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Abstract

The work described in this thesis is focused on reactions of organic molecules with transition metals.
The field of organometallic chemistry has been growing rapidly the last decades and two recent Nobel
Prizes were awarded for discoveries in transition metal catalyzed reactions.

A short introduction to organometallic chemistry and the mechanisms behind it is given in the first
part. Several of the most common methods for studying reaction mechanisms are described, and their
advantages and disadvantages are discussed.

In the second chapter the reaction mechanism of stannylcupration of a,B-acetylenic carbonyl
compounds is described. By a combination of experimental methods and theoretical modeling the
unexpected stereoselectivity of the addition of stannylcuprates to ynones was studied and compared to
the corresponding carbocupration.

The work described in the third chapter is on coupling reactions catalyzed by palladium. After a brief
introduction to the field, the mechanism of the hydroarylation/vinylation reaction is described. For the
investigation mainly theoretical methods were used, but for investigating the regiochemical outcome
of the reaction it was combined. Thereafter the observation by Skrydstrup and co-workers is discussed,
that under some conditions internal vinyl electrophiles yielded products with the rearranged terminal
vinyl group. The mechanism for the rearrangement was proposed to proceed via a palladium(II)-
hydride-acetylene intermediate. The final part of the chapter describes an investigation of the stability
and reactivity of palladium(0) phosphine complexes. Oxidative addition of aryl halides was found to
proceed via an SNAr like mechanism at a mono-coordinate complex PdL.

The final chapter deals with a type of reaction which has gained much attention lately, Huisgen’s 1,3-
dipolar cycloaddition of azides and alkynes. The copper catalyzed version of the reaction has become
the central reaction in “Click Chemistry”. It was found to be very robust and produced the 1,4-triazole
exclusively. Herein is described how dinuclear copper acetylides react more readily than the
previously studied mononuclear analogs. Next the reaction with N-sulfonyl azides is described with
focus on the mechanisms for breakdown of the intermediates. For selective synthesis of 1,5-triazoles a
ruthenium(II) catalyst has been used, and based on computational results the selectivity and reactivity

was rationalized.






Resumé

Denne athandling fokuserer pa reaktioner mellem organiske molekyler og overgangsmetaller. Omradet
metalorganisk kemi har udviklet sig hastigt indenfor de sidste artier. For nyligt er der sdledes uddelt to
Nobelpriser for opdagelser indenfor metalorganisk kemi.

Det forste kapitel giver en kort introduktion til metalorganisk kemi og mekanismerne bag. Flere af de
mest almindelige metoder for mekanistiske studier beskrives, og deres fordele og ulemper diskuteres.
Andet kapitel beskriver reaktionsmekanismen for stannylkuprering af o,p-acetylen karbonyl
forbindelser. Stereoselektiviteten af addition af stannylkuprater til ynoner er blevet undersegt og
sammenlignet med den tilsvarende karbokuprering ved hjelp af eksperimentelle og teoretisk metoder.
Kapitel tre omhandler palladium-katalyserede koblingsreaktioner, og efter en introduktion til dette felt
beskrives mekanismen for hydroarylering/vinylering. Denne reaktion blev undersegt hovedsagligt med
teoretiske metoder, dog blev en kombination af eksperimentelle og teoretiske metoder brugt til
bestemmelsen af regiokemien. Troels Skrydstrups gruppe har observeret, at under nogle betingelser
omlejres den interne vinylelektrofil til en terminal vinylgruppe, mekanismen herfor foreslés at forlebe
via et palladium(II)-hydrid-acetylen intermediat. Den sidste del af kapitlet beskriver resultaterne fra en
undersogelse af stabiliteten og reaktiviteten af palladium(0)-phosphin komplekser. Oxidativ addition
af arylhalider blev fundet til at forlebe via en SyAr lignende mekanisme pé et mono-koordineret PdL-
kompleks.

Det sidste kapitel behandler en reaktion som pa det seneste har faet stor opmearksomhed, Huisgens
1,3-dipolere cykloaddition af azider til alkyner. Den kobber-katalyserede version af denne reaktion er
blevet den centrale reaktion i ”Click Chemistry”. Denne reaktion er konstateret at vaere ekstremt robust
og danner udelukkende 1,4-triazolen. Kapitlet beskriver hvordan dikobber acetylider reagerer
hurtigere end de tidligere studerede monokobber acetylid-analoger. Reaktionen af N-sulfonyl azider
beskrives med fokus pd mekanismen for intermediaternes nedbrydning. For selektiv syntese af 1,5-
triazolerne anvendes en ruthenium(Il)-katalysator, og ved hjelp af beregnede resultater rationaliseres

bade selektiviteten og reaktiviteten af denne reaktion.
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Outline

Chapter 1 — Introduction.

An introduction to organometallic chemistry is presented herein with focus on the reaction
mechanisms of transition metals and different methods for mechanistic investigation.
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Chapter 2 — Cuprate Additions.

The nature of organocuprate reactions, with a focus on the reactivity and selectivity of
stannylcuprates with o,B-acetylenic carbonyl compounds. The experimentally observed fact that

stannylcuprates behave differently from that of the corresponding carbocuprates is rationalized.
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Chapter 3 — Palladium Catalyzed Coupling Reactions.

A short introduction to the field of palladium chemistry is followed by a discussion of the
mechanism of the palladium catalyzed hydroarylation, and the regiochemical outcome is
rationalized. This is followed by a computational study of the observed isomerization of internal
vinyl palladium(Il) intermediates to terminal vinyl complexes. Finally the stability and reactivity
towards oxidative addition of palladium(0) phosphine complexes is described.
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Chapter 4 — Metal Catalyzed Ligation of Azides and Alkynes.

Herein is described how two copper centers cooperatively catalyze the 1,3-dipolar cycloaddition of
organic azides and alkynes to selectively give the 1,4-triazoles. A further study on the reactivity of
the intermediates from the corresponding reaction of N-sulfonyl azides is then presented. Finally it
has been found that the 1,5-triazoles are selectively produced with a ruthenium(Il) catalyst. The
selectivity and reactivity of this catalytic transformation is discussed.
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Chapter I — Introduction

Organometallic Chemistry

In the early days of modern chemistry Berzelius defined chemical compounds as either organic or
inorganic,' and since then chemists routinely make a distinction between the fields of organic and
inorganic chemistry. However, much of the recent development in both organic and inorganic
chemistry has been made in what can be described as a cross-breed between the two fields, namely
organometallic chemistry, the chemistry of metal-carbon bonds. The first organotransition metal
complex to be synthesized was K[Pt(C,H4)Cl:].2 It was discovered in 1827 by the Danish chemist
William Christopher Zeise by boiling a mixture of PtCly, PtCl, and KCIl in ethanol. It is nowadays
known as Zeise’s salt (Figure 1), and it should be noted that the first synthesis of an organic
compound was not made until the year after, when Wohler in 1828 made his ground breaking
synthesis of urea.” Today organometallic chemistry is one of the most active fields in chemistry. As
a measure of the current impact it is noted that two of the Nobel Prizes since 2000 have been given

for development in organometallic chemistry.*

cl a P
ot H
TN

Cl HiH

H

Figure 1 Anion of Ziese’s salt

After the discovery of Zeise’s salt the development in the field was quite slow. Actually it was not
until the 20™ century that the true structure of Zeise’s salt was elucidated by X-ray crystallography.’
In 1890 the zero-valent nickel carbonyl complex Ni(CO), was discovered,® and this was one of the
first organometallic complexes with an industrial use. By exposing impure nickel metal to carbon
monoxide at 50 °C the volatile Ni(CO)4 is formed (boiling point 43 °C). The nickel containing gas
(which is now separated from the impurities) is then heated to above 220 °C upon which carbon
monoxide is released again and the pure nickel metal is isolated. The process was developed a few
years after the original discovery by Ludwig Mond and hence it is called the Mond process. Despite
the long history of organometallic chemistry it was not until the 1950s that the interest in
organotransition metal complexes would really emerge. A few of the 1950s landmarks include: the
synthesis of ferrocene by Kealy and Pauson in 1951;" the discovery of titanium catalyzed

polymerization of ethylene by Karl Ziegler in 1953% and Giulio Natta’s further development’ of the
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process now known as Ziegler-Natta polymerization; the development of the Wacker process for

oxidation of ethylene to acetaldehyde by Jirgen Smidt in 1959 (Figure 2)."

1951: Ferrocene synthesis by Keany and Pauson

FeC|3 .@
MgBr Fe

©

1953: Ethylene polymerization by Karl Ziegler

TiCl,
n — —_— /\M

2n-3

1959: Wacker process by Jiirgen Schmidt

Pd" catalyst o
— + %% 02 )
Cu' co-catalyst
H,0

Figure 2. Three of the important discoveries in organometallic chemistry in the 1950's.

*substrates ferrocene*

Today transition metal catalyzed reactions are among the most important in organic synthesis. The
majority of the transition metals are employed in different transformations, and interestingly one of
the metals that is currently attracting most attention is gold, a metal which was previously regarded
as one of the more chemically inert elements.'' The main reason for the high interest in transition
metals is the rich chemistry of these, which originates from the involvement of easily accessible d-
orbitals in their interactions. The following section will discuss further some of the most common

reactions at transition metals.
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Mechanisms at Transition Metal Centers

The rich chemistry of transition metals involves a multitude of different types of transformations,
and still new reactivities are being discovered. There are however, a few steps which are more
frequent and by which a majority of the mechanisms of the synthetically interesting reactions can be
explained. A few selected transformations will therefore be discussed in more detail in this

.12
section.

Oxidative Addition and Reductive Elimination

Many transformations in synthetic organic chemistry are two electron processes, meaning that they
involve rearrangement of electron pairs rather than only single electrons. It is therefore not hard to
see the great importance of the two electron process of oxidative addition of transition metals. The
overall process can be described as the addition of a fragment A-B to a metal M" to yield a complex
A-M"2_B. Several types of mechanisms have been characterized for oxidative addition reactions
and some of these are outlined in Figure 3. The first is the three-center concerted mechanism where
the A-B bond is broken simultaneously with the formation of the M-A and the M-B bond. The
second type of mechanism is the nucleophilic displacement, where the M-A bond is formed first
with the release of B™ in a process similar to an Sy2 type reaction. B” then associates with the M-A"

fragment to give the product complex. The third type of mechanism in Figure 3 is a radical reaction,

which involves two one electron processes to give an overall two electron process.

3-Centered concerted mechanism

A-B _alF
+ A\/B — A B
MP M Mn+2
Nucleophilic displacement mechanism
(\
A-B

n+2@ o A\ B
s [ e — A
Mn

Radical mechanism

AVE' A
. . A B
+ — [A_Mn+1 + B —_— s  \

an Mn+2

Figure 3. Different mechanisms for oxidative addition.




Chapter I — Introduction

Reductive elimination is the final step in many transition metal catalyzed reactions. Mechanistically
it is simply the reverse of the oxidative addition. Reductive elimination of A-M""-B yields A-B and

M", which clearly shows why this step is often the one where the final product is formed.

Insertion

There are different types of insertion reactions, but the two most common are the 1,1-insertion and
the 1,2-insertion. The 1,1-insertion most frequently involves carbon monoxide. When a metal center
is bonding to a nucleophilic group, e.g. an alkyl group or a hydride, and a carbonyl ligand, the
carbonyl can insert into the metal-nucleophile bond (Figure 4). Sometimes the reaction is described
as a migration of the nucleophilic group rather than an insertion, and therefore the reaction is often
termed migratory insertion. A similar reaction can take place with alkenes and alkynes as the
inserting groups. The reaction is then termed a 1,2-insertion. This transformation is one of the most
important from an industrial point of view, since it is the key step in the metal catalyzed

polymerizations such as the Ziegler-Natta polymerization of olefins.®”

1,1-Insertion

O
Il O\\CII’NU

M-Nu —— M—{]

1,2-Insertion
T e
M-Nu ——  M—]

Figure 4. Above: 1,1-insertion of carbon monoxide. Below: 1,2-insertion of ethylene.

f-Hydride Elimination

Transition metal alkanes frequently show low kinetic stability, and the most common reason for
their breakdown is that they undergo a process known as B-hydride elimination (Figure 5). The
process is basically a reverse of a 1,2-insertion of an alkene into a metal hydride bond. For (-
hydride elimination to occur a few requirements need to be fulfilled. Firstly, the alkyl chain must
contain a P-hydrogen, meaning that groups such as methyl or benzyl cannot decompose by this
mechanism. Secondly, the metal must have a free coordination site to which the hydride can be

transferred. Thirdly, the metal should have accessible d-electrons that it can donate into the C-H c*-

10
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orbital for the reaction to proceed rapidly. This requirement is one of the factors responsible for the
high efficiency of the Ziegler-Natta process. Since the d’ metal fragment rarely undergoes -
hydride elimination the polymerization can proceed to yield the desired high molecular weight

polymers.

B-Hydride elimination

h T

M—{] —— M-H

Figure 5. B-Hydride elimination is the reverse insertion of an olefin in an metal-hydride bond.

Substitution Reactions

A step which occurs in most catalytic transformations, if one considers that the reactants are
ligands, is the ligand substitution reaction. It is in principle a very simple group of reactions, M-A +
B — M-B + A, but in reality the intimate mechanism is often quite complex. There are two major
mechanisms for the ligand exchange reactions. The most frequent one at coordinatively saturated
complexes, e.g. octahedral geometry, is the dissociative exchange (Figure 6). Since the metal center
is already sterically very crowded one of the ligands must dissociate before another can take its
place. At coordinatively unsaturated complexes it is frequently observed that ligand exchange
occurs via an associative mechanism. This means that the new metal ligand bond starts forming
before the dissociating ligand has lost its bond to the metal. Square planar complexes frequently

undergo associative ligand substitution.

Dissociative ligand substitution

LYl o4 L ox o uwbha

_ M —

v Y v v Y
LLL LL LLX

Associative ligand substitution

ks
IT X L,,,IT -L IT
L-M-L — | M-Ll—— X-M-L
I X7l I
L L L

Figure 6 Above: Dissociative ligand exchange is common at coordinatively saturated
complexes. Below: Associative substitution is common at complexes with more open

geometries.
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An important phenomenon which was initially observed for ligand substitution on square planar
platinum(IT) complexes, is the trans-effect. It is the observed rate of substitution of ligands in trans
position to another ligand, meaning that exchange of A trans to B proceeds with a higher rate if B
has a large trans-effect. The trans-effect is believed to originate in mainly two different factors, the
ability of the ligand to stabilize the transition state and the ability of the ligand to destabilize the
bond trans to it. The latter is also termed the frams-influence and is a purely thermodynamic
phenomenon,'® while the frans-effect is a kinetic one.'* Highly electron donating ligands, e.g.
hydride and phosphines, tend to have strong frans-influences. Some ligands with very low trans-
influences have been found to have the highest trans-effects, though. These are ligands with high
electron accepting ability through back-donation e.g. ethylene and carbonyl, which are believed to
stabilize the trigonal bipyramidal transition state. In Figure 7 the relative trans-influences and trans-

effects of some selected ligands are outlined.

Trans-influence

HO ~ RO > PR; > PAr; > CN© > NHR, > py > C,H, > CI©

t
| High trans-influence of L - weaker bond trans to L

Trans-effect

C,Hy ~ CN® ~ HO ~ RO >> PRy, ~ PAr; > py > NHR, > H,0 >CI©

| Y |
LoPt=X = LY

High trans-effect of L - rapid exchange frans to L

Figure 7 Above: Trans-influence of some selected ligands. Below: Trans-effect of some

selected ligands.

Metathesis

Metathesis reactions can be described as two couples exchanging partners, AB + CD — AC + BD.
In organometallic chemistry there are two main types of metathesis reactions, c-bond metathesis
and m-bond metathesis. While 6-bond metathesis has had relatively limited use n-bond metathesis
has bloomed in both organic synthesis as well as in polymer science. It typically involves a metal

fragment which is doubly bonded to a carbon, a so called metal carbenoid, and an alkene. The metal
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fragment then reacts with the hydrocarbon and exchanges its carbenoid group for one part of the
hydro carbon. In Figure 8 an illustrative example is outlined of how norbornene is polymerized by
this mechanism. The reaction is nowadays one of the most important organic transformations and in
2005 Grubbs, Schrock and Chauvin were awarded the Nobel Prize in chemistry for their work on

metathesis chemistry.

;b 4¢ My
|V|/ X M AN = X
- —_— ——, Polymer

Figure 8 Ring opening metathesis polymerization (ROMP) of norbornene.

Electron Transfer Reactions

Electron transfer reactions constitute an important class of reactions, since transition metals often
have easily accessible electronic levels they are often able to both accept and donate electrons. In
many oxidative and reductive reactions electron transfer reactions play a crucial role, e.g. the
copper co-catalyst in the Wacker process.'” The copper(Il) is here reduced to copper(I) by
palladium(0) to produce palladium(II) which is the active catalyst. Once the copper(I) is formed it is

re-oxidized to copper(Il) by aerobic oxidation. The Wacker process example is shown in Figure 9.

2 Cu P
H20 = + Hzo
i
2H* + %0, M ame
Pd°

2 Ccu
Figure 9 Electron transfer from copper to palladium is a key step in the Wacker Process.

cu'
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Catalysis

Several examples of catalysis aided by transition metals have already been discussed and it is surely
catalysis which plays the central role of organotransition metal chemistry. Therefore this part will
briefly discuss and exemplify catalytic reactions. The phenomenon of catalysis was first observed
by Berzelius in 1835 when he noted that addition of certain chemicals could speed up reactions.
This is basically what a catalyst does: it increases the rate of a reaction without being consumed
itself. Another way of putting it would be that the catalyst can take the reactants through a low
activation energy path to give the products (Figure 10). When the catalyst has done its job it should

be unchanged relative to the species that started the reaction.

Energy

— Uncatalyzed reaction
--- Catalyzed reaction

Reaction coordinate

Figure 10 The dashed line illustrates the low energy path of a catalyzed reaction in

comparison to the non-catalyzed reaction (solid line).

The most well known catalysts are probably the catalytic converters in cars. These are solid
catalysts that catalyze the combustion of carbon monoxide and non-combusted hydrocarbons to
carbon dioxide. Herein the focus will be on a different type of catalysts, though. Several different
reactions on transition metal complexes were described above, and it was stated that the chemistry
of such complexes is very rich. This rich chemistry has been applied extensively in the field of
homogeneous catalysis, where the catalyst is dissolved in the same phase as the reactants. A typical
catalytic cycle involving transition metal complexes is constituted of several steps, most frequently
including several of the reactions described previous section. As an example a hydrogenation of an
olefin catalyzed by a cationic rhodium catalyst is described and outlined in Figure 11.'"® The first
step 1s ligand substitution where two solvent ligands are displaced by the substrate olefin. Oxidative
addition of dihydrogen then produces a rhodium(IIl) dihydride species. The first hydrogen is then

transferred to the olefin via an insertion of the olefin into one of the Rh-H bonds. Reductive
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elimination then produces the hydrogenated product and finally another ligand exchange

regenerates the active catalyst species.

0O
S ]
AN
Product Release L S Ligand Substitution
via Ligand Substitution /\Rh/\
2s LS 2s
U]
e Lo Ox
' 0 H R
V -z
H H,
Reductive Elimination
H L ' Oxidative Addition
L\é /D H \Rh/

Ox \_/O\

1,2-Insertion

Figure 11 lllustration of rhodium catalyzed hydrogenation of o, B-unsaturated carbonyl

compounds.

The asymmetric version of the rhodium catalyzed hydrogenation is one of the most efficient and
important reactions of metal catalyzed reactions in organic chemistry, and in 2001 Noyori and
Knowles shared one half of the Nobel Prize in chemistry for the discovery and development of
these reactions.'” The other half was awarded to Sharpless for his contributions to asymmetric metal

catalyzed oxidation reactions.'®

The efficiency of catalytic reactions is crucial for the success. There are a few different ways of
measuring the efficiency, and the most common way to quantify it is by measuring the turnover
number (TON) and the turnover frequency (TOF) of the catalyst. The turnover number is the
measurement of how many catalytic conversions each catalyst molecule can undergo before it
becomes inactive. Typical values for good catalysts range from a few hundred to extreme values of
10° (see chapter III on palladium catalysis). Turnover frequency is a measure of how many catalytic
conversions each catalyst can perform in a certain amount of time. A catalyst that shows high

turnover frequency as well as turnover number is thus usually desired.
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Methods for Mechanistic Investigations on Transition Metal Reactions

There are many different methods for investigating reaction mechanisms of transition metal
reactions. Numerous different experimental techniques as well as computational methods have been
applied extensively to gain insight into the mechanistic details of chemical reactions. They all have

different advantages and disadvantages which will be discussed for some selected methodologies.

Product Studies

One of the most straightforward and simple tools for mechanistic investigations is investigation of
the products. Under most reaction conditions more than one product can be formed. By simply
modifying the reactants, the reaction conditions, the catalyst, using additives etc, it is often observed
that the reactivity changes. For example, if a certain additive, which is known to hamper one type of
reaction suspected to be responsible for formation of one of the products, gives a product
distribution with lower amounts of this particular product it is an indication of the proposed
mechanism. This is illustrated in the following example. The formation of 1,4-triazoles has been
found to be catalyzed by copper (Figure 12). In a protocol by Sharpless and co-workers the copper
source was a copper(Il) salt (CuSO4) which in combination with ascorbate was believed to give
copper(I) which catalyzed the reaction."”” A control experiment to see if this hypothesis was correct
was then just to simply perform the reaction with CuSO4 but without the ascorbate reducing agent.
The result was that no significant amounts of 1,4-triazole was formed without ascorbate, clearly

indicating that it is copper(I) that is active in the catalytic cycle.

CuSO,
no ascorbate
Rl— + R?N; No Reaction
CuSO,
N 2
1 , + ascorbate N "N-R
RI— + R?%N; >_/
generates Cu' in situ R
High yields

Figure 12. An example of product studies as a tool to gain mechanistic insight. This

experiment showed that the active catalyst is most likely Cu'.
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Kinetic Experiments

In kinetic experiments one measures the rate at which a certain reaction proceeds. There are two
major types: relative kinetics and absolute kinetics. In absolute kinetics the rate of the reaction is
measured in different experiments where one parameter is altered. This could be the concentration
dependence of one of the reactants or the catalyst. From these experiments the order of the species,
for which the concentration is varied, can be determined. A first order dependence indicates that
one molecule of the varied species is involved in the rate limiting step. A second order dependence
indicates that there are two molecules involved in the rate limiting step. Another parameter which is
often varied is the temperature. Varied temperature can give important thermochemical data such as
the enthalpy and entropy of activation. Despite the many interesting data of absolute kinetics one
should be careful when interpreting the results. Firstly, the methods are highly sensitive for
variations other than the intended one. Secondly, however correct the collected data are, the
interpretation might be less straightforward and frequently there is more than one way to interpret

the results.

A far less sensitive type of kinetics is the relative kinetic measurement. In a relative kinetic
experiment the absolute rates are not measured but rather the relative rates. The most common way
to accomplish this is simply to use two similar substrates, and to monitor the product distribution
while the reaction is running. This gives invaluable information of the rate limiting step OR an

irreversible selectivity-determining step other than the rate limiting step.

Detection of Reactive Intermediate

Much of the effort in mechanistic investigations is made to understand more of the reactive
intermediates of the reaction. With knowledge of the intermediates it is supposedly more facile to
manipulate the reaction in a desired direction. It is therefore not surprising that numerous groups
have tried to either isolate or detect the intermediates. However, when studying catalytic reactions
intermediate detection is risky business. Most catalytic reaction use only minute amounts of the
catalyst and in many cases only a fraction of the added catalyst is actually active. The
concentrations of the reactive intermediates are therefore most often extremely low. In most
reactions involving transition metals large amounts of the metal are involved in different
unproductive dead-end equilibria. If one then tries to detect an intermediate it is more likely one
which is not involved in the catalytic cycle. One of the most famous examples of this phenomenon

is the mechanistic investigation by Landis and Halpern on the enantioselective hydrogenation with
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162 {ynder the reaction conditions one intermediate could be detected. However the detected

rhodium.
intermediate was not participating in the catalytic cycle giving the major product, but was instead an
intermediate of the cycle leading to the minor product. All intermediates in the cycle towards the

major product were too short lived to be detected.

Ph

P. TNH HNT P
<* P,Rh/\.o/) 4\0 =R >
Detectable \ / NOT Detectable
Less Reactive b s More Reactive
“p RN
Minor Product Major Product

Figure 13. Landis and Halpern’s observed that the detectable intermediate was not part of
the catalytic cycle which yielded the major product.

Computational Studies”

With the explosive development of computers the field of computational chemistry and molecular
modeling has evolved more rapidly than most fields. From rather primitive calculations on small
model systems it is today possible to look at the reactions with full systems without too severe

approximations. The most commonly employed methods will be discussed briefly here.

Molecular Mechanics

One of the simplest ways to represent molecules theoretically is by regarding the atomic centers of
the molecule as balls connected together by springs. The potential for the distance between to atoms
in the molecule is then simply described by Hooke’s law, or in some cases the harmonic oscillator
equation. In a similar fashion other parameters such as angular bends and torsional strain are
described. Non-bonding interactions such as van der Waals and electrostatic interactions are
described by additional terms. Each of the terms includes parameters that are derived from
empirical data, makes this method very reliable for calculations on known structures and closely
related structures. On unknown structures the methods are not particularly useful, though. The focus
of this thesis, transition metal complexes, tend to be problematic since the bonding is much more

complex than for most organic molecules. The main interest of calculations on transition metals is
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the reactivity of these, and here most methods based on molecular mechanics fail. For these
calculations more elaborate methods are needed. It should be noted though, that for excessively
large systems such as biological macromolecules there are no other methods than molecular

mechanics that are able to perform the calculations within a reasonable time limit.

Quantum Chemical Methods

For around two hundred years most physical phenomena were described successfully using
Newton’s laws of physics. Then in the second half of the 19" century physicists noted that some
observed behaviors of matter did not seem to obey the established laws. One of the most studied
systems at the time was the light emission of hot objects, the black-body radiation. It was not until
the German physicist Max Planck’s proposal in 1900 that energy emitted by an oscillator could not
take an arbitrary value but was limited to discrete values, that the black-body radiation could be
explained. This finding is by many regarded as the birth of quantum mechanics. In 1926 the central

equation of quantum mechanics was proposed by the Austrian physicist Erwin Schrodinger. 252 T

n
his proposal, any system could be described by a wave function ¥. By applying an operator on the
wave function the eigenvalue of the operator would represent a property of the system. One
operator is the Hamiltonian operator H, which will return the energy of the system E. The
Schrédinger equation then takes the form:
HY =EY

For description of most chemically interesting systems the Hamiltonian typically includes five
terms to describe the energy of the system. The first describes the kinetic energy of the electrons;
the second describes the kinetic energy of the nuclei; the third describes the attraction between
electrons and the nuclei; the fourth describes the interelectronic repulsion; and finally the fifth
describes the internuclear repulsion. One of the most common and least harsh approximations made
for chemically relevant problems is that the second term, which describes the kinetic energy of the
nuclei, is excluded. This approximation known as the Born-Oppenheimer approximation is made
upon the assumption that the much higher mass of the nuclei compared to the electrons renders the
contribution of the term insignificant.”> Assuming that the Born-Oppenheimer approximation does
not affect the system significantly, the Schrddinger equation can be solved exactly for H,". For any
larger systems further approximations need to be made. Some of these will be discussed further

below.

One of the most important developments in quantum chemistry applied to many electron systems

was the ab initio Hartree-Fock molecular orbital theory (HF).** HF assumes that the motion of the
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electrons is not correlated, so that the energy of each electron is calculated with the electron-
electron repulsion term of the Hamiltonian for an average of all electrons. In reality the
interelectronic interactions are correlated, still the HF-theory can account for around 98 % of the
energy. The problem is that the last two percent of the energy is often highly significant for
describing chemical problems. Therefore methods which include correlation have been developed
which methods are founded on the equation:
Erotal = Ecorrelation + Enr

Numerous post-HF methods have been developed, where less advanced methods, i.e. MPZ,25 have
been widely applied on systems of reasonable size with varying success, while more advanced
methods, i.e. CCSD(T),? are usually very accurate but can only be applied to minimal systems due

to high computational cost.

Density Functional Theory

A different approach to describe the electronic structure of different systems has lately appeared
more and more frequently in the literature. It is the Density Functional Theory — DFT.?” In DFT one
does not work with the mysterious wave function, but rather with the physically observable electron
density. One of the major advantages of DFT methods is that they include some correlation, yet
computationally they are not more costly than HF methods. The accuracy of the DFT methods have
been found to often be close to that of correlated ab initio methods e.g. MP2. For description of
transition metals DFT has often yielded better results than the lower lever correlated ab initio
methods, and one would need to go to the very advanced methods such as coupled cluster
(CCSD(T)) to get equal or better results than DFT. Interestingly, some of the most widely used
methods today are the hybrid methods, which include some exchange between DFT and HF. One of
the most widely used hybrid functional is B3LYP,?® but numerous different functionals have been

developed for different applications.

Despite the popularity and recent success of DFT there are some drawbacks. One is that DFT is in
principle incapable of correctly describing the weak non-bonding interactions which is always
present in intermolecular interactions, the dispersion interactions. Some recently developed
functionals are claimed to be able to account for dispersion interactions (M05, M05-2X, M06-L),29
but these need to be tested more extensively before their capabilities are proven. Another issue with
DFT-methods resides in the description of exited states. However, some methods (time dependent

DFT) have been developed which have proven useful in certain cases.*
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In this thesis a number of reactions involving the transition metals copper, palladium and ruthenium
have been studied by mainly DFT methods, but always in combination with experiments performed
by me or my collaborators. For the calculations the hybrid functional B3LYP has been used through
out the work. It is one of the most widely used DFT methods and has proven to generally give

results in good agreement with exeperiments.”’
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Chapter Il — Cuprate Additions

Background

The field of organocopper chemistry commenced in 1923 when the first synthesis of an
organocopper complex was described by Reich.*? Kharasch later discovered that Grignard reagents
undergo 1,4-addition to enones, rather than the normally observed 1,2-addition, when performed in
presence of a copper(I) salt (Figure 14).** Organocopper reagents of the type CuR displayed low
reactivity and poor solubility in ethereal solvents, and it was not until the discovery of highly
reactive cuprates with the composition RoCuLi, i.e. Gilman reagents,”* that the synthetic utility

could be explored.

@) oM
MO R RMgX RCuMgX
3 | h
R

o Figure 14. In presence of copper(l) Grignard reagents adds in a 1,4-fashion (right) instead
of the normal 1,2-fashion.

In the early work by House and coworkers they described a convenient way to prepare Me,CuLi
from a copper salt and methyl lithium,* and the reactivity towards enones was found to be highly
selective for 1,4-addition, in agreement with Kharasch’s work. Me,CuLi as well as other alkyl and
aryl analogs, was then shown by both Corey’® and House®’ to work well in Sx2 reactions with
organic halides, where they were appreciated for their much greater tolerance towards functional
groups than the previously employed organolithiums, and the greater reactivity than zinc and
magnesium reagents. Despite the advantages of the Gilman cuprates, one major disadvantage
remained - the fact that one of the organic groups did not react and was just wasted in the work-up.
This disadvantage is especially evident when the organic part of the cuprate is expensive and a
maximum yield of 50 % is not acceptable. A solution to this problem came in 1972 when Corey
showed the synthesis of mixed cuprates, from which one group could be transferred selectively.”®
By preparing a copper acetylide with a stoichiometry of 1:1 in copper and acetylide, and then
reacting it with an organolithium reagent a mixed cuprate with a formula RCu(Acetylide)Li was
formed. Due to the higher nucleophilicity of the alkyl/aryl group compared to the acetylide moiety,
1,4-addition of the more nucleophilic group could be accomplished selectively. Later a number of
other dummy ligands have been shown to function in the same way as the acetylide, with cyanide,
iodide and thiophenolate being some of the more widely used examples. In 1986 a highly
enantioselective carbocupration was achieved by Corey.*” By making a cuprate reagent with a chiral

dummy ligand enantiomeric excesses up to 95% could be achieved (Figure 15).
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O O
1. RCu(L)Li
2.H*
"
ee >95%
Me I\I/Ie

Ph - N.

8 Me
L

o Figure 15 Asymmetric carbocupration developed by Corey and coworkers. Complexation
of the cuprate to the dummy ligand L afforded a cuprate capable of reacting with high
enantioselectivity.

Higher order cuprates also known as “Lipshutz reagents” were found to be even more reactive than
Gilman cuprates.*” Reacting copper cyanide with two equivalents of an organolithium reagent yield
compounds with the formula R,Cu(CN)Li,. The true solution phase structure of higher order
cuprates has been under debate, where some researchers suggested a tricoordinate copper’' and
others suggested that the cyanide is not bonded to copper but that the reagent is better described as a
complex of the structure R,CuLi-LiCN.* Lately both experimental and theoretical investigations
seem to favor the latter in which the copper is coordinated to two alkyl/aryl groups.*’ The tendency
towards clustering is very high for most copper reagents, and for the organocuprates multimeric
structures such as the one shown in Figure 16. Depending on the stoichiometry in the
organocuprates different clusters form.** have been proposed. Gschwind has investigated the
tendency towards clustering and the effect of clustering on the reactivity.* It was observed that
clustering above dimers had a negative impact on the rate, while dimers and monomers displayed

similar reactivity.

Gilman Cuprate Lipshutz Cuprate
R~Cu-R  R-Cu—R 7, NeC R-cuR
. L|\\ / i L ,I'_I . . L|\\ / N /LI\ //LI .
R’CU\R; R—CU\RI I‘?~Cu~RI \NEC/
n n
S = Solvent S = Solvent

o Figure 16. Depending on the stoichiometry in the organocuprates different clusters form.44
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1,4-addition to enones was shown by Corey™® and Ullenius* to proceed via initial formation of a d-
n-complex (Figure 17). Later studies by Krause of C-C coupling constants further supported the
presence of m-complexes.*” Corey proposed this intermediate to be a formal copper(IIl) complex,
from which reductive elimination could occur to form the new carbon-carbon bond. Protonolysis of
the enone would then lead to formation of the Michael addition product. Nakamura later
investigated the reaction between acrolein and the Gilman Ilithium organocuprate cluster
[Me,CuLil],.** This dimeric species had been observed experimentally and was believed to be the
active species. An outline of the mechanism is shown in Scheme 1 and it proceeds as follows 1) nt-
complexation of the copper to the double bond 2) reductive elimination to form the carbon-carbon
bond which results in the formation of an enolate where the copper atom is coordinating to the C1-
C2 double bond 3) dissociation of the resulting CuMe. The rate determining step was suggested to
be the reductive elimination. All in all, the mechanism was in agreement with the proposed one by
Corey. A more detailed analysis of the orbitals in the d-m-complex showed that the copper binds to
C3 with a sigma-bond and the interaction to C2 is more of a m-complexation to the enolate double
bond, which further indicates that the description of the intermediate as a copper(Ill) complex is
correct. Even though copper in the oxidation state +3 is relatively rare a few examples of

copper(III) species are known, and some have been characterized by X-ray crystallography.*’

©
R,Cu! (ﬂRz
—\1= @ II
OJ

o0—7

o Figure 17 m-complexes between enones and cuprates have been proposed to be
copper(lll) complexes.
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e Scheme 1. Mechanism for carbocupration of acrolein by [Me2CuLi]. as proposed by

Nakamura.
+
C|) Me~Cu—Me lee\\l—!' -Me _Me Iv!e\‘*L/i—Me
L i— SU L oy cu \,CUjMe
| Me-._ O] Mé-. O™\
Me—Cu—Me “Li : ~Li \
Me-—L Me—-—1j
4 / ! i e
'\éle N ~— LU Gy
u Me-_ ,O Me-_ /O—\\/
ToLi _\\_/Me “~Li Q2 Me

An analogous d-m-complex was shown by NMR methods to form between cuprates and
ynones/ynoates.” Later a DFT study was conducted by Nakamura to investigate the reactivity of
model acetylenic carbonyls (ynone and ynoate) with the cuprate cluster Me,CuLi-LiCL.>' As in the
reaction with enones, ynones and ynoates form a m-complex which can be described as a
copper(I11)°* complex formed from an oxidative p-addition to the Michael accepting a.,B-acetylenic
carbonyl compound. The following step is the reductive elimination in which the carbon-carbon
bond is formed. Regardless of the substrate the intermediate produced in this step was shown to be
the syn-addition vinylcuprate, which could then rearrange to the anti-addition vinylcuprate via an

allenolate intermediate. The reaction is outlined in Scheme 2.

o Scheme 2. Theoretically determined mechanism between an ynone and the
organocuprate cluster Me2CuLi-LiCl.5' The initially formed syn-addition vinylcuprate
rearranges via an allenolate to the anti-addition analog.
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Stannylcupration of a,f-acetylenic ketones and esters.

Organotin compounds have been widely utilized in organic synthesis mainly in two types of
reactions. The first type is radical reactions, since carbon radicals are readily produced from
homolytic cleavage of carbon-tin bonds. The second type of reaction is the palladium catalyzed
coupling with an organic electrophile, e.g. an aryl halide, a reaction known to most as the Stille
coupling.”® Numerous examples of total syntheses involving Stille couplings have emerged, yet
industrially the use of the reaction has been limited to pre-production stages, mainly due to the high
toxicity of organotin compounds. A few of the more popular methods for synthesizing organotin

compounds are shown in Figure 18.>*

Tin electrophiles

R3Sn—Cl + R'—Li R3Sn—R'

Tin nucleophiles E@

ReSn—CuXM + = ——p o™ “cuxm — ~ Rssn’  E
Tin radicals radical

RySn—H + — _initiator RSSn/;H

o Figure 18. Some different methods for producing organotin compounds.

A route for the total synthesis of the marine alkaloid Zoanthamine was proposed by Tanner et al. in
1994, involving the key fragments A and B (Figure 19). Fragment A was to be synthesized from
the a,B-acetylenic ketone by 1,4-addition of a stannyl cuprate reagent. Earlier work by Piers and
coworkers demonstrated reaction conditions for selective formation of the syn-addition product in
the closely related stannylcupration of a,B-acetylenic esters (Figure 20).°° By simply varying the
temperature the outcome could be controlled, so that reacting with methanol as a proton source at -
78 °C gave the syn-addition product while performing the reaction at higher temperature and adding

the proton source in the work-up yielded the anti-addition product.
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OPG OPG
@] @]
OPG
SnR3
A
X
=
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OPG
Zoanthamine
B OPG
o Figure 19. Retrosynthetic analysis of Zoanthamine by Tanner involves a stannylcupration
of an ynone.
R CO,R' Me3Sn CO,R'
R—=—=—CO,R'" + Me;SnCuXLi = + =
THF / MeOH MesSn R
Ratio -78 °C 97 3
Ratio -48 °C 2 98

o Figure 20. Regioselective stannylcupration of ynoates.

Stannylcupration of a model compound for fragment A was performed under conditions expected to
give the syn-addition product selectively according to Piers’s protocol, yet the only product
observed was the isomerized anti-addition product.”” A number of substrates, copper reagents and

stannyl groups were tested (Table 1), all giving the anti-addition products exclusively.
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o Table 1 Stannylcupration of ynones selectively give anti-addition products as shown by
Nielsen et al..

0]

1) Stannylcuprate (2.4 equiv.),
A +/- MeOH, -78°C or -20°C , THF
OTBDMS >

2) Sat. NH4ClI (aq), pH=8

OTBDMS
O  SnBus o)
= OTBDMS  + ZsnBu;

MeOH Temp Yield
Entry Stannylcuprate (+/-) (°O) Anti / Syn
1 (Bu3Sn)Cu(SPh)Li - -78 95/ -
2 (BusSn)Cu(SPh)Li + -78 75/ -
3 (BusSn)Cu(SPh)Li + -20 58/-
4 (BusSn)Cu(CN)Li - -78 95/ -
5 (BuzSn)Cu(CN)Li + -78 77/ -
6 (BuzSn)Cu)SMe,) - -78 44 / -
7 (Bu3Sn)Cu(SMe,) + -78 36/-

To gain further insight to the unexpected change in selectivity when exchanging the a,p-acetylenic
esters for the corresponding ketones, a model system was selected. Ideally both the acetylenic
substrates and the stannylcuprate should be picked so that the reactions can be investigated by both
experimental as well as theoretical methods. Therefore the choice of ketone was the simple pent-3-
yn-2-one (1) and the ester methyl 2-butynoate (2). Due to its simple structure and known reactivity
the stannylcuprate reagent Me;SnCu(CN)Li (3) was the reagent of choice. Piers showed that the
E/Z-selectivity could be controlled by varying the temperature.’® To probe the temperature
dependence the reactions were performed in presence of a proton source (MeOH), or in absence of
a proton source at low temperature with subsequent work-up with saturated ammonium chloride at
higher temperature. In Scheme 3 are shown the results. Just like in the previous study the reaction
of the ketone 1 with 3 yielded the anti-addition products exclusively, regardless of the temperature
when the proton source is added. For the ester the outcome is somewhat different. When methanol
is present during the reaction the only product observed is the syn-addition product syn-5.
Performing the reaction in absence of a proton source with aqueous work-up yielded a mixture of

syn-5 and anti-5 with anti-5 as the major product.
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Scheme 3. Product distribution of stannylcuprations of ynones and ynoates.
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- MeOH 24% 46%

The fact that the closely related carbocupration reaction has been studied in more detail, both
experimentally and theoretically, prompted us to perform the reaction between the same acetylenic
substrates as for the stannylcupration but with the stannylcuprate reagent replace by a carbocuprate.
The carbo-analog of 3 fBuCu(CN)Li (6) was chosen so that the steric properties of the carbocuprate
reagent should be as similar as possible to the stannylcuprate 3. As shown in Scheme 4 the reaction
yielded the syn-addition product syn-7, even though the reaction was performed without any proton
source at low temperature, with protonation during the aqueous work-up. The reaction was
performed with opposite substitution pattern, meaning fBu group on the acetylene and a methyl
cuprate, but the reaction did not give any substantial amounts of product, possibly due to formation

of higher order, less reactive cuprate clusters.

Scheme 4. Carbocupration of the ynone 1 shows opposite stereoselectivity than the
corresponding stannylcupration.

o 1) -78°C, THF O 0
+ (BUuCu(CN)Li o +
Me % - Me | Me |
Me 2) Sat. NH4Cl (aa) Me” Bu Bu” " Me
1 6 Pr= syn-7 anti-7

70% trace

46, 50

Experimental studies by Ullenius and theoretical work by Nakamura® have shown that when

mixing a cuprate with a a,-acetylenic carbonyl compound a n-complex between the acetylene and
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the copper atom is formed. It was hence assumed that a complex with similar structure is formed in
the reaction between 1 and 3. The complex 8 was therefore the starting point of the computational
study (Figure 21). X can either be drawn as a copper(I) complex where copper is coordinating to the
acetylene, or as the resonance form where copper is formally a copper(Ill) with a c-bond to the -
carbon. From the intermediate 8 the reaction proceeds via the reductive elimination type transition
state 9ts to yield the allenolate 10. 10 then isomerizes via identical barriers to syn-12 and anti-12.
The initial step differentiates the reaction from the carbocupration which has been shown to give the
syn-addition vinyl cuprate as the intermediate following the reductive elimination. As a
consequence one would not expect to observe the syn-addition product as the major product even at

low temperature.

— q%
O/LLN\ - e s
3 N—Li Li—N
Cx:C o g
Q\:-U=SnMe3 < | | >
Cu
9ts | | cu
L 1 |
3 SnMe, SnMe;
L syn-11ts - L syn-11ts

-11 -11

Li
<N
I
C\\\CUSnMe3
Li-N -55 -55
8 o . .
& N—Li Li—N
C\// S /</ O o \>\
" Y
SnMe, SnMe;
syn-12 syn-12

Figure 21. Reaction coordinate of the stannylcupration of ynone 33.

Experimentally only one product is observed, yet the mechanism in Figure 21 depicts equal
amounts of the E/Z-isomers. But since the reaction is conducted in THF, at least partial dissociation
of the Li" ion is likely to occur. Without the Li" ion a Lewis-acid/Lewis-base interaction between
the tin of the stannyl group and the carbonyl oxygen can contribute to favor of the anti-addition
product. The two isomeric anionic complexes were modeled and as shown in Figure 22 there is a

strong preference for the anti-addition complex.
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u
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THF 22 kJ/mol 0 kd/mol

Figure 22. A Lewis acid/Lewis base interaction favors the anti-addition product (right).

As for the ketone 1 the mechanistic investigation of the ester 2 starts with a copper(Ill) complex 15
(Figure 23). The barrier for reductive elimination from this complex was calculated to 23 kJ/mol
and affords the vinylcuprate from the syn-addition over the m-bond, which differentiates the
mechanism from the one described for the ketone. Rearrangement to the anti-addition intermediate
anti-17 can then occur with a barrier of 74 kJ/mol via an allenolate transition state 18ts and the
formation of anti-17 was calculated to be exothermic by 13 kJ/mol. The barrier for the
rearrangement between the two isomeric vinylcuprates is substantially higher than the one found for

the ketone analog 12 (44 kJ/mol).
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Figure 23. Reaction coordinate for stannylcupration of ynoate 2.

The experiment with the carbocuprate 6 gave the opposite result in terms of E/Z-selectivity
compared to the structurally very similar stannylcuprate 3, and therefore the reaction between 1 and
6 was also modeled (Figure 24). As for the two stannylcuprations the starting point for the
carbocupration was a copper(Ill) complex 19. Reductive elimination then occurs via 20ts with a
barrier of 39 kJ/mol which is slightly higher than for the stannyl addition but still a very low barrier.
As for the stannylcupration of the ester 2, and in agreement with earlier theoretical studies, the
resulting intermediate is the syn-addition complex syn-21. The exothermicity of the step was found
to be substantially higher than for the stannylcupration of 1, 169 kJ/mol for the carbocupration
compared to 55 kJ/mol for the stannylcupration. Rearrangement then takes place via the allenolate
with a barrier of 33 kJ/mol to the anti-addition complex, but the reaction is endothermic by 9 kJ/mol

and the syn-addition vinylcuprate is therefore likely to be the most abundant species.
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Figure 24. Reaction coordinate of the carbocupration of ynone 1.

36



Chapter Il — Cuprate Additions

Conclusions

The stereochemical outcome of the stannylcupration of ynones and ynoates was studied by both
theoretical and experimental methods in order to understand the factors governing the selectivity.
The high selectivity towards anti-addition to ynones was found to be due to facile isomerization and
a favorable Lewis-base/Lewis-acid interaction in the anti-addition vinylcuprate intermediate. For
ynoates the isomerization between the syn- and anti-addition intermediates had a higher barrier, but
with the anti-addition vinylcuprate intermediate being more stable, which is in agreement with the
temperature dependent stereoselectivity. This study underlines the utility of modern computational

methods to aid the understanding of the mechanistic details of organic transformations.
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Introduction

Palladium catalyzed reactions are among the most important transformations in homogeneous
catalysis and organic synthesis.” Introduction of these reactions made some of the most
challenging tasks in organic chemistry possible, e.g. construction of carbon(sp?)-carbon(sp?)
bonds. Often these catalytic reactions can be performed under mild reaction conditions and are
tolerant to a wide variety of functional groups. Extreme turnover numbers (TON) up to 10° have
been reported®® and multiple research groups have been involved in development of highly active
palladium catalysts.” In asymmetric synthesis palladium plays a central role with asymmetric

versions of the Tsuji-Trost®® (Figure 25) and the Heck reactions®' (Figure 26) as two prominent

examples.
BocO, Me, 0
§ o N
BocO OBoc Br CONHOMe PdL* NH
~Or —
Base Hro)—iH

\@/CONHOMe BrMNH
Y

. (+)-agelastatin A
L= NH HN
PPh, Phy,P

Figure 25. Total synthesis with an asymmetric Tsuji-Trost reaction as a key step.5

41



Chapter 11l — Palladium Catalyzed Coupling Reactions

NHBoc B 7]

MeO2C

PADE ‘d ‘f
OTf N B

! N ' N
COzMe ] MeOZC Boc MeOZC

L* = |
N  PPh,

tBu

Figure 26. Construction of a chiral quaternary center using an asymmetric Heck reaction is

one of the key-steps in this total synthesis by Overman et al.. 6!

In 2006 more than 3500 scientific papers were published on palladium chemistry which illustrates
the huge impact palladium chemistry currently has.”” While there are many advantages with
palladium chemistry there are also a few drawbacks which ought to be mentioned. Firstly,
palladium is one of the more expensive elements,” and even when used in catalytic amounts the
metal can constitute a major part of the cost. One way of getting around the cost of the catalyst
has been by using minute amounts of catalyst where down to parts per billion amounts have been
reported. Most of these examples require much harsher reaction conditions and are limited to
rather simple substrates.* Secondly, it is often challenging to remove all of the catalyst in the
purification process, which makes the use of palladium more complicated in e.g. production of
pharmaceuticals.®® Thirdly, many of the transformations work very well with relatively reactive
substrates like aryl- or vinyl iodides but with more difficulty for the more readily available
chloride or vinyl tosylate analogs. Since a few years a number of protocols are available for
coupling of aryl chlorides and other challenging substrates and it remains a highly active research
area.’® The final challenge in palladium chemistry that I would like to mention is the issue of
selectivity. Many organic transformations can produce more than one product and in several of
the palladium catalyzed reactions regio- and stereoisomers are produced. To some extent these
issues have been overcome in asymmetric synthesis by the use of chiral ligands which bind to
palladium and thereby induce chirality in the product.” In some transformations regioselectivity
has been induced by having bidentate ligands with two different types of atoms binding to the
metal.®” Despite the drawbacks palladium chemistry is one of the most active focus areas within

the fields of catalysis and organic synthesis.
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Before the 1960s only few palladium catalyzed reactions were known. Then in 1959 one of the
industrially most important reactions of the 20™ century was reported. This is nowadays known as
the Wacker process or the Wacker-Smidt process, after the inventor Jiirgen Smidt who discovered
the process while employed at Wacker Chemie.®® The original reaction was an oxidative process
which converted ethylene gas into acetaldehyde. Further development by Tsuji resulted in a
reaction known as the Wacker-Tsuji oxidation, which converted terminal alkenes to ketones.” In
spite of the great industrial importance of the Wacker process it was a different type of
transformation that was to revolutionize organic synthesis. When Tsuji in 1964 first found that
palladium allyl complexes react with malonates to form allyl malonates one of the first seeds was
planted that would later bloom into the now enormous field of organic transformations catalyzed
by palladium.”” The catalytic version developed by Trost’' was later applied in an elegant

asymmetric fashion’” and the reaction is commonly referred to as the Tsuji-Trost reaction.

In 1968 Richard F. Heck described the reaction between an organomercury compound with an
olefin in presence of a palladium(II) salt.”” The product was an olefin where one of the hydrogen
atoms of the substrate olefin had been replaced by the organic moiety of the organomercury
substrate. In the following paper the mechanism for the insertion of an olefin into an palladium-
carbon bond was described, and the final conclusion of the paper was “These results illustrate
further the extraordinary usefulness of organopalladium compounds in organic synthesis”.”*
Today this rather bold statement seems more like an understatement. Only a few years after the
initial discoveries a greatly improved protocol for hydrogen substitution on olefins was reported
by the groups of Mizoroki”” and Heck.”® In the new protocol the synthetically unattractive

organomercury substrate had been exchanged for a much more readily available aryl halide, and

nowadays this reaction is known as the Heck-reaction or the Mizoroki-Heck reaction (Figure 27).

H 0 |A
~A R+ X-Ar %m + BaseH*'X"

Figure 27. The Heck reaction.

Following the discovery of the Heck reaction a number of other palladium catalyzed carbon-
carbon coupling reactions were developed. They differed from the Heck reaction in that the
nucleophilic coupling partner was an organometallic reagent instead of an olefin, and in one case

a heteroatom nucleophile. A few of the most famous named coupling reactions are the Stille,”’
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78

Hiyama, Kumada,” Negishi,80 Suzuki,81 Sonogashira82 and more recently the carbon-

heteroatom bond forming Buchwald-Hartwig® coupling (Figure 28).
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Figure 28. Examples of named palladium catalyzed cross-coupling reactions. Some

reactions require more additives such as a base to run efficiently.

The mechanisms of these reactions have a few common denominators and a generalized
mechanism is outlined in Figure 29. It starts with a zero-valent palladium species to which an
organic electrophile (e.g. aryl halide) can be oxidatively added. The palladium(II) species formed
can then react with the nucleophilic substrate, and via an intramolecular reaction the bond
between the nucleophile and the electrophile is formed, the product is released and the active

palladium(0) species is regenerated.
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Figure 29. Generalized mechanism for catalytic cycles involving the Pd%Pd"-couple.

Among the carbon-carbon bond forming coupling reactions in Figure 28 the Sonogashira coupling
differentiates from the other by having the organometallic coupling partner generated in situ from
a terminal alkyne and a copper(I) salt. Recently another protocol that applied a similar
methodology was developed by Goossen for coupling of aryl reagents instead of alkynes (Figure
30).* In Goossen’s reaction the aryl nucleophile is added as an aryl-carboxylate. Decarboxylation
by copper generates an aryl-copper species in situ which transmetalates the aryl group to
palladium and reductive elimination then generates the biaryl product. The authors argue that the
advantage with this methodology is that there is no need for stoichiometric amounts of costly
organometallic reagents since both palladium and copper are present in catalytic amounts.
Compared to the Sonogashira reaction the main advantage is that the product formed is not an aryl
acetylene but a biaryl which is a highly interesting structural motif in pharmaceuticals. One of the
obvious drawbacks is the rather harsh reaction conditions. In the original paper the reaction was
performed at 160 °C under basic conditions in NMP (N-methylpyrrolidone) with 2% palladium
catalyst. For substrates that tolerate the reaction conditions it appears to be a very attractive
protocol. The reaction was reported in 2006 and is a prominent example of current development

in palladium catalysis.
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Figure 30. Goossen’s decarboxylative biaryl coupling of aryl halides and benzoic acid

derivatives.

Mechanistic Work on Some Selected Reactions

This thesis is focused on the mechanisms of metal assisted reactions and therefore a more detailed
description will be given of the recent work by other groups in that area. The main focus is on the
computational work on elementary steps of the reactions. Some of the discussion is presented later

in relation to my own work.

Oxidative Addition

For most palladium catalyzed coupling reactions, the mechanism is generally believed to start
with oxidative addition of an aryl or vinyl electrophile to the active palladium(0) species.*” There
are several methods for generating soluble palladium(0). Either it is added as zero-valent
palladium stabilized by a ligand such as phosphines or dibenzylidene acetone (dba).*
Alternatively palladium is added as a palladium(II) salt in combination with a reducing agent to
generate the active palladium(0) in situ.®” The main advantage of generating palladium(0) in situ

is that palladium(II) salts are easier to handle due low sensitivity towards aerobic oxidation.

The nature of the oxidative addition has been studied by numerous groups,™ and still much of the
details are unknown. One of the problems is that the coordination of palladium(0) is not fully
understood. In crystal structures, coordination numbers of two, three and four are frequent,® but

in solution it is still disputed which is the more favored mode of coordination.”

Phosphines are widely used in organometallic chemistry since they tend to form strong metal-
phosphine bonds and the introduction of large organic phosphines can make otherwise insoluble

metals soluble in a wide variety of solvents.”’ For example phosphines containing water soluble
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groups e.g. -SO;™ can form metal complexes with high solubility in water, thus making it possible
to perform some reactions without using environmentally hostile solvents.”” However, while
many advantages with performing reactions in water can be listed, most reactions within synthetic
chemistry are performed in organic solvents. In palladium(0) catalyzed reactions addition of
ligands that keep palladium from precipitating as palladium metal is most often necessary, where
one of the most commonly used ligands is triphenyl phosphine (PPhs). The low price and the
relatively high stability towards oxidation in air are the main factors for its popularity. Lately
several new phosphines have been developed for coupling of less reactive electrophilic substrates.
Common features of these phosphines are that they are electron rich and are sterically very
demanding. The drawback of the high electron density on the phosphorus atom is that aerobic

oxidation is then a very rapid process.

One of the first experimental studies on palladium(0)-phosphine complexes was a S'P.NMR study
at low temperature by Mann and Musco.” In case of sterically non-demanding phosphines the
complexes added had the general formula Pd(PR3)4. For Pd(PPhs)4 two signals at =22.6 ppm and
5=18.4 ppm were observed which were assigned to Pd(PPhs), and Pd(PPhs);. Later studies by
Fauvarque et al. observed an inverse dependence of the PPh; concentration on the rate of
oxidative addition of aryl iodides.* The explanation for this behavior was that the main species in
solution was Pd(PPhs); with the active species being the 14-e complex Pd(PPhs),. Extensive

experimental studies by Amatore and Jutand came to the same conclusion. **

Many cross-coupling reactions have been found to proceed more efficiently when performed in
presence of halide or carboxylate anions.”> Amatore and Jutand found that addition of halide to a
solution Pd(PPhs)4 induced the formation of a new palladium(0) species. The primary product in
the oxidative addition to the anionic palladium species was found to be another complex than the
one resulting from oxidative addition to the neutral analog. It was suggested that the presence of
anions resulted in the formation of a tricoordinate species [Pd(PPh;),X], to which oxidative
addition was more efficient as an effect of the anionic character of the complex. It was also
proposed that the primary product of the oxidative addition was a pentacoordinate anionic
complex, rather than a square planar one. Based on this interpretation a new type of catalytic
cycle was proposed in which the square planar palladium(Il) complexes were replaced by trigonal

bipyramidal intermediates (Figure 31).
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Figure 31. Amatore and Jutand proposed a catalytic cycle involving anionic intermediates

(right) to proceed more efficiently than the neutral one (left).%

DFT studies by Shaik et al. showed that the tricoordinate anionic complexes, e.g. [Pd(PPh;),Cl]",
suggested by Amatore and Jutand were indeed minima on the potential energy surface.”® Goossen
et al. studied the similar complex [Pd(PMe;),OAc] and found that dissociation of one of the
phosphines to [Pd(PMe;)OAc]was a favored process in terms of free energy, although they
assume that [Pd(PMes),OAc] is the major species in solution from the potential energy
calculations.”” Oxidative addition of phenyl iodide to the tricoordinate anionic complex
[Pd(PMes),OAc] was preceded by dissociation of the acetate (Figure 32). The resulting complex
was a square planar one where the phosphines were cis to each other with the acetate and the
phenyl group occupying the remaining two sites. The iodide dissociated and did not coordinate to
palladium, and thus no pentacoordinate palladium(Il) complex was formed. Any attempt to
minimize a pentacoordinate complex with the ligands used in their study failed. This suggests that
the anionic mechanism proposed by Amatore and Jutand which involved pentacoordinate

palladium(II) complexes is an incorrect interpretation of the experimental results.

ul I ] [ ik
Me3zP Phl _MezP MesP -7 Me3P\P OAc
- MesP” Ph

Figure 32. Simplified version of the oxidative addition mechanism proposed by Goossen et

a|"97
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In all the studies described so far the geometries were optimized without applying a solvent model
throughout the geometry optimization. Senn and Ziegler studied the oxidative addition of aryl
halides to palladium(0) species coordinated by bidentate phosphine ligands.” The central point in
their report is that the oxidative addition transition states found in gas phase calculations were not
transition states when the reactions were fully optimized with a continuum model to describe
solvent. Instead, another type of transition state was located where the halide was not interacting
directly with the palladium center in the transition state, but was described as a dissociative
transition state of SyAr type (Figure 33). The structure then collapsed to a palladium(II) complex

with the iodide coordinated to palladium.

t
Me, Me | Me_ Me I Me_ Me
P v [
[ pd— —| [ _pd-- — “Pd’
PLEN PLEN “PC Ph
Me Me Me Me Me Me

Figure 33. Oxidative addition mechanism proposed by Senn and Ziegler.%

Migratory Insertion

The Heck reaction was discussed to some extent earlier in this chapter. This is the palladium
catalyzed substitution of a hydrogen atom for an organic group in an olefin. The generally
accepted mechanism is outlined in Figure 34 and involves coordination of an alkene to palladium
and subsequent insertion of the alkene into the palladium-carbon bond to give a palladium-alkyl
intermediate. -Hydride elimination then gives the product olefin and deprotonation of the
palladium-hydride regenerates palladium(0). For the final regeneration of the active palladium(0)
species to be a favored reaction, a base needs to be added to the reaction mixture. In this section

earlier work on the migratory insertion step will be described in more detail.
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Figure 34. Simplified mechanism of the Heck reaction.

After the palladium(Il) complex has been formed in the oxidative addition step a carbon-carbon
bond can be formed by migratory insertion of an olefinic substrate. Depending on the reaction
conditions this step can take place with either a cationic or neutral palladium(II) complex. The
main impact of the charge of the system is believed to be the regiochemical outcome of the
reaction. Recently a study by Deeth et al. described in detail how the electronics influence the
regioselectivity.” A relationship between the experimentally observed product and the orbitals as
well as the partial charge was found. By adding AFE,,,, which is derived from the energy of the
HOMO:s and LUMO:s of the coordinated alkene and the migrating group (here a vinyl group),
with the difference in partial charge between the reacting carbon centers Ag (multiplied by a
constant), a selectivity factor  was derived (eq. 1). When the values of  were in a certain range
the selectivity was for one regioisomer, in another range the other regioisomer was favored, and in

between a mixture would be expected.

Q=AE,, +4.334q Eq.1
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p-hydride elimination

Following the migratory insertion in the Heck reaction is the B-hydride elimination which
generates the product alkene. One of the first theoretical studies on B-hydride elimination was

reported by Siegbahn et al. in 1996.'"

In their study the migrating group was modeled by a
methyl group and the olefin was ethylene. They found that a 14-electron complex was formed
after the insertion where the fourth coordination site is occupied by the B-hydrogen which
interacted with an agostic bond to the palladium center. B-Hydride elimination from this complex
had a barrier of merely 12 kJ/mol, and the step was found to be essentially thermoneutral. The
main implication of the thermoneutrality is for the related polymerization of ethylene, where the
reversibility of this step causes branching of the polymer. It is likely that the thermodynamics of
the step are altered if a migrating group with higher coordinating ability than a methyl group is

used. In many organic transformations the group would be an aryl or a vinyl group where both,

and in particular the vinyl group, are likely to form reasonably strong bonds to palladium.

Transmetalations

Most of the coupling reactions that follow the general protocol outlined in Figure 28 involve an
organometallic nucleophile as a coupling partner instead of the olefin in the Heck reaction.
Following the oxidative addition of the aryl- or vinyl electrophile in these transformations is the
delivery of the nucleophile from the coupling partner, the transmetalation step. Several protocols
have been developed with different organometallic reagents, including Stille coupling with
organotin reagents, Kumada coupling with organomagnesium reagents, Negishi with organozinc
reagents, Suzuki with organoboron reagents and Sonogashira with copper acetylides (see Figure

28).

Recent studies by Goossen et al.'’! and Maseras et al.'” have dealt with the transmetalation of an
aryl or vinyl group from boronic acids to palladium(Il) complexes, one of the key steps in the
Suzuki coupling. The two groups studied slightly different versions of the reaction, where
Goossen’s study focused on the coupling between acetic acid anhydride with phenyl boronic acid,
while Maseras has investigated the standard Suzuki coupling between a vinyl halide and vinyl
boronic acid (Figure 35). The two groups have come to some common conclusions. In both
Goossen’s and Masereas’ study prereactive complexes are described where the hydrocarbon
moiety to be transferred is coordinating in an n’-fashion to the palladium center. The boron is

tetracoordinate with either a base or a halide occupying the fourth coordination site. The
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palladium-carbon o-bond is then formed simultaneously with the breaking of the boron-carbon
bond, in what appears to be a dissociation of the boronic acid moiety. Once the aryl or vinyl group
is transferred to palladium reductive elimination via a concerted three-center transition state

closes the catalytic cycles (this step is described further later in this section).

X-R R = Acyl or Vinyl
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Figure 35. Simplification of the mechanistic proposals for the Suzuki reaction reported by

Goossen et al. and Maseras et al..101. 102

Except for the studies just mentioned the number of theoretical studies on the other coupling

reactions involving transmetalation is quite limited. Two recent examples by Napolitano et al.'®

1" were focused on the transmetalation step from an organotin reagent to a

and Alvéarez et a
palladium(Il) complex, the transmetalation steps of the Stille coupling. Two similar cyclic
transition states were presented by the two research groups (Figure 36), where the hydrocarbon
moiety is delivered to palladium simultaneously with the formation of a tin-halide bond.
Napolitano also found an alternative path for transfer of the hydrocarbon group from tin to
palladium. This involved hypervalent tin coordinated by four hydrocarbons and one Lewis base,
in their study an amine. This Lewis base-assisted path was found to be favored energetically for
the model system studied, which could rationalize the experimentally observed rate acceleration

- 105
when performed in presence of base.
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Figure 36. Two possible transition states for transmetalation from a stannane to palladium.

Most catalytic cycles of reactions involving transmetalation are closed by the reductive
elimination step in which the carbon-carbon bond is formed and the active palladium(0) catalyst is
regenerated. Several groups have studied this step, and all have come to the conclusion that the

101,102, 106 ghme studies have

transition state is a three-centered concerted one (Figure 37).
observed that decoordination of one of the spectator ligands may have a favorable impact. In most
cases where the reaction has been studied as a part of an investigation of the entire catalytic cycle,

the conclusion has been that the reductive elimination step is not the rate limiting one.

R-R]"
R \
pdl ——| Pd | — L-Pd%{L) +R-R
(L) (L)
3-Centered

concerted TS

Figure 37. Reductive elimination as the final step in the catalytic cycle of many palladium

catalyzed reactions.
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Hydroarylation/vinylation of Alkynes

Background

Much like the Heck reaction, the hydroarylation reaction is a reaction between an aryl halide and
a C-C n-bond (Figure 38).'"” The two reactions differ in that in the hydroarylation, the olefinic
substrate of the Heck reaction has been replaced by an alkyne, and in the hydroarylation no base
is needed but rather the mild reducing agent formate. The presence of a reducing agent allows for
the alkyne to be reduced to an alkene. In the non-reductive Heck-reaction the degree of

unsaturation remains the same throughout the reaction.

5% Pd(OAC), H
R———R' | E—— — + Regio- and Stereoisomers
DMF, HCO,K R R

Figure 38. Typical reaction conditions for the hydroarylation reaction.%®

The hydroarylation and hydrovinylation reactions have been applied to construct a variety of
different target structures. In the initial studies mono- and disubstituted alkynes were used to
produce simple alkenes.'”” The general observation was that the reaction was non-regioselective,
meaning that the migratory insertion of the alkyne into the palladium-carbon bond could go two
ways with similar barriers. Even for acetylenes substituted with an aryl and a fert-butyl group it
has proven to be difficult to control the regioselectivity despite the large steric bulk of the fert-
butyl group. Introduction of a hydroxyl group in the a-position was found to have a favorable
impact on the regioselectivity yielding products from insertion at the remote carbon relative to the
hydroxyl group (Table 2).'” Isomerization of the double bond was observed in many cases thus
yielding not only two regioisomers but also E/Z-stereoisomers. Later it was observed that
exchanging the aryl electrophiles for cyclohexenyl analogs a higher regioselectivity could be
obtained, and in most cases the syn-addition isomer was obtained exclusively.'” Examples are

outlined in Table 2.
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Table 2 Some selected hydroarylation reactions.

Entry Alkyne Electrophile

BRI
=4

2
I—< >—Me
MECOZ
3
HO o
4 o) C

F
-
Br
|OOMe
— IOOMe

5

Sequential hydroarylation/vinylation and cyclization have successfully been used to produce a
number of heterocyclic compounds. A general procedure is outlined in Figure 39. The reaction is
an addition of an aryl or vinyl group to an acetylene substituted with an aryl group containing an

nucleophile in the ortho-position. The other substituent on the acetylene contains a leaving group
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(LG). The position of the nucleophile and leaving group can also be reversed. Two examples of

syntheses of heterocycles reported by the Cacchi group will be described below.

2N
/r A\
[ vy
_ 1) Hydroarylation N
. ;==\ or Hydrovinylation H
— + X \ /,) _
LG _ 4’ 2)Cyclization
Nu Nu
AN
(¢ N
_ 1) Hydroarylation N
_ /TN or Hydrovinylation H
= X 2 —
Nu _ 4’ 2)Cyclization
LG Nu

Figure 39. Sequential hydroarylation and cyclization have been used for construction of

heterocyclic compounds.

The method for synthesizing bicyclic heterocyclic compounds have been successfully applied for
the synthesis of chromenes.''” From tertiary 3-(o-bromophenyl)propynols a series of 4-aryl and 4-
vinyl-2,2-dialkyl-3-chromes were synthesized in a two-step protocol (Figure 40). First the alkyne
is hydroarylated or hydrovinylated, then in the second step the chromene ring system is formed
via an intramolecular Buchwald-Hartwig etherification. The overall yields were good and the first

hydroarylation/vinylation step was found to be highly regioselective.

1) Hydroarylation H N—
\ or Hydrovinylation

HO _4 2)Cyclization
Br o)

Figure 40. Synthesis of chromenes.

Quinolines represent another group of heterocycles where the hydroarylation reaction has been
applied successfully as a synthetic strategy.''' The one-pot tandem reaction which is shown in
Figure 41 has the nucleophilic group in the form of a protected amine on the aryl group. At the
other end of the acetylene the electrophilic part is an aldehyde protected as an acetal. The reaction
was performed in an ionic liquid with a recyclable palladium catalyst, a procedure that allowed

for the catalyst to be used in six consecutive runs without decreased activity.
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EtO Tandem Hydroarylation

@ and Cyclization
— + |
EtO :

AcOHN

Figure 41. Quinoline synthesis.

Mechanistic Investigation

Little was known about the mechanism and the proposed one is based on knowledge of related
reactions.'”” In Figure 42 an outline of the steps is presented: 1) reduction of the added
palladium(II) salt to form the active palladium(0) species; 2) oxidative addition of the aryl halide
giving a palladium(Il) intermediate; 3) coordination and subsequent insertion of the alkyne into
the Pd-Aryl bond, yielding a vinyl-palladium intermediate; 4) exchange of the halide for a
formate; 5) hydride transfer from the formate moiety, and finally 6) reductive elimination to give

the product alkene and regenerate the active palladium(0).
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Pd'" salt

Reduction by Formate In Situ

Product Release X-Ar
and Pd°-Regeneration .
Pd Oxidative Addition
H X
“Pd" pd'
R—N _Ar \Ar

R R——R
co,
LOOCH X Coordination and Insertion
Pd Pd"

R /—\ R
X HCO,
Anion Exchange

Figure 42. Proposed mechanism for the palladium catalyzed hydroarylation of alkynes.

In the first protocol for the hydroarylation it was performed in presence of a phosphine ligand to
keep palladium from precipitating as palladium metal, a standard procedure in palladium
catalysis. Later development demonstrated that the reaction could equally well be performed
without the addition of phosphines, thus eliminating problems associated with phosphines such as
oxygen sensitivity and tedious separation. Although synthetically very practical the absence of
phosphine complicates the situation for a mechanistic investigation. Since the mechanism is
believed to involve a palladium(0) species to which the aryl halide is oxidatively added and the
catalytic cycle is commenced, something that can keep palladium from precipitating as metallic
palladium must be present. Of the possible candidates the acetylenic substrates are the most
probable due to the possible d-m-backdonation as a stabilizing interaction (Figure 43).
Experimentally it was observed by Cacchi et al. that when the reaction was started five minutes
before any alkyne is added, whereafter the alkyne was added dropwise, no product could be
isolated.'” When the reaction was run with 5% alkyne from the start and then the alkyne was
added dropwise the yield was close to identical to when the reaction was run with all alkyne
present from the start. This observation suggests that alkynes can act as stabilizers of dissolved

palladium(0) species.
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d-n-backdonation

R ’/\Q ’
Pd°

R ¥ O

Figure 43. d-*-backdonation from the electron rich palladium(0) center.

DFT calculations on ligand exchange equilibria of neutral palladium(0) complexes showed that

2 The stabilities of the alkyne complexes

alkynes are highly potent stabilizers for palladium(0).
were similar to the commonly employed palladium phosphine complexes (Table 3). The greatest
stabilization is seen for the electron deficient alkynes, likely due to the greater capability of these
alkynes to accept electron density from the metal center via backdonation as illustrated in Figure
43. Interestingly, the complex formed by an electron deficient alkyne and the simple phosphine
PH; does not addopt a linear but a bent geometry, indicating the formation of
pallada(IT)cyclopropene (Figure 44). The more electron rich alkynes such as acetylene form

complexes with a close to linear geometry.
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Table 3. Relative potential energies of some PdL'L2 complexes

Entry L' L’ Relative Energy (kJ/mol)

1 H-C=C-H H-C=C-H 0

2 Ph-C=C-Ph Ph-C=C-Ph 26
3 Me-C=C-Me Me-C=C-Me 40
4 OHC-C=C-H OHC-C=C-H 10
5 OHC-C=C-CHO OHC-C=C-CHO 1

6 H-C=C-H PH; 26
7 H-C=C-H PPh; 13
8 OHC-C=C-CHO PH3 -3
9 OHC-C=C-H PPh; 0

0

Figure 44. The geometry of the complex with an electron deficient alkyne (left) is bent, which

O

is an indication of the formation of a pallada(ll)cycle. When the alkyne is more electron rich

the preffered geometry is a linear one (right).

When reactions are conducted in presence of anions, formation of anionic palladium(0)
complexes have been proposed to be the active species. Therefore anionic complexes were also
optimized. The general structure was [(HCO,)PdL] where L is the neutral ligand (acetylene or
phosphine ligand) and the anionic ligand was chosen to be formate since it is present in high
concentrations under typical hydroarylation conditions. Here the effect of the m-accepting ability
of the neutral ligand is much greater than in the neutral complexes (Table 4). The most stable
complex was found to be the one containing the electron deficient butyn-dial ligand. This
complex adopts a structure where the formate anion is coordinating to palladium in a bidentate
fashion, indicating that the d-m-backdonation is of such magnitude that the complex is best
described as a palladium(II) complexes (Figure 45). Anionic phosphine complex are strongly
disfavored compared to the complexes containing acetylenic ligands, likely due to the much lower

ability of phosphines to accept electrons compared to the acetylene ligands.
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Table 4. Relative potential energies of some [HCO2Pd®L] complexes

Entry L X Relative Energy (kJ/mol)
1 H-C=C-H "OOCH 0
2 Me-C=C-Me "OOCH 23
3 Ph-C=C-Ph "OOCH 20
4 PPh; "OOCH 30
5 OHC-C=C-H "OOCH -40
6 OHC-C=C-CHO "OOCH -53

Figure 45. In the complex with an electron deficient alkyne (left) the formate coordinates with
both oxygen atoms, an indication of the formation of a pallada(ll)cylcle. When the alkyne is
more electron rich the preffered geometry is a linear one (right) and the formate coordinates

with one oxygen atom.

For modeling the reaction mechanism of the hydroarylation the acetylene chosen was diphenyl
acetylene, a frequently employed experimental model substrate. Both anionic and neutral paths
were investigated, but not directly compared since the methods are less reliable when comparing

species of different charge.'

The starting complex 24 of the neutral path was bis(diphenyl
actenylene)palladium(0) in which the two alkynes are coordinating in a perpendicular fashion to
allow for backdonation from two orthogonal d-orbitals (Figure 46).''** Exchange of one of the
acetylenes for phenyl iodide, possibly via a solvent complex 25, leads to the formation of the
prereactive complex 26. Oxidative addition can then take place via 27ts with an overall barrier
from 24 of 55 kJ/mol to yield the palladium(Il) complex 28. Coordination of a solvent molecule
to the free site is highly favored and the oxidative addition transformation is calculated to be

exothermic by 50 kJ/mol (29). A similar path was found for the anionic complex 32 for which an
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overall barrier of 32 kJ/mol was calculated. Here a palladium(II) complex is formed where the
formate anion is coordinating in a bidentate fashion (34). In this case the reaction is highly

exothermic by as much as 117 kJ/mol.

Ph | !
Ph , |)|—Pd :
[[=Pa—/ [Ph 27ts©
Ph Ph 26 55 Pho
/—NH;

ph o |
|)|_P i |[—Pd—Ph
Ph Oﬁ
k2 NH
50 g9 ?
it
© y—NH; o |
HCO,—Pd—0 HCO,—Pd
31 45/\‘
33t©
b
S ol
H O‘F’d—// O-Pd—Ph
30 Ph PAsr
H 34

-117

Figure 46. Oxidative addition paths to a neutral (above) and an anionic (below) palladium(0)

complex.

Prior to the migratory insertion of the alkyne substrate a cis-acetylene-phenyl palladium(II)
species must form. Exchange of the ligands is likely to be rapid and we believe that a complex
like 35 is a possible intermediate under the reaction conditions. In 35, the migrating phenyl and

the inserting alkyne are situated in a cis fashion. The two remaining coordination sites are
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occupied by a formate and a coordinating solvent molecule, here a formamide as a model for
DMF. Two cis/trans isomers are possible with respect to the position of the spectator ligands and
both were considered. The phenyl group in 35 is coordinating in a fashion so that the ring is
perpendicular to the coordination plane of palladium. Also the alkyne coordinates out of the
coordination plane. In the following transition state the alkyne rotates so that it almost in the
coordination plane of palladium. The barrier for the step was calculated to 85 kJ/mol independent
of the position of the spectator ligands. In the resulting vinyl-palladium complex 37 the migrated
phenyl group coordinates in what seems to be an n'-fashion to the ortho-carbon of the phenyl
ring. Before the product can be formed the hydride needs to be transferred from the formate
moiety to palladium to give a palladium-hydride species. Two paths were characterized for the
hydride transfer. In the first 38ts, the formate and the vinyl are positioned frans to each other. The
hydride is then transferred to the site where the migrated phenyl group was coordinating, which
after dissociation of CO; yields the cis-hydride-vinyl palladium complex 39. The barrier for the
reaction step was calculated to 71 kJ/mol (95 kJ/mol relative to the more stable complex with
formate is in cis-position to the vinyl). From the vinyl palladium complex with the formate in cis-
position to the vinyl group another path was located. This path starts with the formate rotating to
give a complex where the coordination of the formate is via the hydrogen instead of one of the
oxygen atoms. The barrier was calculated to 99 kJ/mol. Dissociation of CO; then occurs with
virtually no barrier to give a palladium hydride complex similar to 39. An interesting feature of
both paths is that they yield the cis-hydride-vinyl palladium complex, which is set for product
formation via reductive elimination. No transition state could be located which would give the
trans-hydride-vinyl palladium, and a quick comparison of the stability of a cis- versus a trans-
complex showed a strong preference for the cis-complex of 90 kJ/mol in potential energy. The
strong trans-influence of both the hydride and the vinyl group makes it much more favorable to
have these positioned cis to each other, a feature which also favors the reaction. Reductive
elimination of the hydride and the vinyl moieties was found to be a facile process, which takes
place with a barrier of 40 kJ/mol (40ts). The resulting complex 41 is a palladium(0) species
coordinating to the product alkene and a solvent molecule, and palladium has been regenerated to
the zero-valent oxidation state which can enter a new catalytic cycle. The reaction is outlined in

Figure 47.
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85 36ts

Ph._ 0" Ph
H—Pd—S
S = Formamide 39
-96*
Ph_ Ph
H—Pd—s
Ph a1

Figure 47. Proposed mechanism for the migratory insertion, hydride transfer from formate

and the reductive elimination steps.

In the reaction path described above the migratory insertion step is where the regiochemical
outcome of the reaction is determined. We therefore decided to look more closely at this step
since several interesting observations have been made in terms of the regioselectivity of the
reaction. First it had been observed that hydroarylation of Ar-C=C-Bu tends to yield statistical
mixtures of the four possible regio- and stereoisomers. On the contrary hydrovinylation of the
same type of alkyne, using 4-phenyl-cyclohexenyl triflate instead of the aryl iodide in the

hydroarylation, gave one product exclusively (Figure 48).
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\

42 43

Pd(OAc), , HCO,K Ar Ar

Ph—=— ¥ |©—0Me __ " __
40°C, DMF Ph Ph

44 45

Ratio (44 :45)=1:1.1

Ph

Pd(OAC), , HCO,K l
AcHN = . TfO@—Ph - —
40°C, DMF

46 47 AcHN 48

\

94%

Figure 48. Regiochemsitry in the hydroarylation is unselective (above), while the

hydrovinylation is highly regioselective.

The major differences between the two reactions are the exchanges of aryl to vinyl and iodide to
triflate. To understand which of the changes that is responsible for the change in product outcome,
an experiment was conducted with 4-phenyl-cyclohexenyl iodide as the electrophilic substrate.
Reactivity similar to that of the cyclohexenyl triflate would then indicate that the aryl-vinyl
change is responsible for the change in reactivity, while reactivity like aryl iodide would indicate
that the change from iodide to triflate is the one making the outcome different. In Figure 49 are
shown two reactions. In the first the electrophile is 4-phenyl-cyclohexenyl iodide and in the
second 4-phenyl-cyclohexenyl triflate is used with added potassium iodide. In both experiments
the outcome was identical to that of the reaction with 4-phenyl cyclohexenyl triflate in absence of
iodide. This is a strong indication that the vinyl group is responsible for the change in reactivity,

and not the triflate.
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Ph

Pd(OAc), , HCOOK
40°C, DMF

46 49 AcHN 48

20%

Ph

Pd(OAc), , HCOOK
AcHN% + Tfo@—Ph -
40°C, DMF

1eq KI

46 47 AcHN 48
20%

Figure 49. Control experiments show that the vinyl-aryl shift is responsible for the shift in

regioselectivity rather than the iodide-triflate change.

To understand the underlying details of the regioselectivity the migratory insertion step was
modeled computationally. The alkyne was chosen to Ph-C=C-/Bu and the aryl group a simple
phenyl group. The vinylic moiety was 2-butenyl to incorporate the sterics and electronic effects of
the methylene groups of the cyclohexenyl substrate. For each transition state two cis/trans
1somers with respect to the position of spectator ligands formate and formamide were modeled. In
Figure 50 the lowest energy transition states for each regioisomeric insertion are shown with the
relative energies. The hydroarylation reaction has isoelectronic transition states in excellent
agreement with the experiments. Also for the vinyl the agreement is good where the regioisomeric
transition state leading to the experimentally observed product was calculated to be 19 kJ/mol

lower in energy than the transition state which would give the non-observed product.
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HCO,~Pd-- HCO,—Pd--
S S
49ts 50ts
Relative Energy: 0 kJ/mol 0 kJ/mol
Experimental Ratio: ~50% ~50%
HCOZ_P(ITI“ \ S_P(Ij“ \
S O,CH
51ts 52ts
Relative Energy: 19 kd/mol 0 kd/mol
Experimental Ratio: ~0% ~100%

S = Formamide

Figure 50. DFT calculations are in agreement with the experimental results.

Despite the good agreement between the experimental and the modeled results the explanation for
the regioselectivity was not straightforward. Electronic effects are likely to have an impact on the
reaction, but exchanging an aryl group for a vinyl should not alter the electronic situation much. A
closer look at the transition state geometries reveals another difference, namely the introduction of
steric bulk in a-position on the vinyl from the protons of the methyl group. So if it is the steric
bulk of the methyl group that makes the difference, a substrate with the electronic properties of a
vinyl but the sterics of a phenyl should have isoelectronic transition states. Therefore the
regioisomeric transition states for the migration of 2-butadienyl were located. The transition states
were indeed isoelectronic (Figure 51), thus confirming the hypothesis that the main difference

between the aryl and cyclohexenyl is the steric properties of these.
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HCO,—Pd-- S—Pd--
| -
s < O,CH
53ts 54ts

\ Isoenergetic J

S = Formamide

Figure 51. Transition states were calculated to be when the inserting group was 2-

butadienyl.

The second interesting regiochemical feature of the hydroarylation/vinylation that drew our
attention was the fact that a,-acetylenic carbonyl compounds tend to insert into the Pd-C bond to

108, 114

give the a-addition product selectively (Figure 52). For the similar Heck reaction of typical

Michael acceptors such as benzylideneacetone the outcome is the more intuitive [-addition

1% To get a better understanding of the background of the reactivity, the transition states

product.
leading to two regioisomeric products in the reaction with phenyl-propargyl aldehyde were
modeled. Again good agreement with the experiments was obtained and the transition state

leading to the a-addition product was favored by 17 kJ/mol (Figure 53).

0 Pd(OAc), , HCOOK Ar
Ph%< + |@—0Me > __
40°C, DMF Ph 0
55 43

56

Only isolated regioisomer

(0]
Pd(OAc), , KOAC Ar
J— + |OOM€ Y >;H/
Ph 40°C, DMF Ph
57 43 58

Only isolated regioisomer

Figure 52. Above: Hydroarylation gives the a-addition product Below: Heck reaction gives

the 3-addition product.
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HCO,~Pd-- HCO,—Pd--
S S
59ts 60ts
Relative Energy: 0 kJ/mol 17 kJ/mol
Experimental Ratio: ~100% -

Figure 53. DFT calculations of the regioisomeric transition states agree well with the

experiments.

The most obvious difference between alkene and alkyne substrates is the extra m-bond. When
observing the transition state geometries for the insertion of the a,B-acetylenic aldehyde, it
appears as if the reacting m-system is not in conjugation with the carbonyl group nor with the
phenyl group (Figure 54). Addition of the polarized Pd-C bond to a polarized Michael acceptor
n*-orbital is expected to give the B-addition product. For an alkyne the reaction is very different
since the reacting m*-orbital is not in conjugation with the carbonyl group, and therefore one must
look at the distribution of this non-conjugated orbital rather than the conjugated one. NBO-
analyses'"” of the two m*-orbitals of phenyl-propargyl aldehyde show a clear difference in the
distribution of the mw*-orbitals. Whereas the conjugated orbital is mainly located at the -carbon
the non-conjugated orbital has a slightly larger coefficient on the a-carbon. The very small
difference in the value of the coefficients of the m*-orbital combined with the partial charge
distribution mainly concentrated on the P-carbon indicate that electronics are not the most
important factor for the regiochemical outcome. Since the phenyl group is in coordination with
the non-reacting m-system its steric bulk is maximized, and compared to a carbonyl group the

phenyl group is then substantially larger.
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Figure 54. Geometry of 59ts

Conclusions

A feasible mechanism for the hydroarylation reaction was characterized computationally. The
active species is likely a palladium(0) species stabilized by coordination of alkynes. Oxidative
addition proceeds with a relatively low barrier. The following insertion of the alkyne was
calculated to have a barrier of 85 kJ/mol, with a four-center cyclic transition state. The resulting
complex was a vinyl-palladium species with the migrating aryl coordinating to the metal-center
with its m-electrons. When regioisomeric transition states were calculated, agreement with
experiments was excellent. It was found that the regiochemical outcome was largely dependent on
the steric bulk of the alkyne substituents and the inserting aryl/vinyl-group. Two mechanisms for
the hydride transfer were characterized, and interestingly both yield a palladium species with the
hydride and the vinyl in cis-position. With the hydride transferred the reductive elimination could

take place with a low barrier.
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Isomerization of Vinyl Electrophiles in the Heck Reaction

Much of the recent efforts in the research on palladium coupling have focused on using cheaper,
more readily available and more stable electrophilic substrates e.g. aryl chlorides and vinyl
tosylates.®™ ''® Unactivated vinyl-tosylates and vinyl-phosphates represent some of the more
challenging electrophilic substrates, but they are very attractive substrates due to the facile
preparation from the corresponding ketones.''® Most examples of vinyl tosylate coupling applied
activated substrates and only a few studies have reported protocols for coupling of the unactivated
analogs. A highly efficient protocol was developed by Skrydstrup and co-workers for coupling of
electron rich vinyl tosylates as well as vinyl phosphates with alkenes in a Heck type reaction

(Figure 55).

[PdCI,(COD)] (5%)
HBF4P(tBu); (10%)
LiCl (1 equiv)

OTs CyoNMe (2 equiv) X-Ph
X Ph
{Bu DMF, 100 °C Bu

Figure 55. Protocol by Skrydstrup for coupling of unactivated vinyl tosylates.

When the reaction was applied on a vinyl substrate with a fert-butyl group in a-position
rearrangement of the vinyl was observed, with the consequence that the internal vinyl tosylate
yielded a product where the new carbon-carbon-bond was formed to the terminal carbon (Figure
56). A possible path for this rearrangement involves a B-hydride elimination to give a hydride-
(tBu-acetylene)-palladium intermediate. Subsequent rotation and reinsertion of the alkyne would
then yield an intermediate with the rearranged vinyl-group (Figure 57). When the reaction was
performed on a deuterium labeled vinyl tosylate substrate the product expected from the proposed

mechanism was the observed one (Figure 58).

[PACI,(COD)] (5%)
HBF,P(tBu); (10%)

LiCl (1 equiv)
\/OTS Cy,NMe (2 equiv) SR
Bu R e
DMF, 100 °C

Figure 56. tBu-vinyl tosylates rearrange to yield the terminal vinyl product.
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tBu

tBu — —

= Bu— =——1Bu %\

Y\H NV | H Olefin Insertion
Pd—]—> Pd—H —= Pd—-H — Pd—{]

Figure 57. Proposed mechanism for the vinyl-rearrangement via B-elimination.

[PdCI,(COD)] (5%)

b HBF,P(tBu); (10%)

~__OTs LiCl (1 equw). D
D CysNMe (2 equiv) s _R
R tBu

X
tBu DMF, 100 °C

D

Figure 58. Deuterium labeling yielded the product in this figure exclusively.

To further investigate the proposed mechanism we undertook a DFT investigation. The starting
complex was chosen to be the T-shaped 14-e complex 61, where palladium is coordinating to the
fBu-vinyl group, a tri-rBu-phosphine and a chloride. Complexes of this type have been isolated
and characterized by X-ray crystallography, hence 61 was considered a reasonable choice. [3-
Hydride elimination on vinyl groups is rarely observed. For such a reaction to occur a free site of
coordination is required, and we therefore believed that the observed system was optimal since the
steric bulk of the phosphine and the vinyl would leave one site open. In addition to the favored
coordination, the fact that two groups with large trans-influences are in trans position to each
other in 61, could favor B-elimination since that would yield a complex with a hydride and the
phosphine positioned cis to each other. A B-elimination transition state from 61 was located 62ts
and the process was calculated to have a barrier of 62 kJ/mol. The alkyne-hydride-palladium
intermediate formed (63) was calculated to be 27 kJ/mol above 61 in potential energy. The
following reinsertion of the alkyne into the palladium-hydride bond was found to have a very low
barrier of 21 kJ/mol, yielding the rearranged vinyl-palladium intermediate 65 in an overall
thermoneutral reaction (+1 kJ/mol). The values of the calculated barriers suggest that the process
is facile under the reaction conditions. For this mechanism to be operating it still needs to have a
lower activation energy than the competing olefin insertion. Coordination of acrylamide at 61
yielded 66 which was calculated to be 18 kJ/mol higher than 61 in potential energy. Insertion can
then take place via 67ts and the overall barrier from 61 was calculated 87 kJ/mol. The
corresponding transformations at the isomerized complex were calculated to be substantially more
facile. Coordination of acrylamide was endothermic by 1 kJ/mol (68) and the insertion had an

activation energy of 66 kJ/mol (69ts), which means a 19 kJ/mol lower barrier than the one for
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insertion at the non-isomerized complex 67ts. Both insertion transition states are further
disfavored relative to the isomerization path by 20-40 kJ/mol due to the unfavorable entropy of a
bimolecular reaction contra a unimolecular one. The current reaction is thus an example of typical

Curtin-Hammett situation, where the two intermediates 61 and 65 are in rapid equilibrium with a
subsequent irreversible step with a higher barrier. The reaction is outlined in Figure 59

tBu._z CONH,

CI—Pd--' tBu
CONH
67 P(tl?\u)s r) : 2
Cl—Pd-- gorg
[ tBu A\ (tBu)s
! \ H Bu
] ' Cl—Pd~~
/I 87 ‘n | 7\
\ P(tBU)3 \

u CONH,
P CI—Pd—r
CI—FI’d P(tBu);
61 P(tBu), Cl—l?d 65 68
P(tBU)3

Figure 59. The mechanism for the vinyl rearrangement characterized by DFT. The
rearrangement and insertion is favored over direct insertion. Dashed lines represent
approximate energies including entropic contributions for the bimolecular insertion. Relative

energies in kd/mol.
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Theoretical Studies on Coordination and Reactivity of Pd° Complexes.

The studies on the reactivity of the palladium(0) alkyne complexes revealed a higher reactivity of
monocoordinate palladium PdL towards oxidative addition of aryl halides. These findings are not
in agreement with the earlier proposed mechanism for oxidative addition to palladium phosphine

85-87
complexes.

For these complexes the oxidative addition was suggested to occur at a
dicoordinate palladium species PdL,, except when extremely bulky ligands were used e.g.

P/Bus.'"”

To get a deeper understanding of the coordination and reactivity of palladium(0) several neutral as
well as anionic complexes were modeled, most containing the experimentally relevant ligand
PPh;. All geometries were fully optimized applying a continuum to simulate solvent.''® For the
neutral complexes free energies were calculated in the gas phase to get an estimate on the entropic
contribution to equilibria with different molecularity.'"” In Table 5 are outlined the relative free
and potential energies of a number of neutral complexes believed to be involved in the

preequilibria of the oxidative addition.

Table 5. Relative potential energies of a series of neutral Pd%-complexes. All numbers are in

kJ/mol.
Entry Complex CN* AGgys AEpyr “AGpye”°
1 Pd(PPhs) 1 82 102 53
2 Pd(PPhs), 2 0 0 0
3 Pd(PPhs)(PhI) 2 60 53 46
4 Pd(PPh;)DMF 2 63 40 43
5 Pd(PPhs); 3 44 26 84
6 Pd(PPhs),(PhI) 3 100 68 124

(a) Coordination number of Pd. (b) See computational details in paper 5.

According to the results in Table 5 the dicoordinate complexes were highly favored over the
mono- and tricoordinate ones. A striking result is that Pd(PPhs), was calculated to be very much
more stable than the tricoordinate Pd(PPhs)s, in sharp contrast to the earlier interpretations of the
experimental measurements.® Further studies on anionic complexes containing either formate or
chloride as the anionic ligand show similar trends (Table 5 and Table 7). For both types of anionic
complexes dissociation of one phosphine from [Pd(PPh;),X] was calculated to be a favored

process. In the chloride complex [Pd(PPh;),Cl] the Pd-Cl bond distance was calculated to 2.73 A
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compared to 2.47 A in the dicoordinate [Pd(PPh;)CI], indicating a much weaker interaction in the

tricoordinate complex.

Table 6 Relative potential energies of [PdLaCI]-. All numbers are in kJ/mol.

Entry Complex CN* AEpyvr  “AGigtimate””
1 [Pd(PPhs)CI] 2 0 0

2 [PA(PhI)CI] 2 35 35

3 [Pd(DMF)CI] 2 50 50

4 [Pd(PPhs),CI] 3 32 72

5 [PA(PPh;)(Ph)CI] 3 50 90

(a) Coordination number of Pd. (b) See computational details in paper 5.

Table 7. Relative potential energies of [PALOOCH]-. All numbers are in kJ/mol.

Entry Complex CN* AEpmr “AGEstimate””
1 [Pd(PPh;)(OOCH)] 2 0 0

2 [PA(PhI)(OOCH)] 2 25 25

3 [Pd(DMF)(OOCH)] 2 33 33

4 [Pd(PPh3),(OOCH)] 3 10 50

(a) Coordination number of Pd. (b) See computational details in paper 5.

Oxidative addition transition states were also located to gain further insight into the paths that

have been previously proposed as well as alternative ones. For the neutral complexes two

transition states were modeled - one dicoordinate with one phosphine and one tricoordinate

containing two. It was found that the dicoordinate one was highly favored in potential energy and

even more in free energy. For the anionic paths only dicoordinate complexes were considered

since the prereactive complex [Pd(PhI)(PPh3;)Cl]” was already highly disfavored compared to the

prereactive complex without the phosphine [Pd(PhI)CI]". Oxidative addition of phenyl iodide was

found to be a very facile process with very low barriers relative to the prereactive complexes

[PA(PhI)CI]". The barriers of the different complexes are summarized in Table 8.
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Table 8. Transition state energies relative to the respective prereactive complexes. All

numbers are in kd/mol.

Entry OA TS State Complex CN* AEpmr
1 Pd(PPhs),(Phl) 3 13

2 Pd(PPh;)(PhI) 2 2

3 [PACI(PhI)] 2 1.2

4 [Pd(OOCH)(PhI)] 2 0.2

(a) Coordination number of the corresponding pre-reactive complex.

The results from the DFT study on the stabilities of palladium(0) triphenyl phosphine complexes
do not agree with the earlier interpretations of the experimental observations, where Pd(PPhs);
was concluded to be the resting state of palladium(0).** Neither do the current results support the
hypothesis of the tricoordinate anionic complexes [Pd(PPh3),X] as the more stable
intermediates.” *** Instead the dicoordinate analogs [Pd(PPhs;)X] were found to be more stable.
There are several possible explanations for the disagreement between the experimental and
theoretical results. Firstly, the DFT methods cannot describe dispersion forces. However, one
could argue that the sum of the dispersion forces are similar for the free ligand in solution as in
the complex and therefore do not affect the equilibria much. Secondly, the implicit solvent model
is a severe oversimplification of the solvent, even though such models have often been shown to
be very successful in describing the condensed phase. Thirdly, the interpretation of the
experimental results could be incorrect, despite correctly performed experiments. The cause of the

disagreement between experiment and theory is thus currently difficult to state.

As mentioned earlier in this section and in the introduction to this chapter the use of bulky
electron rich phosphines e.g. P/Bu; has been found to facilitate coupling of less electrophilic
substrates such as aryl chlorides and vinyl tosylates. Due to the large steric bulk of these
phosphines they form linear dicoordinate 14-e complexes even in the solid phase. Experimental
work by Jutand et al. and Hartwig et al. on oxidative addition of aryl halides to these systems have
shown that the reaction most likely goes via a monocoordinate Pd’L complex. It has frequently
been observed that electron deficient aryl chlorides react more readily than the electron rich ones.
Since these reactions are highly interesting we decided to investigate in more detail what factors
are responsible for the change in reactivity. The modeled system was the full system with the

synthetically relevant phosphines P/Bus.
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As in the previous study both a neutral and an anionic path was investigated. The starting complex
for the neutral path was the dicoordinate Pd(P7Bus),. Prereactive complexes and transition states
for six aryl chorides with different substituents in para position were modeled. Relative energies
of the complexes and transition states are outlined in Table 9. The largest effect of the electron
withdrawing groups are in the formation of the prereactive complexes with a difference of 17
kJ/mol between p-OHC-CsH4Cl and p-MeO-C¢H4Cl. In the transition state the difference is down
to 10 kJ/mol.

Table 9. Energies of pre-reactive complexes Pd(ArCl)P{Bus and the subsequent oxidative

addition transition states, relative to Pd(PtBus)z, in kJ/mol.

p-Cl-Ph-X Pre-reactive complexes Transition states
-CHO 64.9 104.6
-CN 65.7 104.8
-H 75.8 112.5
-NH, 74.2 107.0
-Me 76.8 112.6
-OMe 81.7 114.2

The starting point for the anionic reactions was the chloride complex [Pd(PtBus)CI], where
prereactive complexes formed from exchange of the phosphine for an aryl chloride were
optimized. Energies of the prereactive complexes with the general formula [Pd(ArCI)CI] and the
following oxidative addition transition states are outlined in Table 10. A similar but more
profound effect of the substitution on the stability of the prereactive complexes as for the neutral
analogs is observed for the anionic path. Also here the effect is larger for the prereactive
complexes than for the transition states, but there is still a profound influence of the para-

substituent on the barrier.
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Table 10. Energies of pre-reactive complexes [Pd(ArCI)CI] and the subsequent oxidative
addition transition states relative to [Pd(PtBus)CI]- in kdmol'. In parenthesis are values from

single point calculations including diffuse functions on all heavy elements.

p-Cl-Ph-X Pre-reactive complexes Transition states
-CHO 39.6 (35.3) 78.9 (72.3)
-CN 41.0 (37.6) 78.8 (72.8)
-H 58.8 (56.2) 90.7 (84.9)
-NH; 52.9 (52.0) 90.6 (87.2)
-Me 58.9 (57.6) 91.7 (87.6)
-OMe 59.3 (57.6) 92.9 (88.2)

A good correlation between the reaction barriers of the anionic complexes and the Hammett o -
values indicates that the reaction is related to SyAr type reactions (Figure 60). Viewing the bond
dissociation energies (BDE) of the C-CI bonds in the aryl chlorides a trend similar trend as the
reaction barriers is observed (Figure 61), meaning that electron rich aryl chlorides have higher
BDE:s than the electron deficient ones. There are some differences, though. Firstly, the difference
in BDE is smaller than the difference in reaction barrier. Secondly, the BDE:s of the C-Cl bonds
correlate with the o™ while the reaction barriers correlate with ¢”. Based on these facts we
conclude that the main factor for the difference in reactivity is not mainly governed by the C-Cl
bond strength, but more the ability of the ability of phenyl ring to accept electrons. This effect is
more profound in the prereactive complexes which coordinate via a m-coordination, but the effect

remains to some extent in the transition state.
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Figure 60. Correlation between - and oxidative addition transition states.
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Figure 61. Correlation between @@ and BDE:s of C-Cl bonds in aryl chorides.

Conclusions

Calculations of the stabilities and reactivities of palladium(0) complexes have suggested the
dicoordinate complexes to be more stable as well as more reactive than the tricoordinate analogs.
While the higher reactivity of the dicoordinate complexes was not unexpected, the higher stability
of the dicoordinate compared to the tricoordinate complexes does not agree with the generally
accepted picture. More theoretical as well as experimental work is needed to fully understand

these reactions. For the systems where bulky ligands are used it is well known that the path for
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oxidative addition goes via a dicoordinate complex with palladium coordinating only to one
ligand and the reacting aryl halide. These systems were investigated in more detail to get a deeper
understanding of the mechanism. It was found that the mechanism is best described as an SyAr
mechanism. The fact that electron poor aryl halides react with higher rates was concluded to be

due to their higher ability to accept electrons in the transition state.
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Chapter 1V — Metal Catalyzed Ligation of Azides and Alkynes

Introduction

Click Chemistry

As organic synthesis has evolved and more advanced methods for constructing molecules have been
developed the complexity of drug-targets has increased. Together with a revolutionary development
in molecular biology that has given us much deeper understanding of the mechanisms operating in
living organisms the expectations for discovery of new drugs have been high. It is therefore with
disappointment that researchers and pharmaceutical companies have actually seen the number of
new drugs on the market decreasing. Convinced that drug discovery suffered from fundamental
conceptual issues K. Barry Sharpless and his coworkers Hartmuth Kolb and M.G. Finn presented a
new concept. Inspired by Nature and the obscure sci-fi novel “Out of control”'?’ Sharpless, Kolb

and Finn created “Click Chemistry”.'*'

In the ground breaking paper by Sharpless and co-workers from 2001 a detailed background, the
criteria for, and a number of examples of click chemistry were presented. Earlier as well as today a
substantial part of the work in organic synthesis focused on the construction of carbon-carbon
bonds, where one of the most widely applied methods has been the use of aldol addition reactions.
This method is Nature’s main route for construction of C-C bonds, but for synthetic purposes it
suffers from unfavorable thermodynamics.'** Often the exothermicity of the reaction is <12 kJ/mol
and therefore additional driving forces needs to be added to make the reaction efficient. In
biological systems only a minor part of the molecules are built up by long chains of C-C bonds.
Instead small building blocks are linked together to oligomers, and depending on which building
blocks are linked together and in what order, different function is attained. The way the oligomers
are linked together is always through carbon-heteroatom bonds. In this way enzymes, proteins,
polysaccharides and polynucleic acids are constructed, and thus a large part of the structures and
functions of all biological systems is built up by these natural polymers. The concept of click
chemistry was built on a similar approach, namely construction of functional structures by
combining fragments via C-X bonds, but by using more favored reactions from a synthetic

perspective.
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The criteria required for a reaction to qualify as a click reaction are:
- It must be modular
- It must be wide in scope
- It must be high yielding
- It should generate only inoffensive byproducts that can be removed by nonchromatographic
methods

- It should be stereospecific (if stereoisomeric products are possible).

Characteristics of the processes include:

- Simple reaction conditions — Insensitive to oxygen and water

- Readily available starting materials and reagents

- If purification is needed it has to be done by nonchromatographic methods such as distillation
or recrystallization

- The product must be stable under physiological conditions

The points listed here may seem very restrictive at first glance, but the authors argue that the
chemical space of molecules with reasonable structures for pharmaceutical purposes is enormous.
With about 10% possible structures the efforts to make more and more complex structures makes
little sense,123 and the search should instead be focused on function and in the introduction to the
2001 paper George S. Hammond is cited: “The most fundamental and lasting objective of synthesis
is not production of new compounds but production of properties”.'** Discovery of new functions
could in principle be accomplished by use of only a few highly efficient reactions for connecting
small modules into larger structures. A number of reactions which could qualify as click reactions

were listed (Figure 62).'%

A common feature of the reactions is that they were all “spring-loaded”
with energy, meaning that they all are highly exothermic. The substrates best suited for such highly

exothermic reactions were concluded to be unsaturated hydrocarbons - alkenes and alkynes.
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Figure 62. Examples of reactions that could qualify as Click reactions according to

Sharpless and co-workers. Huisgen'’s triazole formation is the most successful so far.

Of the reactions presented in Figure 62 it is the reaction between an alkyne and an azide which has
become the central reaction in click chemistry. It was originally discovered by Huisgen already in
the 1960’s, and is a highly exothermic reaction ~60 kcal/mol.'*® The two reacting groups are
orthogonal to most functional groups and react selectively to give the triazole product. The major
drawback is that the reaction requires elevated temperatures in order to react with reasonable rates.
Furthermore, the two possible regioisomeric products are normally produced in equimolar amounts.
The solution to these problems came soon after the click chemistry concept was presented. As with
many other highly desired but problematic reactions, the solution involved transition metal

catalysis.

Cu-catalyzed Azide Alkyne Cycloadditon - CUAAC

Soon after the first concept article on click chemistry was published one of the most important
developments on the reaction between alkynes and azides were discovered in the groups of
Meldal'”’ and Sharpless'®® independently. It was found that when Huisgen’s 1,3-dipolar
cycloaddition of azides and terminal alkynes was performed in presence of a copper(l) catalyst, the
reactions could be performed at ambient temperature, was completed within hours and selectively
yielded the 1,4-triazole with no trace of the 1,5-triazole. A very efficient protocol developed in the
Sharpless group is shown in Figure 63."** The solvent was a mixture of water and rert-butanol and
the copper catalyst was added as the copper(Il) salt CuSO, which was reduced in situ to copper(I)

by ascorbate. A wide variety of substrates were tried and in all cases the yields were excellent and
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since the reaction was performed in an aqueous system the non-soluble products could be purified

by simple filtration and washing with water.

NECF\?\N/\Ph Cu(S0,)-5H,0, 1 mol%
S) sodium ascorbate, 5 mol% N/’N\N/\
Ph—0O ~ NTpn
—= H,O/tBUOH, 2 : 1, RT, 8h Ph\o f
91 %

Figure 63. The protocol for CUAAC by Sharpless and co-workers.

With this highly effective reaction in hand, click chemistry could start the rapid development we
witness today. Even though the concept was initially presented as an alternative way of finding new
pharmaceuticals more efficiently, click chemistry has been applied in a wide range of fields within
the chemical sciences. Applications include highly efficient dendrimer synthesis,'”
functionalization of biological macromolecules,"*” construction of polymers,"! efficient synthesis
of rotaxanes,>* metal ligands,'” functionalization of surfaces'** etc. New applications still appear
frequently and by looking at the development of the number of citations of the original CuAAC

paper it is clear that the field is highly active (Figure 64)."*
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Figure 64. Citations 2002-2006 of the first CUAAC paper by Sharpless et al..

2002

Mechanistic Work"3¢

Simultaneously with the experimental findings in the Sharpless group the copper catalyzed reaction

was investigated computationally by Fahmi Himo in Louis Noodleman’s group in close
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collaboration with the Sharpless group. The mechanistic proposal was presented already in the first
paper of the CuAAC reaction but it was not until 2005 that the full computational study was
published.”” The starting point for the calculations was a copper(I) complex with an acetylide
ligated to copper and the remaining coordination sites occupied by solvent molecules (Figure 65),
either water or acetonitrile.'*® The first step was then exchange of one of the solvent ligands for an
azide coordinating via the nitrogen bonded to the organic moiety (N'). A stepwise mechanism for
the cycloaddition was then characterized, starting with the formation of a C-N bond between the
terminal nitrogen of the azide (N®) and the second carbon of the acetylide (C?). The resulting
complex of this transformation was a six-membered cupracycle which was described as a
copper(I1I) species. In this copper(Il) species the copper was doubly bonded to C' of and formed a
single bond to N'. A second transition state was located for the formation of the second C-N bond,
which resulted in a triazolyl copper(I) complex. It was concluded that the first step, the formation of
the cupracylic intermediate was the rate determining step. Compared to the uncatalyzed reaction the
barrier was lowered significantly from 26.0 to 18.7 kcal/mol (109 to 78 kJ/mol) in water and from
25.7 to 14.9 in acetonitrile (107 to 62 kJ/mol). The computational study clearly illustrated how a
copper(I) can enhance reaction rates by forming copper(I) aceylides which react more readily with
organic azides. Furthermore the mechanism correlated very well with the observed selectivity for

formation of the 1,4-triazole.

Figure 65. Reaction coordinate proposed by Himo et al..
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Not long after the computational study Rodionov et al. published an investigation of the kinetics of
the reaction.”” One of the most striking findings in that report was that a second order rate
dependence on the concentration of copper was found, thus suggesting that two copper atoms were
in some way involved in the catalytic cycle. One suggestion of the role of the second copper was

that the acetylide was coordinated to the first copper and that the second copper could assist in

binding of the azide (Figure 66).
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Figure 66. Possible assistance from a second copper suggested by Rodionov et al..



Chapter 1V — Metal Catalyzed Ligation of Azides and Alkynes

Dinuclear Copper Acetylides

It is well known that copper tends to form oligomeric structures in solution and also in the solid
phase."*” ! Often the separation between the copper centers is relatively short and it has been

suggested that there is a stabilizing interaction between the copper atoms.'*

The original mechanism by Himo et al. suggested the formation of a cupracyclic intermediate to be
the rate limiting step in the mechanism. This intermediate could in principle also be drawn as the
charge separated resonance form, with a formal negative charge on C' (Figure 67). One could then
envision a stabilizing effect from an introduction of a second copper atom in close proximity to C'.
Despite the fact that the copper centers are of the same charge, it seems likely that a second copper

could be placed in proximity of the first one without unfavorable repulsion.

N=N-\-Me N=N-y-Me
| - |
Me \/Cu\ Me™ X Cu—
N L o ® L
llcu+ll

Figure 67. The cupracyclic intermediate could be more favored by a second copper center in

proximity.

Visualization of the orbitals of a cupric(Ill)cyclic complex shows that a high-lying orbital (HOMO-
1) is concentrated on the C' and to some extent on the copper center (Figure 68). Interaction with
and a second copper center is thus likely to be stabilizing by an orbital interaction as well as by the

electrostatic interaction described in Figure 67.
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Figure 68. HOMO-1 of a cupra(lll)cylic intermediate.

To probe the hypothesis of the stabilizing effect of the second copper, transition states with a
second copper center were modeled. Two different systems were investigated, one where the
second copper was bonded to an acetylide, and another where it was bonded to a chloride. In both
systems the second copper center was found to be tightly bonded to C' with a bond length of 1.93 A
and 1.90 A for 70ts and 71ts respectively. The distance between the copper center bonded to the
azide (Cu™) and the second copper center (Cu®) was calculated to 2.64 A and 2.54 A in 70ts and

71ts respectively. The calculated geometries are shown in Figure 69.

Figure 69.

The interaction in the transition state indicates that Cu® could have a favorable impact on the
reaction but for the reaction to be accelerated the barrier of the reactions of the dinuclear copper
acetylides with the organic azide needs to be compared to the analogous reaction of the
mononuclear copper acetylide. To get an estimate of the effect the overall barriers from the

separated copper acetylide complexes and methyl azide were calculated. The geometries of the
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dinuclear copper acetylides are shown in Figure 70. They appear to adopt a structure where the
acetylides form a o-bond to the more electropositive copper center (Cu™) and the second copper is
coordinating on the side of the acetylide. Cu® seems to mainly interact with C', with possible
stabilization also from the interaction with C* and the copper center. Cycloadditions of methyl azide
to the dinuclear copper acetylides were calculated to have barriers of 54 and 44 kJ/mol for 72 and
73 respectively. A barrier of 71 kJ/mol was calculated for cycloaddition at the mono-nuclear
acetylide 74 which clearly illustrates that the introduction of a second copper has a very favorable
effect on the reactivity. The greatest enhancement is observed when Cu® is bonded to a chloride,

likely due to the much lower frans influence of chloride compared to acetylide.

Figure 70.

To get an estimate of the stability of the dinuclear copper complexes relative to the mononuclear
complexes, calculations on the free energy of the formation of 72 from 74 were performed. It was
found that the equilibrium outlined in Figure 71 was strongly in favor of the dinuclear species by 32
kJ/mol. Hence, the dinuclear complexes are both more reactive AND more stable than the

mononuclear analogs.

2 Me—==—Cu—OH, Me—=5—Cu—OH; + H,0 AG = -32 kJ/mol
Cl
74 \\\ 72

Me

Figure 71. Equilibrium between the mono and dinuclear copper acetylide was calculated to

be in favor of the dinuclear complex (right).
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Resulting from the transformation is a cyclic intermediate similar to the cupra(Ill)cycle described
before, just with an additional copper to stabilize the electron density on C'. An endothermicity of
47 kJ/mol was calculated in the mono-copper case, while in the cases of the dinuclear complexes
the endothermicities were as low as 25 and 15 for 75 and 76 respectively. This further illustrates the
favorable impact of the second copper in close proximity of C' in this transformation. Structures are

shown in Figure 72.

Figure 72

For modeling of the entire reaction a slightly different system was chosen. The dinuclear copper
acetylide was the simple MeCC(CuCl),” (77) to facilitate the modeling without losing information.
Geometrically this copper acetylide differs slightly from the dinuclear copper acetylides described
earlier 72 and 73. Since the copper centers are equivalent the acetylide prefers a p*-bridging

structure (Figure 73).

7

Figure 73.

Prior to the formation of the first C-N bond a prereactive complex 78 is formed where the azide is
coordinating one of the copper centers (Cu™) via the internal nitrogen N'. The coordination of
methyl azide was calculated to be exothermic by 9 kJ/mol (still most likely endergonic due to

unfavorable entropic contributions in an associative process).'"” The distribution of the frontier
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orbitals of the prereactive complex 78 clearly indicates that interaction between the HOMO and the

LUMO will result in formation of the first C-N bond (Figure 74).

Figure 74. Left: HOMO of 78. Right. LUMO of 78.

Just as for the dinuclear complexes described above the cycloaddition at 78 proceeds with a low
barrier of 48 kJ/mol (39 kJ/mol overall barrier from the separated reactants 77 and 79). The
cupracyclic intermediate formed 81 was calculated to be 12 kJ/mol higher in energy than 78 and
endothermic by merely 3 kJ/mol relative to the separated reactants. For the reaction to be complete
the second C-N bond must form. This step was found to be very facile for mono-nuclear copper
complexes, and proceeded with virtually no barrier. A transition state (82ts) was localized for the
formation of the second C-N bond. The barrier was calculated to 21 kJ/mol which is higher than the
corresponding reaction at the mono-nuclear copper complexes, but still a low enough barrier so that
the reaction step should not have any impact on the rate, since the potential energy of 82ts is
substantially below that of 80ts. The transformation results in a triazolyl intermediate 83 (Figure
75) where the triazolyl moiety coordinates to the two copper chloride moieties in a p’-bridging
structure, similar to the acetylide complex 77. Overall the reaction was calculated to be highly

exothermic, 235 kJ/mol. A profile of the reaction is outlined in Figure 76.
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Figure 75. Dinuclear triazolyl complex 83.

Figure 76. Reaction coordinate of the cycloaddition of MeNs and the dinuclear copper
complex 77.
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Copper Catalyzed Reaction of N-Sulfonyl Azides and Alkynes.

The copper(l) catalyzed azide and alkyne coupling is known to be tolerant of most functional
groups, and a wide variety of alkynes and azides have been applied. An interesting finding by
Chang and co-workers was that when sulfonyl azides were used in the reaction the isolated product
was not the expected sulfonyl triazoles.'*® Instead they isolated N-sulfonylamidines as the major
products in excellent yields (Figure 77). It was suggested that the sulfonyl azide and the alkyne
reacted to give a keteneimine intermediate in a process involving N»-loss. The amino group in the
product originated from an amine base, a common additive in the CuAAC. The same methodology
was later applied to the formation of N-sulfonyl-amides, in a protocol where the amine base was
simply exchanged for water. Whiting and Fokin later used the methodology of sulfonyl azides to

4

form tetracycles,'** which was accomplished by either dimerization of the keteneimine or by

trapping the keteneimine intermediate with an imine to give N-sulfonyl azetidinimine (Figure 78).

2

R
Cul (0.1 eq) Ts \
H & N
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“Ts
Figure 77
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Ph\N Pyridine Ts 7
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Ph R Ph”  Ph
Trans:cis - 95:5
Figure 78

Fokin and co-workers have suggested a path in which an N-sulfonyl triazolyl intermediate was

initially formed.'** '*

Two possible paths for the breakdown were then suggested, either via
concerted loss of N, or sequential breaking of the N'-N? and C*-N° bonds (Scheme 5). Both paths
would lead to the formation of a keteneimine intermediate. The mechanism via the triazolyl
intermediate was supported by a trapping experiment, in which the addition of allyl iodide that lead
to formation of the allyl substituted N-sulfonyl triazole in good yield. The N-Sulfonyl triazole was

also often observed as a byproduct in most of the reactions described above.

95



Chapter 1V — Metal Catalyzed Ligation of Azides and Alkynes

e Scheme 5. Proposed mechanism for the formation of the N-sulfonyl keteneimine.
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To get a deeper understanding and to possibly being able to direct the reaction of sulfonyl azides
and alkynes to the desired product, a computational study of the reaction was initiated. The initial
step, the formation of a cupracyclic intermediate from a copper acetylide and a sulfonyl azide was
modeled both with dinuclear as well as mononuclear copper acetylides. The sulfonyl azide was
chosen as a mesyl azide. Starting with the mono-nuclear copper acetylide MeC=CCu(OH,) the
overall barrier for the cycloaddition was calculated to be 42 kJ/mol, which is substantially lower
than for the addition of methyl azide (71 kJ/mol). A cupracyclic intermediate 86 is formed in the
reaction step and the endothermicity was calculated to 11 kJ/mol. Addition to the dinuclear complex
73 was calculated to even more facile, and the barrier for the formation of the cupracylic
intermediate was calculated to 27 kJ/mol. Formation of the dinuclear cupracyclic intermediate was
found to be exothermic by 10 kJ/mol, in contrast to the other cupracycle formations described in
this chapter which are all endothermic. The following step, the formation of the second C-N bond,
has only been modeled for the mononuclear case where it proceeds with a barrier of merely 2
kJ/mol to give the triazolyl intermediate in a highly exothermic step. Overall the reaction from the
separated reactants was calculated to be exothermic by 206 kJ/mol. A reaction profile of the

cycloaddition of mesyl azide to copper acetylides is shown in Figure 79.

96



Chapter 1V — Metal Catalyzed Ligation of Azides and Alkynes
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Figure 79. Reaction coordinate for the formation of the N-sulfinyl triazolyl intermediate X.

The formation of the N-sulfonyl triazolyl intermediate shows that it is not only possible, but also
appears to be even more facile than the highly effective coupling of alkyl azides. The next task was
then to study the breakdown of the triazolyl intermediate. Fokin has suggested two different paths
for the loss of N, one concerted and another stepwise process. The stepwise mechanism was
characterized and will be described in more detail below, while the concerted mechanism could not

be localized though several attempts were made.

Triazoles containing electron withdrawing groups on the nitrogen are known to ring open easily.
When the triazoles are substituted on the 5-position with an amine the ring opening can be followed
by rearrangement and ring-closing to the other amine nitrogen in a process known as the Dimroth

rearrangement (Figure 80).'*

g 5
,N\ A\ AN\ ,N\
N7 N-EWG N® N-EWG N® N-R N7 N-R
NHR NHR NH(EWG) NH(EWG)
Ring-opening Rotation + Ring-closing

Proton Shift

Figure 80. Dimroth rearrangement.
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Ring opening of the triazolyl intermediate 88 takes place via a transition state 89ts with a calculated
barrier of 64 kJ/mol (Figure 81). The intermediate formed in this process is a diazoimine type
intermediate and the process is endothermic by 27 kJ/mol. Since alkyl and aryl triazoles have not
been observed to lose N, the corresponding reaction at the methyl triazolyl intermediate 91 was
characterized. The ring opening is highly disfavored at 91 compared to the electron poor 88, and
activation energy required for this transformation was calculated to 148 kJ/mol. It is thus clear that

the ring opening is strongly accelerated by the sulfonyl group.

N._
N N-Me
92ts
Me Qu
148 OH,
131
. N
I I\ -Me
N N/SOZMG N I;]
89ts
Me Cu Me Cu
64 OH, 93 OH,
27
0 \ 0
N. N ~SO,Me N.
N” “N-SO2Me N:: N:/ N7 N-Me
Me QU Me CSJH Me Qu
gg OHo % 91 OH

Figure 81. Ring-opening of triazolyl intermediates

The ring-opening is followed by dissociation of N; in the stepwise mechanism. A transition state
with a 51 kJ/mol higher energy than 90 was localized 94ts, which means an overall barrier of 78
kJ/mol relative to the triazolyl intermediate 88 (Figure 82). The influence of another copper center
in proximity of the carbon atom bonded to N,, was modeled by using the protonated analog. The
corresponding reaction at was found to have a substantially higher barrier of 107 kJ/mol relative to
the diazoimine intermediate 96. Thus it seems as if the copper moiety can have an accelerating

effect on the rate of N, dissociation.
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Figure 82. N2-dissociation from diazoimine intermediates.
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Ruthenium Catalyzed Formation of 1,5-triazoles.

In the field of transition metal catalyzed organic transformations there are a few metals which are
the real “working horses”. Without a doubt ruthenium is one of these,'*’ with applications in

14

hydrogenations,'*® oxidations,'* metathesis,'*® allylations'' etc. In this section will be described

another success of ruthenium, the selective formation of 1,5-triazoles.

With the CuAAC reaction one of the most efficient synthetic transformations were available. One
of the strengths with the reaction was the high selectivity towards formation of 1,4-triazoles. Still,
however good the CuAAC reaction was, a reaction for the formation of 1,5-triazoles was lacking.
Then in a collaboration between the Jia and the Sharpless/Fokin groups one of the landmark
findings in 1,3-dipolar cycloadditions of alkynes and azides was made.'”? They showed that in
presence of a ruthenium(II) catalyst ligated to cyclopentadienyl group (CP), the 1,5-triazole was
formed to some extent, even though the 1,4-triazole was still produced to a significant extent.
Exchanging the CP ligand for the pentamethyl-cyclopentadienyl ligand (CP*), made the reaction
completely selective and the isolated product was pure 1,5-triazole. The CP*-ruthenium catalyst
was not only observed to be more selective, but also more reactive. The product distribution of the

reaction is outlined in Figure §3.

P
PNy [Ry) P NN N7 N Ph
Ph—=— Ph Ph
CpRuCI(PPhs), 85% 15%
Cp*RuCI(PPhs), 100% -

Figure 83. Ruthenium catalyzed formation of 1,5-triazoles.

A DFT study of the reaction was initiated to understand the reaction mechanism, especially the
influence of the CP* ligand, which seemed to be crucial for the reaction to run efficiently and
selectively. The starting complex was one where the azide and the alkyne are ligated to the
ruthenium center. The remaining coordination sites were occupied by the CP or CP* ligand and a
chloride. Transition states for the formation of the first C-N bond were localized for the formation

of both regioisomers, for complexes with both the CP and CP* ligand. In the CP complex the
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barriers was calculated to 22 kJ/mol and 28 kJ/mol for the formation towards the 1,5- and 1,4-
triazole, respectively. This energy difference corresponds to an 86 : 14 distribution at 333 K, which
corresponds very well to the experimentally observed 85 : 15 ratio. At the CP* complex the
formation of the intermediate towards the 1,5-triazole was calculated to proceed with a barrier of 16
kJ/mol. The slightly lower barrier compared to the CP complex is likely due to the higher electron
density of the CP* which favors the oxidative process (ruthenium(Il) to ruthenium(IV)). The
regioisomeric transition state was on the other hand found to have a higher reaction barrier of 32
kJ/mol. Here the explanation lies in the steric properties (Figure 85). The substituent of the alkyne is
in this transition state positioned so that it comes in close contact with the methyl groups of the
CP*. Such an unfavorable interaction is not present to the same extent in the CP catalyst. The
energy difference of 16 kJ/mol corresponds to a ratio of 99.6 : 0.4 in agreement with the

experiments. A reaction profile is outlined in Figure 84.
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Figure 85. The geometry of 98 shows the different influence of steric bulk from the CP ligand
on the two positions of the alkyne.

As shown in Figure 84 the formation of the second C-N bond seems to be the rate limiting step,
while the formation of the first C-N bond is the selectivity determining step. There is a slight

difference between the CP and the CP* catalyst in the barrier, still only a minor difference that is
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unlikely to account for the much more efficient catalysis of the CP*-catalyst. Another crucial step in
the reaction is the dissociation of the phosphine ligands from the added pre-catalyst. The phosphine
ligands are there to stabilize the catalyst in solution and to keep it from precipitating. However, too
much of the phosphine will hinder the reaction and thus poison the catalyst. Another possible
explanation for the difference in reactivity of the CP and CP* catalysts could perhaps be the ease of
dissociation of phosphine. In Figure 86 are shown the equilibria for dissociation of one phosphine
from the bisphosphine complex. It is clear that the steric bulk of the CP* ligand favor the

dissociation, thus it is likely to increase the amounts of active species of the catalyst in solution.

(= (=

|
\\-RU\ - RU\
I PPhy Cl”  PPh,
PhgP
Rel E. 0 kJ/mol 40 kJ/mol
Me Me
Me\@/Me Me\@/Me
Me" | Me Me™ | Me
\\‘Ru\ _— /RU\
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Rel E. 0 kJ/mol -11 kJ/mol

Figure 86. Ligand dissociation equilibria shows the favorable impact of the CP* ligand.
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Conclusions

Using computational methods a plausible model for the role of dinuclear copper acetylides in the
copper(I) catalyzed azide alkyne coupling reaction was found. It was shown that stabilization by a
second copper atom of the electron density which is build up on C' of the earlier suggested
cupracyclic intermediate, resulted in enhanced reactivity. The second copper center was found to be
more efficient in stabilizing the cupracyclic intermediate when having spectator ligands with low

trans influence, e.g. chloride.

Sulfonyl azides were found to react even more efficiently with copper acetylides than the alkyl
azides. Once the N-sulfonyl triazolyl intermediate is formed it can break down via a stepwise
mechanism with relatively low activation energy. The mechanism was shown to be accelerated by
the presence of the sulfonyl group as well as by the copper center in proximity of the carbon from

which N, dissociates.

A theoretical study on the ruthenium catalyzed formation of 1,5-triazoles was made to understand
the impact of the CP* ligand. It was found that the CP* ligand induces higher regioselectivity than
the CP-ligand, both by lowering the barrier of the desired path as well as increasing the barrier of
the undesired one. The steric bulk of the CP* ligand also facilitates the dissociation of triphenyl

phosphine from the catalyst, hence increases the amount of active catalyst in reaction mixture.
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Stannylcupration of o,p-Acetylenic Ketones and Esters
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Per-Ola Norrby*!*!

Abstract: The title reaction has been

investigated by experimental and com-
putational (DFT) techniques, and sub-
sequently compared to the correspond-
ing carbocupration reaction, with par-
ticular emphasis on the stereoselectiv-
ity. For stannylcupration of an ynone
substrate, only the anti-addition prod-
uct is observed, whereas for the corre-
sponding ynoate substrate, the stereo-

tion conditions: in the presence of
methanol as proton donor, the initial
syn-addition product can be trapped,
whereas a syn/anti mixture is obtained
in a non-protic solvent. This is in sharp
contrast to the carbocupration of the

Keywords: alkynes - cuprates
density functional calculations -
stannylcupration - stereoselectivity

same ynone substrate with a cyanocup-
rate (RCu(CN)Li), which is highly se-
lective for sym-addition. The product
selectivities can be understood from a
detailed computational characteriza-
tion of the reaction paths, and in par-
ticular from the relative stabilities of
the vinyl cuprate and allenolate inter-
mediates. It is suggested that the ste-
reodetermining step is protonation of

selectivity can be affected by the reac-

Introduction

Heteroatomcuprates, especially stannylcopper and silylcop-
per species, are versatile reagents for organic synthesis.!!
For example, trialkylstannyl cuprates, (R;Sn)(X),CuLi,,
react with a wide range of organic substrates, particularly al-
kynes. This stannylcupration process provides convenient
entry to structurally diverse alkenyl stannanes which are
themselves very useful building blocks for further elabora-
tion, including the formation of vinyllithiums and vinyl io-
dides or as coupling partners in the Stille reaction.”! The
pioneering work of Pierst® on the stannylcupration of a,p-
acetylenic esters, which has been extended to a,pB-acetylenic
N,N-dimethylamides® and o,B-acetylenic acids,®! provides
highly stereoselective routes to either (E)- or (Z)-f-stanny-
lated o,p-unsaturated moieties, by simple variation of the re-
action conditions (Scheme 1).
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vinyl cuprate intermediates.

R3Sn-Cu-Z
e} | Li
3 i : o !
/J\ORz (R3Sn)(X)CuLi .
R’ OR2
R3Sn Cu(X)Li R%sn OR? R3sn COOR?
R" “COOR? R' OCu(X)Li R” Cu(X)Li
A c B
lw "
R3Sn H R3Sn COOR?
R! COOR? R! _:H
(E) (2)

Scheme 1. Proposed mechanism for addition of stannylcuprates to o,f3-
acetylenic esters (adapted from ref. [3a]).

For a,pB-acetylenic esters, the reaction has been envisioned
to occur via regio- and stereoselective addition across the
triple bond to give A which, if protonated under kinetic con-
ditions (the ester is mixed in THF with an alcohol as a
proton source prior to exposure to the cuprate at —78°C),
gives mainly or exclusively (up to >99:1 selectivity) the E
isomer. Warming the reaction mixture to ca. —50°C before
the addition of a proton source provides the thermodynami-
cally more stable Z isomer (typically around 98:2 selectivity)
after equilibration to B via the allenolate C.

Chem. Eur. J. 2006, 12, 2866 —2873
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Recently, as part of a total synthesis project,'’ we became
interested in the development of synthetic methodology en-
abling the stereoselective production of (E)-f-trialkylstannyl
a,B-unsaturated ketones. Based on analogy with the work of
Piers, the obvious route would be regio- and stereoselective
stannylcupration of the corresponding a,p-acetylenic ke-
tones, and we were surprised to find only one report” of
such a reaction being used in the context of total synthesis.
Accordingly, we screened a range of stannylcupration reac-
tions of various acetylenic ketones with different combina-
tions of solvent, reaction temperature, stannylcuprate and
proton source.® To our surprise, in all these experiments the

(o}

1) 2.4 equiv (BuzSn)(CN)CulLi
\\ +/- MeOH, -78°C, THF
OTBDMS
2) satd NH,Cl,q, pH 8
OTBDMS
O SnBuj; (0]
& OTBDMS  + SnBus
+ MeOH 77% not detected

- MeOH >95% not detected

Scheme 2. High Z selectivity in the stannylcupration of alkynones, both
in the presence and absence of methanol (taken from ref. [8]).

(Z)-p-trialkylstannyl a,B-unsaturated ketones were
consistently formed as the major product in high o
yield and with excellent stereoselectivity (>95%),
often without even a trace of the E isomers, as ex-
emplified in Scheme 2. 1

There is thus a very different reactivity/selectivi-
ty pattern for the stannylcupration of o,f-unsatu-
rated alkynoic esters and ketones, respectively, We
also noted that (in line with the work of others!”)
the corresponding reactions of the Gilman or Lip-
shutz organocuprates with our alkynones were
non-stereoselective,® thus providing more food 2
for mechanistic thought. Important mechanistic
studies of this type of reaction, involving the “clas-
sical” organocuprates, have been reported by Ulle-
nius'” and Krause,'! while Nakamural'? has re-
cently contributed with extensive computational o
studies; Hall'® has made a systematic study of the
effect of additives on the stereochemical outcome
of the reaction involving acetylenic esters. In de-
tailed NMR studies of the carbocupration of a,f3-
acetylenic substrates, Ullenius!"! noted distinct dif-
ferences between the behavior of ynoates and 0
ynones, the latter forming only allenolates as ob-
servable intermediates (corresponding to C in
Scheme 1) which are subsequently protonated with 7
only low (or no) stereoselectivity. This further
prompted the question as to why the stannylcupra-

Chem. Eur. J. 2006, 12, 2866 -2873
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tion reactions of alkynones are so highly stereoselective. A
possible answer to that question, and an explanation of the
different reactivity/selectivity pattern of alkynones versus al-
kynoates in stannylcupration reactions, is the subject of this
report.

Results
Experimental results

A model system was chosen to be as simple as possible to
facilitate a study by both experimental and computational
methods. Therefore, the ketone chosen here was pent-3-yn-
2-one (1), the ester methyl 2-butynoate (2), and the stannyl-
cuprate Me;SnCu(CN)Li (3). The reactions were performed
in THF at —78°C in the presence (+MeOH) or absence
(—MeOH) of methanol as proton source. When performed
in absence of methanol the reaction mixture was worked up
with saturated aqueous ammonium choride (Scheme 3).

To parallel the stannylcupration with the related carbo-
cupration, 1 was subjected to the corresponding carbocup-
rate BuCu(CN)Li (6). The opposite substitution pattern
was also investigated to probe the influence of the sterics of
the acetylene substituent and the carbocuprate. Therefore
the rBu-substituted alkyne 7 was treated with the carbocup-
rate MeCu(CN)Li (8). In both cases the reaction mixtures
were worked up with saturated ammonium chloride. The re-

sults are presented in Scheme 4.
o} o
Me)j\ * Me)j\

1)-78°C, THF

M |
© 2) Si'ltdsNH“c aq Me” “SnMe; Me;Sn” Me
3 P syn-4 anti-4
+MeOH not detected 47%
- MeOH not detected 53%
o 1)-78°C, THF 0o o
Me3SnCu(CN)Li
Meo)\ + MeSnCulCNLL Meo)j\ N Meo)i
M
© 2) szt(éNH&lm Me” “SnMe; MesSn” Me
3 P syn-5 anti-5
+MeOH 77% not detected
- MeOH 24% 46%
Scheme 3. Stannylcupration of ynone 1 and ynoate 2.
1)-78°C, THF o 0
+ tBUuCu(CN)Li i
Me” 7 M Me™
Me 2 si't% NH,Claq Me” “tBu Bu” "Me
1 6 P syn-9 anti-9
70% trace
1)-78°C, THF o] o]
MeCu(CN)Li
Me)J\ + MeCu(CN)LI > Me)j\ N Me)j\
Bu 2 ;at% NH.Clag Me” “tBu Bu” "Me
8 syn-9 anti-9

trace not detected

Scheme 4. Results from carbocupration of ynones 1 and 7.
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Under these conditions the cuprate 8 surprisingly proved
to be very unreactive towards 7, and after three hours of re-
action most of the starting material was recovered. This is
possibly due to formation of less reactive clusters of reagent
8, a factor which is not an issue for the cuprate 6.

Computational results

Stannylcupration of pent-3-yn-2-one: The starting point for
the calculations is the complex 10, which has been shown by
experimental and computational methods to be the initially
formed complex when ynones/ynoates are reacted with cu-
prates.'®1?! This can be viewed as being either a copper(i)
species, or a copper(l) coordinated to an alkyne (Figure 1).
We have chosen the copper(i) description since it is more
in line with the calculated geometry of intermediates 10 and
15.

The Cu™ species 10 can undergo a reductive elimination
type reaction in which the carbon—tin bond is formed via
the transition state 11ts, with a low barrier of 13 kImol™!
(Figure 2). After the carbon—tin bond is formed the complex
collapses to an allenolate intermediate 12, in which the Cu'

10 11ts
Li Li
< "N <N
O \\\ O W
CNC“'SnMea CﬁAC-U:SnMeg
10 11ts

E K] mol™

-40 4

-50 1

-60 4

Figure 2. Energy profile for stannylcupration of ynone 1.

2868 ——
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Me Me
10 10

1>

Figure 1. Calculated structure of the “Cu™”-complex 10.

is coordinated to the a,f-double bond. The reaction path
was confirmed by a relaxed scan of the C-Sn distance, as
well as by displacement followed by energy minimization, in
both cases yielding the allenolate 12. We note that this
mechanism is different from the one proposed for the carbo-
cupration of ynones, in which the reductive elimination of

the Cu™ species always leads to a vinylcuprate type struc-
[12b]

ture.

(s’

12 anti -13ts anti-13

syn-13ts

Li-N N=Li
o ! Ul o
Cu Cu,
CxnSnMe, | |
\\ SnMe, SnMe;
12 T anti-13ts anti -13
r -
Li—N Li—N
o] \)\ g \)\
L_Cu l_cu
| |
SnMe, SnMe;
syn -13ts syn-13
anti-13ts syn -13ts
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Stannylcupration

Isomerizations of the allenolate 12 to the syn-addition vi-
nylcuprate syn-13 or the anti-addition vinylcuprate anti-13
occur via basically identical barriers, 22 kJmol™' for syn-
13ts and 23 kJmol ™! anti-13ts. The resulting vinylcuprates
syn-13 and anti-13 are isoener-
getic, and the overall reactions
from 10 (Cu™ complex) are cal-
culated to be exothermic by
55kIJmol™!  (Figure 2). The
energy required for isomeriza-
tion between syn-13 and anti-13

is thus calculated to be i
44 kJmol™', with the allenolate
intermediate 12 being
21 kJmol™" less stable than the Ay
. 0 N
vinylcuprates. N
MeO™ ~C MeO

Since the reaction is conduct-
ed in THF it is possible that the
lithium ion is dissociated to 15
yield an anionic vinylcuprate in-
termediate, in analogy with ear-
lier observations for lithium di-
alkylcuprates,'™ which then is 20
protonated to yield the prod-
ucts. Due to the stabilizing
effect of an oxygen-tin (Lewis
base/Lewis acid) interaction the 40
anti-addition complex anti-14 is
calculated to be stabilized by as
much as 30 kJmol! in the gas 80
phase, relative to the syn-addi-
tion complex syn-14 (Figure 3).
In the syn-addition complex
there is also a destabilizing in-
teraction between the carbonyl
oxygen and the anionic copper. Calculations with a solvation
model were therefore performed. These yielded a difference
of 22 kJmol ™ in favor of anti-14. Thus only in the presence
of Li* ions are the syn and anti intermediates isoenergetic,
and decomplexation leads to a preference for the complex
leading to the anti-addition product.

%\-‘C“‘SnMeg

40

04

-20

E [kl mol™'

-60

-100-

o
anti-14
— o} —
=N =N
oF ‘ Cu ‘ Cu
s SnMe,
Mey
anti-14 syn-14

Figure 3. Calculated structures of anti-14 (left) and syn-14 (right).
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Stannylcupration of methyl-2-butynoate: Cu™-complex 15
analogous to 10 was the starting point for the mechanistic
study of the stannylcupration of methyl-2-butynoate
(Figure 4). This complex can undergo reductive elimination

Li. Li—N Li-N N—Li

\\\ I Cu
Cu Cu
/gcﬁgu‘SnMeg MeO)I Meo)%C 5 nSnMeg | B
SnMey \ SnMeg

anti-16

Figure 4. Energy profile for stannylcupration of ynoate 2.

to yield the syn-addition vinylcuprate syn-16. The mecha-
nism is analogous to the one for carbocupration of ynones/
ynoates proposed by Nakamura et al.,l'” and proceeds with
a barrier which is calculated to be slightly higher than for
the reaction of pent-3-yn-2-one described above
(23 kImol™") and the overall reaction is exothermic by
81 kImol™". This complex can then rearrange to isomeric vi-
nylcuprate anti-16, via an allenolate type transition state
17ts with a barrier of 74 kJmol™'. From 15 the overall reac-
tion is exothermic by 94 kJmol™. It is the stabilizing
oxygen-tin (Lewis base/Lewis acid) interaction in the anti-
addition vinylcuprate anti-16
that makes it more energeti-
cally favorable than the syn-
addition vinylcuprate syn-16.
Another anti-addition vi-
nylcuprate complex (18) was
also found in which the ester
moiety had been rotated 180°
(Figure 5). This complex was
calculated to be less stable
than anti-16 by 39 kI mol .

Figure 5. Calculated  structure
of 18, a less stable isomer of
anti-16.
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Carbocupration of ynones: Carbocupration of pent-3-yn-2-
one (1) by rBuCu(CN)Li 6 has been investigated for com-
parison with the stannylcupration (Figure 6). The reaction
starts with a Cu'™ species analogous to the ones described
above for the stannylcuprations. The complex 19 formed
from 1 and 6, undergoes reductive elimination to yield the
vinylcuprate syn-21 with a barrier of 39 kJmol™ (20ts). syn-
21, the initially formed intermediate in the reaction between
1 and 6, isomerizes to the allenolate 22 with a barrier which
is only slightly above the energy of 22 (0.1 kJmol™"). Forma-
tion of 22 is endothermic by 33 kJmol~!. The transition state
for formation anti-21 (anti-23ts) is also low, 0.4 kJmol ™!, and
the overall reaction from the vinylcuprate syn-21 to the iso-
meric vinylcuprate anti-21 is calculated to be endothermic
by 9 kImol ™ (Figure 6). This difference in potential energy
of the two intermediates is due to the unfavorable steric in-
teraction between the tert-butyl group and the methyl group
bonded to the carbonyl in anti-21. The favorable Lewis acid/
Lewis base interaction in the analogous stannylcupration in-
termediates has no counterpart in the carbocupration case.
This important feature will be discussed in more detail
below.

syn -23ts

ﬁ {Bu

20ts
19
t
I
L Li—N
<N O
O A\ o )
/g \\ I Cu
C%Quwsu |
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20ts . syn -23ts
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N y W |
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Bu
19 syn -21 22
80
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Discussion

The observed stereochemical outcome of the stannylcupra-
tion of ketones was at first surprising. Previous observations
have shown stannylcupration of esters to yield syn-addition
products at low temperature.”) The stereochemical outcome
of our model system, ketone 1 and stannylcuprate 3, was
always the anti-addition product anti-4, independent of both
the quenching temperature and the nature of the proton
source.

Previous investigations of the related carbocupration of
ynones and ynoates made a link between the conjugate ad-
dition and insertion of the triple bond into the Cu—C
bond.'® It was shown that the carbon—carbon bond is
formed in a reductive elimination from a copper(in) species,
after which the complex collapsed to the alkyne syn-inser-
tion vinylcuprate analogous to syn-21. In the present study
another mechanism has been observed for the stannylcupra-
tion of ynones. Also here the initial complex formed is a
Cu' species 10 (Figure 2). Reductive elimination from this
complex takes place via a low energy transition state 11ts,
with a calculated barrier of merely 13 kJmol™'. From here
the mechanism of the stannylcupration differs from the one
found for the carbocupration.
After 11ts the complex does
not form a syn-addition vinyl-
cuprate but instead the alleno-
late 12. This has some funda-
mental consequences for the
expected outcome of the reac-
tion. Whereas one would
expect pure syn-addition prod-
ucts at low temperature for car-
bocuprations and a mixture
when performed at higher tem-
peratures, the stannylcupration
reaction would be expected to
yield mixtures even at low tem-
* perature since the initial inter-
mediate 12 could in principle
yield both products, either by
direct protonation of 12 or pro-
tonation of the vinylcuprates
syn-13 and anti-13. Formation
of syn-13 and anti-13 takes
\ place via similar barriers and
the two isomers are calculated
to be isoenergetic, wherefore
direct protonation of the iso-
mers of 13 would be expected
to lead to a mixture of stereo-
isomeric products. We are thus
left with two possible rationali-
zations for the experimentally

anti -23ts

anti -21

-170

Figure 6. Energy profile for carbocupration reaction of 1 and 6.
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tonated is the allenolate 12. The steric bulk of the stannyl
group could then hinder the protonation which would yield
the syn-addition product 4, while protonation from the
other side would yield the observed product. The other pos-
sibility is that the complexes which are protonated are not
the isomers of 13, but instead those in which the lithium ion
has dissociated to give syn-14 and anti-14 (Figure 3). Of
these, anti-14 is strongly favored (30kJmol™' in the gas
phase) due to a strong Lewis acid/Lewis base interaction be-
tween the tin and the carbonyl oxygen, and direct protona-
tion of anti-14 would lead to the observed product.

While the stereochemical outcome of the stannylcupration
of ynone 1 was surprising, the product distribution of the
corresponding reaction between 3 and ynoate 2 followed lit-
erature precedence.”’) Protonation at low temperature re-
sults in only syn-addition product and at higher temperature
a mixture of syn- and anti-addition products. The computa-
tional investigation of the stannylcupration of ynoate 2 by
stannylcuprate 3 starts with the Cu™-complex 15 (Figure 4)
from which reductive elimination of the stannyl group and
the B-carbon of the ynoate occurs with a calculated barrier
of 23 kJmol™" which is only slightly higher than for the cor-
responding reaction at 10. From here the reaction takes a
different path compared with the ynone reaction, and the
product of the reductive elimination is the syn-addition vi-
nylcuprate syn-16, which can then isomerize to anti-16. For
this reaction no allenolate intermediate was found but in-
stead a transition state 17ts with an allenolate type struc-
ture. The energy required for this isomerization was found
to be 74 kImol ™' which is substantially higher than for the
corresponding reaction of the ynone (44 kJmol ™). Due to a
stabilizing interaction between the alkoxy oxygen and the
tin atom, anti-16 is stabilized relative to syn-16 by
13 kJmol ™. These results are in agreement with the experi-
mental observations that at low temperature the kinetic
product syn-5 is formed in 77% yield, while in the case
where the reaction is quenched with aqueous ammonium
chloride (thus increasing the temperature), both the kinetic
product syn-5 and the thermodynamic product anti-5 are ob-
served, in 24 and 46 % percent yields, respectively.

The corresponding carbocupration reaction between 1
and 6 resulted in formation of the syn-addition product syn-
9 exclusively (Scheme 4), in sharp contrast to the anti-addi-
tion observed in the stannyl cupration reaction between 1
and 3 (Scheme 3). Our carbocupration results with cyano-
cuprate 6 are also in sharp contrast to earlier studies where
mixtures were obtained when ynoates were reacted with
Gilman or Lipshutz reagents.*'¥ Mechanistically the reac-
tion is found to be similar to the one reported by Nakamura
and co-workers for carbocuprations with the cuprate
Me,CuLi.l'® The Cu'-species 19 (Figure 6) reductively
eliminates via the transition state 20ts, which then collapses
to the vinylcuprate syn-21. syn-21 can isomerize to anti-21
via the allenolate intermediate 22. Energetically, the most
favorable of the two vinylcuprates is syn-21 (by 9 kJmol ™),
due to a steric interaction between the tert-butyl group and
the a protons in anti-21. The allenolate 22 via which the iso-

Chem. Eur. J. 2006, 12, 2866 -2873

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

merization between the vinylcuprates occurs, is 33 kJmol
higher in potential energy than syn-21. The transition states
syn-23ts and anti-23ts are slightly higher than 22 in potential
energy (0.1 and 0.4 kJmol™', respectively). An intermediate
flanked by such low energy barriers should not be consid-
ered a true minimum, but rather a transient point on the po-
tential energy surface, but the energy is still indicative of the
barrier the molecule must pass over during isomerization of
the vinylcuprates.

Carbocupration reagent 6 was originally chosen for its
steric similarity to stannylcupration reagent 3, and yet, the
stereochemical outcome of their reactions with ynone 1
were completely different (Schemes 3 and 4). As mentioned
above there are two possibilities for the origin of the stereo-
chemistry, the first being stereoselective protonation of the
allenolate intermediate where
protonation on the same face as N
the bulkier group would be hin- ITi”\\\ H
dered (Figure 7). The second 0 Cu
possibility is then protonation Cgrx/
of the more stable vinylcuprate Q !
(Figure 8), which assumes a s
rapid equilibrium between the
two isomers.

Figure 7. Selective protonation
of allenolate (X=Sn or C).

Figure 8. Protonation of the more stable vinylcuprate (X=Sn or C).

If the stereochemistry is set by selective protonation of an
allenolate intermediate the outcome would be expected to
be the same in both stannyl- and carbocupration. However
the experimental results show that this it not the case: car-
bocupration of 1 yields the syn-addition product whereas
the stannylcupration of one yields the anti-addition product
(Schemes 3 and 4). It is thus likely that in both cases the
species being protonated are the vinylcuprate intermediates,
and that the stereochemistry is determined by the relative
stability of these. For the carbocupration reaction the calcu-
lations are in good agreement with the experiments, syn-21
that would lead to syn-9 is energetically more favorable
than anti-21 by 9 kJmol ™' (Figure 6). For the stannylcupra-
tion of 1 the situation is slightly more complex. Since the
two vinylcuprates syn-13 and anti-13 in which the lithium
ion is still coordinated have been calculated to be isoener-
getic, another explanation is needed to rationalize the ste-
reochemistry. The reaction is conducted in THF and there-
fore it is possible that the lithium ion is dissociated from the
vinylcuprate intermediate. This yields the two anionic com-
plexes syn-14 and anti-14, where anti-14 (which would lead
to the observed product upon protonation) is found to be
30 kJmol~! more stable (22 kJmol~! with a solvent model).
That anti-14 is strongly favored is due to the interaction be-
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tween the carbonyl oxygen and the stannyl moiety. The real
situation may well be intermediate between the two sets of
gas-phase calculations. Even if the lithium ion is still associ-
ated in solution, it will be at least partially solvated, bringing
the system closer to model 14 than to 13, and thus into good
agreement with the experimentally observed selectivity.

The stereochemical outcome of the stannylcupration of
ynoate 2 is in agreement with the computational results.
When the protonation occurs at low temperature the only
product observed is the kinetic product syn-§, while when
the protons are added as an aqueous solution, and thus the
temperature is increased, both the thermodynamic (anti-5)
and the kinetic (syn-5) products are observed.

Conclusion

A difference in the stereochemical outcome between stan-
nylcupration of ynones and ynoates has been observed, as
well as a difference between stannylcupration and carbocup-
ration of ynones. The mechanisms for the transformations
have been studied by DFT methods. Combination of the ex-
perimental observations and the computational results has
led to a rationalization of the differences in mechanism that
give rise to the different product distributions. Firstly, the
mechanism for the stannylcupration of ynones has been
found to be different from the one suggested for carbocup-
rations. The stereochemical outcome was found to be due to
a vinylcuprate intermediate with an interaction between the
carbonyl oxygen and the stannyl group. Due to a low barrier
for the interconversion between the two vinylcuprate iso-
mers the reaction yields only the thermodynamic product,
even at —78°C. Secondly, the outcome of stannylcupration
of ynoates was rationalized to be due to a mechanism in
which the kinetic vinylcuprate intermediate is first formed.
The barrier for isomerization to the thermodynamic vinyl-
cuprate is large enough for this not to occur at —78°C, but
at higher temperature both the products from the thermody-
namic and kinetic intermediates were observed. Thirdly, the
carbocupration of ynone 1 was found to yield the opposite
product compared to the stannylcupration. This strongly
suggests that the stereochemical outcome of these reactions
is determined by the relative stabilities of the vinylcuprates,
rather than by stereoselective protonation of the allenolate
intermediates.

Experimental Section

General methods: 'H (500 MHz) and "C (125 MHz) NMR spectra were
recorded by using CDCl; as the solvent, and signal positions (0 values)
were measured relative to the signals for CHCl; (7.27) and CDCl; (77.0),
respectively. Tin-hydrogen coupling constants, J(Sn,H), are given as the
average of the '’Sn and '”Sn values. IR spectra were obtained for thin
films on AgCl plates, and only the strongest/structurally most important
peaks (V. /cm ') are listed. HRMS was performed at the Department of
Chemistry, University of Copenhagen, Denmark. Molecular mass deter-
minations (high-resolution mass spectrometry) for substances containing
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Me;Sn are based on '¥Sn and made on [M—R]*. All compounds on
which HRMS were performed exhibited clean 'H NMR spectra and
showed one spot on TLC analysis. TLC analyses were performed on
Merck aluminum-backed F254 silica gel plates using UV light, and a so-
lution of 5-10% phosphomolybdic acid for visualization. All chromatog-
raphy was performed with the use of Merck silica gel (40-63 um).Prior to
use, THF was distilled under nitrogen from Na/benzophenone. Commer-
cially available compounds were used as received unless otherwise indi-
cated. Saturated ammonium chloride (pH~8) was prepared by addition
of aqueous ammonia (25%; 60 mL) to saturated ammonium chloride
(950 mL). Commercial copper(1) cyanide was oven-dried overnight at
150°C and used without further purification. All reactions were carried
out under an atmosphere of dry argon in carefully flame-dried glassware
and Schlenk tubes, rigorously excluding oxygen from the reaction mix-
ture. Argon gas was dried by passage through phosphorus pentoxide and
silica gel.

General procedure for stannylcupration of o,fB-acetylenic ketone and
ester: A solution of hexamethylditin (328 mg, 1.0 mmol) in THF (9 mL)
was cooled to —20°C and methyllithium (1.4M in Et,O, 0.7mL,
1.0 mmol) was added dropwise via syringe, and stirring was continued at
—20°C for 15 min to afford a pale yellow solution of trimethylstannyl-
lithium. The mixture was cooled to —78°C and solid copper(1) cyanide
(90 mg, 1.0 mmol) was added in one portion. After 10 min of stirring, the
reaction mixture was heated to —45°C for 10 min to afford a bright
orange solution of lithium (cyano)(trimethylstannyl)cuprate. The reaction
mixture was cooled to —78°C before dropwise addition of pent-3-yn-2-
one or methyl propiolate (0.33 mmol) in THF (1 mL). The reaction mix-
ture was monitored by TLC, and when all starting material had reacted
the reaction was quenched by addition of saturated ammonium chloride
(pH~8). The organic phase was washed with brine, dried over magnesi-
um sulfate, and filtered. The solvent was evaporated and the residue pu-
rified by flash column chromatography on silica gel (hexane/ethyl ace-
tate) to give the stannylcupration products as colorless oils.

Addition of MeOH: Following the general procedure, with the modifica-
tion that MeOH (0.6 mmol) and the acetylenic substrate (0.33 mmol) dis-
solved in the same THF solution (1.0 mL) were added dropwise to the
stannylcuprate reaction mixture.

Analytical data for products

(Z)-4-(Trimethylstannyl)-pent-3-en-2-one: 'H NMR (500 MHz, CDCl,):
0 = 6.85 (m, J(Sn,H)=120Hz, 1H), 2.21 (s, 3H), 2.16 (d, J=2, J-
(Sn,H) =46 Hz, 3H), 0.13 (s, J(Sn,H) =55 Hz, 9H); “C NMR (125 MHz,
CDCL): 0 = 197.4, 172.8, 136.0, 29.9, 26.7, —7.8; IR (neat): ¥ =2967,
1682, 1575, 1431, 1358, 1198 cm™'; HRMS (EX): m/z: caled for C;H,;0Sn:
232.9990, found 232.9995 [M—CH;]*.

(Z)-3-(Trimethylstannyl)but-2-enoic  acid methyl ester: '"H NMR
(500 MHz, CDCl;): 6 = 6.40 (m, J(Sn,H)=118 Hz, 1H), 3.72 (s, 3H),
215 (d, J=2, J(Sn,H)=45Hz, 3H), 0.18 (s, J(Sn,H)=55Hz, 9H);
BCNMR (125 MHz, CDCl,): 6 = 171.8, 168.2, 128.6, 51.4, 26.9, —7.8; IR
(neat): # = 2950, 1706, 1602, 1435, 1324, 1202 cm™'; HRMS (EI): m/z:
caled for C;H;50,Sn 248.9939, found 248.9943 [M—CHj;] ™.
(E)-3-(Trimethylstannyl)but-2-enoic  acid methyl ester: 'HNMR
(500 MHz, CDCl3): 6 = 5.99 (m, J(Sn,H) =74 Hz, 1H), 3.69 (s, 3H), 2.39
(d, J=2, J(Sn,H)=50 Hz, 3H), 0.18 (s, J(Sn,H) =54 Hz, 9H); *C NMR
(125 MHz, CDCL): 6 = 168.6, 164.8, 127.4, 50.7, 21.4, —10.0; IR (neat):
7 = 2949, 1718, 1601, 1433, 1344, 1174 cm~'; HRMS (EI): m/z: calcd for
C,H,;0,Sn: 248.9939, found 248.9935 [M—CH;]*.

General procedure for carbocupration of o,f-acetylenic ketone: A mix-
ture of CuCN (90 mg, 1 mmol) in THF (10 mL) was cooled to —40°C. To
the mixture was added alkyl lithium (1 mmol) carefully with stirring. The
solution was then stirred at —40°C for 15 min, and was then cooled to
—78°C, whereafter a solution of the ynone in 1 mL THF was added drop-
wise. After 10 min of stirring at —78°C the reaction was quenched by ad-
dition of saturated ammonium chloride. The organic phases were separat-
ed and the aqueous phase was extracted with Et,0. The combined organ-
ic phases were washed with saturated ammonium chloride and brine,
dried over MgSO, and evaporated to dryness. The crude product was pu-
rified by flash chromatography.
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Analytical data for 4,5,5-trimethyl-3-hexen-2-one: 'H NMR (500 MHz,
CDCLy): 6 = 6.13 (m, 1H), 2.19 (s, 3H), 2.10 (s, 3H,), 1.10 (s, 9H). These
data are in agreement with literature values."" The stereochemistry was
further confirmed by NOESY experiments.

Computational details: To include both steric interactions as well as the
correct electronics the complete system has been investigated. All calcu-
lations were performed with the Jaguar 4.2 build 77 program package!'”
using the hybrid functional B3LYP. The basis set used was the LACVP*
which applies the 6-31G* for all light elements and the Hay—Wadt ECP
and basis set for copper and tin."¥! To simulate solvent the Poisson-Boltz-
mann self consistent reaction field (PB-SCRF) incorporated in Jaguar 4.2
was used.!'"s! PB-SCRF is a continuum solvation model, where the mole-
cule is put into a reaction field consisting of surface charges on a solvent
accessible surface constructed using a hypothetical spherical solvent
probe molecule with the indicated radius. The wavefunction and the reac-
tion field charges are solved iteratively until self-consistency is reached.
The parameters for the solvent have been set to ¢ =7.43, probe radius=
2.52372 to simulate THF. All transition state structures were confirmed
to have one negative frequency. The reaction path from 11ts was checked
by two methods. The first involved gradual decrease of the C-Sn distance
by steps of 0.1 A, fully relaxing all other coordinates at each point, start-
ing with the Cu"-species 10. In the second method the transition state
structure 11ts was moved in the direction of the imaginary vibration and
then minimized with a small trust radius. Both methods led to the alleno-
late structure 12.
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Alkynes have been found to be excellent ligands for Pd(0); the
stability of a range of alkyne-Pd(0) complexes, and their
reactivity in oxidative addition, have been investigated by DFT
methods.

Palladium is one of the most frequently employed transition metals
in catalytic organic transformations, in particular for formation of
new C-C and C-X bonds." For many catalytic cycles, the resting
state is Pd(0), necessitating the use of ligands able to stabilize Pd(0)
in solution. By far the most frequently employed ligands are
phosphines. These have many excellent properties, but also
drawbacks like sensitivity to air and water, and separation
problems. Some palladium catalyzed reactions have been proven
to proceed as well without as with added phosphines.>* Two closely
related examples of reactions that run well without phosphines are
the hydroarylation* and hydrovinylation® reactions, which were
first conducted in presence of triphenyl phosphine, but later
performed under ligand free conditions (Scheme 1).

It was observed that under these conditions the hydrovinylation
reaction did not yield the desired product when the alkyne was
added subsequent to the other reagents,”* but proceeded well if as
little as five percent of alkyne was present at the initial stage and
the rest was added successively. This indicates that alkynes are
crucial for stabilization of the presumed active Pd(0) catalyst.
Investigations of Pd(0) alkyne complexes as active species are rare,*
and in no case have the stability and reactivity of the palladium(o)
alkyne complexes been studied. Herein we report a systematic
DFT investigation of the stability of Pd(0) complexes with several
model ligands, both alkynes and other types of frequently
employed ligand classes. We also investigate the ability of model
complexes to partake in oxidative addition to a model substrate,
phenyl iodide.®

Palladium(0) has an electron-rich d'° electronic configuration,
with only one s-orbital available for accepting electrons from the
ligand. Recent work has indicated that transition metals do not

Ar. H
- KOOCH A .
R + Arl DME >——< (+ regio and stereoisomers)

40°c R R

R——=—=

Scheme 1 Typical reaction conditions for the hydroarylation reaction.
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employ p-orbitals for bonding, but higher coordinations (termed
“hypervalent”) can be achieved through formation of 3-center-4-
electron bonds (w-bonds).” Backbonding forms an essential part of
coordination to Pd(0), wherefore good ligands should be
m-acceptors. Like electron-deficient alkenes,® alkynes have the
possibility to interact with filled d-orbitals via one of the n*-orbitals
(Fig. 1).

Palladium(0) diacetylene has previously been studied by both
experimental and theoretical methodologies.” The ideal structure
was found to be one where the acetylenes are coordinating in a
perpendicular fashion, allowing for backdonation from two
orthogonal d-orbitals.

In the current study, the structure found for PA(HC=CH), is
basically identical to the one described by Wang and Andrews
(Fig. 1).2 The effect of replacing one or both of these acetylenes
with other ligands is summarized in Table 1. We have included
both electron-rich and electron-poor alkynes, formamide as a
model for the solvent (DMF), ammonia as a model for simple
amines, and both a model phosphine and the real ligand PPhs.

It is clear that simple alkynes are strongly stabilizing ligands for
Pd(0). Replacing one alkyne with any other ligand leads to a strong
energy increase (Table 1, entries 6-9), well beyond the expected

Fig. 1 Backbonding in Pd-acetylenes, and Pd(H-C=C-H), optimal
geometry.

Table 1 Relative potential energies of Pd°L'L? complexes

Hpd—||| + L'+ 1 L e 2||

Entry L! L? Relative energy(kJ/mol)
1 H-C=C-H H-C=C-H 0
2 Ph-C=C-Ph Ph-C=C-Ph 26
3 Me-C=C-Me Me-C=C-Me 40
4 OHC-C=C-H OHC-C=C-H 10
5 OHC-C=C-CHO OHC-C=C-CHO 1
6 H-C=C-H HCONH, 52
7 H-C=C-H NH; 55
8 H-C=C-H PH; 26
9 H-C=C-H PPh; 13
10 Me-C=C-Me PH; 58
11 Ph-C=C-Ph PH; 33
12 OHC-C=C-H PH; 7
13 OHC-C=C-CHO PH; -3
14 OHC-C=C-H PPh; 0
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confidence range of the methods employed here (ca. 10 kJ/mol). In
the mixed phosphine/alkyne system (Table 1, entry 8), when the
alkyne is substituted with formyls as a model of electron
withdrawing groups, the net effect is a strong stabilization, by as
much as 29 kJ/mol for butynedial (Table 1, entry 8 vs. 13). As
expected, electron donating substituents instead destabilize the
complex, by 32 kJ/mol for 2-butyne (Table 1, entry 8 vs. 10). This
is fully in line with the postulate that the most important
contribution to the bond strength comes from the backbonding,
Fig. 1; electron withdrawing substituents lower the LUMO of the
alkyne, thus increasing the energy gain from backbonding.

The structures of these palladium phosphine alkyne complexes
have some interesting features. Whereas the ones with more
electron-rich alkynes adopt a nearly linear structure, the ones
containing the electron-poor alkynes are bent (Fig. 2). This
bending effect is most profound for the most electron-poor alkyne
butynedial. The backdonation in this complex is so strong that it is
more correctly described as a pallada(i)cyclopropene, which
should adopt a square planar structure with one open coordina-
tion site. Coordination of one more ligand would lead to a
complex highly reminiscent of that observed by Elsevier and
coworkers for an electron-deficient alkene complex.®

Anionic complexes similar to the ones described by Amatore
and Jutand have also been studied.'® To simulate the hydroaryla-
tion conditions, we have concentrated on the formate anion, but
we have also included one example with an iodide.{ The results are
summarized in Table 2. The trends are similar to those for the
neutral complexes. Alkynes substituted with electron withdrawing
groups yield more stable complexes (Table 2, entries 4 & 5) and
also give pallada(ir)cyclopropene structures. This is especially clear
in the presence of the potentially bidentate formate ligand: with an
electron-rich alkyne, a linear complex is formed, whereas with the
electron-poor alkyne, the structure optimizes to a square-planar
pallada(in)cyclopropene with a bidentate formate ligand. (Fig. 3).

Fig. 2 Left: Pd(Me-C=C-Me)PHj;, Right: Pd(OHC-C=C-CHO)PH;.

Table 2 Relative potential energies of anionic Pd°LX "™ complexes

“00CH + m“Pdﬂ] 1N [H|-Pd~OOCH} :Ls[L—PdfOOCHP Il
Entry L X~ Relative energy(kJ/mol)

1 H-C=C-H “OOCH 0

2 Me-C=C-Me ~“OOCH 23

3 Ph-C=C-Ph “OOCH 20

4 OHC-C=C-H “OOCH —40

5 OHC-C=C-CHO "OOCH -53

6 H-C=C-H I 49

7 (H-C=C-H), “OOCH -—17

8 (OHC-C=C-H), = ~OOCH —54

Fig. 3 Left:
CHO)OOCH .

Pd(Me-C=C-Me)OOCH ",

Right:

Pd(OHC-C=C-

In the recently introduced nomenclature of Weinhold and
Landis,” dicoordinate Pd(0) complex can formally be regarded as
hypervalent, since both ligands donate into the same orbital on Pd.
A third ligand can only be stabilized by backbonding. Two
examples of tricoordinated complexes are included in Table 2,
entries 7 & 8, which are stabilized by 14-17 kJ/mol relative to the
dicoordinated analogs, entries 1 & 4. We note that association is
disfavored entropically, by ca. 30 kJ/mol at ambient temperature,
making dicoordination the favored binding mode, in good
agreement with the binding model of Weinhold and Landis.”

In many Pd-catalyzed reactions, Pd(0) enters the catalytic cycle
through an oxidative addition to yield a Pd(i1) complex. Some
DFT studies of this reaction step in the presence of phosphine
ligands have recently appeared.'’'* Building on the earlier studies
and new results, we have studied four plausible pathways for
oxidative addition of model alkyne complexes to phenyl iodide.

Goossen et al. have shown that oxidative addition to PhI
proceeds via initial coordination of I to Pd, followed by
rearrangement to a pre-reactive complex where one phenyl C-C
bond coordinates to Pd, which then transfers the aryl group from I
to Pd.'" The same path has been located here starting from Pd
diacetylene.® Formation of the I-coordinated intermediate is
calculated to be endothermic by 39 kJ/mol, and rearrangement
to the pre-reactive complex 1 costs another 2 kJ/mol.

The actual oxidative addition then takes place via a dissociation
of the iodide, TS1. This transition state is similar to the ones
described by Senn and Ziegler for addition to palladium dipho-
sphines,'? although it is an earlier transition state with a C-I
distance of 2.47 A. The iodide is only weakly interacting with
palladium in the transition state, Pd-I = 3.16 A. The barrier for
oxidative addition from 1 is 54 kJ/mol, which yields an overall
barrier of 95 kJ/mol from the separated reactants.

This journal is © The Royal Society of Chemistry 2005
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The possibility that complex 1 may dissociate one ligand before
the actual oxidative addition has also been considered. Formation
of the alternative prereactive complex 2 via dissociation of one of
the acetylenes is endothermic by 16 kJ/mol relative to 1. However,
the oxidative addition can then take place vie a concerted
transition state (TS2) with a barrier of merely 5 kJ/mol. All
together this yields a barrier of 65 kJ/mol from PA(HC=CH), and
Phl, substantially lower than TS1. In addition, due to the change
in molecularity, TS2 is expected to be entropically favored relative
to TSI, by approximately 30 kJ/mol at ambient temperature,
leading to a very strong preference for TS2. Cundari and
coworkers obtained a similar computational result employing
phosphine ligands in the gas phase.'*

We have also considered that anionic ligands may participate in
the reaction, as originally suggested by Amatore and Jutand, and
later supported by DFT calculations.'®!® For the reaction of
anionic HCOO ™ Pd(HC=CH) with Phl, we were unable to locate a
pre-reactive complex, but we could determine a bimolecular TS
similar to that for the other paths, TS3, with a calculated barrier of
only 69 kJ/mol.

As for the neutral path, one acetylene may dissociate upon
coordination of Phl. This exchange yields the anionic species 4
which contains no strongly stabilizing ligand, meaning that
acetylene only has acted as a “carrier” of palladium(0). Starting
from HCOO Pd(HC=CH) and Phl, the ligand-to-substrate
exchange is endothermic by 58 kJ/mol: the palladium species
formed is highly reactive and the oxidative addition via TS4 takes
place with an insignificant barrier of 0.2 kJ/mol.

The calculated potential energy profiles are summarized in
Fig. 4. On the free energy surface, both TS1 and TS3 will be
destabilized relative to TS2 and TS4 due to the difference in
molecularity. Our interpretation is that in the oxidative addition,
Pd is only coordinated by the substrate and one additional ligand.

A direct comparison of anionic and neutral paths is strongly
dependent on the solvation model, which has not been validated
for this type of calculation.t Thus, from the computational results,
we cannot conclude whether the neutral or anionic path is
preferred. However, for the phosphine system, a strong effect of
anions on the rate of oxidative addition has been demonstrated
experimentally,'® and we therefore believe it likely that either TS4
or TS2 can be active, depending on the relative concentration of
formate and acetylene in the hydroarylation reaction.

To conclude, alkynes have a substantial stabilizing effect on
Pd(0). We predict that alkynes in some cases can be better ligands
than phosphines, which are currently the most frequently

9o Rel E (kJ/mol) .- ;

Product complexes
(ot investigated herein)

—— Neutral path (TS2) --- Neutral path (TS1)
gl e Anionic path (TS3) ---- Anionic path (TS4)

Fig. 4 Calculated reaction paths for oxidative addition to Phl.

employed ligands in reactions catalyzed by Pd(0). Since the use
of phosphines brings some practical problems, reactions where
alkynes are substrates can in some cases better be performed in the
absence of phosphines. Specifically, the success of the “ligand-free”
hydroarylation and hydrovinylation of alkynes is rationalized by
the current study.>” However, the use of alkynes as ligands in
other reactions is limited by the high reactivity of alkynes toward
Pd(11) complexes.
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Abstract: The mechanism of the Pd-catalyzed hydroarylation and hydrovinylation reaction of alkynes has
been studied by a combination of experimental and theoretical methods (B3LYP), with an emphasis on the
phosphine-free version. The regioselectivity of the hydroarylation and hydrovinylation shows unexpected
differences, which could be attributed mainly to the higher steric demand of the cyclohexenyl group as
compared to the phenyl group. Hydroarylation of a,5-acetylenic carbonyl substrates yields a very unusual
anti-Michael selectivity, which is shown to result from reaction of the nonconjugated double bond, leaving
the conjugation intact. In all cases were the regioselectivities reproduced by the calculations.

Introduction Scheme 1. Typical Reaction Conditions for the Phosphine-Free
Hydroarylation Reaction
Over the past decades, palladium-catalyzed reactions have 5% Pd(OAC), Ar
revolutionized synthetic organic chemistiith reactions such R—FR * A >=

X . . o R R
as the Suzuki-couplifgand the Heck reactiohcompletely new 1.1eq 1eq 2©4KOOCH DMF, 40°C

tools to construct complex organic molecules have become
available. Despite the fact that these methods were developeddescribed in detail in the literature. The reaction can be viewed
more than two decades ago, much of the mechanistic detail hass @ reductive addition of an aryl iodide to a disubstituted
not been elucidated to date. Experimental work on phosphine-acetylene, with formate acting as the reducing agent. It has been
ligated palladium species improved the understanding of theseshown that the hydroarylation reaction is an effective protocol
reactions substantially, although many details are still not fully for producing trisubstituted alkenes and cyclic derivatives (with
understood. A number of computational studies on different properly substituted alkynes) under mild ligand-free reaction
reaction steps of these reactions have improved the knowledgeconditions. Unfortunately, it has been proven difficult to control
of the details of different steps in some of the catalytic cygles. the regiochemical outcome of the reaction. Even on acetylenes
The ligand-free palladium(0)-catalyzed hydroarylation reac- Substituted with a relatively non-bulky aryl on the one end, and
tion was developed by Cacchi and co-workers (Schenfat1). @ bulky tert-butyl group on the other, the addition may be

contains several challenges and a multitude of steps nevernonregioselective under certain conditions. Quite surprisingly,
complete regioselectivity has been observed when reacting a

T Technical University of Denmark. similar tert-butyl aryl acetylene, but with the aryl iodide
¥ Universitadegli Studi “La Sapienza”. _ _ _ substrate exchanged for a 4-phenyl cyclohexenyl triflate (Scheme
(1) Negishi, E. I., EdHandbook of Organopalladium Chemistry for Organic 7 . . o . .
SynthesisWiley-Interscience: New York, 2002. 2).” In this paper, a rationalization for the observed regiochemi-
(2) Miyaura, N.; Yamada, K.; Suzuki, Aletrahedron Lett1979 20, 3437. cal outcome is presented, as well as a full mechanistic
(3) (a) Mizoroki, T.; Mori, K.; Ozaki, A.Bull. Chem. Soc. Jpri971 44, 581. . . . . .
(b) Heck, R. F.; Nolley, J. PJ. Org. Chem1972 37, 2320. investigation of all of the steps in the catalytic cycle of the
(4) (a) Amatore, C.; Piger, F.Organometallics990 9, 2276. (b) Singh, U hydroarylation reaction, by a combination of hybrid density

K.; Streiter, E. R.; Blackmond, D. G.; Buchwald, S.1.Am. Chem. Soc. K .
2002 124, 14104. (c) Casado, A. L.; Espinet, P.; Gallego, A. M. Martinez-  functional (B3LYP) and experimental methods.
llarduya, J. M.Chem. Commun2001, 339. (d) Barrios-Landeros, F.;

Hartwig, J. F.J. Am. Chem. SoQ005 127, 6944. Results and Discussion

(5) Some selected publications on theoretical palladium chemistry: (a)
Siegbahn, P. E. M.; Stmberg, S.; Zetterberg, KOrganometallics1996 i i i
15, 5542. (b) Deeth, R. J.; Smith, A.; Hii, K. K.; Brown, J. Nletrahedron Usmg PFT meth.OdS’ we have charactferlzed.the.catalytlc CyCIe
Lett. 1998 39, 3229. (c) Haras, A.; Michalak, A.; Rieger, B.; Ziegler, T. ~ Of the title reaction, for each step investigating different
J. Am. Chem. So@005 127, 8765. (d) de Jong, G. T.; Bickelhaupt, F. M. it i i i
J. Phys. Chem. 005 109, 9685. (e) Goossen, L. J.; Koley, D.; Hermann, CO_ITIpQSItIOI’]S_ _and g_eometrlgs. The Catalytlc Cy_Cle C_On_SISt.S of
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Thorman, J. L.; Morales, C. M.; Landis, C. R.; Stahl, SJSAm. Chem. B P R ; At
S00.2004 126 14832, (g) Keith, J. M.. Nielsen. R. 1. Oxgaard. 4.: Goddard, as the major steps, but with many possible points on variation,
W. A, lll. 3. Am. Chem. So@005 127, 13127.
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Figure 1. Proposed active species in the hydroarylation, under phosphine-free conditions.

Scheme 2. _Regiochemical Outcome of the Hydroarylation and the types of complexes were concluded to be the most probable

Hydrovinylation active species, the first one being a neutral complex coordinated
Pd(OAc). A A . Jok

Ph—=— U * Al e ’>_ . < r to two alkynes, yvhlch are stropg-.acceptlng I|g§1nds. The
KOOCH, DMF, 40°C  Ph tBu  Ph tBu second one considered is an anionic complex with one alkyne

and one formate ligand because anionic complexes have been
proposed as the active species in numerous stddiésVith
the theoretical tools employed herein (B3LYP continuum

Regioselectivity ca 1:1

A—=—=—(Bu * VinylOTf PoOR V'”y'ﬁ solvation), we expect a fairly large but systematic error in the
KOOCH, DMF, 40°C  Ar fBu absolute solvation energies of anionic speéfesVe have
therefore avoided a direct comparison of these two types of
Only observed product complexes, but instead characterized each reaction manifold
fully.

like the exact timing and mechanism of the formate hydride o o )
transfer and ligand exchange steps. We will go through the [N this investigation, we have chosen diphenyl acetylene as
details of each step in order, starting with an analysis of the the model disubstituted alkyne, because this alkyne has been
palladium(0) species present before oxidative addition. proven to function well as a substrate in the hydroarylation
1. Active Catalytic Palladium(0) Speciesin the majority _reac_tlon?‘ The two p:_;\lladlum(O) species most likely to be present
of the reactions catalyzed by homogeneous palladium described? high concentration are then Pd(PRCPh) (1) and [Pd-
to date, palladium is ligated to phosphines to keep the active (PNCECPh)OOCHT (2) (Figure 1). The structure of Pd(PRC
palladium(0) species from precipitating as palladium black. For CPhkis such that the two diphenyl acetylene ligands are situated
the hydroarylation reaction, the observation that addition of N & Perpendicular fashion. The- triple bond is prolonged
phosphines did not improve the outcome of the reaction in some from 1.21 A in the free diphenyl acetylene to 1.26 A’_ as a
case&® or even can favor the reduction pathway (vide infra) consequence of the electron backdc_)nauon from palladium. In
when vinyl triflates are used as the vinyl componéied to a  [PA(PhG=CPh)OOCHT, where the triple bond does not have
change of the protocol. Because the addition of phosphinest© compete for the electron density on Pd, theCitriple bond
brings several disadvantages, for example, tedious separatiods Slightly longer, 1.27 A. Both the neutral and the anionic
and oxygen sensitivity, the reaction is nowadays mostly Complex are virtually linear across palladium.
performed under ligand-free conditions. As was just mentioned, ~2- Oxidative Addition. Oxidative addition of aryl iodides to
ligand-free conditions are usually advantageous from a syntheticPalladium(0) complexes coordinated to two phosphines has
perspective, but from a theoretical viewpoint it makes the recently been investigated by DFT calculations. Senn and Ziegler
elucidation of the mechanism more challenging. With the described addition to palladium(0) species ligated to a bidentate
phosphines left out, something else must be acting as a stabilizePhosphiné? With incorporation of a solvent model in the
of palladium(0) to keep active catalyst present in the solution transition state optimizations, the oxidative addition was shown
phase. Under typical reaction conditions, there are several!© Proceed via anghr-type mechanism, in contrast to the three-
possibilities, which include the solvent DMF, the anions formate (10) (@) Amatore, C.. Azzabi, M. Jutand, A. Am. Chem. Sod99l, 113
and iodide, or the substrates aryl iodide and alkyne. THe d 8375. (b) de Vries, J. @alton Trans 2006 421. (c) Amatore, C.; Jutand,
electronic configuration of palladium(0) indicates that the ligand Q-Oﬁg;- gh?)mc'r?eenf?g&raﬁ'z%%)é' g) ggggup, P.; Jensen, T.; Hoppe, J.;
should ideally be a strong-acceptor. In an earlier study of the  (11) (a) Goossen, L. J.; Koley, D.; Hermann, H.; Thiel, Ghem. Commun.
stability and reactivity of palladium alkyne complexes, it was 2004 2141. (b) Goossen, L. J. Koley, D.; Hermann, H.; Thiel, W.

o " Organometallics2005 24, 2398. (c) Kozuch, S.; Shaik, S.; Jutand, A,;
found that these complexes are surprisingly stable, in some cases  Amatore, C.Chem.-Eur. J2004 10, 3072. (d) Kozuch, S.; Amatore, C.;

i i Jutand, A.; Shaik, SOrganometallics2005 24, 2319.
even more stable than the paIIadlum phosphlne anal@g—[we' (12) Ahlquist, M.; Fristrup, P.; Tanner, D.; Norrby, P.-Organometallic2006
25, 2066.
(8) Cacchi, S.; Felici, M.; Pietroni, Bletrahedron Lett1984 25, 3137. (13) Ahlquist, M.; Kozuch, S.; Shaik, S.; Tanner, D.; Norrby, P.@gano-
(9) Ahlquist, M.; Fabrizi, G.; Cacchi, S.; Norrby, P.-@hem. Commun. metallics2006 25, 45.
2005 4196. (14) Senn, H. M.; Ziegler, TOrganometallics2004 23, 2980.
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Figure 2. Reaction coordinates for the oxidative addition of phenyl iodide to a neutral and an anionic palladium(0) complex. Numbers in italics represent
relative potential energies in kJ/mol.

centered oxidative addition mechanism found in the gas phase phenyl iodide coordinating with thei§sCorno double bond to
frequently described in text book3Two other groups have  palladium trans to the diphenyl acetylene ligand. The oxidative
studied oxidative addition of phenyl iodide to anionic species addition at the prereactive complex Pd(RARCPh)(Phl) takes

of the type [PdLX]™, in which the oxidative addition is  place via a barrier of 10 kJ/molT81). The C-I bond is
preceded by decoordination of the antéhately, investigations  elongated from 2.20 A in the prereactive complex to 2.44 A in
in our group have concluded that the reactive species in the transition state. The product of this reaction is the tricoor-
palladium-catalyzed oxidative addition of aryl iodide is most dinate palladium(ll) complex5j. Most probably a solvent
likely a low ligated oné:'? The reactivity toward oxidative  molecule will fill the free coordination site, to give a complex
adgit[igg(g(;?;%)k();vrﬁ;] coordifnateg tspECieS’thd%E:]Tl)(ihl)h with the typical square planar structure éfrdetal complexes.
an , was found to be substantially higher P .

than that for the tricoordinate analogues, Pd&{TH),(Phl) and coﬁ\gizt:rir d,pg;csglrlge fcc:fr tr?:I?\aetllj\tlreal ?i(;(:::gnath[liz é;gghl))_een

[PA(HG=CH)(OOCH)(PhI)t. . ) an .
Ligand exchange at Pd(PE&Ph) to dicoordinate complex E;CS(CS;E Otgct:? S(I)(':sz(i)brl(illT/?&tlethzr:(())lr\lllecntpcrggfa(;t;(\/ﬁ?di?o”r]rﬂae-x
with a diphenyl acetylene and phenyl iodide Pd( h- mide)OOCHY. Formation of the prereactive complex was

(Phl) is an endothermic reaction by 45 kJ/mol. A possible lculated to b dothermic by 31 ki/mol. Th )
intermediate in the formation of the prereactive complex is the ¢@/culated to be endothermic by mol. The prereactive

solvent complex formed by exchange of one of the diphenyl complex and the oxidative addition to this species was described

acetylenes by an explicit solvent molecule (formamide has been!n an earlier study? where the oxidative addition was shown
employed as a model for DMF throughout this investigation). [0 take place basically without any barrier kJ/mol), which

Structurally the prereactive complekis very similar to the reflects the higher nucleophilicity of the anionic palladium(0)

previously reported complex Pd(EECH)(PhI? with the species as compared to the neutral analogue. The immediate
product complex is an anionic palladium(ll) complex coordinat-
(15) (&) Low, J. J.; Goddard, W. A., II0. Am. Chem. S0d.986 108 6115. ing to phenyl, iodide, and formate in which the formate is

b) Ananikov, V. P.; Musaev, D. G.; Morokuma, Krganometallic2005 . . . . . ..
(24), 715. (c) Sakaki, S.; Biswas, B.; Sugimoto, m,%hem_ Soc., Dalton coordinating in a bidentate fashi& The exothermicity of the

Trans.1997, 803. (d) Sakaki, S.; Kai, S.; Sugimoto, M@rganometallics i ; it
1999 18, 4825. (¢) Sumimoto, M.: wane, N.. Takahama. T - Sakakl. . oxidative addition step was calculated to be 117_ kJ/mol from
Am. Chem. So004 126, 10457. the separated reactants and products, respectively. Reaction
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Ph..—4Ph Ph..—4Ph +
_ | [ Ph___ Ph
5 or 8 ——» __P-Pd—Ph  HCOO-Pd—Ph =
HN=""" GocH 0 0-Pd--Ph
* H,N—7
NH,
9a 9b

Figure 3. Ligand exchange to the migratory insertion prereactive complex. —
Ph.,.—«Ph \

coordinates of the oxidative addition reactions are illustrated O—P(!j—Ph |
in Figure 2. As we have shown earlier, the anionic and neutral HN—"" bocH
palladium(0) complexes do not differ significantly in calculated 9% /
energy? However, the computational comparison depends upon o/ \
a solvation model using empirically parametrized cavity radii, — Ph — "
which to our knowledge has not been validated for comparison \ O-Pd---Ph
of transition metal complexes with differing charge. Thus, the HN—""" 5ocH
expected uncertainty is larger than the calculated energy 10a

v

difference between the two paths. We will therefore, throughout V62
this work, refrain from direct comparisons between the calcu- ) ) ) S
lated reaction paths and limit ourselves to the observation that 79ure 4 Migratory insertion of Ph&CPHh into the P Ceneny bond.
the reaction barrier is lower for the anionic path, in good b h In the t i tate. the alk
agreement with the experimental observation that anions increas ppears fo be asynchronous. In the transition state, the akyne
the rate of oxidative addition to palladiutf. as rotated so that it is aligned with |ts—.(C triple bor?d almost

3. Ligand Exchange Before the migratory insertion can take parallel to the Pé Cenenibond. Only a slight elongation of 0.02

. . : iy to 1.27 A of the triple bond is observed (1.25 A in the

place, a complex with the alkyne in a cis-position to the phenyl . .
must be formed. One of the two coordination sites that do not prereactive C(_)mplex as compared to 1.35 A for the_res_ultmg
coordinate the aryl group and the alkyne is likely to coordinate double bond in compled0g). The Pd-Cyny bond, which is

to a formate, because it is present in large excess. To the fourthgc.’rr:ed n ftgl(s;\r)s}t&epz, (')% E\IC.)thto bellr:g fuI.Iy }‘ormedl, W't_rllha
site of the square planar palladium(ll) intermediate, most Istance of 2.U> / 2. In the resutting vinyl comp e_x). e
probably a solvent molecule is coordinated, in this study Pd=Cpnenyibond is, on the other hand, very reactant-like with
represented by a formamide. Because the ,alkyne must be? bond distance that is basically identical to the one in the
coordinated cis to the aryl, two isomeric complexes should be prereact:_tlv? fflmpl(t?(, fl'gg. argc i.ood A B ?ndf ngzg
considered9aand9b (Figure 3), which have calculated relative respgct?]/e Y. ﬁo € orrl’nlngz 57 ;r.}s'; very far romd te
energies of nearly identical magnitude. The coordination mode one In the resutting compiex, <. rSoaas compared 1o

of the diphenyl acetylene is such that the triple bond is out of 1.50 A'in the.vmyl complexi0a The °Vefa” barrier for the
the plane. carbopalladation step, from the prereactive com@exwas

4. Carbopalladation — Regioselectivity of the Carbopal- calculated to 86 kJ/mol. The reaction is illustrated in Figure 4.

ladation of Alkynes. With the alkyne in a position cis to the 4.2. Regiochemistry— Experimental. The outcome of the
aryl group on palladium, a migratory insertion is set to take hydroarylation reaction was investigated by reacting pheny!-
place. It is in this step that the new carberarbon bond is Bu-ap_etylene with 4-|odojan|sole under sFandard hydroarylation
formed and thus also the regiochemical outcome of the reactionconditions. The overall yield of the reaction was 76%, and the
is determined. Below follows first a description of the step for WO regioisomers were observed in the ratio outlined in
the model system, followed by experimental results for different Scheme 3.
substrates, and finally theoretical results, which rationalize the ~ The low observed selectivity when one of the substituents
experimental observations. on the acetylene i8u is quite surprising. In a previous study
4.1. Carbopalladation of PhG=CPh. Two transition states  of the hydrovinylation reaction, the similgracetamidphenyl-
TS3aandTS3b for the migratory insertion of PECPh into ~ 'Bu-acetylene 15) was reacted with 4-phenylcyclohexenyl-
the palladium phenyl bond were located, differing only in the triflate (16) under the same reaction conditions as aboVkis
relative position of the spectator ligands (formamide and Yielded productl7 exclusively in 94% yield (Scheme 4).
formate). The two transition states were found to be isoenergetic There are two major differences in the two reactions described
and structurally very similar, and because they are essentiallyabove. The first is the change from aryl to vinyl, and the second
identical in the interesting parts, only the one from the isthe change of leaving group from iodide to triflate. Taa-
prereactive complex with the formate situated trans to the phenyl substituents on the aryl group of the alkyne have previously
will be described. From the structure of the transition state, it been shown to only have a minor influence on the regiochemical

Scheme 3. Product Distribution of the Hydroarylation of Phenyl-Bu-acetylene
Pd(OAc), , HCOOK Ar Ar
Ph%E * IOOMe —_— — + —
40°C, DMF Ph Ph
1" 12 13 14

Ratio (13:14)=1:1.1
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Scheme 4. Product Distribution in the Hydrovinylation Reaction

Ph

Pd(OAc), , HCOOK

ACHN% + TfO‘@*Ph - > —
40°C, DMF O

15 16

Scheme 5. Product Distribution of the Hydrovinylation Reaction in the Presence of lodide

AcHN— )—%: + IOPh

15 18

AcHN—< >—$: " TfoOph

15 18

Scheme 6. Observed Regiochemical Outcome of Hydroarylation
of 196

0 Pd(OAC); , HCOOK Ar
Ph%< + I—@—OMe - >
40°C, DMF Ph (e]
19 12

20

Only isolated regioisomer

outcome’ To find out which change in the substrate is

AcHN 17
94%
Ph
Pd(OAc), , HCOOK Q
_— —
40°C, DMF O
AcHN 17
20%
Ph

Pd(OAc), , HCOOK
—_— —

40°C, DMF

O

AcHN 17
20%

Scheme 7. Observed Regiochemical Outcome of the Heck
Reaction of 216

(e}
Pd(OAc), , KOAC  Ar.
o DA
Ph
21 12

40°C, DMF Ph
22

o

Only isolated regioisomer

responsible for the change in reactivity, two more reactions were the spectator ligands formate and formamide were studied. For
conducted. In the first, the vinyl triflate was replaced with the the hydroarylation, phenyl was used as the migrating group,
corresponding viny!l iodidel8, and in the second iodide ion  and in the hydrovinylation case 2-butenyl was used as a model
was added as the potassium salt. As Scheme 5 shows, the regidor 4-phenyl-cyclohexenyl to include the steric effects induced
and stereochemistry is unchanged, and the only hydrovinylationby the protons present in proximity to the reactive center. The
product observed i$7. The only difference is the yield, which  relative energies of the transition states are presented in Figure
is reduced from 94% to 20%. This is due to reduction of the 5 (only the results of the lowest energy isomers of the respective
vinyl electrophile to 4-phenyl-cyclohexene, a frequently ob- transition states are reported).

served side reaction under hydroarylation/vinylation reaction  As shown in Figure 5, an excellent agreement was found
conditions. Why the presence of iodide induces reduction of between the theoretical and the experimental results. In the
the vinyl—-X species is not clear and is not further commented transition states, the forming carbecarbon bonds are relatively
herein. Still, only one regioisomer is observed in the hydrovi- long, over 2 A. A consequence of such long distances is that

nylation reaction.

sterics are likely to play a different role than in complexes where

Another interesting observation made previously regarding the bond distance is closer to what it is in the product. When

regiochemical outcome of hydroarylation of alkynes is tigt
acetylenic carbonyls tend to yield theaddition product and
not the more intuitive Michael-addition product (Schemé 6).

comparing the geometries of the transition states in Figure 6,
three of them appear to have similar steric interactidr$,
TS5, andTS7. The one that differs i$S6, in which introduction

On the contrary, in the Heck reaction the corresponding alkenesof a methyl group in thet-position to the nucleophilic carbon

react in the expected manner, yielding flisubstituted product
(Scheme 7).

4.3. Rationale for the Regiochemistry. 4.3.1. Difference
in Regioselectivity between Aryl and Vinyl. A series of
transition states for the carbopalladation stefBaf=CPh were

adds substantial steric strain between the methyl group and the
tert-butyl group of the alkyne.

To further support the hypothesis that the introduction of the
o-protons of the 2-butenyl is the cause of the difference in
regiochemical outcome, two additional systems were investi-

characterized by DFT. Both cis/trans isomers with respect to gated. In the first, the 2-butenyl group was replaced by
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HCO,— Pd-- HCO,~Pg-4 HCO,—Pd--+ L—Pg--2
] =~ | =
L L L O,CH
Ts4 TS5 TS8 TS9

Relative Energy: 0 kJ/mol 0 kJ/mol \ ‘/
Experimental Ratio: ~50% ~50% Isoenergetic

HCOZ_Pé" I\ L—P(:j" I\ HCOZ_P(;J" \ HCOZ_P(?“‘&
L 0,CH L L
TS6 TS7 TS10 TS11
Relative Energy: 19 kJ/mol 0 kJ/mol
Isoenergetic
Experimental Ratio: ~0% ~100%

L = Formamide
L = Formamide

Figure 5. (Top) Relative energies and experimentally observed regioisomer
for the migratory insertion 0BuC=CPh into a Pe-Aryl bond. (Bottom)

Relative energies and experimentally observed regioisomer for the migratory o o
insertion of BUC=CPh into a Pe-2-butenyl bond. J\\_(J@ @
H™ == —= H

L—P{j--@ L—Pg--4

Figure 7. Relative energies of regioisomeric transition states.

O,CH 0O,CH
TS12 TS13
Relative Energy: 17 kJ/mol 0 kJ/mol
Experimental Ratio: ~0% ~100 %

L = Formamide

Figure 8. Relative energies and experimentally observed regioisomer for
the migratory insertion of PECCHO into a Pe-Aryl bond (L = formate
or formamide).

model alkyne 3-phenyl-pronynal was used. Because two con-
formations of the carbonyl group are possible, s-cis and s-trans,
transition states for both conformations were localized. The
results for the s-cis case are shown in Figure 8; the s-trans
structures were slightly higher in energy, but gave an almost
identical energy difference between the two insertion modes,
15 instead of 17 kJ/mol. As for the system described above,
the spectator ligands (formate and formamide) have two possible
cis/trans coordination modes, and both isomeric transition states
were characterized in every case. In Figure 8, the relative
B potential energies of the lowest energy forms of theand
TS6 TS7 pB-insertion transition states are shown.
Figure 6. Calculated geometries of hydroarylation and hydrovinylation Also for this tra_meormatlon an excellent agreement.between
transition states. theory and experiments was found, but the rationalization seems
to be less straight forward. In most nucleophilic addition
reactions toa,5-unsaturated carbonyl compounds, one would

2-butadienyl, a vinylic moiety with steric properties similar to  expects-addition, which is the case in the cuprate additions to
a phenyl. The two regioisomeric transitions stae8§andTS9) the same type of alkynes. Yet, in the hydroarylation the
were found to be close to isoenergetic (Figure 7). In the second a-addition product is observed experimentally, and also the
system, théBu of the alkyne was replaced by a methyl group, calculations herein show a clear preference for addition to the
while the 2-butenyl was retained intact. Also, for this system a-carbon. While o,8-acetylenic carbonyl givesx-addition
the two regioisomeric transition stateBS10and TS11) were product, theo,S-unsaturated alkene analoguetfenzylidene-
found to be close to isoenergetic. These results strongly supportacetone) reacts mainly at th@carbon in these reactiofis,
the view that the sphybridized carbon substituent on the vinyl indicating some fundamental difference between the alkyne and
group supplies the steric bulk that enables the substrate toalkene substrates. In Figure 9, the calculated geometries of one
differentiate between thi8u and Ph substituents and provides transition state leading to the- and the-addition products,
a good regioselectivity in the reaction. respectively, are shown. One striking feature is that the reacting

4.3.2.a-Insertion versus f-Insertion. To model the carbo-  z-bond of the alkyne is orthogonal to one that is in conjugation
palladation ofx,5-acetylenic carbonyls by a Pdiryl bond, the with the carbonyl moiety and the-phenyl group. Because the
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TS12

Figure 9. Geometries of transition states for carbopalladation of®2hC
CCHO.

TS13

Table 1. Coefficients of z*-Orbitals
molecule orbital coefficient a-carbon  coefficient S-carbon
trans-cinnamic aldehyd@3 x* 0.6869 —0.7267
3-phenyl-propynaf4 T conjugated 0.6804 —0.7329
7T nonconjugated 0.7137 —0.7004

reactingzr-bond is not in conjugation with the carbonyl, it is

envision a mechanism that involves direct hydride transfer from
a formate to the vinyl carbon, but no such transition state could
be localized. Gradual decrease of thg.fc—Hrormate distance

in a cis-formate-vinyl palladium complex leads to a large
increase in energy, yet no complete transfer of the hydride.
Instead, g6-hydride elimination mechanism where a hydride is
transferred from the formate moiety to palladium was character-
ized. The starting point was the complex formed in the
carbopalladation step, in which the formate is situated in a trans-
position to the vinytlOa A transition state was located in which
the hydride is transferred to the cis-position relative to the vinyl
TS14. The geometry of the transition state is such that the
formate species is in the plane of the square planar complex,
where the hydride is transferring to the site previously coordi-
nating the migrated phenyl group. The barrier was calculated
to 71 kd/mol (94 kJ/mol relative to the most stable formate
complex10b). Another possibility is hydride formation from
the complex in which the formate is situated in a cis-position
relative to the vinyl. From here, a different type of transition
state was located;S15 one where the formate rotates to form
a complex with the formate coordinating with the hydrogen atom
to palladium. The barrier for this reaction was calculated to be

necessary to investigate further the properties of this noncon-gq kJ/mol, and formation of the compl@6 was found to be

jugateds-bond.

NBO analyses ofrans-cinnamic aldehyde2@) and 3-phenyl-
propynal @4), with their respective geometries optimized in
planarCs symmetry, were performe@ From these calculations,
the coefficients of the p-orbitals that combine to form ttte
orbitals were extracted (Table 1). For the conjugatedrbitals,
the coefficient is substantially larger on tfiecarbon on both
23 and?24, and thus nucleophilic addition is expected to occur
on thef-carbon. This is in accordance with the experimental
findings for the Heck reaction af 5-unsaturated carbony#8$
as well as with the observed regiochemistry for cuprate
additions!’” The picture changes completely when looking on
the nonconjugated*-orbital of 4-phenyl-propynal, where the
coefficient is actually larger on the-carbon. The difference is
less than for the conjugated*-orbital, so from an orbital
interaction point of view a lower regioselectivity can be expected
than for addition to the conjugated-bond. In a recent
investigation of the regioselectivity of the Heck reaction, a
dependence of the orbital coefficients as well as of the

electrostatic interaction between the reacting atoms was found

for the regiochemical outcome of the reacti§riThe natural
charges from the NBO analysis of 3-phenyl-propynal gave
values of—0.10 and+0.06 for thea- and s-carbons, respec-
tively. Such partial charges would favor theaddition product.

To summarize, for the alkene substra the frontier orbital

and charge contributions give a consistent picture in agreement

with experiment, whereas for alkyne substrates &3 the

frontier orbital and charge control arguments are conflicting and

endothermic by 85 kJ relative ttOb. Dissociation of CQ to
yield the palladium hydride complex takes place virtually
without any barrier (0.1 kJ/mol). The reactions are outlined in
Figure 10.

Both of the transformations described for palladium hydride
formation yielded thecis-vinyl-hydride palladium species. No
transition state for the formation of theansvinyl-hydride
palladium complex could be located. Because the trans-influence
of both the vinyl group and the hydride is of substantial
magnitude, palladium species with these substituents positioned
trans to each other are likely to be highly unstable. To investigate
the stabilities otis- andtransvinyl-hydride palladium species,
their relative potential energies were investigated for a model
system (Figure 11). The results showed that indeed the trans-
isomer28 was much disfavored relative to the cis analogue
by as much as 91 kJ/mol. It is thus concluded that the formation
of the hydride does not depend on the formate position in the
prereactive complex. The hydride will always end up in the
position needed for further reaction, that is, cis to the vinyl moiety.

6. Reductive Elimination — Product Formation. Once the
cis palladium hydride vinyl complexXgab) is formed, the final
product is obtained through a reductive elimination. A transition
state was located (Figure 12), similar to the type described by
Diefenbach et al. for the reverse oxidative insertion reaction in
the gas phas¥. From the structure, it is obvious that it is a
concerted-type transition state. The forming i€ bond distance
was found to be 1.62 A, a value very close to the ones in the
earlier study. The barrieTS17) for the reaction was found to

inconclusive, and the selectivity seems in fact to be controlled be relatively low, 40 kJ/mol relative t86b, and the reaction

by steric interactions.
5. Palladium Hydride Formation. Before product liberation,

step can be expected to proceed rapidly. Finally, a palladium-
(0) alkene comple9is formed, and the exothermicity for the

a palladium hydride species needs to be formed. One could alsoansformation oR6b to 29 was calculated to 96 kJ/mol.

(16) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E.;
Weinhold, F.NBO 4.0 Theoretical Chemistry Institute, University of
Wisconsin: Madison, WI, 1996.

(17) (a) Nilsson, K.; Ullenius, C.; Krause, N. Am. Chem. Sod 996 118
4194. (b) Ahlquist, M.; Nielsen, T. E.; Le Quement, S.; Tanner, D.; Norrby,
P.-O.Chem.-Eur. J2006 12, 2866.

(18) Deeth, R. J.; Smith, A.; Brown, J. M. Am. Chem. So2004 126, 7144.

Using a model complex with two formamide molecules
coordinated to palladium, no reductive elimination transition
state could be located. A gradual decrease of thél@istance

(19) Diefenbach, A.; de Jong, G. T.; Bickelhaupt, F.]MChem. Theor. Comput.
2005 1, 286.
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Figure 10. Reaction profile for palladium hydride formation.
= = of CO, at 22 has a low barrier an@2 and 30 are structurally
_PPd-H - _pPFd very similar, also the dissociation of G@t 30 is assumed to
HoN 27 HoN H o8 proceed rapidly onc80 is formed. The activation energy for
the hydride formation{S18) is 102 kJ/mol, which is higher
Okdfmol _ - 91kd/mol ~ than the barrier for the migratory insertion and is thus less likely
Figure 11. Relative potential energies of cis and trans isomers of avinyl o occur under the reaction conditions described. Caution should
hydride palladium(ll) complex.

be taken, because changing the properties of the reactants or
the reaction conditions might very well lead to reduction of the
aryl rather than the desired hydroarylation product.

Conclusions

The catalytic cycle for the phosphine-free palladium-catalyzed
hydroarylation of alkynes has been characterized by DFT
methods. The active catalyst is believed to b& Ryhted by
one alkyne and one additional ligand, which can be either
29 another alkyne or a formate. This species can in principle add
oxidatively to the electrophilic substrate (e.g., Phl), but we find
that oxidative addition is strongly facilitated by loss of one
ligand before oxidative addition. This path is also strongly
Figure 12. (Left) Geometry of the reductive elimination transition state fa}vorgd by entropy, anql We, theref(.)r.e bellevg it to be of general
of the product alkene. (Right) Final palladium(0) alkene complex. high importance for oxidative addition reactions.

The favored oxidative addition leads to a tri-coordinaté Pd
always led to decoordination of one of the formamide ligands. species, which rapidly adds one additional ligand from solution.

This is likely to be due to the palladium(0)-like structure of the Subsequent migratory insertion sets the product regiochemistry.
transition state, where a linear dicoordinate structure is expectedThis step has been validated by close reproduction of experi-
to be favored.

mental selectivities in three model reactions, and the differences
7. Reductive Path.It has sometimes been observed that in regiochemical outcome have been rationalized.
instead of formation of the hydroarylation product the aryl is  Looking at the electrophilic partner, it is found that aryl
reduced. This is most likely to occur from an intermediate like groups are insensitive to steric bulk under the conditions that
9a, before thecis-alkyne-aryl palladium species is formed. A were used, and therefore give a mixture of products, whereas
transition state{S18) from 9awas located. Resulting from this  substituted vinyl groups strongly avoid steric hindrance and give
step is a palladium(ll) hydride comple30 where the carbon  substitution at the less hindered position.

dioxide is weakly coordinating toward the hydride, similar to The surprisinga-substitution observed for carbonyl-substi-
the previously described compl@2. Because the dissociation

tuted alkynes is completely reproduced by the calculations. It
12792 J. AM. CHEM. SOC. = VOL. 128, NO. 39, 2006
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is found that the addition occurs to the nonconjugated double General Procedure for Hydroarylation/Hydrovinylation of
bond in the alkyne, leaving untouched the double bond which Alkynes. To a stirred solution 018 (0.139 g, 0.49 mmol) anti5 (0.126

is conjugated to the carbonyl, and therefore is determined mostly9: 0-59 mmol) in DMF (1.5 mL) were added HCOOK (0.082 g, 0.98
by steric effects. mmol) and Pd(OAg)(5.5 mg, 0.024 mmol) under argon. The mixture

The migratory insertion is followed by reaction with formate, 2> stirred at 40C. The consumption of starting materit was
9 y y " monitored by HPLC. The reaction was quenched when no r8re

elxpelllng carbon ‘."Ox'de and leaving hyd”‘,’e on palladium. TV\_IO remained in the mixture, and subsequently worked up by addition of
different mechanisms were located for this process, one which gioac and washing with brine. The organic layer was separated and
delivers the hydride to the site occupied by the formate, and gried over NaSO, evaporated under vacuum, and the residue was
one which delivers it to the neighboring site. With these two purified by chromatography on silica gel eluting with-aexane/AcOEt
processes available, the hydride can always be delivered to a70/30 (v/v) mixture to afford 0.037 g df7 (20% yield), whose IR and
position cis to the vinyl group, and this position is also very NMR spectra are identical to those reported in the literature.
strongly favored, because both the hydride and the vinyl are
strongo-donors, and therefore avoid being trans to each other.
The subsequent reductive elimination occurs with a very low ~ Toinclude both steric interactions as well as the correct electronics,

Computational Details

barrier, closing the catalytic cycle we have included the complete ligand and substrate in all calculations,
' to avoid artifacts from calculations on small model systems. All
Experimental Section calculations were performed with the Jaguar 4.2 program pa¢kage

using the hybrid functional B3LYP The basis set used was LACVP*,
which applies the 6-31G* basis set for all light elements and the-Hay
Wadt ECP and basis set for palladium and iodfiBo simulate solvent,
the PoissorBoltzmann self-consistent reaction field (PB-SCRF)
incorporated in Jaguar 4.2 was u$éd’B-SCRF is a continuum
solvation model, where the molecule is put into a reaction field
consisting of surface charges on a solvent accessible surface constructed
using a hypothetical spherical solvent probe molecule with the indicated
radius?’ The wavefunction and the reaction field charges are solved
iteratively until self-consistency is reached. The parameters for the
solvent simulated have been set to 38, probe radiast7982 for DMF.
Transition states were located either by the simple quasi-Newton
transition state search starting from a structure resembling that of the
(20) Sonogashira, K.: Tohda, Y.: Hagihara, Tetrahedron Lett1975 4467. transmor_l state, or by a_quadratlc synchronous transit search. Input
(21) Stang, P. G.: Treptow, WSynthesi< 980 283. geometries for the transition state searches were mostly located by a

(22) Garcia Martinez, A.; Martinez Alvarez, R.; Garcia Fraile, A.; Subramanian, gradual change of the distances of the bonds forming or breaking.
L. R.; Hanack, M.Synthesisl986 222.

(23) DFT calculations were performed with the Jaguar 4.2 program package i i -
from Schralinger Inc., Portland, OR: http://www.schrodinger.com. Acknowledgment. We thank COST for financial support. P.

All reagents, solvents, and catalysts commercially available were
used as received without further purification. Atybutyl-acetylenes
were synthesized as described in ref 20. Vinyl trifla6was prepared
according to the procedure given in ref 21. Vinyl iodid8 was
synthesized from the corresponding vinyl triflate according to ref 22.
Reaction products were purified on axially compressed columns, packed
with SiO, 25—40um (Macherey Nagel), connected to a Gilson solvent
delivery system and to a Gilson refractive index detector, and eluting
with n-hexane/ethyl acetate mixturé$d NMR (400 MHz) and*C
NMR (100.6 MHz) spectra were recorded with a Bruker Avance 400
spectrometer. IR spectra were recorded with a Jasco FT/IR 430
spectrometer.

(24) Becke, A. D.J. Chem. Phys1993 98, 5648. O.N. is grateful to the Torkil Holm foundation for support.
(25) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299. ' _ _
(26) Marten, B.; Kim, K.; Cortis, C.; Friesner, R. A; Murphy, R. B.; Ringnalda, Supporting Information Available: Cartesian coordinates and

M. N.; Sitkoff, D.; Honig, B.J. Phys. Chem1996 100, 11775. . . . . .
(27) For a discussion of implicit solvation models, see: CrameE%3entials absolute energies of calculated geometries. This material is

gg gzomputational Chemistry: Theories and ModéaMiley: New York, available free of charge via the Internet at http://pubs.acs.org.
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Considerable efforts have been undertaken by numerous
groups in academia and industry over the past decade to
expand the repertoire of coupling reagents in palla-
dium(0)-catalyzed cross-coupling reactions.!! In particu-
lar, alkenyl phosphates and tosylates have proven their
worth in various cross-coupling reactions, such as the
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Scheme 1. Heck coupling with a nonactivated vinyl tosylate.
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Stille,” Suzuki,?** Negishi,””! Kumada,? 3 Sonogashira,*
bef3] Buchwald-Hartwig,“+® carbonyl enolate,”! and Heck
couplings,[’! as effective alternatives to the less stable and
typically more expensive alkenyl triflates and nonaflates.
However, the majority of this work has focused on the use of
activated vinyl phosphates and tosylates, such as a,f3-unsatu-
rated systems or a-heteroatom-substituted alkenes, for which
the oxidative-addition step is nonproblematic with palla-
dium(0) catalysts bearing aryl phosphine ligands. Less atten-
tion has been devoted to nonactivated counterparts, most
likely because of the greater difficulty in carrying out the first
step of the catalytic cycle, namely the oxidative addi-
tion.[34:4:5.9]

We now report on catalyst systems composed of a
palladium complex with a basic, hindered alkyl phosphine
that can promote the Heck coupling of nonactivated vinyl
tosylates and phosphates with electron-deficient alkenes in
good yields, thereby increasing the scope of this important
cross-coupling reaction. Furthermore, during these studies we
observed an interesting 1,2-isomerization with certain alkenyl
tosylates and phosphates under reaction conditions that
provide coupling yields as high as 95%. A mechanistic
proposal supported by experimental results and DFT calcu-
lations is included.

To identify suitable reaction conditions for Heck cou-
plings with nonactivated alkenyl tosylates and phosphates, we
examined the use of palladium complexes with the ever
increasingly popular bulky electron-rich phosphines.'” All
tosylates and phosphates were prepared from starting ketones
by base-promoted proton extraction and reaction with tosyl
anhydride (Ts,0) or (PhO),POCI, as earlier reported.[*>1112]
Initial coupling attempts were performed between the
tosylate 1 and ethyl acrylate (Scheme 1). After examining a

[PdCl,(cod)] (5 mol%)
HBF,4P({Bu); (10 mol%)
LiCl (1 equiv)
Cy,NMe (2 equiv)

DMF, 100°C
66% yield 2

variety of reaction conditions, we noted that a combination of
[PACly(cod)] (cod =1,5-cyclooctadiene; 5mol%) and the
P(:Bu),;HBF, salt® (10 mol%) in the presence of dicyclo-
hexylmethylamine (2 equiv) in dimethylformamide (DMF) at
85°C could furnish the diene 2, albeit in low yield (approx-
imately 5%). The addition of one equivalent of LiCl, how-
ever, had a dramatic effect on the reaction outcome, thus
providing a 50% yield of the diene 2 after 24 hours.¥
Increasing the reaction temperature to 100°C improved the
coupling yield to 66 %. Other reactions conditions, including
change of solvent or examination of alternative catalyst
combinations, were incapable of promoting the cross-cou-
pling.

To probe the scope of these reaction conditions, we
examined the Heck coupling of a variety of alkenyl tosylates
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with electron-deficient alkenes and styrene derivatives cata-
lyzed by the [PdCl,(cod)]/P(tBu); combination in the pres-
ence of LiCl (Table 1). Generally, all the reactions were
completed after 20 h and provided satisfactory coupling yields

Table 1: Heck coupling with nonactivated vinyl tosylates.

[PACl,(cod)] (5 mol%)
HBF,P(tBu), (10 mol%)

LiCl (1 equiv) .
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/\er AR DMF, 100°C 12/\/
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[a] Yield of the isolated product.

as high as 99%. Six- and seven-membered cyclic alkenyl
tosylates proved particularly effective for these coupling
reactions, although reactions with larger rings were unsuc-
cessful. The coupling of the readily available vinyl tosylate to
the acrylamide (Table 1, entry 12) demonstrates the potential
of this methodology for the simple introduction of a vinyl unit
to an a,p-unsaturated amide. Hence, the application of
alkenyl tosylates in Heck couplings provides a straightfor-
ward means for the preparation of functionalized butadienes
from simple starting materials.

Unexpectedly, the normal coupling product was not
isolated in the reaction between 1-fert-butylvinyl tosylate
and styrene. Rather the product from an apparent 1,2-
migration of the intermediate alkenyl palladium(II) species
was obtained in good yield (79 %; Table 2, entry 1).') This
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Table 2: Heck coupling of alkenyl tosylates with isomerization.

[PdCl,(cod)] (5 mol%)
HBF,P(tBu), (10 mol%)

LiCl (1 equiv)
Cy,NMe (2 i
JL + g2 yaiMle (2 equiv RN R
R' TOTs DMF, 100°C
Entry R' t[h] Product Yield [96]
S Ph
1 tBu 4 e 79
7N
2 tBu 20 X\/\/v 93
_~_Ph
3 tBu 23 >(\/“\,/©/ 95
O
4 tBu 20 T 72
R
5 tBu 3 >‘/\v\\/ H)\TOMe 800!
0]
CN
6 tBu 24 > i 831
~air S Ph
7 SiMe, 16 SsiTT 33

[a] Yield of isolated product; unless noted all selectivities of isomerized
versus normal Heck products were >95:5. [b] Isomerized/normal
products =10:1. [c] cis/trans mixture=1:1.

result is in stark contrast to recent observations by Reissig and
co-workers, in which the Heck coupling between the corre-
sponding vinyl nonaflate and methyl acrylate under phos-
phane-free conditions was reported to give the expected
coupling product."* Nevertheless, coupling of the same vinyl
tosylate with a variety of alkenes revealed this isomerization
to be quite effective with yields attaining 95% and with
exclusive trans selectivity in all but one case (Table 2,
entries 2-6). The use of acrylonitrile (Table 2, entry 6) led to
a 1:1 mixture of cis/trans-isomerized products undoubtedly
because of the small size of the nitrile group. One example
was attempted with a 1-trimethylsilylvinyl tosylate (Table 2,
entry 7). Although its coupling to styrene led to considerable
degradation, a 33 % yield of the rearranged coupling product
could be secured, thus indicating the feasibility of such
isomerizations, even with silyl-substituted alkenes, although
further optimization is required.!”

This isomerization—coupling step was also expanded to
alkenyl phosphates (Table 3). 1-ter-Butylvinyl O,0-diphenyl
phosphate behaved similarly as with the tosylate and coupled
effectively to styrene, p-phenylstyrene, and 4-vinylpyridine
(Table 3, entries 1, 2, and 4, respectively). Interestingly, these
reactions proved to be more sensitive to the solvent
employed. Whereas dioxane was the solvent of choice in
entries 1 and 2, DMF was more adequate in the coupling with
the vinyl pyridine. C—C bond formation to the styrene
derivatives in DMF only provided coupling yields in the
order of 20 % . Additional examples with two acrylamides and
one acrylate (Table 3, entries 3, 5, and 6) also revealed these
substrates to be effective for Heck couplings with isomer-
ization, whereas attempts with acrylonitrile were unsuccess-
ful. In all cases, the diene products were the result of an
apparent rearrangement, although in three cases an approx-
imate 9:1 ratio of the isomerized and the normal Heck
coupling products was detected (Table 3, entries 3, 5, and 6).

Angew. Chem. Int. Ed. 2006, 45, 33493353
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Table 3: Heck coupling of alkenyl phosphates with isomerization.
[PdCly(cod)] (5 mol%)
HBF,P(tBu); (10 mol%)

LiClI (1 equiv) AR
o} , R
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R* OP(GPh), Solvent , 100°C J\/\
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(4:3)

[a] Unless noted all selectivities of isomerized versus normal Heck
products were > 95:5. [b] Yield of the isolated products.

Finally, a noteworthy solvent effect on the isomerization was
observed in the Heck coupling with a-styryl O,O-diphenyl-
phosphate (Table 3, entries 7 and 8). The reaction of acryl-
amide with this vinyl phosphate in dioxane was slow but
nevertheless afforded 12% yield of the nonisomerized
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product and recovered starting material after 24 h. In
contrast, the same Heck coupling performed in DMF led to
a 4:3 mixture of the isomerized and normal Heck products.
Recent work by Hartwig and co-workers has shown that
isomerization does not take place for Kumada couplings with
a-styryl tosylate in toluene.” Hence, it is interesting to note
how subtle changes in both structure and solvent can have a
marked influence on the isomerization process in these Heck
couplings.

A conceivable mechanism for this 1,2-migration involves
an initial B-hydride elimination of the palladium(II) species
after the oxidative-addition step to give an intermediate
alkyne-coordinated palladium hydride species.'”) To gain
further insight into the plausibility of this reaction mecha-
nism, a DFT study was conducted for the fers-butyl vinyl
substrates (Figure 1)."® The starting point for the calculations
was a T-shaped complex 3 that coordinated P(fBu);, a
chloride ion, and the tert-butyl vinyl group. Under the
experimental reaction conditions, chloride ions are present
in the reaction solution; thus, it is likely that a chloride ion
displaces the leaving-group anion (tosylate or phosphate).
Due to the large steric bulk of the fert-butyl alkene and
P(tBu);, they are likely to be positioned trans to each other.
Palladium(II) complexes containing P(tBu); have previously
been shown to form tri-coordinate T-shaped complexes rather
than the more commonly observed tetra-coordinate square-
planar-type complexes.'” A free coordination site is therefore
available to facilitate a potential hydride elimination from
any group containing a [} hydrogen, as the need for de-
coordination of a ligand prior to the actual elimination is not
present.

From complex 3, there are then two possibilities, either
coordination and insertion of the olefin, or initial 1,2-
palladium migration with subsequent coordination and inser-
tion of the olefin. A transition state TS1 was characterized in
which the hydride is transferred to the palladium center, thus
yielding the fert-butyl acetylene hydride palladium(II) com-

Ed ¥ *
By tBu Bu tBu tBu
Bu_z Bu Bu N Bu—= = % P 2
=P conm, cw—nfd—/fCONHz cl—pd Cl—Pd--H CI—F}’d—H ci—Pd--H Ci—Pd ci—pa—y N2 | oi—pa--L o
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110 1
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70 ~ —
E : N oo
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—
10 1 N : \ . .
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Figure 1. Schematic presentation of the relative energies of the structures 3-7 and TS1-TS4.
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plex 4. The transformation was calculated to proceed with a
barrier of 62 kJmol™!, and the intermediate 4 was found to be
27 kJmol™" higher in potential energy than 3. Subsequent
insertion of tert-butyl acetylene in the Pd—H bond proceeds
via TS2 to yield the isomeric terminal fert-butyl vinyl
palladium(II) complex 5. The barrier from 4 was calculated
to be 21 kImol~!, and the overall isomerization reaction from
3 to 5 is basically thermoneutral, with 5 having a potential
energy 1 kImol™' above that of 3. To conclude, the highest
barrier for isomerization between the two isomeric palla-
dium-vinyl intermediates was calculated to be 62 kImol™!
(TS1). With such a low barrier, the reaction is likely to
proceed rapidly under the reaction conditions. Still, to
observe scrambling it is necessary that the barrier for
isomerization is lower than the carbopalladation of the
olefin. The difference in energy between the barriers for the
insertion step then determines the product outcome, thus
representing a typical Curtin-Hammett situation.

Further calculations are in support of this hypothesis.
Coordination of an olefin (here acrylamide) with 3 yields the
prereactive complex 6, and subsequent insertion takes place
via TS3 with an overall barrier of 87 kJ mol ' relative to 3. The
barrier for the (-hydride elimination described above was
found to be 25 kImol~! lower in potential energy and is thus
several orders of magnitude more rapid than the insertion of
acrylamide.” At the isomerized complex 5, coordination of
acrylamide results in complex 7. The insertion occurs via TS4
with an overall calculated barrier of 68 kJmol™', 19 kJmol™!
lower than TS3, from which we conclude that the path that
leads to the isomerized product is strongly favored.

Finally, some experimental support for this migration was
obtained from a coupling experiment between p-phenyl-
styrene and the dideuterated vinyl tosylate 8 (Scheme 2).
Under identical coupling conditions with the nonlabeled
tosylate, a 72% yield of the diene 9 was isolated in which
migration of one deuterium atom was observed.”*"

[PdCly(cod)] (5 mol%)
HBF ,P(tBu); (10 mol%)
LiCl (1 equiv)

Cy,NMe (2 equiv)

D
72% 9

> 95% Deuterium incorporation

Scheme 2. Isomerization studies with a dideuterated substrate 8.
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In conclusion, we have demonstrated the potential for
nonactivated vinyl tosylates and phosphates to be worthy
substrates for Heck couplings with electron-poor alkenes and
styrene derivatives. Furthermore, effective 1,2-migrations of
the alkenyl palladium(II) intermediate has been observed,
thus providing a new variation of the Heck coupling. A
feasible path for this rearrangement has been located using
DFT methods. Further work is currently underway to identify
more effective conditions under which the catalyst loading
can be lowered and the selectivity to produce either the
normal or the isomerized Heck products can be controlled.
This work will be reported in due course.
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Experimental Section
(E)-4-(2-(4-tert-Butylcyclohex-1-enyl)vinyl)pyridine: 4-Vinyl pyri-
dine (84 pL, 0.78 mmol), 4-fert-butylcyclohex-1-enyl tosylate
(60.0 mg, 0.19 mmol), Cy,NMe (83 pL, 0.38 mmol; Cy = cyclohexyl),
LiCl (8.2 mg, 0.19 mmol), and HBF,P(tBu); (5.6 mg, 0.019 mmol)
were dissolved in DMF (3 mL). [PdCl,(cod)] (2.8 mg, 0.0097 mmol)
was then added, and the sample vial was fitted with a teflon-sealed
screwcap and removed from the glovebox. The reaction mixture was
heated for 16 h at 100°C. After completion, water was added to the
crude reaction mixture, followed by extraction with diethyl ether (3 x
25 mL). The organic phases were washed with water (3 x 10 mL) and
brine, dried over MgSO,, and concentrated in vacuo. The crude
product was purified by flash chromatography on silica gel using ethyl
acetate/pentane (1:2) as the eluent, thus affording 41.3 mg of the title
compound (88% yield) as a colorless solid. "H NMR (400 MHz,
CD;CN): 0=8.45(d,2H,J/=6.4 Hz),7.32 (d,2H,J=6.4 Hz), 7.06 (d,
1H,J=16 Hz),6.40 (d,1H, /=16 Hz), 6.05 (t, 1H,J =2.8),2.47-2.42
(m, 1H), 2.27-2.10 (m, 2H), 2.02-1.93 (m, 2H), 1.32 (ddt, 1H, J =
11.2, 4.8, 1.6 Hz), 1.20 (dq, 1H, J=11.2, 5.2 Hz), 0.90 ppm (s, 9H);
BCNMR (100 MHz, CD;CN): 6 =151.0, 146.3, 137.2, 136.5, 135.2,
123.31, 121.5, 45.1, 32.8, 28.7, 27.5, 26.5, 24.6 ppm; HRMS C;;H,;N
[M+H"]; caled: 242.1909; found: 242.1902.
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A cross-over experiment was also performed with the 1-tert-
butylvinyl tosylate by the addition of 1-hexyne representing a
less hindered alkyne. No hydropalladation and subsequent
coupling to an alkene was observed with this alkyne, thus
suggesting that the insertion step is probably faster than
dissociation of the tert-butylacetylene from the palladium
hydride intermediate.
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The oxidative addition of Phl to Pdhas been studied by DFT with a continuum representation of the
solvent. It is shown that the preferred number of ligands on palladium is lower than would be expected
from “conventional wisdom” and the 18-electron rule. The most favored oxidative addition is obtained
when Pd is coordinated by only the aryl iodide and one additional ligand in a linear arrangement. The
calculations indicate that p-orbitals on the central metahat@volved in bonding in any of the complexes
described herein, in good agreement with classic ligand field theory and also with a recent bonding
analysis by Weinhold and Landis, but in apparent violation of the 18-electron rule.

Introduction

Palladium(0) phosphine complexes are among the most
versatile transition metal catalysts used for organic syntfesis,

applications including an array of-€C and C-X cross-cou-
pling reactions;® and isomerizations of alkenéOne of the

most commonly employed palladium phosphine catalysts is
Pd(PPh),, which is either generated in situ from a palladium-

(I) salt or added directly as Pdsome commonly employed
sources are Pd(PRhyr Pd(dba) + 2 PPh). Several studies
have dealt with the mechanism of Pehtalyzed reactions, the

PdL,,
Products L—Pa-L AX
Oxidative Addition
Coupling '-\Pd,Ar
Partrers L/ N X

Figure 1. “Textbook” mechanism for palladium(0)-catalyzed cross-

majority leading to the conclusion that the active species is a coupling reactions.

“highly unsaturated” 14-electron complex Pd(BRhwith a

low-energy nonreactive “less unsaturated” 16-electron complex conditions, monoligated palladium has been suggested to be the

Pd(PPh); as the major species in soluti®ihe first step in

active specie$.Recent theoretical results also challenge the

the generally accepted catalytic cycle is oxidative addition of generally accepted view on ligation state and stability. It is
ArX (Figure 1), which has sometimes been suggested to be theincreasingly becoming recognized that transition metalaato

rate-limiting step, particularly for X= Cl. The use of aryl

employ p-orbitals for bonding and thus have only a valence

chlorides is highly desirable for economic reasons, and thus ashell of one s- and five d-orbitals, which can accommodate up
detailed understanding of the oxidative addition mechanism is t0 12 electrons with “normal” bonding. Coordination numbers
important for further methodological improvements. For some beyond this depend on the formation of linear three-center
PdP-catalyzed transformations, addition of anions such as four-electron bondsc-bonds), which employ only one metal
chloride increases the reaction rate, which has been explainecrbital for bonding to two ligand$Overall, this new view of

by formation of a tricoordinate anionic [Pd(P#4X]~ spe-

bonding in metal complexes can rationalize all observations that

CieS, which is Suggested to be more reactive than the neutra|ear|ier were perceived as being a result of the 18-electron rule.

Pd(PPhk), complex? However, under phosphine-free reaction
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This new view also quite naturally includes phenomena like
square planar&complexes, which have always been viewed
as exceptions.

Herein are reported the results of a theoretical study on the
stability of both neutral and anionic palladium complexes
containing one, two, or three ligands, as well as the relative
reactivity of these complexes toward oxidative addition of
phenyl iodide. The effect of the coordination number on stability
and reactivity is then discussed in more detalil.

Results

Neutral Complexes of the Type Pdl, For a number of
palladium(0) complexes containing ligands 6 = 1—3) the
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Scheme 1. Oxidative Addition Takes Place on Either a Di-
or Tricoordinate Palladium(0) Complex2
L
L—Pd
L

11

L—Pd-L L—Pd-S

11 |

\():idative Addiia/

Palladium(1l) complex

a In the current work the stabilities and reactivities of these are
investigated.

P6

P5
Figure 2. Structures of neutral palladium(0) complexes.
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Table 1. Relative Potential Energies (kJ/mol) of a Series of
Neutral Pd® Complexes

entry complex CNR  AGgs AEpwmre “AGpue"?
P1 Pd(PPY 1 82 102 53
P2 Pd(PPY, 2 0 0 0
P3 Pd(PPE(PhI) 2 60 53 46
P4 Pd(PP5DMF 2 63 40 43
P5  Pd(PPHs 3 44 26 84
P6 Pd(PP¥,(Phl) 3 100 68 124

aCoordination number of P¢.See Computational Details.

Table 2. Relative Potential Energies (kJ/mol) of [PdLCI]~

entry complex CN AEpmr “AGestimate
cl1 [PA(PPB)CI]~ 2 0 0
cl2 [Pd(PhI)CIT 2 35 35
cl3 [Pd(DMF)CIF 2 50 50
Cl4  [Pd(PPB):CI]- 3 32 72
Cls [Pd(PPB)(PhI)CI]™ 3 50 90

a Coordination number of Pd.See Computational Details.

solvent model in the calculations, the results are similar when
going from PdPPhto Pd(PPB),, although less in favor of
the dicoordinate species than for the gas-phase calculations.
More interesting is that formation of tricoordinate Pd(B)RFs
found to be endergonic by 84 kJ/mol in solution. This value is
of such magnitude that it can be expected that the concentra-
tion of Pd(PPB); is basically infinitesimal. Replacing one
phosphine in Pd(PRJ3 with an explicit DMF solvent molecule
was found to be endergonic by 43 kJ/mol. The difference
between the monocoordinate complex P1 and the solvent
complex P4 gives an indication of the limitations of the
continuum solvation model. The continuum cannot give an
accurate description of actual coordination of the solvent to the
metal, but the effect of including an explicit coordinating solvent
molecule is still relatively small, giving a contribution of only
10 kJ/mol.

The monocoordinate complex Pd(RBPhas an unexceptional
structure, with a PeP bond of 2.24 A. The dicoordinate
complexes (Table 1, entries P2 and P3) are all linear, or nearly
so. In Pd(PP¥),, the Pd-P bonds are elongated by 0.1 to 2.34
A, due to the trans-influence. In Pd(PIBMF the Pd-P bond
is shorter, 2.23 A, a value that clearly shows the weak trans-
influence of a neutral oxygen atom. The two tricoordinate
complexes adopt a trigonal structure, almost perfectly so for
both Pd(PP¥); and Pd(PP§)2(Phl), in which the P-Pd—P angle
is 11#. In the Pd(PP¥s complex the PeP distances are
calculated to be 2.41, 2.40, and 2.39 A, respectively. In
accordance with the view of Weinhold and Lan#lihie three
phosphines all donate into tlsame5s-orbital on palladium (a
four-center-six-electron bond), weakening the bond to each
individual phosphine compared to the dicoordinated state. All
the descriptions above are for the complexes optimized in DMF.
The gas-phase optimization yielded essentially identical struc-
tures.

Anionic Complexes of the Type [PdL.Cl]~. Anionic
complexes wittn neutral ligandsrf = 1—2) and one chloride
have been characterized. All have been fully optimized with a

geometries have been optimized both in the gas phase and withsolvent model using parameters for DMF (Table 2).

a solvent model describing DMF, a commonly employed solvent

A similar trend is seen for the anionic complexes as for the

in these types of reactions (Figure 2). Relative gas-phase freeneutral ones; that is, going from a dicoordinate species to a
energies, potential energies in solution, and estimated freetricoordinate one does not lead to further stabilization, but rather

energies in solution are presented in Table 1.

to destabilization. The two dicoordinate complexes that do not

The gas-phase calculations show a strong stabilization of contain any triphenylphosphine are found to be relatively stable,

82 kJ/mol on going from PdPRHo Pd(PPR),. Coordination
of a third PPk, on the other hand, was found to lead to

not sufficiently so to be present in detectable amounts, but most
definitely of a low enough energy to allow them to be

destabilization by as much as 44 kJ/mol. When applying a intermediates in a catalytic cycle.
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Figure 3. Anionic palladium(0) chloride complexes.

For the anionic complexes the calculated geometries are als
in line with what would be expected, with linear geometries
for the dicoordinate species and trigonal planar for the tricoor-
dinate ones. In the dicoordinate complex [Pd(BEh~ the
Pd—P bond was found to be 2.23 A, which is 0.11 A shorter
than the same distance in Pd(B2hand likely a consequence
of the lower trans-influence of chloride compared to that of
triphenylphosphine, while the PdCI bond was calculated to
be 2.47 A. In the solvent complex [Pd(DMF)Clthe Pd-Cl
bond was found to be slightly shorter, 2.39 A, while in the
substrate complex [Pd(PhI)Cl]t was calculated to be 2.44 A.
The structure of [Pd(PRJCI]~ is distorted such that the two
P—Pd-Cl angles are not identical (10@nd 124). The Pd-P
distances are 2.31 and 2.38 A, where the longer bond is to the
phosphine with the largest angle to chloride. In this complex
the Pd-Cl bond distance is calculated to be as much as 2.73
A, which is 0.26 A longer than the PdCl distance in the com-
plex with one phosphine less. This indicates a relatively weak
Pd—Cl interaction in [Pd(PP#).Cl]~. All structures described
are for optimizations in DMF and are shown in Figure 3.

Anionic Complexes of the Type [PdL,(OOCH)] . Anionic

o

Ahlquist et al.
Table 3. Relative Potential Energies (kJ/mol) of
[PALOOCH] ~
entry complex CN AEpwmF “ AGEestimate °
F1 [PA(PPB)(OOCH)I- 2 0 0
F2 [Pd(PhI)(OOCH)t 2 25 25
F3 [Pd(DMF)(OOCH)t 2 33 33
F4 [Pd(PPE)2(OOCH)I 3 10 50

a Coordination number of P&.See Computational Details.
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Figure 4. Anionic palladium(0) formate complexes.

complexes a solvent complex [Pd(DMF)(OOCH)jas also
characterized, and formation of this species was calculated to
be endergonic by 33 kJ/mol from [Pd(PRI®OCH)]" and
DMF.

Structurally the dicoordinate complexes are linear, with the
formate coordinating to palladium in ap-fashion. The PdP
distance in [Pd(PRWOOCH)] is identical to the same distance
in the chloride analogue, 2.23 A, while the PO distance is
2.22 A. In the tricoordinate complex the PB distances are
2.34 and 2.35 A, while the PeD bond is 2.41 A, which is
considerably longer than in the analogue with only one phos-
phine, thus indicating a weaker P® bond in the tricoordinate
complex. All structures described are for optimizations in DMF
(Figure 4).

Transition States for Oxidative Addition of Phenyl lodide
to Palladium(0). Two types of transition states have been
characterized for the oxidative addition of phenyl iodide to the
Pd® complexes described above. All have been fully optimized
including a solvent model, which has proven to be crucial for
these types of species in recent work by Senn and Ziegler, where
it was demonstrated that the transition state found in gas-phase
calculations did not exist when a solvent model was apglied.

complexes with a formate ligand have been fully optimized with - gimijarly, the transition state found when a solvent model was
a solvation model describing DMF. Carboxylates are compo- incorporated in the calculations was of a type that could not
nents of many Pd-catalyzed reactions, and the formate can serveyist in the gas phase. The first transition state found in the
as a model for these. In none of the complexes can we see anyyresent investigation is one where phenyl iodide has been
evidence of steric interactions that would invalidate this model. oxidatively added to Pd(PBh (Table 4, entry 1). The second
The relative energies of the palladium formate complexes are e of transition state found is one where palladium is ligated
dlsplayed_ in Table 3. _ _ _ _ _ to only one more ligand than the phenyl iodide (Table 4, entries
Formation of the tricoordinate species with two triphen- 2—4).

ylphosphines is found to be endergonic by ca. 50 kJ/mol in |t is clear that the oxidative addition is facilitated by a lower
DMF (Table 3, entry F1 vs F2). This number differs in mag- coordination number on the palladium. While the barrier for
nitude from the same comparison for the chloride system oxidative addition to Pd(PRJ» was found to be 13 kJ/mol,

(Table 2, entry ClI1 vs Cl4), which may in part be due to a oxidative addition to the complexes containing just one more
stabilizing hydrogen-bonding interaction between the formate

moiety and one of the phenyl hydrogens. For the formate

(9) Senn, H. M.; Ziegler, TOrganometallic2004 23, 2980.
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Table 4. Transition State Energigs (kJ/mol) Relative to the tions, the result is that going from a dicoordinate to a tri-
Respective Prereactive Complexes coordinate Pispecies results in an increase in free energy. The
entry  oxidative addition transition state complex =~ €N AEpur consequence of this is that the often made assumption that
Ts1 Pd(PPH(PhI) 3 13 tricoordinate complexes are more stabilized than dicoordinate
TS2 Pd(PP$(PhI) 2 2 ones is now cast in doubt. Several previous studies have dealt
TS3 [PACI(PhDT 2 1.2 with the stability and reactivity of tricoordinate palladium
TS4 [PA(COCH)(Ph)] 2 0.2 specied! but few have taken into account the possibility of
2 Coordination number of the corresponding prereactive complex. lower coordinatior}? which is probably a consequence of

adherence to the time-honored “18-electron rule”. However,
taking into account the observation that 5p-orbitals are not
involved in binding of ligands to Pd, as seen in all our current
calculations, the linear 14-electron complex should be regarded
as a favored hypervalent state with aneéoond® analogous to
the isoelectronic Ag complexes.
. When scrutinizing the early studies of Pd complexes in
solution, it becomes apparent that the actual experimental results
consist of observation (e.g., by NMR spectroscopy) of multiple
species with unclear identity, but with a consistent concentration
TS2 dependence, allowing a precise determination ofréiative
number of ligands on Pd. However, it is not clear to us how
the absolutenumber of coordinating ligands has been deter-
mined. In some cases, the assumption has simply been that the
e— _ highest order complex observed must be identical to either the
crystallographically observed coordination or the 18-e complex
with four ligands. The current results cast the original assump-
TS4 tions in doubt. The state in the crystal, where the influence of
TS3 entropy is minor, is determined by the potential energies of the
Figure 5. Transition state structures for oxidative addition to possible complexes and how they pack. On the other hand, in
palladium(0). solution, the coordination state is strongly dependent on the
) o ) ) entropic contribution, with each ligand loss corresponding to a
ligand than the phenyl iodide takes place essentially without free energy gain of around 40 kd/mol at room temperature. Thus,
any barrier (Figure 5). These results are in line with previously - cyyrrent results, with higher coordination states being favored

published results for palladium(0) alkyne systems, for which it 1 nqtential energy, but lower coordination states being favored
was found that a lower coordination number facilitates oxidative by free energy in solution, are fully compatible with earlier

addition.” Reactions of complexes with coordination numbers gy herimental results, but not with the original interpretation of

higher than 3 have been studied before and always contain & se results.

ligand dissociation from palladium as a crucial prereactive $tep.
Comparison of Anionic and Neutral Complexes.Since

T81

Looking at the kinetic studies for oxidative addition to

there is a | d ‘ tainty wh ; ¢ Ipalladium, the general observation is that the reaction order in

edre IS a .arge: egl;ree oruncer a(ljnty when cgmpar;ng neu ra]phosphine is negative, usualyl. This has been interpreted as
and anionic molecules (as opposed to comparison of SPECIES 0%,y ative addition of a Pdicomplex in equilibrium with a less
the same charge) when a solvent model is applied, this will be

touched upon only briefly here. The equilibrium between reactive but more stable Pglspecies. However, the experi-
. ) . mental results basically show only that the rate-determining TS
Pd(PPh), and [Pd(PPHCI] is found to be in favor of the . carty Show ony ning

- . contains fewer phosphine ligands than the resting state of the
E;T?gﬁ%?ﬁ;g%‘:)iéi m?rlxemnzmge?gda:—eHI;llsrgsitr)]e?:;\\//g:y.o f catalyst and are therefore equally in line with the current results,
PA(PPE)> but by 41 and 27 ki/mol for DMF and THF, which indicate that the resting state is Bdind that oxidative

’ addition occurs from complexes of the type-Bd—Phl, where
respectively. At the level of theory used (B3LYP/LACVP¥) one ligand again has been lost before reaction.
these values are within the error limit for small anions. In fact,

it seems that the continuum model employed here consistently we alsq note that only moderately activeacceptors ha\(e
- - . been studied here. The calculated difference between di- and
overestimates the solvation energy for the small anions, for

example by 63 kd/mol for Clin DMSO 10 triligated Pd is not very large ar!d can probably be reversed _by
use of strongly electron-accepting ligands such as dba, which
would be expected to favor higher coordination states ofePd.
In the extreme cases, binding of electron-deficient alkenes to
Di- or Tricoordinate Palladium(0)? From the results above P gives a bonding pattern more reminiscent of palladacyclo-
it is obvious that the coordination number of palladium(0) in Propane, which would be expected to behave as'aspdcies
solution is likely to be lower than what has hitherto been and accept two ligands trans to the two coordinating alkene
suggested in the literature. In all cases, both in the gas-phasecarbons.
calculations and when applying a solvent model in the calcula- ~ As stated above, the preference for di- over triligated states
mainly arises from an entropic contribution in solution. Thus,
(10) Ahiquist, M.; Kozuch, S.; Shaik, S.; Tanner, D.; Norrby, P.-O. chelating ligands would be expected to override this preference.

Organometallic2006 25, 45. - . .
(11) (a) Kozuch, S.. Shaik, S.: Jutand, A.; Amatore,Ghem. Eur. J. Looking at the geometry of our calculated tricoordinated Pd

2004 10, 3072. (b) Goossen, L. J.; Koley, D.; Hermann, H.; Thiel, W.
Chem. CommurR004 19, 2141. (c) Goossen, L. J.; Koley, D.; Hermann, (12) (a) Hartwig, J. F.; Paul, B. Am. Chem. S0d.995 117, 5373. (b)
H.; Thiel, W. Organometallic2005 24, 2398. (d) Kozuch, S.; Amatore, Christmann, U.; Vilar, RAngew. Chem., Int. E®005 44, 366.

C.; Jutand, A.; Shaik, SOrganometallics2005 24, 2319. (13) Amatore, C.; Jutand, ACoord. Chem. Re 1998 178 511.

Discussion
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Figure 6. Potential energy diagram for the reaction between Pd{Rhd Phl. All energies are in kJ/mol.
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Figure 7. Free energy (AGpwe”) diagram of the reaction between Pd(BRtand Phl. All energies are in kJ/mol.

complexes, we would expect that a bidentate phosphine with athat gas-phase calculations do not necessarily yield the same
small or moderate bite angle would accept another ligand transresults as solution-phase calculatiSnge decided to investigate

to one of the phosphines. the oxidative addition step including a solvent model. In our
Reactivity toward Phenyl lodide. Oxidative addition is  experience, utilizing Pkl as a model for aryl and alkyl
frequently the first step in anycatalytic cycle involving phosphines has often proved to give results that differ substan-

palladium(0) phosphine species. Although several theoretical tially from the ones for the full system.
studies of oxidative addition have been performed, none have For the neutral complexes, the starting point of the reaction
dealt with the possibility of a lower coordinated palladium is Pd(PPB), (Figures 6 and 7). For the general case, formation
species, including a solvent model in the calculatibHsl*Our of Pd(PPBh),(Phl) is the first possibility. From here there are
results for the ground states suggest that palladium in solutionbasically two paths: either oxidative addition directly on this
prefers a dicoordinate structure over a tricoordinate one. A species or dissociation of one ligand to form the dicoordinate
previous study has shown that, in the gas phase, oxidativespecies Pd(PRJ(Phl), which could also be formed by a
addition of phenyl bromide to palladium(0) with the model dissociative path via the solvent complex Pd(§BMF.12 From
ligand PH is more facile if palladium is coordinated to only the results above the path involving solvent is strongly favored.
one more ligand than phenyl iodideSince it has been shown  Oxidative addition involving Pd(PRR(Phl) takes place via TS1
with a barrier of 15 kJ/mol. The dicoordinate complex Pd(#¥h
(14) (a) Low, J. J.; Goddard, W. A., lll. Am. Chem. Sod.986 108§ (Phl), which is found to be more stable than Pd(BRRhI) by
6115. (b) Ananikov, V. P.; Musaev, D. G.; Morokuma, Brganometallics 78 kJ/mol, undergoes oxidative addition via TS2 with virtually

2005 24, 715. (c) Sakaki, S.; Biswas, B.; Sugimoto, M. Chem. Soc., : :
Dalton Trans. 1997, 5, 803. (d) Sakaki. S. Kai, S.: Sugimoto, M. no barrier (2 kJ/mol). The consequence of these results is that

Organometallicsl999 18, 4825. (e) Sumimoto, M.; lwane, N.; Takahama,
T.; Sakaki, SJ. Am. Chem. SoQ004 126, 10457. (15) Cundari, T. R.; Deng, J. Phys. Org. ChenR005 18, 417.
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Figure 8. Free energy (AGesimate) diagram for oxidative addition to anionic palladium(0) chloride complexes (values in kJ/mol).
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Figure 9. Free energy (AGesimate) diagram for oxidative addition to anionic palladium(0) formate complexes (values in kJ/mol).

the species on which the oxidative addition takes place is mostof [Pd(PhI)CI}" is via the solvent complex [Pd(DMF)CI]
likely the one with only one phosphine, Pd(BRERhI), which Formation of [Pd(DMF)CI} from [Pd(PPB)CI]~ and DMF was
is formed either via ligand exchange on Pd(BRbr via the found to be endergonic by 50 kJ/mol, compared to the path via
solvent complex Pd(PRYDMF. These findings are in line with  the tricoordinate [Pd(PRJ(PhI)CI]~ complex. The solvent
the theoretical results found recently for palladium acetylene complex path is thus favored by 40 kJ/mol. Oxidative addition
systems, where lower coordination number was shown to on the prereactive complex [Pd(Phl)Clpccurs with a very
increase the reactivity of palladium(0) toward oxidative addition low barrier, 1.2 kJ/mol, via TS3 (Figure 5). Oxidative addition
of phenyl iodide’ This is also in line with the experimental  on [Pd(PPB)CI(PhI)]~ was not considered since it is already
observations by Beeby et al. that additional triphenylphosphine higher in energy than [Pd(PhI)CI] and the barrier for the
above 1 equiv relative to the palladium concentration retards neutral analogue was found to be 13 kJ/mol compared to the
the rate of oxidative addition of phenyl bromitfeSimilar results ~ almost barrier-free oxidative addition on the low-coordinate
have been observed by several groups for oxidative addition to complexes.
palladium(0) complexgs gontainir!g sterically demar)ding Iigéﬁds. Similarly, the complexes with a formate ligand undergo
The results for oxidative addition to the anionic palladium- qiqative addition with a low barrier via a palladium species
(0) species are similar to the ones for neutral analogues (Figuréqq o ginated to only the formate and the phenyl iodide (Fig-
8). Formation of a tricoordinate complex from [Pd(RFH] ure 9). Ligand exchange that leads to formation of the sol-

and phenyl iodide is found to be endergonic by 90 kJ/mol. vent complex [Pd(DMF)OOCH]is endergonic by 33 kd/mol.

Dissociation_of _the phosphine then leads to a more StableThe subsequent formation of the prereactive complex from
complex. This dicoordinate prereactive complex [Pd(Phi)CI] [PA(DMF)OOCHT and phenyl iodide is exergonic by 7
is 35 kJ/mol higher in energy than the corresponding phosphinek‘]/mOI

complex [Pd(PP¥)CI]~. Another possible path for the formation
plex [PA(PPYCI] P P Explanation of the “Anion Effect”. For Pd-catalyzed

(16) Beeby, A.; Bettington, S.; Fairlamb, I. J. S.; Goeta, A. E.; Kapdi, Processes under certain conditions, an increase in reaction rate
A. R.; Niemela E. H.; Thompson, A. LNew J. Chem2004 28, 600. has been observed when anions are added to the reaction

(17) (a) Littke, A. F.; Dai, C.; Fu, G. CJ. Am. Chem. So200Q 122, i i i i i
4020. (b) Barder, T. E.; Walker, S. D.; Martinelli, J. R.; Buchwald, S. L. mixture, This has previously been explained in terms of

J. Am. Chem. So@005 127,4685 (c) Barrios-Landeros, F.; Hartwig, J. F. form'f‘tion of a highly reactive .tricgofdinate [Pd(%ﬁbﬁ]‘
J. Am. Chem. SoQ005 127, 6944. specie$. However, this explanation is in contradiction to the




Reproduced by permission of the American Chemical Society

2072 Organometallics, Vol. 25, No. 8, 2006 Ahlquist et al.

present results, since if an anionic species is present in solution Push-Pull Effect
it is much more likely to be the dicoordinate complex
[PA(PPR)X]~. In our calculation of the chloride system the
dicoordinate species is found to have a 72 kJ/mol lower free - o
energy than the tricoodinate one. For the corresponding formate ; Q
species the difference was calculated to 50 kJ/mol, also here in O{)lgpd‘zy“ - jipd\())%H
favor of the dicoordinate species. o o

When comparing the neutral and anionic complexes, a Figure 10. “Push-pull effect” in palladium complexes.
preference for the neutral ones is found. This, however, might
be an effect of an overestimation of the solvation energy of the organic reactions. In every case, an increase in potential energy
free anionic ligands. In a study of the solvation energy of small was found when going from a dicoordinate to a tricoordinate
anions with a solvation model describing DMSO, it was found palladium(0) species. As a consequence of these findings, the
that it overestimates the free energy of solvation by 63 kJ/mol most reactive species in neutral solution is found to be PajPPh
for the chloride anion. Thus, it might very well be so that the (Solv), with Pd(PP¥. substantially less reactive, in contrast
[PA(PPR)CI]~ complex is more stable than Pd(RBhbut since  with earlier proposals where Pd(P§hhas been assumed to
the solvation model overestimates the stability of the chloride, pe the dominant species in solution. The often observed effect
the result is the opposite in the calculations. It should be noted of “phosphine poisoning” at high phosphine concentrations
that this does not affect the equilibrium between the di- and then originates from the equilibrium between Pd(®Pand
tricoordinate species, since these compare molecules of the samed(PPh)(Solv) rather than the equilibrium between Pd(RPh
charge. and Pd(PP4),. Our results also strongly suggest that anionic

From the results above it is clear that the “anion effect” is P& complexes, which are presumed to be formed upon addi-
not likely to be due to formation of the previously suggested tion of chloride, are not of the previously suggested type
species [Pd(PRJpX] ", since it is both a low-concentration  [Pd(PPh).X] -, but are much more likely to be species contain-
specie$ and also less reactive toward oxidative addition than ing only one phosphine ligand, [Pd(PPX] —. On the basis of
[PA(PPR)X]~. Thus, in the presence of anions there is a this observation, a cogent explanation can be advanced for the
possibility for formation of anionic palladium complexes of the “anion effect” sometimes observed in Pchtalyzed organic
type [Pd(PPEX] . For oxidative addition of phenyl iodide, a  reactions. Rationalized from the results above, the “anion effect”
relatively poor ligand for palladium(0), two paths can be is found to be due to the fact that formation of a prereactive
followed from this complex. The first possibility is formation  “push—pull” complex (Figure 10) is more favored for the
of a solvent complex ([Pd(Solv)X]and then ligand exchange  anionic complexes than for the neutral analogues.
to yield the prereactive complex [Pd(Phl)X]The second
involves_an associatio_n of Ph_l to [P_d(B,Bh]‘ to yield the Computational Details
prereactive complex via the tricoordinate [Pd(BFPhI)X]~.
In both the anionic and the neutral mechanisms described above, To include both steric interactions and the correct electronics
the barriers for the oxidative addition at the dicoordinate we have included the complete ligand and substrate in all calcula-
prereactive complexes were found to be very low. Therefore, tions, to avoid artifacts from calculations on small model systems.
there has to be another explanation for the “anion effect”. One All calculations were performed with the Jaguar 4.2 program
possibility is that the formation of the prereactive complexes is Packagé using the hybrid functional B3LYP The basis set used
more favored for the anionic complexes than for the neutral Was LACVP*, which applies the 6-31G* basis set for all light
analogues, which is exactly what is observed in the calculations gle_meggs and the HayWadt ECP and basis set for palladium and
described above. The energy required for formation of Pagpph  10dine® To simulate solvent, the PoissoBoltzmann self-
(Phl) from Pd(PP}, was 46 kd/mol, while formation of conS|sltent reactlon.fleld (PB-SCRF) |ncorpprated in Jaguar 4.2 was
[PA(PhIX]- from [Pd(PPE)X] - was endergonic by 35 and 25  USed" PB-SCRF is a continuum solvation model, where the
kJ/mol for X = CI- and HCOO, respectively. A rationale for molecule is put into a reaction field consisting of_ surface chargt_as
this observed difference in ability to form the dicoordinate on a solvent-accessible surface constructed using a hypothetical

) | d be that in th | lex-PPh spherical solvent probe molecule with the indicated raéidghe
prereactive complex could be that in the neutra’ complex; wave function and the reaction field charges are solved iteratively

acts as an electron acceptor. Another electron-accepting ligand i seif-consistency is reached. The parameters for the two solvents
such as the electrophile Phl is then disfavored. For the anionic sjmylated have been set to= 38, probe radius= 2.47982 for

analogues the situation is very different. Since palladium in these pvF ande = 7.43, probe radiuss 2.52372 for THF.

cases is coordinated only to an electron-donating ligand (the To get an estimate of the Gibbs free energy in solution, the
anionic one), ligation of the electrophile Phl is more favored. vibrational component of the free energy, calculated by harmonic
The overall effect can be viewed as a pughll effect between  normal-mode analysis employing an analytic Hessian calculated
the ligands, where palladium is merely acting as a carrier of in the gas phase, was added to the free energy calculated by
electron density from a nucleophilic species to an electrophilic optimization of the geometry in the solvation model. This procedure
one. An identical effect has been observed for palladium(0) is valid only when the gas-phase and solvated geometries are very
alkyne complexes, where the pugbull effect was so pro- similar, and thus could only be applied to neutral complexes in
nounced in some complexes that the palladium(0) was better

viewed as being an anionic palladacyclopropene palladium(ll) _ (18) DFT calculations made with the Jaguar 4.2 program package from
complex (Figure 107 Schralinger Inc., Portland, OR: http://www.schrodinger.com.
: (19) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Perdew, P.
Phys. Re. B 1986 33, 8822.
(21) Marten, B.; Kim, K.; Cortis, C.; Friesner, R. A.; Murphy, R. B.;

All our results indicate that it is necessary to re-evaluate the Ringnalda, M. N.; Sitkoff, D.; Honig, BJ. Phys. Cherml996 100 11775.
(22) For a discussion of implicit solvation models, see: Cramer, C.

nature of the palladium(0) species present in solution and gssentials of Computational Chemistry: Theories and Modliey: New
relevant to many of the most commonly usededtalyzed York, 2002.
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Oxidative addition of aryl chlorides to palladium has been investigated by hybrid density functional
theory methods (B3LYP), including a continuum model describing the solvent implicitly. A series of
para-substituted aryl chlorides were studied to see the influence of electronic effects on the reaction. It
was found that the experimentally observed higher reactivity of the more electron deficient aryl chlorides
is due to their ability to accept back-donation fron? Bdd form reasonably strong pre-reactive complexes.
This effect is less pronounced in the transition state; when it is measured from the pre-reactive complex,
the barrier to oxidative addition is actually higher for the electron-deficient aryl chlorides, but the overall
reaction barrier is still lower than for the electron-rich aryl chlorides.

Introduction Scheme 1. Generic Catalytic Cycle for Pd-Catalyzed
Coupling Reactions
Palladium-catalyzed reactions have had a major impact on ArX
organic chemistry. A myriad of coupling reactions between aryl
halides and nucleophiles have been developed over the last few /\
decaded.In the prototypic cross-coupling reaction depicted in "p0 Pde'
Scheme 1, the organometallic reagent RM provides the coupling X
partner? but similar catalytic cycles are also valid for palladium-
catalyzed additions ta systems. A major achievement was
the development of catalytic systems that are able to couple Ar—R RM
aryl chlorides rather than the iodo and bromo analod@snilar x

catalyst systems have recently been shown to be able to couple

even less reactive substrates such as tosylates and ph0§ph?tei1ualitatively when going from calculations in the gas phase to
Within this class of reactions, the first step in the catalytic models incorporating an average influence of the solvent (a

cycle is oxidative addition of an aryl halide to a low-ligated continuum modelj2

Pd species. This step, and its microscopic reverse, reductive Herein we report a density functional theory investigation of

el|m.|nat|on, has been the SUbJ?CT of muph investigatiom. ~ the effect of the electron density of the aryl chloride on the

particular, a number of computational studies of the mechanism oxidative addition. All calculations were performed at the

of oxidative addition of aryl halides have recently appedred. B3LYP/LACVP* level of theory, applying a PoisserBoltz-

Of special interest is a study by Senn and Ziegler, demonstratingmann self-consistent reaction field to describe the solvent

that the nature of the oxidative addition transition state changesimplicitly. 8

* To whom correspondence should be addressed. Féb 31 7723848. i i
Fax: +46 31 7723840. E-mail: pon@kemi.dtu.dk. Results and Discussion

T Technical University of Denmark. Tel#45 4525 5430. Fax:+45 Oxidative Addition to Pd(PtBus). One of the most com-
4593 3968. ’

* Gateborg University. monly employed palladium sources for cross-coupling reactions

(1) (a) Milstein, D.; Stille, J. KJ. Am. Chem. S0d978 100, 3636. (b)

Miyaura, N.; Yamada, K.; Suzuki, ATetrahedron Lett1979 20, 3437. (6) (a) Low, J. J.; Goddard, W. A., IIJ. Am. Chem. Sod.986 108
(c) Negishi, E.; Okukado, N.; King, A. O.; Van Horn, D. E.; Spiegel, B. I.  6115. (b) Ananikov, V. P.; Musaev, D. G.; Morokuma, ®rganometallics
J. Am. Chem. S0d.978 100, 2254. (d) Mizoroki, T.; Mori, K.; Ozaki, A. 2005 24, 715. (c) Sakaki, S.; Biswas, B.; Sugimoto, M.;Chem. Soc.,
Bull. Chem. Soc. Jpri971 44, 581. (e) Heck, R. F.; Nolley, J. B. Org. Dalton Trans.1997 803. (d) Sakaki, S.; Kai, S.; Sugimoto, Mrgano-
Chem.1972 37, 2320. (f) Cacchi, S.; Felici, M.; Pietroni, B.etrahedron metallics 1999 18, 4825. (e) Sumimoto, M.; lwane, N.; Takahama, T.;
Lett. 1984 25, 3137. (g) Trost, B. M.; Schmidt, T.. Am. Chem. So4988 Sakaki, SJ. Am. Chem. So2004 126, 10457.

110 2301. (h) For a recent review on palladium catalysis in total synthesis  (7) (a) Senn, H. M.; Ziegler, TOrganometallics2004 23, 2980. (b)
see: Nicolaou, K. C.; Bulger, P. G.; Sarlah, Bngew. Chem., Int. Ed. Goossen, L. J.; Koley, D.; Hermann, H.; Thiel, Whem. Commur2004

2005 44, 4442. 2141. (c) Goossen, L. J.; Koley, D.; Hermann, H.; Thiel,@vganometallics
(2) Hassan, J.; sfgnon, M.; Gozzi, C.; Schulz, E.; Lemaire, Chem. 2005 24, 2398. (d) Cundari, T. R.; Deng, J. Phys. Org. Chen2005 18,
Rev. 2002 102, 1359. 417. (e) Kozuch, S.; Amatore, C.; Jutand, A.; ShaikOBganometallics
(3) (a) Beletskaya, I. P.; Cheprakov, A. €hem. Re. 200Q 100, 3009. 2005 24, 2319. (f) Braga, A. A. C.; Ujaque, G.; Maseras@ganometallics
(b) Cacchi, S.; Fabrizi, GChem. Re. 2005 105, 2875. 2006 25, 3647.
(4) (a) Littke, A. F.; Dai, C.; Fu, G. CJ. Am. Chem. So00Q 122, (8) DFT calculations were carried out with the Jaguar 4.2 program

4020. (b) Barder, T. E.; Walker, S. D.; Martinelli, J. R.; Buchwald, S. L. package from Schidinger Inc., Portland, OR (http://www.schrodinger.com).
J. Am. Chem. So@005 127, 4685. (c) Barrios-Landeros, F.; Hartwig, J.  All of the calculations were performed at the B3LYP/LACVP* level. The

F.J. Am. Chem. So@005 127, 6944. geometries were fully optimized in solvent, simulated with the PB-SCRF
(5) (&) Roy, A. H.; Hartwig, J. FJ. Am. Chem. SoQ003 125 8704. model: Marten, B.; Kim, K.; Cortis, C.; Friesner, R. A.; Murphy, R. B.;

(b) Hansen, A. L.; Ebran, J.-P.; Ahlquist, M.; Norrby, P.-O.; Skrydstrup, Ringnalda, M. N.; Sitkoff, D.; Honig, BJ. Phys. Chenl996 100, 11775.

T. Angew. Chem., Int. EQR006 45, 3349. The parameters were setdéo= 38 probe radius= 2.48 to simulate DMF.
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cCl =1.79A C-Cl =1.80 A
Pd-C=2.16 A Pd-C=217A A e ? ClLsel
Pd-C(ortho) = 2.39 A ? Pd-Cortho) = 2.46 A - F:Gi=et2 g =G Si208

Figure 1. Pre-reactive complexes of PdBRis) with p-chloro- Figure 2. Transition states for the oxidative addition of
benzaldehyde ang-chloroanisole. chlorobenzaldehyde armichloroanisole to PdBus).

Table 1. Energies of the Pre-reactive Complexes
Pd(ArCl)PtBus and the Subsequent Oxidative Addition
Transition States, Relative to Pd(PBuU3), in kJ mol 1

of aryl chlorides is Pd(us),, a catalytic system originally
developed by Fu and co-workét$he 14-electron complex Pd-
(PtBus): is believed to be the major species in solution and was

therefore chosen as the reference complex of our investigation.__* " P-CH-PhX pre-reactive complex transition state
The calculated geometry of PdBRs); is similar to that of the —CHO 64.9 104.6

. . . . - —CN 65.7 104.8
previously reported triphenylphosphine analoét@ that it _n 758 1125
adopts a linear structure. The PB bond lengths were found ~NH, 742 107.0
to be slightly longer in Pd(Bus), than in Pd(PP§,: 2.38 A —Me 76.8 112.6
vs 2.34 A. We note that this geometry is consistent with the —OMe 817 114.2

bonding model of Weinhold and Landis: ofett6 s and d
valence orbitals on Pd, 5 are occupied by the 10 valence
electrons of P8 The last valence orbital can accommodate 2
ligands in a trans relationship by a 3-centérelectronw-bond!?
Palladium catalysts bearing bulky phosphines have been
proposed to react via monocoordinate 12-electron complexes:
T o
P(;E;’h(?isil;gggtisciii’ef\?en?;ﬂ.Fﬁ\ﬂsg;,lfi)i/ag_tldlegfgztzgf,gje PhCI) (Figure 2). However, the total barrier (as shown in Table

a consegquence of the strond trans influence of the phos hine1), obtained as the sum of the activation barrier for the addition
conseq 9 . phosp step and the energy of the intermediate, is still substantially
(similar results were found for PRltomplexes in an earlier

. . ) . lower for the electron-deficient aryl chlorides, with a span of
fStUdle)' Using the WelnhoIePLa.nd|.s.bond|ng model, the bond 10 kJ mof between the least and most reactive aryl chloride.
is now a standard 2e bond, significantly stronger ligand

than the bond. Frequently these types of reactions are Thus, the binding advantage of the electron-deficient aryl

performed in coordinating solvents, e.g., DMF, and in these chlorides is only partially retained in the TS, but this is still

2 : . sufficient to increase the reactivity.
cases a solvent molecule is likely to coordinate trans to the single Oxidative Addition to [PdCI] —. [PdX]~ has been proposed
phosphine, in an unsymmetricalbond. )

Investigation of the influence of para substituents on the aryl as the active intermediate when applying certai plexes,
chloridesgcan ive valuable inforr’[r)1ation on electronic effect)é €.g., palladacycle and pincer complexes, as a source of highly
i chemical regctions In the current study, we have included active P4 species? Recently a theoretical study concluded that
six different aryl chlorides, with both electron-withdrawing and the oxidative addition in the presence of phosphines could occur

. . - at a [PdX] type complex? The reactivity of [PdCI} toward
;dontait\t/mg s;thliuenJiH Fror arlll of :hlesﬁl’ ‘;Yg haxg Oﬁt'm'ﬁed Fr)]riﬁ'the same aryl chlorides as above was therefore investigated.
eactive complexes where one aryl chloride and one phosphine) ;. of the palladium present is still undoubtedly ligated by at

;ﬁgr?rlgi[ﬁ;(r) ::;i rg’;%\g ttgifgg(;tu(;?id?trﬁessgr\gnl(Iar:((Ia:slg:rree 1 least one phosphine, but as we have shown earlier, loss of the
9 3)2 P additional ligands before the actual oxidative addition step

Cloar that the clectron-poor ayl chiordes form much more stable SUBSIANKElY reduces the free energy barfetinder some
complexes with F‘ch?in dorythe arvl chlorides with hiaher reaction conditions, complexes coordinating one phosphine and
p y 9 an anion have been proposed to be the major spécies,

electron density. A comparison between the aryl chlorides with A ; _
the strongest and weakest bindimgOHC-PhCI andp-MeO- g?ﬂ;fg'xn% eﬁztian choice of [PdBus)CI]™ as the reference

PhCI, respectively, reveals a difference of as much as 17 kJ Formation of the pre-reactive complexes of the type

mol~1. This trend can be rationalized by the high aptitude of - L
PP for d—z* back-bonding. A similar trend has previously been [PA(ArCICI]~ follows a trend similar to that for the neutral

The transition states for the oxidative addition of the aryl
chlorides reveal an intriguing feature. Relative to the case for
the respective pre-reactive complexes the barrier for oxidative
addition is calculated to be lower for electron-rich aryl chlorides.
For example, the barrier is only 32 kJ mbifor Pd(RBuU3)(p-
MeO-PhCl) compared to 40 kJ mdlfor Pd(RBu3)(p-OHC-

observed for binding of alkynes to Rt (13) () Ahlquist, M.; Fabrizi, G.; Cacchi, S.; Norrby, P.-Ghem.
Commun.2005 4196 (b) Ahlquist, M.; Fabrizi, G.; Cacchi, S.; Norrby,

(9) Littke, A. F.; Fu, G. CAngew. Chem., Int. EA.99§ 37, 3387. P.-0.J. Am. Chem. SoQ006 128 12785.

(10) Ahlquist, M.; Fristrup, P.; Tanner, D.; Norrby, P.-Organometallics (14) Fristrup, P.; Jensen, T.; Hoppe, J.; Norrby, PCGBem. Eur. J2006
2006 25, 2066. 12, 5352.

(11) Weinhold, F.; Landis, CValency and Bonding: A Natural Bond (15) (a) Boam, V. P. W.; Herrmann, W. AChem. Eur. J2001, 7, 4191.
Orbital Donor-Acceptor Perspeete; Cambridge University Press: Cam- (b) de Vries, A. H. M.; Parlevliet, F. J.; Schmieder-van der Vondervoort,
bridge, U.K., 2005 L.; Mommers, J. H. M.; Henderickx, H. J. W.; Walet, M. A. M.; de Vries,

(12) Christmann, U.; Vilar, RAngew. Chem., Int. EQRR005 44, 366 J. G.Adv. Synth. Catal2002 344, 996.
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Table 2. Energies of Pre-reactive Complexes [Pd(ArCI)Ci] 1.
and the Subsequent Oxidative Addition Transition States k?,':il
Relative to [Pd(PtBu3)Cl]~, in kJ mol—12 11
Xin p-CI-PhX pre-reactive complex transition state 94
—CHO 39.6 (35.3) 78.9 (72.3) ,
—CN 41.0 (37.6) 78.8 (72.8)
—H 58.8 (56.2) 90.7 (84.9) 5
—NH, 52.9 (52.0) 90.6 (87.2)
—Me 58.9 (57.6) 91.7 (87.6) _ 34 .
_ y = 5.7155x <
OMe 59.3 (57.6) 92.9 (88.2) B2 = 0.9641 | o-para
aGiven in parentheses are values from single-point calculations including ; — : : ‘
diffuse functions on all heavy elements. 08 03 11 0.2 0.7 12
palladium complexes, although a more strongly pronounced 21
electronic effect is observed for the anionic complexes. Also * 5
here the relative stability of the pre-reactive complexes with
the electron-deficient aryl chlorides is much higher than the
stability of the complexes with the electron-rich aryl chlorides,
with a difference between the two extren©HC-PhCI and 137 OA Barrier
p-Me-PhCl calculated to be as large as 20 kJThat favor of ] Kdimol :

the complex withp-OHC-PhCIl. Geometrically the anionic
complexes differ slightly from the neutral phosphine complexes
in that the aryl chloride is more tightly bound to Pd. In [Pd- 7
(OHC—PhCI)CI}™ the Pd-Cipso distance is 2.09 A and the Pd
Cortho distance is 2.22 A. The €Cl distances are almost
identical in the anionic and neutral complexes: 1.80 and 1.79 y = 12.055x 31
A, respectively. R? = 0.9684 . c-minus

The barriers from the respective pre-reactive complexes : — - : -
follow the same trend as for the neutral complexes, with the | ©2 08 A1 02 o7 12
lowest barrier found for the complexes containing electron-rich -3 -
aryl chlorides (relative to the respective pre-reactive complexes)
(Table 2). However, also for the anionic reaction the overall
barrier from the separated reactants is substantially lower for
the electron-deficient aryl chlorides. The difference between the Figure 3. Hammett plots of (top) the €CI BDE values of the
highest and lowest barrier in the anionic path is calculated to @l chlorides and (bottom) the relative potential energies of the
be 14 kJ mot’, compared to the 10 kJ mdlspan for the neutral transition states for oxidative addition of aryl chlorides to mono-
path. The higher reactivity difference for the anionic palladium coordinate palladium(0).
species is in agreement with the experimental observations by t
Herrmann et al. that reactions under phosphine-free conditions
show a higherp value than for reactions with phosphines
present, which was attributed to the formation of the highly
active anionic species [Pd(OAc)}52

Rationale for the Reactivity. To further understand which
factors are responsible for the reactivity difference, the homolytic
bond dissociation energies (BDE) of the aryl chlorides were
calculated. In Figure 3 the BDE:s are plotted agaéfsivhich
gave a good fit. The lowest and the highest BDE values were
found for NC-PhCl and bN-PhCI, respectively, with a 7.65 kJ
mol~? lower value for NC-PhCI. In the oxidative addition a
similar trend is observed: i.e., electron-deficient aryl chlorides
react more readily than the electron-rich analogues. However,
the difference in reactivity is much larger than the difference
in BDE; the barrier for oxidative addition of NC-PhCl is 14.1

-5

----- Y = EWG Palladium(1l)
kJ mol™® lower than for MeO-PhCI. A Hammett plot of the complex
activation barriers against gave a good correlation, whereas Figure 4. lllustration of the effect of introduction of an electron-
oP correlated poorly. Although the strength of the-Cl bond withdrawing group in the aryl chloride. The effect of having an

could account for some of the difference in the barriers, electron-deficient aryl chloride is greatest in the prereactive complex
additional factors must be present that explain the correlation but remains to a substantial extent in the oxidative addition transition
with o~ rather tharo?, as well as the high reactivity difference, —State.

despite the lower difference in bond strength. The fact that the

barriers correlate witlo™ suggests that the mechanism is best withdrawing substituents that allow for more back-donation from
described as an\@r type mechanism. An even stronger palladium. In the transition states some of the transferred charge
electronic effect (20 kJ mot) is observed in the formation of s relocalized to the dissociating chloride; hence, the electronic
the pre-reactive complexes as compared to that in the transitioneffect remains, but to a lesser extent.

state (Figure 4). Structurally the pre-reactive complexes resemble Catalytic Activity. The oxidative addition barriers of the

m complexes which are known to be favored by electron- neutral palladium species are calculated to be in the range 106
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114 kJ mot? relative to Pd(EBus),, where the lower barriers  reported that the anionic Pd(0) complex [PeQHOACc]™ was
were obtained for addition of electron-deficient aryl chlorides. detected by ESI-MS under ligand-free conditions, using Pd-
This is substantially higher than the previously calculated (OAc), as the source of palladium, which suggests that the
barriers for phenyl iodidél° in good agreement with the anionic solvent complexes described in the current study are
observation that reactions of aryl chlorides frequently require possible intermediates.

heating. However, we want to point out that a substantial part

of the reaction barrier comes from the necessity to dissociate Conclusions

one of the phosphines from Pd. Reaction conditions allowing  ap jnvestigation of the oxidative addition of aryl chlorides
formation of monoligated P#; possibly with a coordinating 15 monoligated Pd(0) species has been presented. It was shown
solvent molecule, would substantially reduce the barrier 10 that the reactivity difference between electron-deficient and
oxidative addition. _ o electron-rich aryl chlorides is due to the higher ligating ability
The anionic path was found to proceed with barriers in the of the electron-deficient aryl chlorides. The actuat@ bond-

range 79-93 kJ mof* relative to the anionic complex  preaking step was shown to proceed with a lower barrier for
[Pd(RBus)CI] ™. If we start instead from the solvated anionic  the electron-rich species than for the electron-deficient ana-
palladium species [Pd(DMF)CI] the barrier is drastically |5qyes; relative to the respective pre-reactive complexes. Overall
decreased to 1327 kJ mof™. Complexes such as [Pd(DMF)CI] e energy required for the oxidative addition is less for the

are likely to be highly unstable species, yet even if they are gieciron-poor aryl chlorides, in agreement with earlier experi-
present in only minute concentrations, they would be highly 1 antal observatiorfe

active toward oxidative addition. De Vries and co-workers

(16) We have avoided comparing the anionic and neutral paths directly, . Supporting Infqrmatlon Avallab_le. T"?‘b'es givingxyz coor-
due to the fact that the solvation of small anions sometimes gives resuits dinates and solution-phase energies. This material is available free
not accurate enough for such a comparison to be reasonable. Due to theof charge via the Internet at http://pubs.acs.org.
cancellation of errors, a comparison of complexes of the same overall charge
should yield more reliable results. Ahlquist, M.; Kozuch, S.; Shaik, S.;
Tanner, D.; Norrby, P.-OOrganometallics2006 25, 45. OM0604932
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Copper-Catalyzed Synthesis of N-Sulfonyl-1,2,3-triazoles:

Controlling Selectivity**

Eun Jeong Yoo, Marten Ahlquist, Seok Hwan Kim, Imhyuck Bae, Valery V. Fokin,*

K. Barry Sharpless, and Sukbok Chang*

The recent advent of the Cu-catalyzed azide—alkyne cyclo-
addition (CuAAC),!! one of the most reliable click reac-
tions,” has enabled practical and efficient preparation of 1,4-
disubstituted-1,2,3-triazoles from an unprecedented range of
substrates with excellent selectivity, which cannot be attained
with the traditional Huisgen thermal approaches.”) In the
thermal azide—alkyne cycloaddition, the type of reacting azide
is especially important for the control of product distribution.
For example, whereas aryl and alkyl azides react with
activated alkynes to produce the corresponding 1,2,3-tria-
zoles, N-sulfonyltriazoles arising from the reaction of sulfonyl
azides with those acetylene compounds can undergo a
rearrangement process leading to a mixture of triazoles and
their ring-opened tautomers, a-diazoimino species.”) The
reversibility of the ring—chain tautomerism, known as the
Dimroth rearrangement,” is governed by various factors,
which include temperature and reaction medium, in addition
to the nature of the ring substituents.”! The stability of 5-
metalated N-sulfonyltriazoles is even further reduced™ so
that CuA AC with sulfonyl azides does not usually produce N-
sulfonyltriazoles (Scheme 1). Indeed, the facile conversion of
S-cuprated triazole intermediate A into the presumed ket-
enimine species (C, R? = sulfonyl) results, upon reaction with
amines, alcohols, or water, in the formation of amidines,
imidates, or amides, respectively (Scheme 1, pathway b).”! As
implied in Scheme 1, the outcome of the reaction is deter-
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Scheme 1. Copper-catalyzed azide—alkyne cycloaddition (pathway a)
and triazole opening process (pathway b)

mined by the fate of intermediate A. Herein, we describe the
development of a copper(I)-catalyzed preparative procedure
of N-sulfonyl-1,2,3-triazoles®™ on the basis of mechanistic
insights and computational studies (pathway a).

To investigate the loss of nitrogen gas from the N-
sulfonyltriazolyl copper intermediate and to compare it with
that from the analogous N-alkyltriazolyl species, we under-
took a computational study (B3LYP/LACV3P* +) of the key
reaction steps.”) Complexes D and G (Figure 1), which differ
only in the substitution of N' (D has a methylsulfonyl
substituent (-SO,Me) whereas G has a methyl group in its
place), were chosen as a starting point. A transition state (Erg)
for the conversion of D into ring-opened tautomer F, in which
the N'-N? bond is broken, was located. The activation barrier
for this transformation was calculated to be 64 kI mol * with a
N'—N? bond length of 2.11 A. The formation of diazoimine
complex F was calculated to be endothermic by 27 kImol .

Although the loss of nitrogen gas has not been observed
when alkyl or aryl azides are used in the reaction, the
corresponding step was also investigated for N-methyltria-
zolyl copper complex G. The barrier was found to be much
higher (148 kJmol™"; Hys), which could explain why inter-
mediate I has not been observed to date. Additionally,
resulting diazoimine intermediate I was much less stable
relative to triazolyl precursor G, with a calculated endother-
micity for the transformation of 131 kJmol™'. The N'-N?
distance in Hy was calculated to be 2.42 A, which indicates
a later transition state than that for the sulfonyl-substituted D.

According to our hypothesis, the opening of the triazole
ring is followed by the loss of nitrogen gas on the path toward
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Figure 1. DFT investigation of the cleavage of the N'=N? bond in triazolyl intermediates D and G (L indicates a spectator ligand, which was water

in this case).

the ketenimine. As shown in Scheme 2, a copper-bound
transition state in which the C—N? bond is broken (J;g) was
located. The barrier from corresponding diazoimine inter-

-
A -SoMe i+ SOMe | N

\—( = >> l —_—
CuL CuL

D F Jrs
Relative energy [kJ mol™]:
0 27 78
N 1
e _soMe N N
3N//N\ 902 \l\\l . N,Sone N/SOZMe
_ _— >> [ —_— i
H H H
K L MTS
Relative energy [kJ mol™]:
0 -3 104

Scheme 2. Relative energy difference between Cu triazole and its
protonated analogue in the ring-opening processes.

mediate F was calculated to be 51 kJ mol~!, which makes the
overall barrier for the breakdown of triazolyl D to be
78 kImol~'. The breaking C—N* bond in the transition state
is stretched to 1.7 A. To explore whether this transformation
is facilitated in the presence of copper, an analogous process
was modeled with a protonated N-sulfonyl triazole (K). The
ring opening of K to give diazoimine L was calculated to be
exothermic by 3 kI mol™' with a barrier of 69 kI mol™', which
is only slightly higher than that of Cu triazole species D
(64 kJmol™', Figure 1).

However, the following step, in which a molecule of N, is
lost via My, showed a barrier that is 56 kJmol ™ higher than
that of the corresponding cuprated species. Transition state
M appears later than J;5 because the breaking C—N bond
was found to be 2.1 A long compared with 1.7 A for Jis In
short, the loss of N, from the triazolyl copper species (D)

proceeds with a 26 kImol ™' lower barrier than that from the
protonated species (K), which corresponds to a rate differ-
ence of 5 orders of magnitude.

The computational insights described above and the
previously reported mechanistic studies of the CuACC
process!'”) revealed to us that by changing the reaction
conditions, the triazolyl intermediate could be trapped. By
facilitating the protonation of the intermediate and by
lowering the temperature to suppress entropically favored
processes such as the formation of the dissociative Jg5, we
believed that triazole formation could be preferred. Conse-
quently, we tested a wide range of reaction parameters,
including temperatures and additives, as well as copper
catalysts and solvents, in a test reaction of phenylacetylene
with p-toluenesulfonyl azide (Table 1).

Whereas only a low yield of desired product 1-(N-tosyl)-4-
phenyl-1,2,3-triazole was obtained under the standard aque-

Table 1: Cu-catalyzed N-sulfonyltriazole formation under the various
conditions.®

Cu catalyst
= 4 Ten additive NP
2 solvent ):/
12h PH

Entry Catalyst Additive Solvent T[°C] VYield [%]®
1 CuSO,5H,0 Na ascorbatel H,0/ 25 12

tBuOH!!
2 Cul 2,6-lutidine H,0/ 25 15

tBuOH!!
3 Cul 2,6-lutidine CHCl, 25 37
4 Cul 2,6-lutidine CHCl, 0 80
5 Cul 2,6-lutidine CHCl, 70 4
6  Cul - CHCl, 0o 3
7 Cul 2,6-lutidine! CHCl, 0 73
8 Cul DIPEA CHCl, 0 <1

[a] Phenylacetylene (0.60 mmol), TsN; (0.50 mmol), additive (0.60 mmol
except entries 1, 6, and 7), and [Cu] (0.05 mmol) in solvent (1.0 mL) were
used. Ts=p-toluenesulfonyl;  DIPEA= N,N-diisopropylethylamine.
[b] NMR yield based on an internal standard (1,3-benzodioxole).
[c] 0.1 equiv was employed. [d] H,0/tBUuOH=1:2. [e] 0.2 equiv was
used.
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ous ascorbate conditions (Table 1, entry 1),['*! variation of the
key reaction parameters resulted in significantly improved
yields.""! For example, among several copper salts tested, Cul
showed the highest catalytic activity in anhydrous conditions
(chloroform). Unsurprisingly, temperature had a dramatic
impact on the efficiency of the triazole-forming process
(pathway a); the highest yield was obtained at 0°C and
dropped rapidly as the temperature was increased (compare
Table 1, entries 3, 4, and 5). Although 2,6-lutidine is required,
it can be used in substoichiometric amounts (Table 1, entry 7).
Interestingly, 2,6-lutidine was uniquely superior to other
organic and inorganic bases we examined."!

Under the optimized conditions, a range of terminal
alkynes reacted smoothly with several sulfonyl azides to
produce 1-(N-sulfonyl)-4-substituted 1,2,3-triazoles in good
to excellent yields (Table 2). Electronic variation in the
phenylacetylene derivatives did not alter the efficiency of the
reaction (Table 2, entries 1-4). A heteroaromatic substituent
was also readily introduced into the triazole skeleton at the 4-
position (Table 2, entry 5). Reaction of a conjugated enyne
with a sulfonyl azide took place without difficulty (Table 2,
entry 6). Additionally, a range of aliphatic terminal alkynes
bearing functional groups readily react with sulfonyl azides
under the established conditions (Table 2, entries 7-8). Cyclo-
addition of terminal propargylic amides and alcohols was also
facile and afforded the corresponding functionalized N-
sulfonyl-1,2,3-triazoles in acceptable yields (Table 2, entries 9
and 10, respectively).

The scope of the reaction with respect to the azide
component was also investigated by including a variety of
sulfonyl azides (Table?2, entries 11-13). Synthesis of N-
sulfonyltriazoles was performed on a gram scale without
encountering problems.

It has been reported that the introduction of a sulfonyl
group into a wide range of heterocyclic compounds results in
significant changes in the bioactivity of the compounds.'?!
Therefore, the present work of synthesizing sulfonyl triazoles
may initiate a new search for bioactive triazole molecules,
especially in medicinal chemistry. In addition, because the
CuAAC reaction has emerged as a highly efficient means of
bioconjugation, especially in recent years,” the developed
protocol can be utilized to expand the scope of the tool
greatly . Moreover, the sulfonyl group could be readily
removed under mild conditions by using magnesium in
methanol™ to provide 4-substituted N-H-triazoles in excel-
lent yields."!

In summary, mechanistic insights and computational
studies of the CuAAC reaction enabled the development of
a new practical procedure for the preparation of 4-substituted
1-(N-sulfonyl)-1,2,3-triazoles. The important heterocycles
were obtained regioselectively in good to excellent yield by
performing the reactions at low temperature in chloroform in
the presence of 2,6-lutidine and a catalytic amount of Cul.
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Table 2: Cu-catalyzed cycloaddition of terminal alkynes and sulfonyl
azides.”

Cul (10 mol %) 2
R Rrgo, _2Eutdine (12 equiv) N SOR
2 CHCI, =/
0°c, 12 h R’
Entry Product Yield [96]"
1 N,/N\N/SOZC6H4(4'M9) X=H 83
2 _ Me 78
3 CF, 84
4 Br 95
X
N ,S0,CeH,(4-Me)
N” N
5 90
7\
S

_N. ,S0,CeHa(4-Me)
N

6 f 61

7 ,/N\N/SozceH4(4-Me) X=Cl 68

8 J_>:/ OC(O)Me 57
X

_N._ ,S0,CgH4(4-Me)
N” N

Me3CO—<\
o)

_N. ,S0,CgH,(4-Me)
~ N

[\ N
N

10 Me 75
HO Me
1 N o. P X=Et 80
12 NA NSy SiMe, 84
Ph
Me
13 N”N\N*S 56

= )

Ph

[a] A solution of alkyne (0.60 mmol), sulfonyl azide (0.50 mmol), 2,6-
lutidine (0.60 mmol), and Cul (0.05 mmol) in CHCl; (1.0 mL) was stirred
for 12 h at 0°C. [b] Yield of isolated product after column chromatog-
raphy.

[1] a) V. V. Rostovtsev, L. G. Green, V. V. Fokin, K. B. Sharpless,

Angew. Chem. 2002, 114, 2708; Angew. Chem. Int. Ed. 2002, 41,

2596; b) C. W. Tornge, C. Christensen, M. Meldal, J. Org. Chem.

2002, 67, 3057.

a) H. C. Kolb, K. B. Sharpless, Drug Discovery Today 2003, 8,

1128; b) V. D. Bock, H. Hiemstra, J. H. van Maarseveen, Eur. J.

Org. Chem. 2006, 51.

a) R. Huisgen in 1,3-Dipolar Cycloaddition Chemistry (Ed.: A.

Padwa), Wiley, New York, 1984, pp. 1-176; b) A. Padwa in

Comprehensive Organic Synthesis, Vol. 4 (Ed.: B.M. Trost),

Pergamon, Oxford, 1991, pp. 1069 -1109.

[4] a) P. Griinanger, P. V. Finzi, Tetrahedron Lett. 1963, 4,1839;b) P.
Griinanger, P. V. Finzi, C. Scotti, Chem. Ber. 1965, 98, 623;
¢) R. E. Harmon, F. Stanley, S. K. Gupta, J. Johnson, J. Org.

2

—_—

3

—

www.angewandte.org

These are not the final page numbers!

AN

3


http://www.angewandte.org

Reproduced by permission of Wiley-VCH Verlag GmbH & Co KG

Communications

4
R

5

[6

—_

1

—

Chem. 1970, 35, 3444; d) G. Himbert, D. Frank, M. Regitz,
Chem. Ber. 1976, 109, 370; ¢) R. Huisgen, Angew. Chem. 1980,
92, 979; Angew. Chem. Int. Ed. Engl. 1980, 19, 947.

a) O. Dimroth, Justus Liebigs Ann. Chem. 1909, 364, 183; b) G.
L’abbé, Bull. Soc. Belg. 1990, 99, 281; c) E. S. H. El Ashry, Y.
El Kilany, N. Rashed, H. Assafir, Adv. Heterocycl. Chem. 1999,
75, 79.

a) M. E. Hermes, F. D. Marsh, J. Am. Chem. Soc. 1967, 89, 4760;
b) C.L. Habraken, C. Erkelens, J.R. Mellema, P. Cohen-
Fernandes, J. Org. Chem. 1984, 49, 2197.

a) I. Bae, H. Han, S. Chang, J. Am. Chem. Soc. 2005, 127, 2038;
b) S. H. Cho, E. J. Yoo, I. Bae, S. Chang, J. Am. Chem. Soc. 2005,
127, 16046; c) E. J. Yoo, 1. Bae, S. H. Cho, H. Han, S. Chang,
Org. Lett. 2006, 8, 1347; d) S. Chang, M. Lee, D. Y. Jung, E.J.
Yoo, S. H. Cho, S. K. Han, J. Am. Chem. Soc. 2006, 128, 12366,
e) M. P. Cassidy, J. Raushel, V. V. Fokin, Angew. Chem. 2006,
118, 3226; Angew. Chem. Int. Ed. 2006, 45, 3154; f) M. Whitting,
V. V. Fokin, Angew. Chem. 2006, 118, 3229; Angew. Chem. Int.
Ed. 2006, 45, 3157.

[8] V. P. Krivopalov, O. P. Shkurko, Russ. Chem. Rev. 2005, 74, 339.

www.angewandte.org

[

(10]

(11]
(12]

(13]

(14]

All calculations were performed with the use of the B3LYP
exchange-correlation functional and the LACV3P* + basis set
as implemented in the Jaguar 6.5 program package by Schro-
dinger LLC., Portland, OR, 2006. All ground-state and tran-
sition-state geometries were fully optimized including the PBF
solvent model in Jaguar 6.5, with the default parameters for
water. Zero-point energy corrections were estimated from
calculation of the harmonic frequencies.

a) F. Himo, T. Lovell, R. Hilgraf, V. V. Rostovtsev, L. Noodle-
man, K. B. Sharpless, V. V. Fokin, J. Am. Chem. Soc. 2005, 127,
210; b) V. O. Rodionov, V. V. Fokin, M. G. Finn, Angew. Chem.
2005, 117, 2250-2255; Angew. Chem. Int. Ed. 2005, 44, 2210.
See the Supporting Information for details.

a) R. Mahmud, M. D. Tingle, J. L. Maggs, M. T. D. Cronin, J. C.
Dearden, B. K. Park, Toxicology 1997, 117, 1; b) Z. Huang, K. C.
Schneider, S. A. Benner, J. Org. Chem. 1991, 56, 3869.

a) B. Nyasse, L. Grehn, U. Ragnarsson, Chem. Commun. 1997,
1017; b) C. S. Pak, D.S. Lim, Synth. Commun. 2001, 31, 2209.
a) J. C. Loren, A. Krasinski, V. V. Fokin, K. B. Sharpless, Synlett
2005,2847;b) T. Jin, S. Kamijo, Y. Yamamoto, Eur. J. Org. Chem.
2004, 3789.

RThese are not the final page numbers!

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2007, 46, 1—5


http://www.angewandte.org

Enhanced Reactivity of Dincucler Copper(l) Acetylides in Dipolar Cycoadditions
Marten Ahlquist*®" and Valery V. Fokin,"®
4Department of Chemistry and the Skaggs Institute for Chemical Biology, The Scripps Research Institute,
10550 North Torrey Pines Road,La Jolla, California 92037
®Department of Chemistry, Technical University of Denmark, Building 201Kemitorvet, 2800 Kgs. Lyngby, Denmark
RECEIVED DATE (automatically inserted by publisher); fokin@scripps.edu, marten@kemi.dtu.dk

Coordination compounds of copper are ubiquitous in both
biological and abiological systems and often contain two or
more metal atoms in close association.'” The tendency toward
clustering is most apparent among copper(I) species, and the
extent of polynucleation has a significant effect on the stability,
properties, and catalytic activity of copper(I) complexes.
Copper(I) acetylides have a long history, dating back to
Glaser’s discovery of oxidative dimerization of phenylacetylide
of copper in 1869.° Transformations involving copper acetylides
now extend well beyond the oxidative coupling reactions, yet
the precise nature of the reactive alkynyl copper species is not
always known, underscoring the facility of the ligand exchange
at the copper center and the involvement of multiple equilibria.
Nevertheless, that copper(I) complexes with terminal alkynes
are usually highly aggregated species, engaging in a range of
o— and 7-interactions, has been demonstrated.”

The copper-catalyzed azide-alkyne cycloaddition
(CuAAC)'™!" reaction is a recent addition to the family of
transformations involving alkynyl copper compounds. Therein,
copper(I) acetylides are generated in situ by the action of a
copper(I) complex on a terminal alkyne and are immediately
engaged in an efficient sequence leading to the regiospecific
formation of a 1,2,3-triazole heterocycle. This catalytic version
of the Huisgen’s 1,3-dipolar cycloaddition is accelerated by as
much as 107 comparing to the thermal process, and exhibits
excellent scope and exquisite selectivity. A stepwise mechanism
involving copper(I) acetylides was proposed'' (Figure 1, top)
and computationally investigated soon thereafter.'” Here we
present the results of a density functional theory (B3LYP)
investigation of the reaction between dinuclear copper(l)
acetylide complexes and an organic azide, revealing a
substantial further drop in the activation barrier already reported
for the mono-copper ensemble.

The first DFT treatment of the triazole-forming sequence by
Himo et al,'” based on a mono-copper acetylide model,
correlated well with the observed high regioselectivity and the
large rate increase. Formation of the copper metallacycle
species 2 (Figure 1) was found to be the rate limiting step
(activation energy was calculated to be 18.7 kcal/mol (L =
H,0)). Soon afterward, careful kinetic investigation of the
reaction of phenylacetylene and benzyl azide by Rodionov et al.
revealed a strict second order dependence on copper under the
catalytic conditions.”” Knowledge of the requirement of two
copper atoms in the transition state complex triggered our
search for its role. Localization of electron density on C' in
complex 2, seen computationally, suggests that the introduction
of a second copper atom in proximity to C' may offer additional
stabilization of this intermediate and of the transition state on
the path of 2 to the triazole heterocycle.

Calculations were performed at the B3LYP/LACV3P*+ level
of theory as implemented in the Jaguar 6.5 program.'* All
geometries were fully optimized including the PBF-solvation
model with the default values of the parameters for simulation
of water. Since the treatment of solvation in the PBF model is
slightly different from that used in the original calculations, the
reaction was remodeled, and the new overall barrier for the
union of the azide 3 with the acetylide 4 was calculated at 17
kcal/mol (TS-mono). Formation of the resulting metallacycle 2
was found to be endothermic by 11.2 kcal/mol. Both values are
in good agreement with those reported previously.

N, p2
N” N’R
NS R RY [CuL] N 2
N7 ;\‘ N” °N-R
! .=CuL 1)=/
R 2 R 5
Rate-determining
T step [TS-Mono] [L,Cul*
NE = N2

30

Rl—[CuL] \<

R]—[CUL]

@ RZ ® N 2
NEN-N NN N\N,RZ NN

© — | N/ — )Q,CU )%/CUL

R—==—[Cu”L] Rj——[CuAL]

‘ CuBL [CUBL]
[CuBL] [CUBL] [Cu™L]

Figure 1. Reported mechanism of the reaction between a mononuclear
copper(I) acetylide and an organic azide (top)." Introduction of a second
copper(I) atom may favorably influence the energetic profile of the
reaction (bottom). L = H,O.

To probe the hypothesis that a second copper center
positioned closely to C' can have a favorable influence on the
transition state leading to the metallacycle 2, two transition
states containing a second copper(I) center were located. The
two transition states differed only in the spectator ligand on the
second copper atom. In the first, it was an acetylide (TS-
di®™™). and in the second the spectator ligand was a chloride
(TS-diM°r%) Figure 2. In both TS-di*™™ and TS-di*M°"% the
second copper atom, Cu®, forms a bond with C'. The distances
are calculated at 1.93 A and 1.90 A for TS-di®™" and TS-
dicMori® respectively. This short distance indicates a strong
interaction between the 2°¢ metal atom and the reacting copper
acetylide."



Figure 2. Intercation of the second copper atom with the transition state 1

to 2.

The interaction of the Cu® with the proposed intermediates in
the triazole-forming sequence and with the transition state
indicates that a second copper atom is involved in the key steps
of the CuAAC process. To compare the reactivity of the
dinuclear copper complexes to their mono-copper analog, the
transition state energy was compared relative to the azide and
dicopper species in isolation. The geometries of dinuclear
copper acetylide species 624%™ and 6"°"% (Figure 3) were
found to be quite similar. The reacting acetylide is o-
coordinated to Cu”, while the second metal center, Cu®X
(where X is acetylide or chloride), exhibits a stronger
interaction with C', with possible interactions between Cu® and
C? and Cu®. Interestingly, the u*> mode of coordination of the
alkyne was not observed unless two identical spectator ligands
were present on both copper atoms (e. g. [MeCC(CuCl),]). The
barrier for the addition of methyl azide (3, R=Me) to the
dinuclear copper acetylide complex 6™ was calculated at
12.9 kcal/mol. The corresponding barrier for the chloride analog
6°Mo11% \was found to be even lower, 10.5 keal/mol. Compared to
the mononuclear copper acetylides, for which an overall barrier
of 17 kcal/mol was calculated (vide supra), the reactivity of the
dinuclear complexes is expected to be several orders of
magnitude higher.

60 hloride

Figure 3. Optimized structures of dinuclear copper acetylides.

Furthermore, a similar effect of the 2™ copper center was
observed in the ground state of the six-membered intermediates
73kme and 7eN1oM% (Figure 4). Both transformations of 6 to 7
were found to be endothermic by 6 and 3.6 kcal/mol for 72
and 7°"°M% " respectively—substantially lower endothermicity
than for the corresponding mono-copper transformation (11.2
keal/mol). When the two dinuclear copper complexes 629" and
6°Mor% were compared, 6"°"'% was more reactive. This is likely
due to the lower trans influence of the chloride comparing to the
c-acetylide ligand, and thus a higher stabilizing ability of the
Cu®X fragment on ligands trans to X, in this case stabilization
of the electron density build-up on C'.

7cloride

Figure 4. Optimized structures of the dinuclear analogs of the
metallacycle 2.

In addition to providing support for the experimentally
observed 2" order rate law in [Cu],'® this DFT study points to
the more reactive nature of dinuclear copper complexes in
dipolar cycloadditions comparing to their monomeric
congeners. The involvement of a second copper center in the
catalysis may also explain the high activity of heterogeneous
catalysts, including bulk copper metal'"'? and nanoclusters.'®!”
Furthermore, similar dinuclear intermediates are likely involved
in other transformations involving copper(l) acetylides, and
further examination of their properties should help elucidate the
origins of the exceptional reactivity of in situ generated
copper(l) acetylides, in particular in aqueous solutions.
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