predict zero y-intercepts for a pseudo first
order plot (kops a@s a function of [PhBr]). The current kinetic data are thus
insufficient and the rate law derivations inconclusive in determining the reactivity

of PdL; towards oxidative addition.
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Table 24. Possible rate equations for oxidative addition of PhBr to Pd(PCys)2 in

the presence of excess PCys.

Pre-equilibrium
Assumptions

Entry

Rate Law

y-intercept

1 K, rapid
K> non-rapid
k3 =0

(k4 + ][ArX]
_2[L]+k [ArX]

Zero

2 K4 rapid

Kz non-rapid

ks # 0

K,[L] > Kkg[ArX]

L
K, s 2[L1

] [ArX]

zZero

3 K, non-rapid
K> non-rapid
k3 =0

ArX
2[L]J[ )

ok
bt

zZero

4 K4 non-rapid
K> non-rapid
ks # 0

k; > k;[ArX]

[kk[L] k

K, I j [ArX]

zZero

5 K, non-rapid
K> non-rapid
ks # 0

k; < Kk;[ArX]

KLILT

+ k,oKs
obs [AI'X] 4

Sl

J [ArX]

non-zero

The possibility of varying [L] under the current

pseudo first order

conditions (excess PhBr) was also considered as a means to gain insight into the
mechanistic details of this system. In order to assess reactivity of PdL; in
oxidative addition, one would have to distinguish between the rate expressions
that assume an unreactive PdL; (k3 = 0, entries 1 and 3) and those that do not (k3
#0, entries 2 and 4). For small values of [L], the last term in each of the
expressions assuming ks # 0 (entries 2 and 4) is anticipated to be small, given
that k[L] should be small, as phosphine coordination to PdL to reform PdL; is
those

expected to be quite facile. With this last term being negligible,

expressions that assume ks # 0 (entries 2 and 4) might be expected to
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demonstrate a first order variation with [L], as a result of the first term of these
rate expressions (ks[L]/Ks and k.ks[L]/ks for entries 2 and 4 respectively).
However, should Pd(PCys;); be reactive, it is anticipated that the rate constant for
its oxidative addition with PhBr (ks) is quite small, given the steric bulk of PCys.
The first term of these expressions, which depends on ks and K4 (K¢ = 0.3, see
Section 2.5.1), may therefore also be negligible. As a result, these expressions
may be indistinguishable from those that assume k3 = 0 (entries 1 and 3).

One might anticipate that this difficulty could be circumvented by utilizing
larger [L] under pseudo first order conditions (excess PhBr). However, the
interpretation of experiments conducted at large values of [L] would be
complicated by the necessity to re-express all derived rate expressions in terms
of [Pd]r rather than [PdL;]. This is because [PdL3] is no longer negligible at large
values of [L].

The described rate expressions were thus rewritten in terms of [Pd]y,
which was taken to be equal to the sum of [PdL3] and [PdL;] (see Appendix 1).
Although mass balance considerations would require that one also include [PdL],
it was assumed that [PdL], being a highly reactive 12 e species, would never
appreciably accumulate to significant levels. The new rate expressions, derived
for large [L], are described in Table 25.

The rate equations thus obtained cannot be expressed linearly as a
function of [L]. They are instead asymptotic functions, where kq,s would be
expected to approach a particular value as the value of [L] was increased. In

order to determine the reactivity of PdL; for oxidative addition, one would need to
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distinguish between the set of expressions derived assuming ks = 0 (entries 1
and 3) and those that assume ks;= 0 (entries 2 and 4). Those expressions that
assume PdLs is a reactive participant in oxidative addition (entries 2 and 4) all
possess an additional term independent of [L], containing ks (entry 2 has a ks

term, while entry 4 possesses a k.1ksK1/(k1 + k3[ArX]) term).

Table 25. Possible rate equations at large values of [L] for oxidative addition of
PhBr to Pd(PCys). in the presence of excess PCys.

Entry | Pre-equilibrium Rate Law
Assumptions
1 K4 rapid [ k.k.K ]
rapi Kops = A [ArX]
rorapd T KK, + KoIAXDILT + kLT
2 K rapid K.k.K J
_rapi Kops = | Ks + 2ot [ArX]
b ; ( T K+ KA kLY
3 K1 non-rapid K K K.k.K
K, non-rapid Kops =( -+ 2o 3 ][AFX]
ks =0 L] (kKy + Ks[ArX])[L] +k,[L]
4 K4 non-rapid
K; non-rapid obs { Rdfs Kl Kakel 3 J[AFX]
ks # 0 Ki+kg[ArX] L] (k_ Ky + Kg[ARX])L]+k_,[L]

The overall rate expressions would thus be expected to approach the value of
this term at large values of [L]. One can contrast this behaviour with those
expressions that assume an unreactive PdL3s species (entries 1 and 3), which
approach zero at large values of [L].

Although this discussion provides, in theory, a method with which one
could distinguish between these two possible mechanistic scenarios (ks = 0 or ks

# 0), in practice such an approach is probably doomed to failure. If PdLs is in

204



fact a reactive species in these systems, one would expect that its reaction with
PhBr would be relatively slow, given the large barrier to oxidative addition that
would result from the steric bulk of three PCys; ligands surrounding the
palladium(0) centre. One must therefore anticipate that the value of ks would be
very small compared to that observed for PdL, (ks = 0.0013 L/mol's in the
absence of additional PCys). In these instances, a plot of kqps as a function of [L]
might also appear to approach zero at large [L] and it seems unlikely that the
value of the asymptote could be determined accurately. As a result, the two
mechanistic scenarios described would not be distinguishable within the limits of
experimental accuracy. Kinetic experiments of oxidative addition with large
variable [L] were therefore deemed without merit and were not pursued. The
current work was therefore unsuccessful in assessing the reactivity of Pd(PCys)3
in oxidative addition.

It seems reasonable to suspect, given the steric bulk surrounding Pd, that
PdL; is in fact an unreactive species in oxidative addition. The formation of a tris
species in the presence of additional PCys; would be expected to reduce the
amounts of PdL, and PdL available for oxidative addition and subsequently
inhibit the reaction and lower the rate of product formation. This is consistent
with the slowed rate of formation of trans-Pd(PCys)2(Ph)(Br) in the presence of
PCys;, as seen in Figure 66. Such an explanation appears consistent with the
experimentally obtained kinetic data as well as with the observed lack of
reactivity of Pd(PPhs)s, a complex possessing less sterically hindered

phosphines.® However, such a comparison should be tenuously made, as PPh;
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is a poorer electron donor than PCys, thus reducing the tendency of the metal

towards oxidative addition.

3.7 Studies Initiated to Examine Transmetallation

As mentioned previously, the transmetallation step as it relates to Suzuki-
Miyaura cross-coupling has been the subject of relatively limited study.® In
response to this deficiency, several preliminary studies were initiated with the
long-term goal of establishing a better understanding of the transmetallation

process as it relates to Suzuki-Miyaura cross-coupling.

3.7.1 Attempted GC study

In an effort to develop further methods to monitor transmetallation
processes, work was initiated to establish a protocol suitable to observe
transmetallation by gas chromatography. The organotrifluoroborate salt
(K[PhBF3]) was selected as a coupling partner of interest, as it has recently
received greater attention in the area of SM cross—coupling.56 It was anticipated
that K[PhBF3] could be combined with trans-Pd(PCys;)2(Ph)(Br) under a wide
variety of reactions conditions, and subsequent products, likely biphenyl,
analyzed to by GC analysis. However, several preliminary experiments were
necessary in order to institute an effective protocol.

It was recognized that, at the high injector temperatures required to
volatilize the reaction components, it was quite possible that trans-

Pd(PCys)2(Ph)(Br) itself would produce a certain amount of biphenyl under these
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conditions. It was therefore decided to qualitatively assess the formation of
biphenyl from samples of exclusively trans-Pd(PCys),(Ph)(Br). A sample
containing 1.3 x 1072 M trans-Pd(PCys)2(Ph)(Br) in toluene was introduced into
the GC injection port at 300 °C, producing numerous species with a variety of
retention times. Notably, biphenyl was observed to elute under the conditions of
analysis at 4.56 minutes, established previously from a biphenyl sample of
known concentration in toluene. Subsequent samples (2 - 4) containing
K[PhBF3] were heated for different lengths of time, and results are summarized in

Table 26.

Table 26. Summary of GC experiments in toluene (unless otherwise indicated).

Entry Pd(PCys),(Ph)(Br) K[PhBF;] Conditions?® Area of biphenyl®

1 1.3x107°M - c 1
2 1.3x107%M 1.3x10%M 1. 10 min, 50 °C 1.1
II. 19 hrs, 21 °C 1.0
3 1.3x 107 M 12x10°M I. 2hrs, 80 °C 0
Il. 1hr, 80 °C 0
4° 1.0x 102 M 1.0x 1072 M c 0.71

a) conditions described by I, Il were applied consecutively on same sample
b) normalized area based on sample 1

¢) injected immediately after preparation

d) performed in 5:1 toluene/THF

Despite the variation in reaction conditions, the obtained data did not
provide any meaningful assessment of the amount of biphenyl produced. In fact,
the data indicated that injection of exclusively trans-Pd(PCys3)2(Ph)(Br) produced

an equal, or in one instance a greater quantity of biphenyl than samples also
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containing K[PhBF3]. This method was therefore set aside in order to establish a

method to monitor transmetallation by NMR spectroscopy.

3.7.2 Study and Attempted Preparation of [TOP][PhBF;3]

Given the successful monitoring of oxidative addition by NMR
spectroscopy, it was desirable to initiate similar studies involving
transmetallation. Organotrifluoroborate salts (K[PhBFs]) were once again
selected as convenient substrates meriting further study.®

With the eventual goal of simply and effectively monitoring
transmetallation between trans-PdL,PhBr and organotrifluoroborates, it was
desirable to obtain a borate salt whose cation possessed an easily monitored,
NMR active nucleus. Furthermore, it was of interest to obtain a borate salt that
possessed greater solubility in organic solvents. The preparation of
tetraoctylphosphonium phenyltrifluoroborate, [TOP][PhBF3] was therefore chosen
as a starting point from which to prepare a convenient substrate for NMR studies
of transmetallation.

[TOP][PhBF3] has not been previously reported in the literature, although
a variety of tetraalkylammonium salts of borate anions are known and have been
prepared through counter ion exchange.®” It was therefore decided to attempt a
similar preparation of [TOP][PhBF3] using tetraoctylphosphonium bromide
(TOPB) and K[PhBF3].

This cation exchange was first attempted in water and CHCl,, resulting in

a biphasic solution that was allowed to stir at 25 °C for 1.5 hours. Extraction with
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CH,Cl, produced a viscous, colourless oil with a *'P resonance at & 32.6,
consistent with the presence of TOP*. A 'H NMR spectrum of this oil suggested
the presence of two phenyl containing species, indicated by additional peaks in

the aromatic region (Figure 69).

®
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Figure 69. 'H NMR spectrum (400 MHz) of colourless oil in CDCl; obtained as
product in the attempted preparation of [TOP][PhBF3] (* indicates unidentified
phenyl resonances).

Furthermore, COSY experiments indicated that the resonances labeled a were

correlated to each other, as were the resonances labeled b. Both these sets of

resonances were inconsistent with those that have been reported for K[PhBF3] in
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dmso-dg (5 7.01, 3H, & 7.30 2H)"® or acetonitrile-ds (5 7.22-7.05 3H, & 7.44-7.41
2H).>® Furthermore, a "H NMR spectrum of K[PhBF3] in D,O prior to the
performed cation exchange showed resonances at 6 7.57 and 7.41-7.33, also
inconsistent with the resonances observed here and those reported in the
literature. These highly solvent dependent phenyl resonances therefore do not
conclusively establish the presence of PhBF3". The accompanying ''B NMR
spectrum (referenced to BF3-H20) showed two featureless resonances at 5 3.9
and 6 30.3. While the resonance observed at 6 3.9 was consistent with an aryl
containing trifluoroborate salt (5 1.7-5.0),% it lacked the characteristic 1:3:3:1
quartet pattern anticipated for boron.

It was thus hypothesized that the two sets of phenyl resonances in the 'H
NMR were the result of the hydrolysis of K[PhBF3], producing species of the type
PhBF,(OH) or PhBF(OH),, as discussed previously in the literature.?®®°"
Srebnik et al. indicates the partial hydrolysis (2-10%) of aryltrifluroborates in D,O
over 24 hours, determined by 'H, "B and F NMR.*® Furthermore, in the
context of Suzuki-Miyaura cross-coupling reactions, it has been noted that
transmetallation is not possible with organotrifluoroborate salts in the absence of
water, possibly because the actual species that undergo transmetallation are in
fact PhBF,(OH) or PhBF(OH),.>’

With this possibility in mind, cation exchange was repeated anhydrously in
dry methanol and the obtained viscous, colourless oil was dissolved in CDCl;

and a '"H NMR spectrum was obtained (Figure 70).
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Figure 70. "H NMR spectrum (400 MHz) in CDCl; for attempted preparation of
[TOP][PhBFj3; from anhydrous MeOH (* indicates unidentified resonances).
Along with the peaks associated with TOP*, the obtained 'H spectrum showed
strong phenyl resonances labeled b, the same as those observed in Figure 67.
The phenyl resonances (labeled a) that had been observed previously were
significantly diminished when the exchange was performed anhydrously, which
supports the presence of the hypothesized hydrolysis products of PhBF3;~ when
performed in water. A corresponding ''B NMR spectrum showed only a broad
resonance at & 3.90, consistent with an aryltrifluoroborate anion.®” It thus seems
that cation exchange performed anhydrously favors the formation of a major

phenyl containing species, possibly PhBF3.
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Should hydrolysis be occurring in these systems, it may or may not occur
prior to cation exchange; while Batey et al. have noted instantaneous cation
exchange with K[ArBF3] and [Bu"N]J[OH] (CHClz/H.0),>" Vedejs et al. have
noted that effective cation between K[o-CsH4BF3] and [BnNMe;][Br] required 18 h
using the same solvent system.*® The currently described method for the
preparation of [TOP][PhBF;] is therefore ineffective, possibly complicated by
hydrolysis of the associated anion. °62:°7%

Presumably, any meaningful future study of transmetallation involving
[TOP][PhBF3], or any trifluoroborate salt, would require experiments performed in
which both the absence and presence of water, and any resulting hydrolysis

products characterized. Such a study therefore demands a method with which to

obtain viable, pure [TOP][PhBF3], uncompromised by prior contamination.

3.8 Preparation and Reduction Experiments Involving PdLCl;

As was expressed earlier, reduction of Pd(ll) precursors to form
catalytically active Pd(0) species has remained a topic of minimal attention in the
literature. While significant work by Amatore et al.*® has addressed the nature of
species resulting from the reduction of Pd(ll) precursors, little has been done to
determine what brings about such reduction in the greater context of an actual
Suzuki-Miyaura reaction protocol. In such a protocol one must consider not only
the nature of the Pd(Il) precursor, but also other reaction variables. In this work,
an assessment of the effect of the boron containing reagent (PhB(OH), and

K[PhBF3]) on reduction of PdL,Cl, (L = Cys, PMeBu';) was undertaken.
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Grushin and Alper have reported the alkali-induced disproportionation of
complexes of the type PdL,Cl, (L = PCys, PPhs) to produce Pd(0) species.®’
Extensive work revealed that OH™ can undergo ligand exchange with CI” in
Pd(PPhs3).Cl,, resulting in formation of O=PPhs, [PdH(PPh3)CI] and subsequently
the presumed species [(PPh3)Pd], which then underwent oxidative addition with
Phl (Scheme 44).

OH

Cr | -PPh; -HClI
Pd(PPh3),Cl, + OH" — Cl— Pd— PPh; — [(PPh,)CIPdH] —> [(PPh3)Pd]

PPh;

Scheme 44. Mechanism proposed for alkali induced reduction of Pd(PPhs),Cl;°’

Given that Suzuki-Miyaura cross-coupling is generally performed in the
presence of aqueous base, such investigations are also pertinent to Suzuki-
Miyaura reactions utilizing precatalysts of the type PdL,Cl,. An assessment of
the effect of aqueous base (K,COs3) on the reduction of Pd(PCys).Cl, and
Pd(PMeBu';),Cl; in the presence of PhB(OH), was therefore undertaken in the

current work. Similarly, the effect of added K[PhBF3] was also considered.

3.8.1 Spectroscopic Characteristics of trans-Pd(PMeBu',),Cl
The preparation and spectroscopic properties of Pd(PCys).Cl, have been
previously described in the literature.® However, for complexes where L =

PMeBu',, only the platinum analogue Pt(PMeBu';),Cl, has received significant
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attention in the literature.*3%?

The spectroscopic characteristics of trans-
Pd(PMeBu';),Cl, are therefore described herein. This compound was isolated by
the reaction of NaCl and PdCl, and PMeBu'; for at room temperature in dry
MeOH. A yellow crystalline solid was isolated by recrystallization
(CH,Cl,/MeOH), and a *'P NMR spectrum was obtained at 25 °C, revealing two
3P resonances at & 28.4 and 30.9 at 25 °C (Figure 71a). When heated to 77
°C, these resonances coalesce to produce a single broad resonance at 5 30.5
(Figure 71b). The spectral data suggest that at 25 °C, as seen for

Pt{PMeBu']Cl,,**®? the Pd complex is present as two conformational isomers

undergoing slow exchange on the NMR timescale.

Bu! cl CH, Bu! cl But
But,,,,,,,,\ | / But/,,,,,,\ | (\“\\\\\\ Bu'
T
CH,4 cl But CH, cl CHs
anti syn
anti/syn PMeBu', syn/anti PMeBu', equivalent PMeBu',
25°C 77 °C
\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\ \‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\
33 32 31 30 29 28 27 265 33 32 31 30 29 28 27 265
a) b)

Figure 71. a) *'P NMR spectra (163.0 MHz) of Pd(PMeBu';)Cl; in TCE-d, at 25
°Candb)at77 °C.
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Evidence for conformational exchange was also seen in the *C NMR
spectra. At 25 °C, two broad resonances were observed at 6 2.4 and 3.6,
corresponding to the inequivalent P-CH3; groups (Figure 72). At 77 °C, these
resonances coalesce and show the anticipated virtual triplet pattern associated
with trans-Pd(PMeBu';)Cl, (Figure 73). These rotational conformers presumably
result from the restricted rotation within the phosphine, as a result of the steric
bulk provided by the trans chlorines. Of note, in this work equilibrating

conformational isomers of this type were absent in samples of Pd(PMeBu',),.

c

(CH3)3C C|:| /CH3 (CH3)3C\ C|:| C(CHz3)3
(CH3)3C”II”II”,, p— Pd — P == (CHj3)3C ”IIIlu,,,, - R P‘“‘““““ C(CH3)3
e
ChHs cl C(CHa)s CHs cl CHs
. ab
anti syn
CDCl5 b
a candd

A A

36.5 36.0 35.5

4 2

80 70 60 50 40 30 20 10 4

Figure 72. *C NMR spectrum (125.7 MHz) of Pd(PMeBu')Cl, in CDCl; at 25
°C.
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Figure 73. *C NMR spectrum (100.6 MHz) of Pd(PMeBu';)Cl, (TCE-d, at 77 °C).

3.8.2 Reduction Experiments Involving PdL,Cl, (L = PCys, PMeBu',)
Multiple experiments were performed in order to ascertain the conditions
under which PdL,Cl, (L = PCys, PMeBuY) is reduced to Pd(0). The temperature
of the reaction was varied (from 21 °C to 80 °C), as well as the solvent system
(toluene, 5:1 toluene/H,O, DMF, 5:1 DMF/H,O). Two equivalents of either
K[PhBF3] or PhB(OH),/K,COs3 (1:1) were used as the boron containing substrate.
After a reaction was complete, the solvent was removed and the residue was
dissolved in CsDs and *'P NMR spectra were obtained at 25 °C. A summary of

these experiments is shown in Table 27 and Table 28.
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Table 27. Summary of reduction experiments with PdCI,[PCys]a.

Entry Reagent Solvent Temp/°C Time/ h PdL,* Pd black”
1 K[PhBF;] toluene 21 24 none none
2 K[PhBF;] toluene/H,O 21 18 none none
3 K[PhBF;] toluene 65 18 none none
4 K[PhBF;] toluene/H,0O 65 18 none none
5 K[PhBF3] DMF 21 23.5 none none
6 K[PhBF3] DMF/H,0 21 18 none none
7 K[PhBF3] DMF 65 24 none none
8 K[PhBF;] DMF/H,O 65 24 none none
a) determined by *'P NMR (Pd[PCys]. at § 39)
b) determined visually
Table 28. Summary of reduction experiments with PdCI,[PMeBu';)..
Entry Reagent Solvent Base Temp Time PdL,® Pd black”
/°C /h
1 K[PhBF3] toluene - 21 22 - -
2 K[PhBF3] toluene/H,0 - 21 22 - -
3 K[PhBF3] toluene - 80 18 - -
4 K[PhBF3] toluene/H,O - 80 24 - Yes
5 PhB(OH), toluene K,CO3 21 24 - -
6 PhB(OH), toluene/H,0O K,CO3 21 24 - -
7 PhB(OH), toluene K,COs3 80 18 - -
8 PhB(OH), toluene/H,0O K,COs3 80 16.5 Yes Yes
9 - toluene/H,O - 80 4 - -
10 - toluene/H,0O K,CO3 80 20 Yes
11° - toluene/H,O K,CO3 80 23 Yes Yes

a) determined by *'P NMR Pd[MeBu';, at & 42

b) determined visually
c) 4 eq. K,CO3 used

None of the conditions tested with Pd(PCys3).Cl, produced any evidence of
Pd(PCys), or Pd(0) black, indicating that solvent variation, as well as the
presence or absence of water, did not bring about reduction of Pd(PCy3).Cl,. In
addition, heating to 65 °C produced no visible evidence for Pd(0) black or
Pd(PCys),. However, it is possible that 65 °C was insufficient to bring about

reduction, given that reactions with Pd(MeBu',).Cl, produced Pd(0) at 80 °C (see

below).
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A 3P NMR spectrum (entry 8, Table 28) showed that Pd(PMeBu%),Cl, (8
27.8, 30.1) produced Pd(PMeBu',), (5 41.7) in the presence of PhB(OH),, K2CO3

in toluene/H,0 at 80°C (Figure 74).

Pd(PMeBUtz)z

O=PMeBu'
eeu2 Pd(PMeBu'),Cl

l A : . .St

T
L e e e A A A A A A O A R A O IR A
\ \ \ | | | \ | \ \ \ \ \ \ \ \ \ \ \ \ \

64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24§

Figure 74. *P NMR spectrum (242.9 MHz) of the attempted reduction of
Pd(MeBu',),Cl; in the presence of PhB(OH),, toluene, H,O and K,COs3, heated to
80 °C prior to acquisition (* unidentified resonances).
Two significant *'P resonances (5 62.4, 53.7) were observed that could not be
assigned with certainty. One can compare these resonances to that observed for
partial oxidation of a sample of PMeBu'; in toluene-ds (5 61.7) (Section 2.4.1.6).
The resonance at 6 62.4 corresponds fairly well to that observed in oxidized
PMeBu'; (5 61.7), and both are similar to literature reports for O=PMeBu'; (5 60.0
in CCl4).2® The presence of phosphine oxide is consistent with the observations
made by Grushin and Alper for the reduction other PdL,Cl, complexes in alkali
solutions.®’

When the reaction was repeated without PhB(OH), (entry 10), deposition
of Pd(0) was observed without the formation of Pd(PMeBu'), (Figure 75a).

However, when the number of equivalents of K,CO3; were doubled (4 eq. instead
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of 2 eq.), Pd(PMeBu';), was observed (8 41.7) (Figure 75b). However, numerous
resonances appear in both spectra, implying the presence of several phosphorus

containing species that remain unidentified.

a) Pd(PMeBUY),Cl,
A
| ‘ | | ‘ | | | | ‘ | | ‘ | | ‘ | | | ‘ | | ‘ | |
70 60 50 40 30 20 10 &
b)
t Pd(PMeBu"%),Cl,
O=PMeBUt2 Pd(PMeBU 2)2 {_A_\
i : - A E——_—— V,JL“M‘ A Mr‘; it
| ‘ | | | ‘ | | | | ‘ | | | ‘ | | ‘ | | | ‘ | | ‘ | |
70 60 50 40 30 20 10 9

Figure 75. a) *'P NMR spectrum (242.9 MHz) of the attempted reduction of
Pd(MeBu'):Cl, in the presence of toluene, H,O and K,COs (2 eq.) b) in the
presence of toluene, H,O and K,COs3; (4 eq.) heated to 80 °C prior to acq@isition
(* indicates unidentified resonances).
The results indicate that the reduction Pd(PMeBu';),Cl, is possible in both the
presence (entry 8) and absence of PhB(OH),, provided additional base is used
(entry 11). Interestingly, Pd(PMeBu';), was observed when PhB(OH)./K2COs
was used (entry 8), while only Pd(0) black was observed with K[PhBF3] (entry 4).
This is a particularly significant result to in the context of Suzuki-Miyaura

cross-coupling, since it implies that the nature of the boron reagent can have an

impact on the Pd(0) species generated in solution. Furthermore, under the
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conditions applied in a typical SM reaction, the boron reagent is used in
stoichiometric quantities and is therefore in significant excess compared to the
catalytic amounts of Pd(ll) present. Under these conditions it is thus reasonable
to anticipate that full reduction of Pd(PMeBu',),Cl. is possible.

A possible mechanism for Pd(PMeBu';), formation could involve the
formation of a hydroxyl complex, as was proposed by Grushin and Alper.®
However, one could also envision successive transfer of a phenyl group from
PhB(OH)s;~ (produced in solution from PhB(OH);, H,O and K,COs3) to
Pd(PMeBu'),Cl,, eventually yielding biphenyl and Pd(PMeBu'%), by means of
reductive elimination. An in depth in situ NMR study of reduction in these
systems may provide more mechanistic details, as current results are insufficient
in elucidating the mechanism of reduction.

In a entirely different context, experiments were performed in an attempt
to prepare Pd(PBu'%).Br; by reacting Pd(COD)Br; with PBu'; at 21 °C. Attempts
to isolate Pd(PBu's),Br; were unsuccessful, and produced solutions containing
Pd black and a variety of *'P containing species, including Pd(PBu's); (5 85.3)
(Figure 76).

In the context of the abovementioned reduction experiments, this result is
quite significant. ~ While reduction was not observed for Pd(PCys;).Cly,
Pd(PMeBu';),Cl, produced Pd(PMeBu';), when heated to 80 °C. In contrast,
reactions with Pd(COD)Br, with PBu's produced Pd(PBu's),, even when cooled to
(5 °C). This result serves to emphasize the wide variation in terms of the ease

and conditions of reduction of Pd(Il)complexes.
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Figure 76. *'P NMR spectrum (242.9 MHz, CD,Cl,) of residue of the reaction of
Pd(COD)Br; and two eq. PBu'; at 5 °C for 1 h.
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Chapter 4

Summary and Conclusions

It is without doubt that the large body of research regarding Pd-catalyzed
cross coupling reactions, particularly the SM reaction, has shed greater light on
the synthetic utility and mechanistic details of the process. However, the extent
to which the supposed catalyst is formed from common precatalysts has not
been well addressed in the literature and to date there has been little evidence
that popular catalyst precursors do in fact produce the assumed active catalyst,
namely bis-ligated Pd(0) complexes. It is therefore conceivable that the forcing
conditions (high temperature, long reaction times) required by many cross-
coupling protocols are a necessity due to rate limiting factor may be catalyst
formation.

This work has attempted to address this issue by the development of an
optimized method for forming the catalytic species under mild conditions.
Research efforts succeeded in determining the optimum (i.e. minimum
temperature, maximum time required) conditions under which the compounds
PdL, (L = PCys, PMeBu';, PBu'3) are generated cleanly and essentially
quantitatively by Pd(n>-CsHs)(n°-CsHs), based on a method previously reported in
the literature by Otuska et al." Although reactions of Pd(n>-CsHs)(n°-CsHs) with
two equivalents each of PCys;, PMeBu'; or PBu'; are slow at room temperature
and produce n’'-allyl and dinuclear intermediates in the cases of PCys and

PMeBu';, reactions of all three ligands at 77 °C proceed cleanly and at very
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useful rates to give Pd(PCys), and Pd(PMeBu'), within 1 h, while Pd(PBu'),
reacts within 30 min. While application of this methodology to syntheses of
analogous Pd(0) compounds of other phosphines would ideally be preceded by a
brief *'P NMR spectroscopic assessment similar to those described above, the
known lability of Pd(T]3-C3H5)(T’|5-C5H5)2 suggests that 1 h at 77 °C will normally
suffice. The procedure outlined here appears to provide the only reliable method
available to date for generating known concentrations of PdL, quickly, reliably
and under mild conditions.

A similar assessment was performed utilizing Pd(n>-1-Ph-C3Hs)(n°-CsHs),
which was found to be a more conveniently prepared and handled precursor to
PdL, than Pd(n>-CsHs)(n°>-CsHs). *'P NMR studies revealed the existence of
stable n'-allyl species Pd(n'-CH,CH=CHPh)(n°-CsHs)L (L = PCys, PMeBuY,
PPhs) at 25 °C. However, at 77 °C PdL; is generated quickly from Pd(n3-1-Ph-
C3Ha4)(n°-CsHs) within minutes (12 minutes after mixing for PCys). Pd(n>-1-Ph-
CsH4)(n°-CsHs) thus demonstrates significantly increased reactivity towards
ligand displacement relative to Pd(n3-C3Hs)(n°-CsHs).

The solution stoichiometry of compounds of the type PdLq,3, was also
successfully assessed. The conditions under which 3:1 compounds PdL3; may
be in equilibrium with the 2:1 species PdL, were also defined, as well as the
thermodynamic parameters for dissociation of PdL3z when L = PCys. Interestingly,
and consistent with its greater steric bulk, Pd(PBu's), is not inclined to increase
its coordination number, its *'P NMR resonance being completely unaffected by

added PCys, PMeBu%; or PBu's. In contrast, the *'P NMR resonances of
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Pd(PCys), and Pd(PMeBu';), are both broadened significantly by added PCy; or
PMeBu'; and both ligands form 3:1 coordination compounds. The homoleptic
compounds Pd(PCys); and Pd(PMeBu',); appear to be the dominant species in
the presence of excess phosphines at low temperatures. Further confirming the
existence of tris substituted complexes, the heteroleptic compounds
Pd(PCys)2(PMeBu';) and Pd(PCys)(PMeBu';), have been shown to exist at low
temperature.

Equilibrium constants for dissociation of the compounds PdL; to PdL, and
free L (L = PCys, PMeBu';) were measured over a range of temperatures and AH
and AS values of 21 kJ mol™” and 59 J deg™ mol™ respectively were found for the
PCys system, while values of 23 kJ mol™ and 86 J deg™ mol™ respectively were
found for PMeBu'.. The enthalpy values are to a first approximation a measure of
the Pd-P bond dissociation energies. These Pd(0)-phosphine bond energies are
lower than those reported previously for a Pd(I1)-PPhs bond (54 kJ mol™)*® and a
Pt(0)-PCys bond (55 kJ mol™").%

The formation of the 3:1 compounds has serious implications for catalysis
involving PdL; catalysts. As outlined in the introduction, such catalysts are most
often presumed to be generated via reductions of palladium(ll) precursors in
processes which are largely of an unknown nature, proceeding at unknown rates
and resulting in unknown yields. Relative catalytic activities are often deduced on
the basis of yields of cross-coupling products and then rationalized on the basis
of steric and/or electronic properties of the phosphines used. This research was

initiated with the notion that relative catalytic activities may rather reflect the

230



relative rates of reduction of palladium(ll), but now it must be realized also that
reactivities may vary because of differing degrees to which the initially very small
amounts of generated palladium(0) species may be present as tris-phosphine
compounds rather than the generally assumed bis-phosphine species.

The proportion of palladium(0) present at 25 °C as PdL; if the PCys:Pd
ratio lies in the range 100:1 to 1000:1, as would be expected the early stages of
a cross-coupling reaction involving Pd(ll) precatalysts, Thus the fraction of the
total added palladium present as the tris complex in catalytic solutions can be
quite significant. The relative tendency of a particular phosphine to form the
more highly coordinated, presumably much less reactive species, may be a
determining factor on the overall efficiency of a cross-coupling process, one
which should be considered during the optimization of a catalytic cross-coupling
protocol.

A successful study of the kinetics of oxidative addition PhBr to of
Pd(PCys), was also performed. It was found that oxidative addition is first order
in Pd(PCys), and that added bromide, as the toluene soluble
tetraoctylphosphonium salt, had no effect on the rate of oxidative addition. A
linear plot of kops @s a function of [PhBr] under pseudo first order conditions
possessed a y-intercept, suggesting the existence of two distinct pathways for
oxidative addition of PhBr to Pd(PCys),. While Pd(PCys), adds directly to PhBr to
form trans-Pd(PCys)2(Ph)(Br), the kinetic data also support a concurrent pathway
in which dissociation of PCy; from Pd(PCys), produces the monophosphine

complex Pd(PCys), which subsequently adds to PhBr. Added PCy; was found to
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inhibit oxidative addition, possibly by converting some of the available Pd(0) to
the kinetically inactive (or less active) 3:1 compound. Although the reactivity of
PdL; towards oxidative addition could not be confirmed with the current kinetic
data, the observed inhibition of oxidative addition is significant. If the presence of
one equivalent of free phosphine relative to PdL is sufficient to inhibit the rate of
oxidative addition, one might anticipate that this effect would be much more
significant if, as might be expected in the context of a catalytic protocol where [L]
is large. The obtained kinetic results thus serve to highlight the necessity of
considering the potential role of PdL; in a given catalytic protocol. Future
research to assess the reactivity (or lack therefore) of PdL; (L = PCys) towards
oxidative addition would thus be invaluable in further elucidating the role of PdL;
in the context of catalysis.

Having shown that the presumed active catalyst species PdL, can in fact
be generated in under milder conditions, research efforts were then directed
towards assessing the conditions under which PdL,Cl, (L = PCys, PMeBuY) is
reduced to Pd(0). While reduction was not observed for Pd(PCys;)2Cly,
Pd(PMeBu';)Cl, produced Pd(PMeBu';), when heated to 80 °C. In contrast,
reactions with Pd(COD)Br, with PBu'3 produced Pd(PBu'3),, even when cooled to
5 °C. The obtained results thus highlight the great difference in terms of the ease
and reaction conditions required for the reduction of Pd(Il) complexes. A
thorough, future NMR study of reduction in these systems may provide a more in

depth understanding of the mechanistic details surrounding reduction to Pd(0).
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Appendix 1

Al Rate Law Derivations

The following describes the rate law derivations for the oxidative addition
reaction of ArX with PdL, (L = PCys). The derivations were first completed for
oxidative addition in the absence of added L and were subsequently performed
for oxidative addition in the presence of additional L. In each instance, a

mechanistic scheme describing all relevant intermediates is shown.

All Derivation of Rate Expressions for the Oxidative Addition of

ArXto PdL; in the Absence of Excess Phosphine

[de]_ﬂ [PALArX] L

L
K, s K,
K.,

ArX ArXPdL2 “pr

K,

Scheme 45. Mechanistic pathways proposed for rate law derivation for the
oxidative addition of ArX to PdL; in the absence of additional L.

The mechanistic pathways for oxidative addition were proposed (Scheme
45) and the derivation of rate expressions was performed first assuming a rapid
pre-equilibrium for K,. This was followed by derivations which assumed that K is

comparable in rate to the other pathways (i.e. non-rapid). The obtained rate
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expressions were then simplified based on assumptions regarding the reactivity

of each of the product forming pathways (ks and ks)
A.ll1l Rate Expressions Assuming Rapid K

The rate of product formation, P, can be expressed as follows:

% =k, [ArX][PdL,] + k [PALArX][L]

The [PdLArX] term, an intermediate, can be replaced using the steady state

approximation:

d[PdLArX]

G = Ke[AXIPAL] - kg [PALAIX][L] = 0

k< [ArX][PdL] =k s [PALArX][L]

% — Kk, [AX][PAL,] + k. [ArX][PdL]

The [PdL] term can then be replaced by using the equilibrium expression for Ks:

d[P]

=k, [A[PAL,] + KK, [ArX][PdL, ]

[L]

_ [PdL][L]
~ [PdL,]

e K,

Factoring yields an expression for Kops:

dP] _ (APl ] + XKLIAXIPL, ]
dt L]

dP] :[ K, + kE'LJ[ArX][PolLZ]
dt L]

d[P]

Since e k,.[PdL,] under pseudo first order conditions,
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Kops = [k4 + k—K] [ArX]
[L]

Several simplifications can then be made to the rate expression, assuming the

reactive nature of the involved species:

a) If PdL; is unreactive (k4 = 0)
The k4 term is thus negligible and the rate expression can be re-written:

Kops = [kﬁ kff]z][ArX] thus simplifies to k. = %

This rate expression predicts first order dependence on [ArX] and inverse in [L].

b) If PdL is unreactive (ks = 0)

K, = [k4 s kETK]z][ArX] simplifies to Ky, = k,[ArX]

This predicts first order dependence on [ArX] and zero order in [L].

c) If both PdL, and PdL are reactive (ks4, ks > 0)

The rate expression remains unchanged:

KK,
[L]

K obs :£k4 + J[ArX]

This rate expression predicts first order dependence on [ArX] and the

dependence on [L] would vary from 0 to —1.

A.l112 Rate Expressions Assuming Non-rapid K;

% _ K, [AX][PdL,] + k, [PALArX][L]
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Using the steady state approximation:

d[PdLArX]
dt

= kg [ArX][PdL] — ks[PdLArX][L] =0
kg [ArX][PdL] =k g[PdALArX][L]
Substituting into the expression for product formation:

% — Kk, [AX][PAL, ] + k. [ArX][PdL]

The steady state approximation must be used to express [PdL]:

d[F;dL] =k,[PdL,] — k ,[PdL][L] - kg[PdL][ArX] =0

PaL] - KelPdL:]
K_,[L] + ks[ArX]

Again substituting into the expression for product formation:

d[P]

S =K [AIPAL, ] + Kk [AT[PL, |

k,[L] + Kk [ArX]

The expression can then be written in terms of Kops:

K, ks [ArX]
K_,[L] + ks[ArX]

Kops = K4[ArX] +

As seen above, several simplifications can then be made, assuming the reactive

nature of the involved species:

a) If PdL; is unreactive (k4 = 0)

K, ks [ArX] becomes K K,k [ArX]

Kone = K4[ArX] + —
obs = Ka[ATX] k_,[L] + ks [ArX] P T K L [L] + ks [ArX]

Further simplifications can then be made:

. If k_,[L] >> kg[ArX], then:
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_ kyks[ArX]
obs — k_2 [L]

This expression predicts first order dependence on [ArX] and inverse order in [L].
il. If k_,[L] << kg[ArX], then:

koks[AX] _
obs = T Ao 2
ks [ArX]

This expression predicts zero order in both [ArX] and [L].
b) If PdL is unreactive (ks = 0)

K,Ks[ArX]

K. =K,4[ArX
obs = KalAX] k_,[L] + ks[ArX]

becomes Kk, =k,[ArX]

This expression is first order in [ArX] and zero order in [L].

c) If both PdL, and PdL are reactive (ks, ks > 0)

I. If k_,[L] >> ks[ArX], then:

K, ks [ArX]

k =k, ,[ArX
s = Kal A (AT

simplifies to ks = (k4 + kalElf] J [ArX]
2

The expression is first order in [ArX] and varies from O to —1 for [L].

il. If k_,[L] << k5[ArX], then:

K, ks [ArX]
k_,[L] + ks[ArX]

Kops = K4[ArX] + simplifies to kg, = k,[ArX] + k,

The expression is first order in [ArX] and zero order in [L].
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A.l.2 Derivation of Rate Expressions for the Oxidative Addition of

ArXto PdL, in the Presence of L

ArX
L [PdL]——= [PdLArX]

L

k2 k5 \

K, Ke

PdL, ArX ArxPdL,

\ “ L

3 _

L ArX /k
PdL, [PAL,ArX] 7
k3

Scheme 46. Mechanistic pathways proposed for rate law derivation for the
oxidative addition of ArX to PdL; in the presence of additional L.

As seen in Scheme 46, PdL; can form as a result of additional L. Four
different pre-equilibrium assumptions will be considered in turn. If K, is a rapid
pre-equilibrium, K; may or may not be a rapid equilibrium. Similarly, if K, is not a
rapid equilibrium, K; may or may not be a rapid equilibrium.

In addition, one must determine the necessity of expressing the rate in
terms of total Pd concentration, [Pd]y. This is because in adding L, [PdL,] may be
affected by accumulation of PdL3;, One can however assume that PdL does not
accumulate as it is anticipated to be a highly reactive species. In the described
oxidative addition experiments, [PdL,] = [L] = 0.021M, where L = PCys.

Furthermore, the Kp value for PdL3; (L= PCys) has been approximated to be 0.3
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(Section 2.5.1). One can therefore calculate [PdLs;] and determine the

percentage of total palladium present bound as PdLj:

PdL, I PdL, + L
i 0 0.021M 0.021M
c. +Xx -X -X
e. X 0.021M —x 0.021M -x
_ 2
K. :(0.021M X) _03
X

x? —0.342x + 0.000441 =0

L 0:342 +.,/ (-0.342) —4(1)(0.000441)
- 2(2)

X =0.001295 M or x =0.68141 M

[PdL,] 0.001295M

= x100% = 6%
[PdL,],  0.021M

% of [Pd]r as PdLs =

Thus, [PdLs] is 6 % of the initial [PdL;] concentration and can be considered
negligible. Rate laws may in this case be reasonably expressed as a function of

[PdL;] only.

Al21 Rate Expressions for Rapid K; and K;
Assuming that the steps producing the desired product P are irreversible,

the rate of formation of product is as follows:
d[P]
T k,[PdL,]J[ArX] + k,[ArX][PdL,] + k[PdLArX][L]

Using the steady state assumption:
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d[PdLArX]
dt

= kg [ArX][PdL] — kg[PdLArX][L] =0
kg [ArX][PdL] =k g[PdALArX][L]
Substituting for [PdLArX]:

% = k,[PdL, [ArX] + k,[ArX][PdL, ] + k[ArX][PdL]

Both expressions can then be used to substitute for [PdLs] and [PdL;]:

_ [PdL,][L] _ [PdL][L]
1= Ky=""r"7
[PdL,] [PdL,]

dP] _ k,[PdL,][L][ArX]
dt K

+ k [ArX][PdL, ] + kus[A[rS][Psz]

The rate expression can then be written in terms of Kops:

= k4 [L][ArX] K, [AX] + kK, [ArX]

Ky [L]

k

ks[L kK
Kobs :{ |3<[1]+ K, +—[5L]2 ] [ArX]

This represents the rate law provided ks, ks and ks are all non-zero. It is
reasonable to assume that ks and ks are non-zero, thus, we must therefore

consider a only a scenario in which PdLj is unreactive (i.e. k3 = 0).

a) If PdL, PdL;are reactive ( k4, ks >0) and PdL3 is unreactive (k3 = 0)

k5K2
[L]

Kops = £@+ Ky + KsK ] [ArX] simplifies to Ky = [k4 +

K 1] j A

In this case the rate expression would be first order in [ArX] and would vary from

~1to 0in [L].
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A.1.2.2 Rate Expressions for Rapid K, and Non-rapid K3

IP] _ ,[PdL,JIAMX] + k,[AXI[PAL, ] + k, [PALAFX][L]

Using the steady state approximation and substituting in for [PdLArX]:

W = Ks[ArX][PdL] - ke[PALArX][L] = O

K< [ArX][PdL] =k4[PdLAIX][L]
AP _ y [PdL.J[AMX] + K, [ArX][PAL ] + k. [ArX][PdL]

One can then use the equilibrium expression for K, to substitute for [PdL] and the

steady state approximation to express [PdL3]:

[PdL][L d[PdL
2= —[PdL][z]] and 9 " ol _ K, [L][PdL,] - k5[PdL;][ArX] — k,[PdL,] =0

[PdL3] — k—l[PdLZ][L]
kK, + K3 [ArX]
Substituting these terms into the expression for product formation gives:

k K, [ArX][PdL, ]
[L]

diP] _ Kk, [PALNILIAXT APl ] +
dt k1 + k3[ArX] 4 2

The expression can then be written in terms of Kgps:

K. .= M+ k,[ArX] + KsK, [ArX]
s Tk, + ko[AIX] L]

k

[ KaKalll KSR g
Tk + k[AX] L
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As described above, simplification can be made depending upon the reactivity of

the involved species.

a) If PdL and PdL; are reactive (ks ks > 0) but PdL3is unreactive (k3 = 0)

Kops = BLES1 D K, + KsKo [ArX] simplifies to ko= | k, + KsKo [ArX]
kK, + k3[ArX] [L] [L]
b) If PdL,, PdL and PdLsare reactive (ks ks ks = 0), then:

i. If k,> k3[ArX], then:

k3k71[L] +k, + k5K2

= —=— ArX] simplifies to
T |k + kg[ArX] [L]][ ] P

Kops = Kekall] | K, + ks ] [ArX]
ky [L]

. If k; < kz[ArX], then:
o = | —2Kaltl L KsKa T rag simplifies to

K, + k3[ArX] [L]
Kops = k‘1[L]+ k, + KsK, [ArX]

[ArX] [L]
A.1.2.3 Rate Expressions for Non-rapid K, and Rapid K3
d[P]

"5 = K [PALIANX] + K, [AXI[PL,] + K, [PALATX]L]

From the steady state approximation:

d[PdLArX]

o = Ks[AXIIPdL] - kg [PdLATX][L] = 0
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k< [ArX][PdL] =k s [PALAIX][L]

Substituting into the rate expression for product formation:

AP _ y [PdL.JIAMX] + K, [ArX][PAL,] + k, [ArX][PdL]

The equilibrium expression for K; can be used to substituted for [PdL3], while the

steady state approximation must be used for [PdL]:

d[Z‘:L] = k,[PdL,] — k_,[PdL][L] - ks [PAL][ArX] = 0

paL] — KelPdL]
K_,[L] + ks [ArX]

_ [PdL,]L]
' [PdL,)

Making the required substitutions gives:
dP] _ k,[PdL,][L][ArX] + K, [AXIPAL, ] + k, Kk, [ArX][PdL,]
dt K, K, [L]+k [ArX]

The rate expression can then be written for Kops:

o _KslLIIAX] AIX] + k,kg [ArX]
obs K 4 k_,[L]+ks[ArX]

1

kobs — ( kS[L] + k4 n k2k5 J [AI’X]
K, k_,[L]+kg[ArX]

a) If PdL and PdL; are reactive (ks ks > 0) but PdL3is unreactive (k3 = 0)

Kops = KalL] | K, + KoKs [ArX] simplifies to the following
K, k_,[L]+ks[ArX]

expression:
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_ k2k5
Kobs = [k“ i [L]+k5[ArX]j [ArX]

which produces the same expressions derived above in Derivation 1.2 c:

I. If k_,[L] >> ks[ArX], then:

_ k2k5
kobs - [k4 + k_z [L] J [AFX]

il. If k_,[L] << kg[ArX], then:
kobs = k4[ArX] + k2

b) If PdL,, PdL and PdL3are reactive (ks k4 ks # 0):

I. If k_,[L] > ks[ArX], then:

Kops = KslL] +Ky + KoKs [ArX] simplifies to
K; k_,[L]+Kks[ArX]

K, = [ks[L] +k, + KKs J [ArX]
K K, [L]

1

il. If k_,[L] < ks[ArX], then:

kobs = kS[L] + k4 + k2k5 [AI‘X] Slmpllfles to
K, k_,[L]+ks[ArX]

Kops = ( kf(“'] + k4J [ArX] + K,

1
Al24 Rate Expressions for Non-rapid K;and K3

% — k,[PdL, JIAX] + k, [ArX][PdL, ] + k, [PALAIX][L]

Using the steady state approximation for each species:
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AR kAL - kg PALANLL] - 0

dt
dPAL] _\ 1PdL,] - k_,[PAL]IL] - ke [PAL][AX] = O
% = k4[L][PdL,] — k3 [PdL;][ArX] — ky[PdL,] = 0

Solving for [PdLArX], [PdL] and [PdL3] respectively then allows one to substitute

these into the rate expression:

dP] _ KK PALIAXILT oy srpgy ) KeKs[PAL,IIAX]
dt K, + k,[ArX] kL] + k. [ArX]

The expression can then be written in terms of Kgps

K_K3 [ArX][L]
obs = +
k, + k3[ArX]

kobs = %_}_ k4 + k2k5 [ArX]
Ky + K3[ArX] K, [L] + ks[AX]

K,k [ArX]
K_,[L] + kg [ArX]

K, [ArX] +

a) If PdL and PdL; are reactive (ks ks > 0) but PdL3is unreactive (k3 = 0)

| Kakall KoKy j[ArX] then simplifies to

k
0 Tlky + kg[AX] T K, [L] + ks [ArX]

Kk
k.. =k 2°5 ArX
obs = 4 T+ kS[ArX]][ ]

I. If k_,[L] > ks[ArX], then:

_ k2k5
Kobs _( Ky + ] ][ArX]

il. If k_,[L] < ks[ArX], then:
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— k2
Kobs _( k, + [Arx]] [ArX]

Kops = K4[ArX] + Kk,

b) If PdL,, PdL and PdL;are reactive (ks k4 ks # 0), then:

kobs = %_}_ k4 + k2k5 [ArX]
Ky + K3[ArX] K_,[L] + ks[AX]

i. If k_,[L] < ks[ArX], then:

Kops = LS 10 . K, + K, [ArX]
K, + ks[ArX] [ArX]

koo, = Kl A £k,
K.+ Ks[AX]

- If k; > k3[ArX], then:

K ops :(%+ k4j [ArX] + K,

1

- Ifk; < k3[ArX], then:

L
K obs _[k3[ArX] + k4] [ArX] + Kk,

il. If k_,[L] > ks[ArX], then:

Kobs =(—k‘lk3[l'] +k, + KoKs j[ArX]
Ky + k3[ArX] K_,[L]
- If k; > k3[ArX], then:

. :(k_lksm e koKs

Y j A
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- If k; < k3[ArX], then:

obs

=(k_ltu o Koks

Al G j AT

A.1.3 Rate Expression Derivations In Terms of [Pd]+ for Large [L]

While Scheme 46 remains valid for large values of [L], one must anticipate
in this case the formation of sufficient PdL3; such that [PdL;] is affected. Rate law
derivations must therefore be expressed as a function of total Pd(0)

concentration ([Pd]r) as follows:
[Pd], = [PdL,]+[PdL,]+[PdL]

It can be assumed in this system that [PdL] is negligible, as it quickly reacts to

form product. Thus [Pd°]; becomes:

[Pd], = [PdL,]+[PdL,]

[Pd]T - [PdLs] = [Psz]

pay, — P g
Kl
pat 1 KalPdl.
4T K

This relationship now allows for the rate expressions to be expressed in terms of
[Pd]r. Of all of the above mentioned rate expressions, those that produced a

zero y-intercept for a pseudo first order plot in the presence of additional L were
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consistent with the observed kinetic data (see Table 24, Section 3.6.3). In the
interest of determining the reactivity of PdL; (i.e. ks = 0 or > 0), only these
expressions were then re-derived with [Pd]r, with the aim of assessing the
possibility of distinguishing between them at large values of [L]. The

assumptions made for each of these derivations are re-iterated below.

A.1.3.1 Rate Expressions for Rapid K; and Non-rapid K, at Large [L]

From Derivation A.1.2.3:

dP] {@Jr K, 4 ks j[ArX][Psz]
at | K, K [L] + K. [ArX]

One can then substitute for [PdL;] using the expression written in terms of [Pd]r-

@:(ksmﬂ( . ks j(Kl[Pd]Tj

dt K, kL K JAX LK, +[L]
dt K,+[L] K, +[L] kK L] +k,[L]* + kK, [ArX] + k [ArX][L] !

Writing as in terms of Kqps gives:

K - (kg[u +hK, KKK, ][ ArX]
K, + [L] kK ,K,[L] + K,[L]® + kK, [ArX] + Kk [ArX][L]

a) If PdLsis unreactive (k3 =0) and [L] is large:

The expression above can be simplified as follows for large [L]:

Ko, = [ks + KakoK, ][Arx]
(K K, K JAXDIL + KLILT

Given that k3 = 0, this reduces to:
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Kons = ( KKK, ][ArX]
(k K, +k [AX])IL] + k ,[L]°

b) If PdLsis reactive (ks > 0) and [L] is large:

This is the expression derived above in a):

kobs = (kS + k2k5K1 j[AI’X]
(KK, +K[AX]IL] + k ,[L]*

A.1.3.2 Rate Expressions for Non-rapid K; and K, at Large [L]

From Derivation A.1.2.4:

d[P] =[ KKl o, kK,

. ][ArX][PdLZ]
dt (K, + K, [ArX] K, IL] + k,[ArX]

One can then substitute for [PdL;] using the expression written in terms of [Pd]r-

d[P] _ k71k3[l—] +k o+ kzks K1 [Pd]T

dt Lk, + kA TR + kAT K, +1L]

dP) aan KK,

dt k. K, +Kk, [L]+ Kk K, [ArX]+ Kk, [ArX][L] K, +][L]

KolGK, J[ArX][Pd]T
k K, [L]+k,[L]* + k,k [ArX] + k [ArX][L]

K = KKK, [L] n kK, n

obs KK, +K, [L]+k K [ArX]+ Kk, [ArX][L] K, +[L]

5 KKK, ][ArX]
K K, [L]+Kk,[L]" + k,k [ArX] + k, [ArX][L]
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a) If PdLsis unreactive (k3 =0) and [L] is large:

One can eliminate the term containing ks, since k3 = 0. This becomes:

:£ S KKK, j[ArX]

obs

K, +[L]  k_K,[L]+k_[L]* + kK [ArX] + k [ArX][L]

Simplifying for large [L]:

obs

[k4K1 k,k.K,

+ j[ArX]
L] (KK, + KJ[AXDIL] + K, [LT?

b) If PdLsis reactive (k3 >0) and [L] is large:

k—lk3K1 k4K1 k2k5K1
obs = + + > [AI’X]
k, + k,[ArX] [L] (k K, +k [ArX])[L]+k_,[L]

A.l4 Kinetic Data for Oxidative Addition of PhBr to Pd(PCys).
A.14.1 In[Pd(PCys3),] as a Function of Time without TOPB
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Figure 77. In[Pd(PCys)2] as a function of time for oxidative addition of PhBr
(0.234 M) to Pd(PCys3), ([Pd(PCys)2]o = 0.0232 M) at 25 °C in toluene-ds.
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Figure 78. In[Pd(PCys)2] as a function of time for oxidative addition of PhBr
(0.263 M) to Pd(PCys)2 ([Pd(PCys)2]o = 0.0232 M) at 25 °C in toluene-ds.
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Figure 79. In[Pd(PCys),] as a function of time for oxidative addition of PhBr
(0.483 M) to Pd(PCys3). ([Pd(PCys3)2]o = 0.0232 M) at 25 °C in toluene-ds.
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Figure 80. In[Pd(PCys),] as a function of time for oxidative addition of PhBr
(0.688 M) to Pd(PCys3). ([Pd(PCys3)2]o = 0.0226 M) at 25 °C in toluene-ds.
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Figure 81. In[Pd(PCys).] as a function of time for oxidative addition of PhBr
(0.693 M) to Pd(PCys), ([Pd(PCys)2]o = 0.0326 M) at 25 °C in toluene-ds.
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Figure 82. In[Pd(PCys),] as a function of time for oxidative addition of PhBr (1.16
M) to Pd(PCys), ([Pd(PCys)2]o = 0.0232 M) at 25 °C in toluene-ds.

A.14.2 In[Pd(PCys)2] as a Function of Time with TOPB
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Figure 83. In[Pd(PCys)] as a function of time for oxidative addition of PhBr
(0.234 M) to Pd(PCys), in the presence of TOPB ([Pd(PCys)2]o = 0.0232 M,
[TOPB] = 0.0231M) at 25 °C in toluene-ds.
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Figure 84. In[Pd(PCys).] as a function of time for oxidative addition of PhBr

(0.263 M) to Pd(PCys), in the presence of TOPB ([Pd(PCys)2]o = 0.0232 M,
[TOPB] = 0.0231 M) at 25 °C in toluene-ds.
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Figure 85. In[Pd(PCys)] as a function of time for oxidative addition of PhBr
(0.483 M) to Pd(PCys), in the presence of TOPB ([Pd(PCys)2]o = 0.0232 M,
[TOPB] = 0.0231 M) at 25 °C in toluene-ds.
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Figure 86. In[Pd(PCys).] as a function of time for oxidative addition of PhBr
(0.688 M) to Pd(PCys); in the presence of TOPB ([Pd(PCys)2], = 0.0226 M,
[TOPB] = 0.0231 M) at 25 °C in toluene-ds.
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Figure 87. In[Pd(PCys).] as a function of time for oxidative addition of PhBr (1.16
M) to Pd(PCys) in the presence of TOPB ([Pd(PCys)2]o = 0.0232 M, [TOPB] =
0.0231 M) at 25 °C in toluene-ds.
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Figure 88. In[Pd(PCys);] as a function of time for oxidative addition of PhBr (1.39
M) to Pd(PCys). in the presence of TOPB ([Pd(PCys)2]o = 0.0235 M, [TOPB] =
0.0231 M) at 25 °C in toluene-ds.

A.143 [Pd(PCys).PhBr] as a Function of Time for Oxidative Addition

of PhBr to Pd(PCys); in the Presence of PCy;
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Figure 89. Concentration of Pd(PCys3)2(Ph)(Br) as a function of time for the
oxidative addition of PhBr (0.272 M) to Pd(PCys;). in the presence of added PCys;
([Pd(PCys)2]o = 0.0213 M, [PCys], = 0.0214 M) at 25 °C in toluene-dg (Trial 1).
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Figure 90. Concentration of Pd(PCy3)2(Ph)(Br) as a function of time for the
oxidative addition of PhBr (0.272 M) to Pd(PCys) in the presence of added PCys;
([Pd(PCys)2]o = 0.0213 M, [PCys], = 0.0214 M) at 25 °C in toluene-dg (Trial 2).
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Figure 91. Concentration of Pd(PCys3)2(Ph)(Br) as a function of time for the
oxidative addition of PhBr (0.476 M) to Pd(PCys) in the presence of added PCyj;
([Pd(PCys)2]o = 0.0214 M, [PCys], = 0.0214 M) at 25 °C in toluene-dg (Trial 1).

258



0.02+

2
@
=
%
EE 0.014
O
o
©
o,
0.00 T T T 1
0 1000 2000 3000 4000
Time /s

Figure 92. Concentration of Pd(PCys)2(Ph)(Br) as a function of time for the
oxidative addition of PhBr (0.476 M) to Pd(PCys) in the presence of added PCys;
([Pd(PCys)2]o = 0.0214 M, [PCys], = 0.0214 M) at 25 °C in toluene-dg (Trial 2).
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Figure 93. Concentration of Pd(PCys)2(Ph)(Br) as a function of time for the
oxidative addition of PhBr (0.680 M) to Pd(PCys) in the presence of added PCys;
([Pd(PCys)2]o = 0.0219 M, [PCys], = 0.0214 M) at 25 °C in toluene-dg (Trial 1).
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Figure 94. Concentration of Pd(PCys)2(Ph)(Br) as a function of time for the
oxidative addition of PhBr (0.680 M) to Pd(PCys) in the presence of added PCys;
([Pd(PCys)2]o = 0.0219 M, [PCys], = 0.0214 M) at 25 °C in toluene-dsg (Trial 2).
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Figure 95. Concentration of Pd(PCy3)2(Ph)(Br) as a function of time for the
oxidative addition of PhBr (0.816 M) to Pd(PCys), in the presence of added PCys;
([Pd(PCys)2]o = 0.0214 M, [PCys], = 0.0214 M) at 25 °C in toluene-dg (Trial 1).
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Figure 96. Concentration of Pd(PCys)2(Ph)(Br) as a function of time for the
oxidative addition of PhBr (0.816 M) to Pd(PCys) in the presence of added PCy;
([Pd(PCys)2]o = 0.0214 M, [PCys], = 0.0214 M) at 25 °C in toluene-dsg (Trial 2).
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Figure 97. Concentration of Pd(PCys)2(Ph)(Br) as a function of time for the
oxidative addition of PhBr (1.09 M) to Pd(PCys) in the presence of added PCys;
([Pd(PCys)2]o = 0.0212 M, [PCys], = 0.0214 M) at 25 °C in toluene-dg (Trial 1).
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Figure 98. Concentration of Pd(PCys)2(Ph)(Br) as a function of time for the
oxidative addition of PhBr (1.09 M) to Pd(PCys) in the presence of added PCys;
([Pd(PCys)2]o = 0.0219 M, [PCys], = 0.0214 M) at 25 °C in toluene-dg (Trial 2).
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Figure 99. Concentration of Pd(PCy3)2(Ph)(Br) as a function of time for the
oxidative addition of PhBr (1.09 M) to Pd(PCys), in the presence of added PCys;
([Pd(PCys)2]o = 0.0214 M, [PCys], = 0.0214 M) at 25 °C in toluene-dg (Trial 3).
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