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Palladacycles bearing pendant benzamidinate ligands as catalysts for the Suzuki pp 9679-9687
and Heck coupling reactions
Kai-Min Wu, Chi-An Huang, Kuo-Fu Peng and Chi-Tien Chen* [cat] / base
Ar—Br + Ph—B(OH), ——— Ph—Ar

T°C / solvent

Novel lear palladacycl rted by pendant b A e base N AT
ovel mononuclear palladacycles supported by pendant benz- Ar=X o+ P > PhN

amidinate ligands have been prepared and fully characterised. TOC / solvent

The application of these palladacyclic complexes to the Suzuki
and Heck coupling reactions was examined.
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Chemoselective Heck arylation of acrolein diethyl acetal catalyzed by an oxime-derived palladacycle PP 9688-9695
Carmen Ndjera® and Luis Botella
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8-Methylquinoline palladacycles: stable and efficient catalysts for carbon—carbon bond formation pp 9696-9704
Paul Evans, Paul Hogg, Ronald Grigg,* Mohamed Nurnabi, Joanne Hinsley, Visuvanathar Sridharan,
Selvaratnam Suganthan, Stewart Korn, Simon Collard and Jane E. Muir
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Efficient palladium catalysts for the amination of aryl chlorides: a comparative study on the use of pp 9705-9709
phosphium salts as precursors to bulky, electron-rich phosphines
Amit Tewari, Martin Hein,* Alexander Zapf and Matthias Beller*®
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Aryl and heteroaryl chlorides are efficiently coupled with amines in the presence of Pd(OAc), and diadamantylphosphonium salts to give
aryl amines in high yield (75-99%) and selectivity.
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On the efficiency of two-coordinate palladium(0) N-heterocyclic carbene complexes in amination and PP 9710-9715
Suzuki-Miyaura reactions of aryl chlorides
Katherine Arentsen, Stephen Caddick™® and F. Geoffrey N. Cloke*
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Synthesis of novel (NHC)Pd(acac)Cl complexes (acac =acetylacetonate) and their activity in pp 9716-9722
cross-coupling reactions

Oscar Navarro, Nicolas Marion, Natalie M. Scott, Juan Gonzalez, Dino Amoroso, Andrew Bell

and Steven P. Nolan*
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Towards the rational design of palladium-N-heterocyclic carbene catalysts by a combined pp 9723-9735

experimental and computational approach
Christopher J. O’Brien, Eric Assen B. Kantchev, Gregory A. Chass, Niloufar Hadei, Alan C. Hopkinson,
Michael G. Organ,* David H. Setiadi, Ting-Hua Tang and De-Cai Fang
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Oxidative addition of N-halosuccinimides to palladium(0): the discovery of neutral palladium(II) pp 9736-9751

imidate complexes, which enhance Stille coupling of allylic and benzylic halides
Catherine M. Crawforth, Suzanne Burling, lan J. S. Fairlamb,* Anant R. Kapdi, Richard J. K.
Taylor® and Adrian C. Whitwood
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Catalytic activity of n*-(olefin)palladium(0) complexes with iminophosphine ligands in the
Suzuki-Miyaura reaction. Role of the olefin in the catalyst stabilization
Alberto Scrivanti,™ Valentina Beghetto, Ugo Matteoli, Simonetta Antonaroli, Alessia Marini

and Bruno Crociani
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pp 9752-9758

Use of a bulky phosphine of weak o-donicity with palladium as a versatile and highly-active catalytic PP 9759-9766

system: allylation and arylation coupling reactions at 10 '=10 % mol % catalyst loadings of

ferrocenyl bis(difurylphosphine)/Pd
Jean-Cyrille Hierso,™ Aziz Fihri, Régine Amardeil, =
Philippe Meunier, Henri Doucet™® and Maurice Santelli R7<\:/>—© §Y

"
Suzuki arylation \ O““P //
T o

A large range of palladium-catalysed C-N and C-C
couplings (allylation and arylation, respectively) are é
achieved with a notable effectiveness using an easily R Q @/
accessible ferrocenyl bis(furylphosphine) in 10~ '= R14©§//—/ / P /O

10~* mol% concentrations. These results shed a light \6?
on the use of the neglected bulky phosphines of low Heck vinylation cat. [Pd]

o-donicity in suitable catalytic reactions, and herein 107410 mol%
in nucleophilic allylic substitution.
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Ferrocenyl-palladium complexes in cross-coupling reactions: a comparative study
Tibor Zs. Nagy, Antal Csdmpai™ and Andras Kotschy™

pp 9767-9774
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Pd,dbas/P(i-BuNCH,CH,);N: a highly efficient catalyst for the one-pot synthesis of trans-4-N,N- pp 9775-9782

diarylaminostilbenes and N,N-diarylaminostyrenes
Mecheril V. Nandakumar and John G. Verkade*
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Palladium—benzimidazolium salt catalyst systems for Suzuki coupling: development of a practical and

highly active palladium catalyst system for coupling of aromatic halides with arylboronic acids
Wen Huang, Jianping Guo, Yuanjing Xiao, Miaofen Zhu, Gang Zou™ and Jie Tang
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pp 9783-9790

Use of tetrahydropyrimidinium salts for highly efficient palladium-catalyzed cross-coupling reactions

of aryl bromides and chlorides
Ismail Ozdemir,* Serpil Demir and Bekir Cetinkaya
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Asymmetric styrene dimerisation using mixed palladium-indium catalysts

Robin B. Bedford,* Michael Betham, Michael E. Blake, Andrés Garcés, Sarah L. Millar and Sanjiv Prashar
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The preparation and resolution of 2-(2-pyridyl)- and 2-(2-pyrazinyl)-Quinazolinap and their
application in palladium-catalysed allylic substitution
Susan P. Flanagan, Richard Goddard and Patrick J. Guiry*

were prepared as racemates in good yield in eight steps and were

resolved by the separation of diastereomeric palladacycles. X-ray

crystal structures of the (S,R)-palladacycles were determined and

are discussed. Application in palladium-catalysed allylic alkylation PPh,
of dimethyl malonate and 1,3-diphenylpropenyl acetate afforded O

ees up to 81%.
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Reversal of aryl bromide reactivity in Pd-catalysed aryl amination reactions promoted by a hemilabile
aminophosphine ligand

Sebastien L. Parisel, Luis Angel Adrio, Adriana Amoedo Pereira, Marta Marino Pérez, José M. Vila and
King Kuok (Mimi) Hii*
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N
Me” " P(tBu),

pp 9822-9826

Halogenated-2-pyrones in Sonogashira cross-coupling: limitations, optimisation and consequences for
GC analysis of Pd-mediated reactions

Ian J. S. Fairlamb,* Adam F. Lee, Faidjiba E. M. Loe-Mie, Elina H. Niemel, Ciara T. O’Brien

and Adrian C. Whitwood

R
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Et;N, solvent, 25 ©
X 3N, solvent, 25 °C X R = Me, H:
\ \ X =Cl, Br, I,
R "O” O R 0" SO OfTs, OTf

Turnover frequency and turnover number increases
with lower Pd concentration (down to 0.025 mol% Pd)

pp 9827-9838

Sonogashira reaction of aryl halides with propiolaldehyde diethyl acetal catalyzed by a
tetraphosphine/palladium complex
Mhamed Lemhadri, Henri Doucet™ and Maurice Santelli*
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R =H, Me, t-Bu, OMe, F, CF3, NO,, CN, COMe, CO,Me, CHO, COPh, NMe,

pp 9839-9847

Comparison between polyethylenglycol and imidazolium ionic liquids as solvents for developing a
homogeneous and reusable palladium catalytic system for the Suzuki and Sonogashira coupling
Avelino Corma, Hermenegildo Garcia™ and Antonio Leyva

Recoverable and Reusable
The thermal stability of a palladium complex
has been assessed in different green solvents.

The catalytic activity of the complex for the molvent e

S N’OH solvent

pp 9848-9854

Suzuki and Sonogashira couplings increases :> /@f\ ! p——

with the degree of stability, being polyethyle-
neglycol (PEG) the solvent of choice. A
reusable, homogeneous PEG-Pd system has solvent
been developed.

HO Pd I
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Design of highly active heterogeneous palladium catalysts for the activation of aryl chlorides in pp 9855-9859
Heck reactions

Sandra S. Prockl, Wolfgang Kleist and Klaus Kohler™

X
Pd/support base \
+
NMP AT
R

1 2 E- and Z-isomers
R = COCHj3, H, CH3, OCH3 3and 4 5
X =Cl, Br

Simple, stable, ligand free heterogeneous Pd catalysts convert aryl bromides and chlorides with high yields (100% selectivity) in Heck
reactions within few hours. The high activity is achieved by Pd species temporarily dissolved from the solid support.

Aryl alkynylation versus alkyne homocoupling: unprecedented selectivity switch in Cu, phosphine and PP 9860-9868
solvent-free heterogeneous Pd-catalysed couplings
Marco Bandini, Rafael Luque, Vitaly Budarin and Duncan J. Macquarrie™
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Pd/C-mediated coupling of aryl halides with terminal alkynes in water pp 9869-9877
Venkateswara Rao Batchu, Venkataraman Subramanian, Karuppasamy Parasuraman, Nalivela
Kumara Swamy, Sanjeev Kumar and Manojit Pal*
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A simple catalyst system for the palladium-catalyzed coupling of aryl halides with terminal alkynes PP 9878-9885
Eiji Shirakawa,™ Takaaki Kitabata, Hidehito Otsuka and Teruhisa Tsuchimoto

cat.
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RIX 4+ =R RI—=—R?
DMSO

R = aryl, heteroaryl, alkenyl; X = Br, |, OTf; R2 = aryl, heteroaryl, alkyl, —é
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Palladium-catalyzed trans-selective alkynylation—-alkylation tandem process for the synthesis of (E)-3- PP 9886-9895
alkyl-1-trialkylsilyl-3-alken-1-ynes
Ei-ichi Negishi,* Ji-cheng Shi and Xingzhong Zeng

ClZn—==—SiMe3 MeyZn, MeZnX, or EtaZn
X 5% Pd(DPEphos)CI2 X 2% P%(’Bue,P)z THF Me (Et)
rR. A THF,0-50°C,1-24h r__ 0-50 °C, 1-12 h R
\H\X 65-96% S 91-95% D
H H SiMe3 H SiMe,
=98-99% Z =98% E
R = "Nonyl, "Hexyl, Ph, Me3SiC=C, (S)-EtCHMe, (R)-TBSOCHy(Me)CH, or (R)-("C7H;3)CH(Me)CH,.

X =BrorCl

The reaction of 1,1-dibromo- and 1,1-dichloro-1-alkenes with Cl1ZnC=CSiMe; and 5% Pd(DPEphos)Cl, followed by that with
methylzincs and ethylzincs produces (E)-3-alkyl-1-trialkylsilyl-3-alken-1-ynes (=98% E) in >90% yields.

A palladium catalyzed efficient synthesis of y-methylene-o,B-unsaturated y-lactones via cyclization of PP 9896-9901
3,4-alkadienoic acids
Shengming Ma* and Fei Yu

5 mol% PdC|2(PPh3)2 R1

4 equiv CuCl, \
R2 4 equiv K2003 (6]

HOOC N, DMF, 70°C, 12 h

R1

Palladium-catalyzed regioselective Heck arylation of electron-rich olefins in a molecular solvent-ionic PP 9902-9907
liquid cocktail
Jun Mo, Shifang Liu and Jianliang Xiao™

Pd-DPPP
ArBr  + = - =
R DMSO Ar” "R
ﬂ 5% [bmim][BF4] >99/1 regioselectivity

O/\/OV /\0/\

(M L

Highly regioselective Heck arylation of electron-rich olefins by aryl bromides without using any halide scavengers is demonstrated in a
solvent cocktail containing as little as 5% of an ionic liquid.

A practical synthesis of highly functionalized aryl nitriles through cyanation of aryl bromides pp 9908-9917
employing heterogeneous Pd/C: in quest of an industrially viable process
Masanori Hatsuda and Masahiko Seki*

Pd/C, Zn, ZnBr,, PPh;
Ar-Br + Zn(CN), DVA Ar-CN

Ar: substituted phenyl, heteroaryl with a substituent involving sterically congested electron-rich groups.




Contents / Tetrahedron 61 (2005) 9647-9655 9655

OTHER CONTENTS

Contributors to this issue pl
Instructions to contributors pp HI-VI

*Corresponding author

COVER

The cover picture shows the black-box that is often associated with palladium chemistry. Various products and catalysts come out of the box,
which are representative examples of structures that are part of the symposium-in-print. The black-box still contains a highly contentious
Pd(IV) species, proposed for several Pd-mediated reactions, but never detected in a catalytic process (so far...). The guest editor is grateful to
Dr. Adrian C. Whitwood (York) for constructing/designing the cover picture.
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Preface

Palladium catalysis in synthesis: where next?

Over the past 30 or so years organometallic chemistry has
revolutionised synthesis. The increasing number of syn-
thetic transformations facilitated by transition metal
catalysts shows no sign of abating. Of all the organometallic
compounds known, those derived from palladium have
become the most important catalysts for an eclectic array of
synthetic manipulations in basic feedstocks, to fine
chemicals through to more elaborate, often complicated,
natural products or T-conjugated materials. Since around
1995, the general synthetic applications of palladium have
expanded significantly. It has matured into an area which is
a mainstay in the synthetic chemists’ armoury, providing a
myriad of versatile transformations, in ways that facilitate
exquisite control in the conversion of simple starting
materials into targets of varying complexity. Selectivity is
a key facet in palladium-mediated synthesis, for example, in
the chemo-, regio- and stereo-selective processes that often
result, allowing one to access some of the most intricate
synthetic targets, not available by traditional methods.

When was the last time that you read a synthetic journal that
did not report the application of a palladium-mediated
process; the de novo design of a highly active palladium
catalyst, or the beneficial effect of another super-additive or
co-catalyst? This area of chemistry is a special one, and still
presents many opportunities in terms of application and
development. The reactions discovered by Kumada and
Corriu; Heck; Hiyama; Negishi; Suzuki and Miyaura;
Kosugi, Migita and Stille; Sonogashira and others, have
inspired us to apply this state-of-the-art technology to real
synthetic problems, but moreover to understand the
mechanism(s) of these processes—to exploit the outcome
in new challenges and to drive the identification and
development of highly active and selective catalysts. The
recent, well known, contributions of Buchwald et al. (see,
Angew. Chem., Int. Ed. Engl. 1995, 34, 1348) and Hartwig’s
group (see, Tetrahedron Lett. 1995, 36, 3609) brought about
a new dawn in the development of C-N and C-O bond
formation to provide derivatised anilines and aryl ethers.
Although other approaches are known, these two publi-
cations triggered an avalanche of activity in both academic
and industrial research groups. Importantly, medicinal
chemistry has benefited tremendously from these step-
changing technologies. For a more historical perspective on
the development of palladium-catalysed processes the
reader is directed to other expert commentaries (see, Adv.
Synth. Catal. 2004, 346, 1519 and 1522).

Importantly, it is often the unusual observations that drive

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.08.002

the expansion of this field, in terms of both development and
mechanistic understanding. The latter aspect, although
sometimes complicated, is necessary for an appreciation
of the subtleties involved in what is often referred to as the
black-box of palladium chemistry. In this respect, we
sometimes believe our traditional textbooks too much,
without questioning the overall complexity of palladium
catalysis—why should only one catalytic cycle be opera-
tive? For example, Amatore and Jutand have taught us that
an anionic Pd(0)/Pd(Il) cycle is operative in cross-coupling
chemistry, as well as the classic neutral Pd(0)/Pd(II) cycle
(see, Acc. Chem. Res. 2000, 33, 314). This allows us to
understand the partial role played by halide/pseudohalide
additives in such reactions. The same scientists also
demonstrated the non-innocent behaviour of dibenzylidene
acetone (dba) ligands in reactions mediated by Pd,dbas/
phosphine combinations (see, Coord. Chem. Rev. 1998,
178-180, 511). On the other hand, several influential
scientists have shown us the importance of palladium
colloids/clusters in catalysis (see, Chem. Commun. 2004,
1559 and J. Am. Chem. Soc. 2005, 127, 3298). However,
this area is still in its infancy and one that remains to be
exploited in terms of the development of highly active and
selective catalysts from polynuclear palladium species, and
also in applied chemical synthesis.

Generally, palladium has achieved a prominent role in
catalysis and synthesis due to its electronegativity (2.2),
which facilitates the formation of relatively strong Pd-H
and Pd-C bonds, but also gives rise to polarised Pd—-X
bonds. It also allows easy access to 0 and +1I oxidative
states, where palladium-centred reactions such as oxidative
addition, transmetallation and reductive elimination pro-
cesses, occur with dynamic changes in geometry on
palladium. However, one must not forget that +1, +1II
and +1IV oxidation states are possible, yet these are rarely
mentioned, and that Pd(VI) (formally) has been proposed
(see, Science 2002, 295, 308), albeit disputed by theoretical
studies (see, Angew. Chem., Int. Ed. 2002, 41, 1953 and
1956). PA(ID)/(IV) catalytic cycles have been proposed by
scientists over the years, but have generally proved
contentious. Although disproved in the majority of cases,
particularly in reactions employing palladacycles (see,
J. Organomet. Chem. 2004, 689, 4055 and Chem. Rev.
2005, 105, 2527), such catalytic cycles are not ill-conceived,
particularly given the fact that many Pd(IV) complexes are
known (see, Acc. Chem. Res. 1992, 25, 83), and following
the recent discovery by Sanford that such species are
important in C-H activation/oxidation and C-C bond
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forming processes (see, J. Am. Chem. Soc. 2004, 126, 2300
and J. Am. Chem. Soc. 2005, 127,7330). It is certainly worth
studying these more unusual oxidation states to probe new
levels of reactivity. One suspects that the Pd(I1)/(IV) cycle
will continue to be debated in special cases.

So, where next for palladium catalysis in synthesis? The
answer certainly lies in tandem strategies to complex targets
and C—H activation processes. The creation of a technology
that allows us to selectively activate C—H bonds in alkanes,
alkenes, alkynes, aryls and heteroatom-substituted deriva-
tives certainly seems feasible. Reliability, good catalytic
activity, diverse substrate scope, and more importantly, the
ability to perform reactions under standard laboratory
conditions (non-glove box), will certainly bring about the
broad application of this technology, which ultimately will
reduce waste products such as salts, produced in a large
number of palladium-mediated reactions, and provide near
atom-efficient organic transformations. One important
practical consideration is that ligands and palladium
catalysts should be commercially available (and cheap), or
at the very least be readily prepared in one to two steps.
Specifically tailored catalysts for heteroaromatic substrates
should also be considered, particularly given that side
reactions (hydrodehalogenation, hydrodemetallation, homo-
coupling, etc.) are often seen when new substrates are
evaluated (see, Chem. Commun. 2003, 632).

Contributions to this Symposium-in-Print on development
and application of highly active and selective palladium
catalysts are made by many of the leading researchers in
this field. The subject coverage is broad and applied. The
specific topics included are: alkyl bromide coupling to aryl
boronic acids (Suzuki—-Miyaura coupling); several reports
on reactions employing aryl chlorides; the cyclisation of
3,4-alkadienoic acids; an asymmetric styrene dimerisation
process; a trans-selective alkynylation—alkylation tandem
process; a protocol for the cyanation of aryl bromides using
Pd/C; practical catalysts for the Buchwald—Hartwig reaction
(using aryl chlorides); selective catalysts for Stille coupling
of allylic and benzylic substrates; classical Sonogashira

coupling, including studies on aryl alkynylation versus
alkyne homocoupling, reactions mediated by Pd/C in water
and consequences for sample analysis by gas chromato-
graphy. Ionic liquids have been applied in cross-coupling
processes, including a molecular solvent-ionic liquid cock-
tail for the Heck arylation of electron-rich olefins. Various
homogeneous and heterogeneous Heck alkenylation pro-
cesses are described. Elegant mechanistic studies showing
the formation of Pd(0) from a P,C-palladacycle are
presented. The role of the olefin in Pd catalyst stabilization
in Suzuki-Miyaura coupling has been evaluated, which
once again shows the importance of such olefins as ligands
for palladium, and builds on the known non-innocent role
for dba in catalysis. An enlightening article detailing a
combined experimental and computational approach to the
rational design of palladium-N-heterocyclic carbene cata-
lysts for cross-coupling processes is also detailed. Overall,
the Symposium-in-Print clearly illustrates the vibrant
research taking place at the cutting edge in palladium
catalyst development and application.
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Abstract—A range of palladacyclic catalysts and their phosphine and carbene adducts were tested in the Suzuki coupling of an alkyl
bromide with phenylboronic acid and showed modest activity in some cases. Unlike with aryl halide substrates it appears that there is no
particular benefit in the use of palladacycles as the palladium source. Initial data indicate that the rate determining step is not the oxidative
addition of the alkyl halide substrate, but rather lies later in the catalytic cycle.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Coupling reactions leading to the formation of new C-C
bonds, typically catalysed by ubiquitous palladium
complexes, form the bedrock of many contemporary
syntheses.' Despite the undoubted usefulness of such
processes, there are still holes in the general methodologies
currently available that limit their applicability. Much
research is focused on addressing these shortcomings and
the last few years have seen substantial advances. One area
that has proved particularly problematic is the extension of
Suzuki coupling of aryl boron nucleophiles to alkyl halides
bearing B-hydrogens (Scheme 1).”

7N\ BY, + Ak—X ﬂ 7N\ Alk

R/— base R/—

Scheme 1. Suzuki coupling of aryl boron nucleophiles with alkyl halides.

The problems associated with this process are two-fold.
Firstly, the oxidative addition of the C—X bond is believed to
be more difficult for alkyl halides as a result of the higher

Keywords: Alkyl halide; Suzuki reaction; Palladacycles; Coupling;
Catalysis.
* Corresponding author. Fax: +44 117 925 1295;

e-mail: r.bedford @bristol.ac.uk

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.07.097

bond strength compared with aryl halides.> Secondly,
B-elimination of the Pd-alkyl complex formed after
oxidative addition can lead to competitive alkene formation
rather than subsequent coupling, depending on the relative
rates of the two processes (Scheme 2).

As long ago as 1992 Suzuki and co-workers showed that
alkyl iodides could be coupled with alkyl- and aryl-(9-BBN)
reagents (9-BBN =9-borabicyclo[3.3.1]nonane) using
[Pd(PPh3),] as catalyst and K3PO, as base at 60 °C, giving
the coupled products in reasonable yield.* By contrast, no
activity was seen with alkyl bromides. Fu and co-workers
have focused on the problem of using substrates other than
alkyl iodides and found that primary alkyl bromides can be
coupled with both alkyl- and vinyl-(9-BBN) reagents at rt in
THF using palladium acetate/tricyclohexylphosphine as the
catalyst and potassium phosphate as a mild base.” When the
base is replaced with cesium hydroxide and the reactions
performed in dioxane at 90 °C, then primary alkyl chlorides
can be used as coupling partners with alkyl-(9-BBN)
reagents.® Both alkyl- and aryl-(9-BBN) reagents can be
coupled with alkyl tosylates at 50 °C in dioxane using
sodium hydroxide as base employing a catalyst formed
in situ from palladium acetate and PMe(’Bu)2.7 Caddick,
Cloke and co-workers have shown that N-heterocyclic
carbene adducts of palladium, formed in situ from
palladium bis(dibenzylideneacetone) and the salt 1, can
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Scheme 2. Simplified catalytic cycles for competing coupling and B-elimination pathways.

also be used to couple primary alkyl bromides with alkyl-
and vinyl-(9-BBN) reagents, using potassium fert-butoxide
as base at 40 °C in THE.®

OMe

Pr Prl
@ HA ome
Pr pr O 0

1 2

While such reactions are useful, the low commercial
availability of alkyl- and aryl-(9-BBN) reagents and their
air-sensitivity limits their appeal. In contrast aryl boronic
acids reagents are widely available and easily handled.
Therefore, Fu and co-workers investigated the possibility of
using them as coupling partners with alkyl halides.” They
found that the catalyst formed in situ from Pd(OAc),/
PMe('Bu), couples primary alkyl bromides with aryl- and
vinyl-boronic acids at rt when KO'Bu is used as the base in
tert-amyl alcohol. Capretta and co-workers recently
demonstrated that palladium catalysts containing the
phosphaadamantyl ligand 2 can be used to good effect in
the rt coupling of primary alkyl bromides and chlorides with
aryl boronic acids, using potassium fert-butoxide in
dioxane.'” Interestingly, they even found that a moderate
yield of coupled product results when the secondary alkyl
bromide bromocyclohexane is used as a substrate. Zhou and
Fu have also investigated the coupling of secondary alkyl
halides with aryl- and vinyl-boronic acids and find that
optimum activity is obtained with a nickel-based catalyst
formed in situ from [Ni(COD),] and bathophenanthroline,
3, in sec-butanol using potassium fert-butoxide as base.''

We have been interested in the use phosphite- and
phosphinite-based palladacyclic catalysts and their phos-
phine and carbene adducts in a range of Suzuki couplings of

aryl halides with aryl and alkyl boronic acids.'*'® Often the
phosphines tested show far better activity when used in
conjunction with palladacyclic precursors than classical
palladium sources such as palladium acetate or palladium
dibenzylideneacetone complexes.'* We were interested to
see whether this would hold true in the Suzuki coupling of
alkyl halides with aryl boronic acids (Scheme 1, Y=0H),
the results of an evaluative study are presented below.

2. Results and discussion

2.1. Synthesis and characterisation of catalysts

We have previously found that the reaction of the
palladacyclic phosphite complex 4 with tricyclohexylphos-
phine at rt in dichloromethane leads to the formation of the
phosphine adduct Sa. However, under these conditions, the
reaction does not go to comgletion, but rather gives a
mixture of 4, 5a and PCy;."* Pure complex 5a can be
synthesized by the reaction of 4 with PCy;CS,, however, we
wished to design a synthesis that exploits the free
phosphine. This proves to be straightforward; the use of
acetonitrile as solvent gives clean S5a from 4 and PCys;,
presumably via the intermediate formation of a mono-
nuclear acetonitrile complex 6 (Scheme 3).

But O—P(OAr),
F;dwNCMe
Cl
But
6
A
’ via .
A
But O—P(OAr), But O—P(OAr),
(i)
Rd—¢l I Pd=PRCy,
| [} al
But But
4: Ar = CgH3-2,4-Bu, 5a: R = Cy
b:R=H

Scheme 3. Synthesis of phosphine adducts of a phosphite palladacycle.
Conditions: (i) PRCy,, MeCN, rt, 18 h.
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Figure 1. The molecular structure of Sa with an ethanol solvate and disorder in two tert-butyl groups removed for clarity.

The *'P spectrum of 5a shows doublets at 6 136.0 and
26.2 ppm corresponding to the phosphite and phosphine
donors, respectively, with a mutual coupling of 40.7 Hz.
This relatively small coupling is indicative of a cis-
disposition of the two phosphorus donors. Both this *'P
and the "H NMR spectral data are consistent with those
obtained previously.'*® The structure of complex 5a was
confirmed by single crystal X-ray analysis and the molecule
is shown in Figure 1, whilst selected data are presented in
Table 1. The structural analysis confirms the cis-disposition
of the two P-donor groups. This is in marked contrast to the
related carbene adducts 7, which show the carbene ligand
trans to the phosphite donor."?

R O—P(OAr),
7a: R = 'Bu; OAr = CgH3-2,4-Bu,; Ar = mesityl
Pd—ClI b: R = 'Bu; OAr = CgH3-2,4-Buy; CgHg-2,6-Pr,
c: R = H; OAr = OPh; Ar = mesityl
R Ar\N N/AI'

The synthetic methodology outlined above can also be
applied to the synthesis of the novel secondary alkylphos-
phine adduct 5b. The *'P{'H} NMR spectrum of 5b shows

Table 1. Selected bond lengths and angles for complex 5a

Bond lengths (f\)

Pd1-P1 2.1770(5) Pd1-P2 2.4052(5)

Pd1-C42 2.0842(18) Pd1-Cl1 2.3488(5)
Bond angles (°)

P1-Pd1-C42 77.83(5) P1-Pd1-P2 106.044(17)

P2-Pd1-Cl1 84.946(17) C42-Pd1-Cl1 91.37(5)

P1-Pd1-Cl1 168.029(18) P2-Pd1-C42 175.64(5)

doublets at 6 131.4 (phosphite) and 4.4 (phosphine) ppm
with a mutual cis coupling of 46.2 Hz. These data are
consistent with complex Sb adopting a similar structure to
5a. The proton-coupled >'P spectrum shows a doublet of
doublets at 134.2 ppm corresponding to the phosphite donor
with a 47 Hz coupling to the phosphine phosphorus and a
3Jp of 14Hz to the phosphine P-H and a doublet of
doublets at 4.5 ppm with a large ! Jpy of 312 Hz and a *Jpp of
41 Hz. The resonance for the P-H h]ydrogen is seen as a
doublet of doublets of tri?lets in the 'H NMR spectrum at
3.57 ppm with a large "Jpy of 310.5 Hz, a small 3Jpp
coupling of 15 Hz to the phosphite and a small 3Jum of 7 Hz
to the two equivalent cyclohexyl PCHs. The 'Jpy coupling
is considerably larger than that of the free phosphine
(170 Hz).

Attempts to produce phosphine adducts of 4 with the larger
phosphines P'Bus, PR,(0-biphenyl) (R=Cy, ‘Bu), PPh'Bu,
using this method either failed or gave mixtures. The
reaction of the two orthometallated phosphinite complexes
8a and 8b with PCyj; again gave a mixture of products.

But 0—PR,

—— b:R=Pr

Pd—ClI 8a: R=Ph
[P

2.2. Catalysis

In the first instance we performed an optimisation study
using the complex Sa as catalyst in the coupling of
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Table 2. Optimisation of solvents and bases®

Br B(OH),
o O

[cat]

base
solvent

[
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Entry Solvent Base Conversion to 1,2-diphenyl ethane (%)° Conversion to styrene (%)°
1 NMP Cs,CO3 0 30
2 NMP K5PO, 1 18
3 NMP K,CO;3 0 29
4 Toluene Cs,CO5 2 6
5 Toluene K3PO, 30 5
6 Toluene K,CO;3 5 4
7 Dioxane Cs,CO5 6 13
8 Dioxane K3PO, 31 4
9 Dioxane K,CO;5 36 1
10 Dioxane KO'Bu 0 64
11 Dioxane KF 24 7
12 Dioxane KF/K3PO4 1:1 11 6
13 DME K5PO, 20 12
14 DME K,CO; 4 2
15 DME Cs,CO; 13 26
16 DME KF 8 10
17 sec-Butanol K5PO,4 47 10
18 sec-Butanol K,CO;3 23 8
19 sec-Butanol Cs,CO;5 11 31
20 sec-Butanol KO'Bu 0 49
21 tert-Amyl alcohol K;PO, 30 8
22 tert-Amyl alcohol K,CO; 48 15
23 tert-Amyl alcohol Cs,CO5 22 41
24 tert-Amyl alcohol KO'Bu 0 77

# Conditions: BrCH,CH,Ph (5.0 mmol), PhB(OH), (7.5 mmol), base (15.0 mmol), solvent (10 ml), 110 °C (external temperature).

® Conversion determined by GC (hexadecane internal standard).

(2-bromoethyl)benzene with phenylboronic acid with a
range of solvents and bases; the results from this are
summarized in Table 2. As can be seen, with respect to
conversion to the desired 1,2-diphenylethane, the use of
potassium phosphate in sec-butanol or potassium carbonate
on tert-amyl alcohol gives the best activities (entries 17 and
22, respectively). However, in both cases substantial
amounts of styrene are formed. While the use of potassium
carbonate in 1,4-dioxane gives lower conversion to the
desired product, the selectivity is much higher with very
little styrene observed (entry 9). In stark contrast with the
findings outlined in the introduction, potassium tert-
butoxide proves to be a very poor choice of base with this
catalyst (entries 10, 20, 24) giving little or no conversion to
the desired product and substantial amounts of styrene via
B-elimination, particularly when fert-amyl alcohol is used as
the solvent.*™!!

It is apparent from the relative conversions to the desired
coupled product 1,2-diphenylethane and styrene that when
the former is relatively low then the latter is relatively high.
This is consistent with a manifold in which the rate
determining step is not the oxidative addition of the alkyl
bromide, but occurs after the formation of a palladium alkyl
intermediate (Scheme 2, A). It is to be expected that the base
plays an intimate role in the formation of the Pd-aryl
intermediate (B) and if the rate-determining step is
associated with this process a slow rate of formation of B
from A would lead to greater amounts of B-eliminated
product, in line with observation. Alternatively it is possible

that the rate-determining step is reductive elimination, in
which case p-elimination may also occur from the
intermediate B. If this is true then an intermediate of the
form C would be produced (Scheme 4), which would
undergo reductive elimination to reform the active catalysts
and an arene, in this case benzene. This certainly appears to
be occurring; GC analysis of the product mixture formed in
the reaction with cesium carbonate as base in fert-amyl
alcohol (Table 2, entry 23) shows the presence of a
substantial quantity of benzene, although at this stage we
have not been able to determine the precise amount.

H
_)—R o reductive
[Pld] B-elimination [Pld]-H elimination (Pd] + ArH
Ar \ Ar
B R ¢
Scheme 4.

We next examined the effect of varying catalyst loading in
the reaction in dioxane with K,CO; acting as base and the
results of this are shown in Figure 2. As can be seen the
optimum conversion is achieved at 1.5 mol% catalyst
loading but lowering the loading to 0.1 mol% leads to a
maximum TON (turn-over number, mol product/mol
catalyst) of 70. This is as expected since lowering the
catalyst concentration would lead to a lower rate of catalyst
decomposition by aggregation.

Then we examined the use of a range of catalysts, both
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Catalyst loading (mol%)

Figure 2. Variation in catalyst loading.

pre-formed or formed in situ, in the standard reaction.
Dioxane was chosen as solvent and potassium carbonate as
base for this study despite the fact that these conditions do
not give the highest conversion, but rather because they

Table 3. Variation in catalyst®

Entry Catalyst Conversion to 1,2- Conversion to
diphenylethane (%)b styrene (%)°
But O—P(OAr),
1 Pl 8
12
But
4
Bu! O—PPh,
2 Pa—Cl o 6
12
Bu!
8a
But O—PiPr,
3 Pa—¢ o 10
2
But
But |(0Ar)2
4 @Pd BT 6
[ I2
But
+2 PCy;
5 8a+2 PCy; 0 7
6 8b+2 PCy; 6 7

—P(OAr),

t
; @Pd PHCY, ¢ A
P(OAr)2
Pd cl
8 6 8

But Ar\N N—Ar

7a Ar= mesltyl
P(OAr)2

Pd Cl
9 8 7
u‘ Ar— N

N/Ar

7b: —C6H3-26 Prz

Table 3 (continued)

Conversion to
styrene (%)°

NMe2
10 d Pd—TFA 11 4

PCy3

Entry Catalyst Conversion to 1,2-

diphenylethane (%)°

—P(OAr),

1 @Pd ¢ s 4

+2 PPh‘Buz

||° OAr),
12 @Pd ¢ 9% 11

+2 PCy,(o-biphenyl)

Bu, O—P(OAr),
13 P—Gl 3 6
[ 12
But
+2 P'Buy(o-biphenyl)
But O—P(OAr),
14 Pd—dl 0 18
[ 12
But
+2 P'Bus
But O—P(OAr),
15 P=Cl 16 7
| 12
But
+2 PMe'Bu,
16 Pd(OAc),+2 PMe'Bu, 1 39
17 Pd(OAc),+2 PCys 32 10
18 Pd,(dba); +4 PCys 15 7

# Conditions: BrCH,CH,Ph (5.0 mmol), PhB(OH), (7.5 mmol), K,CO3
(15.0 mmol), 1,4-dioxane (10 ml), 110 °C (external temperature).
® Conversion determined by GC (hexadecane internal standard).

show good selectivity for the desired product. The results
from this study are presented in Table 3.

The dimeric phosphite- and phosphinite-based pallada-
cycles 4, 8a and 8b all show little or no activity (entries
1-3). Comparing the activity of the catalysts formed in situ
from dimer 4 and tricyclohexylphosphine (entry 4) with the
preformed catalyst Sa (Table 2, entry 9) indicates that it is
important to pre-synthesise the catalysts, if possible. It is,
therefore, perhaps not surprising that the catalysts formed
in situ from the dimers 8 and PCy; show very poor activity
(Table 3, entries 5 and 6). Indolese, Studer and co-workers
have shown that palladacyclic catalysts with secondary
alkylphosphine co-ligands are effective in the Suzuki biaryl
coupling reaction of aryl chlorides.'® Therefore, we were
interested to see how the preformed catalyst Sb would fare,
unfortunately it proved to be disappointing (entry 7). It is
perhaps not surprising that the carbene-containing
complexes 7 did not prove to be any use (entries 8 and 9)
since we have found them to be unimpressive in the Suzuki
coupling of aryl chlorides."? In contrast, we have shown that
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the preformed N-palladacyclic catalyst 9 shows good
activity in the Suzuki biaryl coupling of aryl chlorides and
were interested to see if it would work well in this instance.'®
Unfortunately it too proved essentially ineffective (entry 10).

Since we were unable to pre-form phosphine adducts of
5a with bulkier phosphines, we tested the performance of
catalysts produced in situ (entries 11-15). Both PPh’Bu, and
PCy,(o-biphenyl) (entries 11 and 12) show better con-
versions to product than the catalyst formed in situ with
PCys; (entry 4), the latter at the expense of selectivity with
respect to competitive styrene formation. Neither P(o-bi-
phenyl)Bu, or P'‘Buj (entries 13 and 14) are promising.
The phosphine ligand PMe'Bu, has been shown by Fu and
co-workers to give optimum activity under their conditions
in the Suzuki coupling of alkyl halides.” When it is used in
conjunction with the palladacyclic complex 4 it shows poor
activity (entry 15). However, the catalysts formed in situ
from the phosphine and palladium acetate performed even
worse with no conversion to coupled product and substantial
styrene formation observed (entry 16). By contrast the catalyst
formed in situ from tricyclohexylphosphine and palladium
acetate shows similar activity (entry 17) to catalyst Sa
(Table 2, entry 9). Lower activity is seen when [Pd(dba),] is
used as the palladium source (Table 3, entry 18).

We were surprised that PMe'Bu, performed so badly, given its
good activity in the coupling of alkyl halides and tosylates with
alkyl- and aryl-(9-BBN) or boronic acid reagents.7’9 It is
possible that the temperature of the reaction is too high and
consequently the high relative rate of B-elimination precludes
substantial coupling. In order to test this we performed the
reaction again at 80 °C, at which temperature no product was
observed despite the fact that the formation of styrene had been
dramatically curtailed (4%). Similarly, when the reaction
catalysed by Sa was repeated at this temperature, very low
(3%) conversion to product was observed. No conversion to
product with either catalyst system is observed at rt or 50 °C.

3. Conclusions

In summary, unlike in the Suzuki biaryl coupling where the
use of palladacyclic pre-catalysts can have a substantial
benefit on activity compared with classical palladium
precursors, when alkyl halides are used as substrates there
is no discernible advantage in their use over palladium
acetate. Preliminary data indicate that the rate-determining
step in the coupling of alkyl bromides with aryl boronic
acids is not oxidative addition, but rather lies later in the
catalytic cycle. Mechanistic work is ongoing in our group to
try to help optimize future catalyst structures.

We thank the EPSRC (Advanced Research Fellowship for
RBB, DTA for RMF) and Kingston Chemicals for funding
and Johnson Matthey for the loan of palladium salts.

4. Experimental

4.1. General

All reactions and manipulations of air-sensitive materials

were performed under nitrogen, either in a glove-box or
using standard Schlenk techniques. Solvents were distilled
from appropriate drying reagents prior to use. Complexes
4, 7-9 were Erepared according to literature pro-
cedures.'?P13-1017 A1 other material were obtained
commercially and used as received. GC analysis was
performed on a Varian 3800 GC fitted with a 25 m CP Sil
5CB column and data were recorded on a Star workstation.
All catalytic reactions were performed on a Radleys
Carousel Reactor™. This consists of 12 ca. 45 ml tubes,
which are fitted with screw-on Teflon caps that are equipped
with valves for the introduction of inert gas and septa for the
introduction of reagents. The 12 reaction tubes sit in two
stacked aluminium blocks, the lower one fits on a hotplate-
stirrer and can be maintained at a constant temperature with
a thermostat, while the upper block has water circulating,
which cools the top of the tubes, allowing reactions to be
performed at reflux temperature.

4.1.1. Synthesis of [PACl{k>3-P,C-(OCgH,-2,4-"Bu,)
(OC¢H3-2,4-'Bu,),}PCys]l, 5a. A mixture of complex 4
(0.79 g, 0.50 mmol) and tricyclohexylphosphine (0.31 g,
1.10 mmol) in acetonitrile was stirred at rt overnight. The
solvent was then removed in vacuo, the resulting solid was
dissolved in dichloromethane (10 ml), ethanol (10 ml) was
added and the solution was concentrated in vacuo to induce
precipitation. The resultant precipitate was recrystallised
(dichloromethane/ethanol) to give complex Sa as a colour-
less solid (0.65 g, 61%). Anal. Calcd for C¢oHysO3P,PdCl:
C, 67.5; H, 9.0. Found: C, 66.9; H, 8.7. "H NMR (300 MHz,
CDCls): 6 1.15 (br s, 30H, CH, of Cy); 1.30 (br s, 18H, ‘Bu
of orthometallated ring); 1.48 (br s, 36H, ‘Bu of non-
orthometallated rings); 2.32 (m, 3H, CH of Cy); 6.92 (d, 2H,
3JHH=2.6 Hz, non-orthometallated ring H6); 6.94 (dd, 2H,
3JHH=2.6 Hz, 4JHH=2.45 Hz, non-orthometallated ring
HS); 7.27 (br m, 2H, non-orthometallated ring H3); 7.59
(d, 1H, 4JHH=3.0 Hz, orthometallated ring), 7.62 (d, 1H,
4JHH=3.0 Hz, orthometallated ring). 3lp NMR
(121.5 MHz, CDCl3): 6 27.0 (d, Jpp=41.6 Hz, PCyj3);
136.6 (d, Jpp=41.6 Hz, P(OAr);3).

4.2. Crystal structure determination for complex 5a

Data were collected at 120 K on an Nonius Kappa CCD area
detector diffractometer located at the window of a Nonius
FR591 rotating anode X-ray generator, equipped with a
molybdenum target (A Mo k., =0.71073 A). Structures were
solved and refined using the SHELX-97 suite of programs.'®
Data were corrected for absorption effects by means of
comparison of equivalent reflections using the program
SORTAV'®. Non-hydrogen atoms were refined aniso-
tropically, whilst hydrogen atoms were generally fixed in
idealised positions with their thermal parameters riding on
the values of their parent atoms. Positional disorder was
found to be present in two tertiary butyl groups and the
ethanol solvent molecule, which was modelled as 50%
partial occupancy for each orientation. Cg;HogClO3 sP,Pd,
triclinic, P-1, a=12.4913(1), b=13.0629(1), c=
20.7063(3) A,  «=99.150(1), =99.642(1) «y=
110.827(1)°, volume=3024.47(6) A%, Z=2, D.=
1.198 Mg/m®, u=0.445 mm~ ', 57,222 measured, 13,800
unique (R, =0.0476) and 12,220 (I>20(l)) reflections,
R1 (obs)=0.0345 and wR2 (all data)=0.08795
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Pmax! Prmin = 0.847/—0.613 eA 3. Supplementary data have
been deposited with the Cambridge Crystallographic Data
Cente (Deposition number =CCDC270788).

4.2.1. Synthesis of [PdCl{k*-P,C-(OCcH,-2,4-'Bu,)
(OC6H3—2,4-’Bu2)2}PHCyz], Sb. This as prepared using
the same method for the synthesis of Sa, with PHCy, in
place of PCy;. Complex Sb was obtained as a colourless
solid (0.304 g, 62%). Anal. Calcd for Cs4HgsO5P,PdCl1- (0.5
CH,CL,): C, 63.64; H, 8.43. Found: C, 63.61; H, 9.11. 'H
NMR (300 MHz, CDCls): 6 0.72 (br m, 2H Cy); 0.96 (br m,
4H, Cy); 1.07 (br s, 9H, ‘Bu of orthometallated ring); 1.16
(br m, 4H, Cy); 1.24 (br s, 18H, ‘Bu of non-orthometallated
rings); 1.32 (br m, 4H, Cy); 1.39 (br s, 9H, ‘Bu of
orthometallated ring); 1.46 (br m, 4H, Cy); 1.52 (br s, 18H,
'Bu of non-orthometallated rings); 1.65 (br m, 2H, Cy); 1.80
(br m, 2H, Cy); 3.57 (ddt, 1H, "Jpy=310.5 Hz, *Jpu=
15.0 Hz, *Jiyy=7 Hz PHCy,); 7.00 (dd, 2H, *Jyy=8.5 Hz,
4JHH=2.4 Hz, non-orthometallated ring H5); 7.12 (t, 2H,
3JHH=2.4 Hz, non-orthometallated ring H6); 7.37 (br m,
2H, non-orthometallated ring H3); 7.39 (d, 1H, 4JHH=
2.2 Hz, orthometallated ring), 7.42 (d, 1H, 4JHH=2.2 Hz,
orthometallated ring). 3p NMR (121.5 MHz, CDCly): 6
440 (d, Jpp=46.2Hz, PCyj); 134.1 (d, Jpp=46.2 Hz,
P(OAr)3).

4.3. Procedure for cross-coupling of (2-bromoethyl)
benzene with phenylboronic acid

A Radleys Carousel tube was loaded with the appropriate
amount of desired catalyst, then (2-bromoethyl)benzene
(0.68 ml, 5.0 mmol) was added followed by the solvent
(10 ml), base (15.0 mmol) and finally phenylboronic acid
(7.5 mmol). The mixture was then heated to 110 °C
(external temperature) for 18 h, allowed to cool to rt and
then aqueous HCl1 (2 M, 10 ml) was added. The mixture was
extracted with dichloromethane and the combined extracts
dried (MgSO,). Hexadecane (0.17 M in dichloromethane,
1.00 ml) was added and the product mixture analysed by
GC. GC, GC-MS and 'H spectroscopy of product mixtures
were consistent with data obtained using commercial
samples of styrene and 1,2-diphenylethane (Aldrich).
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Abstract—In DMF at 80 °C, a Pd® complex is generated in situ from the dimeric P,C-palladacycle (1) in the absence of any reducing agents,
presumably via a reductive elimination. The Pd® complex formed in an endergonic equilibrium has been trapped and stabilized by an
additional P(o-Tol); and has been detected in cyclic voltammetry by its oxidation peak. Its formation is favored by acetate anions (often used
as base in Heck reactions) via the formation of a monomeric anionic P,C-palladacycle ligated by acetate ions. As postulated, P,C-pallada-

cycles are a reservoir of monophosphine—Pd® complexes active in oxidative additions with aryl halides.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The P,C-palladacycle trans-di(p-acetato)-bis[o-(di-o-tolyl-
phosphino)benzyl]dipalladium (1) has proved to be efficient
in palladium-catalyzed Heck, as pioneered by Beller,
Herrmann et al.'®C It has then been used in Suzuki, Stille
and cross-coupling reactions.'™ Such reactions usually
involve Pd° complexes as true catalysts.”

Me
o-Tol
O)\ o-Tol |\ /
o /

\
/\o

O/
o-ToI/ \o-ToI \’/

Me
1

Louie and Hartwig have established that Pd° complexes are
indeed formed in Stille reactions or cross- Couphng reactions
of secondary amines with aryl halides.®> The nucleophiles
(organostannanes or amines) are at the origin of the
formation of Pd’ complexes in the very beginning of the
catalytic reactions, (i) by transmetallation of the acetate
ligand of (1) by the organostannane followed by reductive
elimination or (ii) by cleavage of the acetate bridges in (1)
by complexation of the secondary amine, deprotonation of
the latter by a base, B-H-elimination on the resulting amide

Keywords: Palladacycle; Reductive elimination; Mechanism, cyclic

voltammetry.
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ligand followed by reductive elimination. The Pd—C bond of
(1) is cleaved in both cases.

In Heck reactions, where a reducing agent cannot be clearly
identified, a catalytic cycle involving Pd"/Pd" complexes
was first proposed rather than the traditional one involving

Pd’/Pd" complexes, because of the stablllty of the
palladacycle (1) at high temperatures.'** However, an
induction period was sometimes observed before the
production of the arylated alkene, which was interpreted
as the time required for the in situ generation of a Pd°
complex from the palladacycle. The first step of the catalytic
cycle would then be the classical oxidative addition of the
aryl halide Wlth a Pd° complex as in a classical Pd’/Pd"
catalytic cycle.” Even in the absence of any identified
reducing agent, Bohm and Herrmann have nevertheless
proposed the reduction of the palladacycle (1) to an anionic
pd° comzplex (2) still ligated to the benzyl moiety of the

ligand.”
Pd—ol -
e
AN

o—ToI/ o-Tol

2

There is now a general agreement on the fact that, in Heck
reactions, a Pd’ complex must be the real catalyst, which
induces a catalytic cycle involving Pd’/Pd" complexes.?*>¢f

We report here evidence of the in situ formation of Pd°
complexes from the palladacycle (1) by reductive
elimination.
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Scheme 1. Formation of a Pd’ complex by reductive elimination (S=solvent).

2. Results and discussion

Our working hypothesis was that a Pd° complex would be
generated in situ from the palladacycle (1) in an endergonic
reductive elimination between one acetate ligand and the
cis-o-benzyl moiety (Scheme 1). This reductive elimination
would generate the monophosphine—Pd” complex (3) ligated
by the new phosphine ligand (4) containing the o-benzylic
acetate moiety formed in the reductive elimination.

Reductive elimination between an acetate and a benzyl
ligand leading to the formation of a C-O bond is not
common. It was proposed once to explain the formation of
PhCH,—OAc by reacting PhCH,—PdCI1(PPh;), with NaOAc
or AgOAc, via the hypothetical dimeric complex [PhCH,—
Pd(pn-OAc)(PPh;3)],.°

The complex (3) proposed in Scheme 1 would be a
monophosphine ligated Pd°L(S) complex, very similar to
the monoligated PdO{P(o-Tol)3}(S) generated from the
stable Pd°{P(0-Tol);}, and, which is involved in oxidative
addition with aryl halides, as established by Hartwig et al.
(Scheme 2).”

Pd%{P(o-Tol)s}, =«=——2 Pd%P(o-Tol)3}S + P(o-Tol);

lArBr

Ar\ /Br\ d/P(o—ToI)3

Pd P
~
Ty, e DAr

Scheme 2. (S=solvent).

In the case of the palladacycle (1), the reverse reaction
(backward reaction in Scheme 1) would be an intra-
molecular oxidative addition of the monophosphine—Pd"
complex (3) with the C—O bond of the o-benzylic acetate.®
Such reaction should be very fast due to its intramolecular
character. This would explain why the equilibrium in
Scheme 1 lies in favor of the palladacycle (1). Conse-
quently, to be able to detect the Pd” complex generated in
the endergonic reductive elimination, we need to shift the
equilibrium in Scheme 1 toward its right-hand side and to
slow down the backward oxidative addition. The Pd°
complex (3) might be trapped by additional ligands (dba/
trans,trans-dibenzylideneacetone, P(o-Tol)s/tri-ortho-tolyl-
phosphine, AcO ™ ...) and stabilized as Pd0(4)(dba),
Pd’(4){P(o-Tol))}, anionic Pd° complexes Pd°(4)(OAc)! ™
and so on. P(o-Tol); was selected since we know from
Beller and Hermann’s work that this phosphine cannot
reduce Pd" complexes ligated by acetate ligands to a Pd®
complex.' This is indeed why the palladacycle (1) is formed
by mixing Pd(OAc), and P(o-Tol)s.'*¢

@i\mc
PdY(S
p— (S)

@\OAC
P

I/ \o-Tol o—ToI/ \o-ToI

o-To

3 = Pd°(4)(S) 4

Our strategy was to observe the in situ formation of Pd”
from the palladacycle (1) in the presence of additives (dba,
P(o-Tol);, AcO ™), which are not reducing agents, using
cyclic voltammetry to detect any oxidation peak that might
characterize a Pd® complex formed in situ. Electrochemistry
is indeed one of the most convenient techniques to detect
Pd® complexes that are generated in situ from Pd"
complexes.” The electrochemistry of the palladacycle (1)
has been first investigated.

2.1. Electrochemical properties of the palladacycle (1) in
DMF

The palladacycle (1) (2 mM) in DMF (containing
n-BuyNBF,, 0.3 M as supporting electrolyte) exhibited at
room temperature two successive irreversible reduction
peaks: a major one Ry at —1.89 V versus SCE (scan rate of
05V sfl) and a minor one R, at —2.16 V versus SCE
(Fig. 1a, full line). An oxidation peak O, was detected on the
reverse scan at +0.21 V (Fig. 1a), which characterizes a pd°
complex generated by the electrochemical reduction of (1).
The oxidation peak O, was also observed when the scan was
reversed after the first reduction peak R; (Fig. 1a, dashed
line).

1 05 0 -05 -1t -15 -2 -25
E (Volt vs SCE)

Figure 1. Cyclic voltammetry performed in DMF containing nBuy,NBF,
(0.3 M) at a steady gold disk electrode (d 0.5 mm) at a scan rate of 0.5 Vs~ L
(a) (—) Reduction of the palladacycle (1) (2 mM) at 25 °C; (- — — —) idem
except that the potential scan has been reversed after R;. (b) Same as in
Fig la but oxidation first, at 25 °C. (c) (—) Oxidation of the pd° complex
generated from the palladacycle (1) (2 mM) in the presence of P(o-Tol);
(4 mM), dba (18.9 mM) and nBuyNOAc (18.4 mM) at 80 °C. (———-) in the
presence of Phl (74 mM) at 80 °C, just after mixing.

When the scan rate was varied from 0.1 to 1 Vs~ !, the

reduction peak current ig, of R; increased but did not vary
linearly with the square root of the scan rate whereas the
ratio ig /(ig, +ir,) decreased upon increasing the scan rate.
This suggests that the reduction processes at R; and R,
characterize two different species in equilibrium (CE
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mechanism).'® The plateau shaped form of the reduction
peak R; (Fig. la) is also indicative of an e(}ullibrium
preceding the electron transfer (CE mechanism).'® The *'P
NMR spectrum of (1) (2 mM) in DMF (containing 20%
CD,Cl, for the lock) exhibited a broad resonance at
34.23 ppm (Av,, =90 Hz) indicative of an equilibrium
between different species. According to literature, this
would be an equilibrium between the palladacycle (1), the
cationic complex [o-(di-o-tolylphosphino)benzyl]Pd* and
AcO~."*!"" However, when the palladacycle (1) (1 mM)
was added to DMF (a good dissociating solvent exhibiting a
residual conductivity of 0.5 pS cm™
not increase, ruling out the existence of ionic species at high
concentration.'?> Moreover, when the cyclic voltammetry
was performed directly toward oxidation potentials, no
oxidation peak characterizing AcO~ was detected
(Fig. 1b)."® The oxidation potential of AcO ™~ in nBuy;NOAc
performed under the same conditions in DMF is +0.87 V
versus SCE. Consequently, R; and R, characterize neutral
species, dimer (1) and neutral monomers (5) in equilibrium
in DMF, which is a good coordinating solvent (Scheme 3).'*

When the concentration of (1) was increased from 2 mM to
3 mM, the ratio ig /i, increased. The second reductlon peak
was hardly detected at the scan rate of 0.2 Vs~ . This
indicates that the first reduction R; characterizes the dlmerlc
palladacycle (1) whereas R, characterizes the monomeric
palladacycles (5). The electrochemical reduction of both
species (1) and (5) led to the same pd° complex, which is the
complex (2) proposed by Hermann et al. (Scheme 4).>%”

b
04
c
"), the conductivity did |
0s ox | 3 HA
1 05 0 -05 -1 -15
E (Volt vs SCE)

Figure 2. Cyclic voltammetry performed in DMF containing nBuy;NBF,
(0.3 M) at a steady gold disk electrode (d 0.5 mm) with a scan rate of
0.5 V s~ . (a) Oxidation of PdO{P(o—T01)3 }2 (2 mM) at 25 °C. (b) Oxidation
of PdO{P(o-T01)3}2 generated from Pd’dba), (2mM) and P(o-Tol);
(4mM) at 25°C. (c¢) Oxidation of PdO{P(o—Tol)3}2 generated from
Pd’(dba), (4 mM) and P(o-Tol); (8 mM) in the presence of added dba
(10.9 mM, total concentration of dba=18.9 mM) and nBuysNOAc
(22.4 mM) at 80 °C.

However, the oxidation peak potential of O, assigned to
complex 2 in a first approach, was the same as the oxidation
peak potential of PdO{P(o—T01)3}2 (7), as determined
independently on an authentic sample of (7) (Fig. 2a,
compare entries 1 and 2 in Table 1).

The anionic Pd® complex (2) generated in the

Me o-Tol
o- ToI\P/
/
Pd
\Pd — > /Pd\ OMF and/or (I\
\ /
/ o P
oTo” \o Tol oTot” 0'T0|
o- To o Tol e .
1 cis-5 trans-5
Scheme 3.
_—
12 1 B 5
2e 2e
o-ToI/ \o-ToI
2
H+
reductive
elimination -2e, Oy
Pd—H ———— > 1/2Pd%P(o-Tol)s}, ——> "Pd""
o 7
oTot” oTol +Pd0
6

Scheme 4. Electrochemical reduction of the palladacycle (1) in DMF.
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Table 1. Oxidation peak potentials of Pd’ complexes in DMF containing nBu,NBE, (0.3 M) at a steady gold disk electrode (4 0.5 mm), at a scan rate of

0.5Vs!

N Precursor Electroactive Pd® EP, of Pd° (Volt vs SCE)
25°C 80 °C

1 1°+2e+H™) Pd°{P(o-Tol)3}, (7)  +0.215 nd®

2 Pd’{P(o-Tol);}» (7) ) +0.212 +0.213

3 1°+P(o-Tol); (excess)°+dba’ ) no® +0.190

4 184+ AcO™ +2P(0-Tol); + dba® 9) no? +0.145

5 Pd’(dba)," +2P(0-Tol); @) +0.214 nd®

6 Pd%(dba),"+2P(o-Tol)s + AcO ™' W) +0.175 +0.154

7 Pd’(dba),’ + AcO ¥+ 2P(0-Tol); +dba' ) +0.178 +0.154

4 Two millimolar.

® nd: not determined

¢ Seventy five millimolar.
4 Seventy four millimolar.
° no: not observed.

T 184 mM.

£18.9 mM.

%’ Two millimolar.

' 224 mM.

J Four millimolar.

£224 mM.

! Added dba: 10.9 mM (total concentration including the dba released from Pdo(dba)z: 18.9 mM).

electrochemical reduction of (1) is a strong base, which was
protonated in the DMF medium by residual water, within
the time scale of the cyclic voltammetry. PdO{P(o-T01)3}2
(7) was formed after a reductive elimination (Scheme 4) and
was oxidized at O;. Due to the lack of ligand (P/Pd=1),
metallic Pd° must also be formed. It has been checked that
the oxidation peak current of the electrogenerated complex
(7) at O; indeed increased (consequently its concentration
had increased) when the electrochemical reduction of
(1) was performed in the presence of 1 equiv of P(o-Tol);
(P/Pd=2).

Therefore, in DMF, the palladacycle (1) is reduced to a Pd°
complex at rather high negative potentials (comparable to
the reduction power of zinc powder).

When the cyclic voltammetry of (1) was performed directly
towards oxidative potentials (from —0.6 to +1 V), that is,
without reducing (1), no oxidation peak was detected
(Fig. 1b). This indicates that at room temperature, no pd°
complex was formed in situ in significant amount from the
palladacycle (1), as it is reported for Pd(OAc),(PPhs),.” No
Pd° complex was detected at 80 °C. This is why additives
must be introduced to have a chance to trap the Pd” complex
hypothetically formed in the very endergonic equilibrium of
Scheme 1.

2.2. Formation in situ of palladium(0) from the
P,C-palladacycle (1)

Cyclic voltammetry was used to detect the formation of a
Pd’ complex from the palladacycle (1) in DMF in the
presence of additives (dba, P(o-Tol);, AcO ). The
voltammetry was performed only towards oxidative
potentials, starting from a resting potential of —0.6 V
where (1) was not electroactive, in a potential range of —0.6
to +0.5V in which neither AcO™ nor P(o-Tol); were
oxidized (+0.87 and +1.22V, respectively) nor dba was
reduced (—1.30 V).

The effect of dba was first tested. No reaction of (1) (2 mM)

with dba (up to 20 mM) was observed in DMF, as monitored
by *'P NMR and cyclic voltammetry. No Pd® complex was
detected at 25 °C nor at 80 °C on the CV of (1) performed
directly to oxidation potentials from —0.6 to +0.5 V, in the
presence of dba.

The effect of acetate anions was tested in DMF. When
0.01 mmol of (1) were introduced in an NMR tube
containing 0.5 mL of DMF (with 20% CD,Cl,), it was not
quite soluble and was characterized by a broad singlet at
34.23 ppm. After addition of 0.09 mmol of AcO™ (intro-
duced as nBuysNOAC) into the NMR tube containing (1), all
became soluble and the initial yellow color of (1) turned
to pale yellow, suggesting that a new species was generated.
A sharp singlet was then observed at 35.08 ppm. The same
effect was observed in pure CD,Cl,. Upon addition of
nBuyNOAc (0.017 mmol) to a solution of (1)
(0.0085 mmol) in 0.5 mL of CD,Cl,, the broad signal of
(1) at 34.32 ppm was still observed together with a sharp
singlet at 36.04 ppm in the ratio 1.6:1 in favor of (1). After
further addition of nBuy;NOAc (total 0.155 mmol), the
magnitude of the sharp singlet now located at 35.81 ppm
increased at the expense of (1). The former ratio became
equal to 0.26/1. The corresponding 'H NMR spectrum was
strongly modified compared to the "H NMR spectrum of
pure (1)."* This means that acetate ions reacted with the
palladacycle (1) to form the new species (8) (Scheme 5) in
equilibrium with (1) since the concentration of (8) increased
upon increasing the AcO™ concentration.

The fact that one sharp and one broad *'P NMR singlet were
observed together indicates that the equilibrium between (1)
and (8) is the result of two successive equilibria operating at
different time scales via the complexes (5) (Scheme 3). The
anionic complex (8) must be formed at the very beginning
of palladacycle-catalyzed Heck reactions if acetate ions are
used as base.'****4 Similar anionic palladacycle complexes
with two bromide instead of two acetate are reported by
Hermann et al.'?

No Pd° complex was detected at 25 °C nor at 80 °C on the
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Scheme 5.

CV of (1) performed directly to oxidative potentials from
—0.6 to +0.5 V in the presence of acetate ions.

The effect of the ligand P(o-Tol); was also tested. When
2 equiv of P(o-Tol); (P(o-Tol)s/Pd=1) was added to a
solution of the palladacycle (1), 2mM in DMF, the
integration of the >'P NMR sharp singlet of P(o-Tol);
(—30.77 ppm) remained close to the integration of the
broad singlet of (1) (35.09 ppm) even at long times (24 h),
suggesting that no fast reaction occurred between (1) and
P(o-T01)3.le No Pd° complex was observed at 80 °C on the
cyclic voltammogram of (1) performed directly to oxidative
potentials from —1to + 1.4 V, in the presence of 1 equiv of
P(o-Tol); per Pd in DMF. The oxidation peak of the free
P(o-Tol); was only observed at +1.22 V versus SCE.

No Pd® complex was detected at 25 °C when dba and/or
P(o-Tol); and/or OAc™ were added, even in large amounts,
either alone or together to a solution of (1) in DMF.
However, at 80 °C where the palladacycle 1 (2 mM) was
still stable in DMF (yellow solution), an oxidation peak was
detected at +0.19 V (entry 3 in Table 1) after addition
of P(o-Tol); (75 mM) followed by dba (74 mM). This
indicates that a Pd° complex had been formed in situ form
(1). The oxidation peak disappeared after addition of Phl
(74 mM), confirming a posteriori the formation of a Pd°
in situ. However, this experiment was difficult to reproduce
unless AcO™~ was first added to (1), suggesting that the
anionic species (8) could play a role in the reduction
process. Indeed, a pale yellow solution of (1) containm%
nBuysNOAc in DMF started to darken with black Pd
particles deposition after 4 days at room temperature,
whereas a yellow solution of (1) alone was stable for at least
8 days. Consequently, a series of cyclic voltammetry
experiments were performed in which AcO™ ions were
first introduced in excess (18.4 mM) to a solution of (1)
(2 mM) in DMF to ensure that the anionic species (8) was
the major component (Scheme 5). It was followed by the
introduction of P(o-Tol); in stoichiometric amount (4 mM,
P(0-Tol)y/Pd=1). A *'P NMR spectrum confirmed the
presence of (8) at 35.09 ppm, (1) at 32.6 ppm and free
P(o-Tol); at —30.77 ppm, in the ratio: 0.65:0.35:1. Dba was
then added (18.9 mM) and the temperature was increased to
80 °C. After 1 h, an oxidation peak O, was detected (Fig. 1c,
full line) at a potential of +0.14 V, slightly less positive
than in the experiment performed in the absence of acetate
and in the presence of in excess P(o-Tol); (Table 1, entries 4
and 3, respectively). The oxidation peak O, disappeared
when the solution was cooled to 20 °C and appeared again
upon increasing the temperature to 60—-80 °C. The oxidation
peak O, disappeared after addition of Phl (74 mM) (Fig. Ic,
dashed line), confirming that a Pd® complex had been

OAc |~
Pd/
—>
-~ 2 e Soac

o-ToI/ \o-ToI

8

generated in situ from the palladacycle (1) in the absence of
any reducing agent. This suggests that it has been generated
by a reductive elimination in a reversible reactlon which
has been shifted towards the formation of a Pd° complex by
stabilization of the latter by additives (acetate, P(o-Tol)s,
dba), according to our working hypothesis. The minimum
amount of dba and acetate, Wthh is required to observe the
in situ formation of the Pd° complex from (1) has not been
determined.

2.3. Identification of the palladium(0) complex generated
in situ from the P,C-palladacycle (1)

The fact that the Pd° complex appeared at 80 °C and then
disappeared at 20 °C when two equiv of P(o-Tol); was
added to (1), suggests that it was in eqoulhbrlum with the
starting complex. Consequently, the Pd” complex primary
generated from (1) should be still ligated by (4) (Scheme 1),
a ligand whose structure is close to that of P(o-Tol)s.
To better characterize the Pd® complex generated in situ
from (1), the Pd° complex generated from Pd°(dba), and
P(o-Tol); in the presence of acetate ions was characterized
by cyclic voltammetry.

When 2 equiv of P(o-Tol); were added to a solution of
PdO(dba)2 (2 mM) in DMF containing nBusNBF, (0.3 M) at
25°C, a slow reaction occurred and the purple colored
solution turned progressively to brown yellow. An oxidation
peak O; was observed at +0.21 V (Fig. 2b, entry 5 in
Table 1). It was fully developed after 30 min, whilst as two
equiv of dba were released in solution, as determined by
comparison of its reduction peak current (R3 in Fig. 2b) with
the reduction peak current measured independently in a
solution of dba (4 mM) in DMF at the same scan rate. The
oxidation peak potential at O; was the same as the oxidation
peak potential of an authentic sample of Pd°{P(0-Tol)s}, (7)
determined under the same conditions (Fig. 2a, entry 2 in
Table 1).

When dba was added in excess (10 equiv), the oxidation
peak of PdO{P(o Tol);}, became slightly broader but no
new 0x1dat10n peak, which would have characterized
omplexes pd° (dba){P(0-Tol);},, (n=1 or 2) was observed
in DMF.'® This suggests that PdO{P(o Tol)3}, was

DMF
Pd%(dba), + 2P(0-Tol); ——— Pd%{P(o-Tol)z}, + 2dba

N/

"Pd%(dba){P(o-Tol)s},"

Scheme 6.
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generated as the major complex from Pd’(dba), and 2 equiv
of dba in DMF (Scheme 6) whereas Pd’(dba){P(0-Tol)s} .,
whenever formed,'® was present at a non-detectable
concentration or that the equilibrium between
Pd’(dba){P(o-Tol);},, and Pd’{P(0-Tol);}, was very labile
and therefore easily shifted towards the formation of
PdO{P(o-T01)3}2 during the time scale of the cyclic
VoltammetrPf (scan rate of 0.5Vs™ '), as in a CE
mechanism.®

In an other experiment, nBuy,NOAc (22.4 mM) was added to
PdO{P(o T01)3}2 generated from pd° (dba), (2 mM) and
2 equiv of Pd°{P(o- Tol)3}2 in DMF at 25 °C. A shift of the
oxidation peak of Pd°{P(0-Tol);}, to more posﬂwe
potential was observed (compare entries 5 and 6 in
Table 1 at 25 °C). This could be due to either the formation
of anionic species Pd’{P(o-Tol);}(OAc) ™ as proposed by
Hermann et al.,** which would be more easily oxidized than
a neutral Pd° complex, or to the easier oxidation of (7) when
performed in the presence of acetate ions (EC mecha-
nism).'” Since a small potential difference of AE, =
40 mV was observed in the presence of excess AcO ™
(11.2 equiv) at 25 °C, we are inclined to favor the second
hypothesis.'”®

The oxidation potential of Pd°{P(0-Tol)s}, generated from

1+ 200" <—= 2 (Icpd

I/\

o-To o-Tol

8

Scheme 7.

@d

Pd°(dba), (4 mM) and P(o-Tol); (8 mM) was determined in
the presence of dba (total 18.9 mM) and AcO™ (22.4 mM),
that is, using the same additives concentrations as when the
Pd® complex was formed in situ from the palladacycle (1).
The peak potential of the resulting oxidation peak O at
80°C (Fig. 2c) was not very different from the peak
potential O, of the Pd® generated in situ from the
palladacycle (1) at 80 °C (compare Fig. 2¢ and Fig. lc,
entries 4 and 7 in Table 1). Since the structure of the ligand
(4) is very close to P(0o-Tol);, we can assume that the pd°
complex generated in situ from the palladacycle (1) and
observed in the presence of 1 equiv of P(o-Tol); per Pd,
the additives dba and AcO~, is Pd°(4){P(o-Tol);} (9)
(Scheme 7).

In the absence of acetate, complex (9) was formed in situ
from (1) (Scheme 8), but since it was generated in the
presence of a large excess of P(o-Tol);, the complex
Pdo{(P(o—T01)3}2 (7) must also be formed. The slight
difference in potential (+0.19 vs +0.21 V, entries 2 and 3
in Table 1) thus results from the equilibrium between
complexes 9, 7 and P(o-Tol)s.

The Pd° complex was more easily generated in situ in the
presence of acetate ions, that is, from the anionic species (8),
due to a stabilization of the resulting Pd° complex by the

— reductive
ellmlnatlon EI\
OX|dat|ve P /PdO_OAC

addition o-ToI o -Tol

d°(4)(0Ac)”

dba
n P(o-Tol)s

Pd°(4){P(o-Tol)s}

o-ToI/ \o-Tol
1021 =—= trans-5
+ reductive
/OAC elimination OAc
Chd =
/ \DMF oxidative P/PdO(DMF)
P addition N\
ool v \o-ToI o-Tol 0o-ToI
cis-5 3 = Pd’(4)(DMF)

Scheme 8.
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acetate ligand after the reductive elimination (Scheme 7).
On the other hand, the palladacycle (1) was found to be in
equilibrium with the monomeric neutral complexes cis-5
and/or trans-5 (Scheme 3). The reductive elimination
process requires a cis position for the benzyl and the acetate
ligand on the Pd" center, which is not fulfilled in trans-5.

The role of dba is not quite clear since no Pd® complexes of
the type Pdo(dba)L,, could be characterized but the transient
generation of Pd0(4)(dba) before the formation of
Pd’(4){P(o-Tol);} is not excluded. On the other hand,
olefins are known to favor reductive elimination.'® The
olefin in a Heck reaction might play this role, which would
confirm the observation by Herrmann, Beller et al. that no

reaction occurred ‘until the olefin is added to the mixture’.'®

As reported by Herrmann et al., the initial palladacycle (1)
might not be regenerated in catalytic Heck reactions
performed on aryl bromides, due to the release of bromide
jons.'® Instead, the anionic monomeric complex (10) was
characterized, which is similar to complex (8). In that case,
the formation of the active Pd® in the Heck reaction might
involve a reductive elimination reaction (C-Br bond
formation), leading to the pd° complex (11) (Scheme 9).
At the end of a catalytic Heck reaction, when no more ArBr
is available, the intramolecular oxidative addition in
complex (11) would regenerate (10), which is effectively
recovered at the end of the reaction.

Just to reinforce the idea that the formation of the primary
pd° complex (3) in Scheme 8 is reversible, the oxidative
addition of the related o-substituted-benzyl acetate (12) with
PdO(dba)2 has been tested (Scheme 10).

Preliminary results indicate that complex (13) is formed"’
but not the expected dimeric palladacycle because the
ligand (12), with two Ph groups, is less bulky than would be
a ligand with two o-Tol groups as in (1). Cheney and Shaw?'
have reported that related dimeric P,C-palladacycles of type
(1), with two bulky substituents (rBu or/and o-Tol) on the
phosphorous atom, are cleaved by a less bulky ligand as
PPh; to generate a monomeric P,C-palladacycle of type (13)
ligated by PPh;. However, formation of complex (13) from

’/—\ Br | reductive elimination Br
— >

(12) (Scheme 10) attests that cleavage of the benzyl-OAc
bond of the ligand has occurred by the postulated
intramolecular oxidative addition to generate a mono-
nuclear P,C-palladacycle.

3. Conclusions

In summary, the P,C-palladacycle (1) is a reservoir of a
monophosphine-Pd® complex Pd"{P(o-Tol),(o-benzyl-
OAc)}(DMF) (3), which is generated in situ in the absence
of any reducing agents. We propose that it is generated by a
reductive elimination between the OAc ligand and the
o-benzyl moiety of the ligand. The complex (3) has been
trapped and stabilized in the presence of additional
P(o-Tol);. A Pd° complex is formed in situ from the
palladacycle (1) is an endergonic reversible reaction
because of the fast backward reaction, which is an
intramolecular oxidative addition of the monophosphine—
Pd°® complex (3) into the benzyl-OAc bond of its ligand.
This type of reaction ensures the stability of the P,C-
palladacycles structure when the aryl halides are consumed
in the Heck reaction. The in situ formation of a Pd® complex
from the palladacycle (1) is favored by acetate anions via
the formation of a monomeric anionic P,C-palladacycle
complex ligated by acetate. Such reaction will occur in
Heck reactions employing large amounts of metal acetate
anions as base.

4. Experimental

4.1. General

NMR spectra were recorded on a Bruker spectrometer
(101 MHz) in DMF containing 20% of CD,Cl,. '"H NMR
were recorded on a Bruker spectrometer (250 MHz). Cyclic
voltammetry was performed with a home made potentiostat
and a wave form generator Tacussel GSTP4. The cyclic
voltammograms were recorded on a Nicolet 301
oscilloscope.

C'Pd/ -~ Pd—Br |
/ gy oxidative addition p—
/P\ o-ToI/ \o-ToI
o-Tol o-Tol
10 11
Scheme 9.
OAc
OAc
/
OAc oxidative addition Pd\ /Ph
0 /
+ Pd%dba), THF. 1 b P
/P\ Pt “Ph |
Ph”  "Ph Ph
12 13

Scheme 10.
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4.2. Chemicals

DMF was distilled from calcium hydride under vacuum and
kept under argon. Pd(dba)222 and Pd{P(o-T01)3}27b were
synthesized according to literature. nBuyNOAc, dba,
P(o-Tol);, Phl and (1) were commercial.

4.3. Electrochemical set-up and procedure for cyclic
voltammetry

Typical experiments were carried out under argon in a three-
electrode thermostated cell connected to a Schlenk line. The
counter electrode was a platinum wire of ca. 1 cm? apparent
surface area. The working electrode was a steady gold disk
electrode (d 0.5 mm). The reference was a saturated calomel
electrode (SCE) separated from the solution by a bridge
filled with 1.5 mL DMF containing nBusNBF, (0.3 M).

4.3.1. Procedure for the electrochemical reduction of (1).
Degassed DMF (12 mL) containing nBuy,NBF, (0.3 M)
were introduced into the cell, followed by 22 mg
(0.024 mmol) of (1). Cyclic voltammetry was performed
first toward reductive potentials at a scan rate of 0.5 Vs~
(Fig 1a). The cyclic voltammetry was also performed first
toward oxidative potentials at a scan rate of 0.5Vs~'
(Fig. 1b). The scan rate was then varied from 0.1 to 1 V s !
at 25 °C to see the effect of the scan rate on the variation of
the reduction peak current ir, and on the ratio ig /(ig, +Ir,)
(see text). In another experiment, cyclic voltammetry was
performed as previously described on a solution containing
(1) (2 mM) and P(o-Tol); (14.6 mg, 0.048 mmol, 4 mM) to
see the effect of P(0-Tol); on the oxidation peak current i,
(scan rate of 0.5 Vs— 1).

4.3.2. Procedure for the detection of the Pd’ complex
generated in situ from (1) by cyclic voltammetry. To the
electrochemical cell containing 12 mL of DMF (nBu,NBF,
0.3 M) and (1) (22.5 mg, 0.024 mmol, 2 mM) was added
P(o-Tol); (273 mg, 0.9 mmol, 75 mM). The cyclic volt-
ammetry was performed toward oxidative potentials from
—0.6 to +0.5V at 25 and 80 °C. No oxidation peak was
observed. Dba (210 mg, 0.89 mmol, 74 mM) was then
added and an oxidation peak was detected at +0.19 V when
the cyclic voltammetry was performed to oxidative
potentials from —0.6 to +0.5V at 80 °C. The oxidation
peak disappeared after addition of 100 pL (0.89 mmol) of
PhI at 80 °C, just after mixing.

To the electrochemical cell containing 12 mM of DMF
(nBuyNBF, 0.3 M) and (1) (22.5 mg, 0.024 mmol, 2 mM)
was successively added nBuyNOAc (66.8 mg, 0.22 mmol,
18.4 mM), P(o-Tol); (14.6 mg, 0.048 mmol, 4 mM), dba
(53 mg, 0.226 mmol, 18.9 mM). The cyclic voltammetry
was performed toward oxidative potentials from —0.6 to
+0.5V at 80 °C at a scan rate of 0.5 Vs~ '. After 1 h, an
oxidation peak was detected (O, in Fig. 1c, full line). The
temperature was decreased to 25 °C and then increased
again to 80 °C to see successively the disappearance and
re-appearance of the oxidation peak of the Pd’ complex.
Following addition of 100 pL (0.89 mmol) of Phl, the
oxidation peak of Pd® was no longer observed (Fig. Ic,
dashed line).

4.3.3. Procedure for the characterization of Pd°
complexes ligated by P(o-Tol); by cyclic voltammetry.
All experiments were performed at a scan rate of 0.5 Vs~ .
To the electrochemical cell containing 12 mL of DMF and
nBuyNBF, (0.3 M) was added 17 mg (0.024 mmol, 2 mM)
of PdO{P(o—T01)3}2 (7). The cyclic voltammetry was
performed to oxidative potentials at 25 °C to determine
the oxidation potential of (7) (Fig. 2a).

The same procedure was used to characterize the oxidation
potential of the Pd° complex (7) formed in the reaction
of Pd(dba), (13.8 mg, 0.024 mmol, 2 mM) and 2 equiv
P(o-Tol); (14.6 mg, 0.048 mmol) (Fig. 2b). nBuyNOAc
(81 mg, 0.269 mmol) was then added to observe the effect
of acetate on the oxidation peak potential of (7).

Finally, cyclic voltammetry was performed on a solution
containing Pdo(dba)2 (27.5 mg, 0.048 mmol, 4 mM),
P(o-Tol); (29 mg, 0.096 mmol, 8 mM), nBuyNOAc
(81 mg, 0.269 mmol, 22.4mM) and dba (9.2 mg,
0.13 mmol, 10.9 mM; the total dba concentration including
dba released from Pdo(dba)z is then 18.9 mM) at 80 °C
(Fig. 2¢). This mimics the experimental conditions in which
a Pd° complex was formed in situ from (1) (2 mM) in the
presence of P(o-Tol); (4 mM), nBuyNOACc (total concen-
tration of 22.4 mM) and dba (18.9 mM) (vide supra and
Fig. 1c).
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Abstract—Three pendant benzamidines [Ph—C(=NCgHs)-{NH(CH,),NMe,}] (1), [Ph—C(=NC¢Hs)-{NH(CH,Py)}] (2) and [Ph-C
(=NCgHs)-{NH(0-CcHy)(0xazoline)}] (3) are described. Reactions of 1, 2 or 3 with one molar equivalent of Pd(OAc), in THF give the
palladacyclic complexes [Ph—C{—NH(n'—C6H4)}{ =N(CH,),NMe, } |IPd(OAc) (4), [Ph—C{—NH(nl—C6H4)}{=N (CH,Py)}1Pd(OACc) (5)
and [Ph—C{-NH(n L_CHy) }{=N(0-CgH,)(0xazoline)} JPd(OAc) (6), respectively. Treatment of 4, 5 or 6 with excess of LiCl in chloroform
affords [Ph—C{-NH(n'-C¢H,)}{=N(CH,),NMe,}|PdCl (7), [Ph—-C{-NH(n'-C¢H,)}{=N(CH,Py)}]PdCl (8) and [Ph—C{-NH(n'-
CgHy) } {=N(0-CcHy)(0xazoline) } JPdC1 (9). The crystal and molecular structures are reported for compounds 1, 3, 5, 6 and 7. The
application of these palladacyclic complexes to the Suzuki and Heck coupling reactions was examined.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction in catalytic reactions.” Palladium amidinato compounds

have been studied for several decades.'’”'® However,

Amidinates of the general formula [RIC(NRZ)(NR3)]71,
have been the focus of attention because they can often be
employed extensively in main group and transition-metal
coordination chemistry, organometallic chemistry and
catalysis."™ Over the past decades, a large diversity of
metal-amidinato compounds has been synthesised and these
have been reviewed by Barker and Kilner (on amidine) and
Edelmann (on benzamidine).!?> Due to the steric and
electronic properties of amidinato ligands, they can be
easily substituted by variation of the substituents on either
or both N and C atoms. Recently several types of amidinato
ligands with pendant functionality were explored to act as
three-coordinate, six-electron-donor ligands.”™'! In some
cases, the existence of pendant arm could play an important
role in determining the constitution of the resulting

complexes®'? or affecting the reactivity of metal complexes
c
HN E
Ph—C=NPh ——» Ph—C
base
Scheme 1.

palladium complexes supported by pendant benzamidinato
ligands, on our knowledge, have not been reported.

In this paper, we report the preparation and structural
properties of pendant benzamidines and their orthometal-
lated palladium complexes. The catalytic activities of these
palladacyclic complexes toward the Suzuki and Heck
coupling reactions are investigated.

2. Results and discussion

2.1. Preparations of ligand precursors and palladacycles

Preparation of the desired amidines follows a classical
route for the synthesis of N,N'-disubstituted amidines."’

) 7} = (CH)NMe, ()

CH,Py (2)

(6]
<

Keywords: Pendant benzamidine; Palladacyclic complexes; Oxazoline; Suzuki reaction; Heck reaction.
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Treatment of the N-(phenyl)benzimidoyl chloride with
1 mol equiv of amines or substituted aniline in the presence
of triethylamine affords amidines 1, 2 and 3 in moderate
yield, as shown in Scheme 1. Compounds are characterised
by NMR spectroscopy as well as elemental analyses.
Crystals suitable for X-ray refinement were grown from
concentrated hexane (for 1) or toluene/hexane (for 3)
solution. The crystal structures of amidines 1 and 3 have
been determined and the molecular structures are shown in
Figures 1 and 2. Selected bond lengths and angles are listed in
Tables 1 and 2. The two C-N bonds in each amidine (1.293(3)
and 1.348(3) A for 1; 1.269(2), 1.282(3) and 1.381(2),
1.384(3) A for 3) are similar in length to those reported
for other benzamidines'®' and pendant amidine,é’zz’23
indicating the localized property of the imine C=N and
amine C—N bonds. The bond angles around imino C and N
atoms in each amidine are around 120°, indicating the nature
of sp” centres.

Figure 1. Molecular structure of compound 1. Hydrogen atoms on carbon
atoms omitted for clarity.

Figure 2. Molecular structure of one of the crystallographically
independent molecules of complex 3. Hydrogen atoms on carbon atoms
omitted for clarity.

Table 1. Selected bond lengths (A) and angles (°) for 1

N()-C(1) 1.293(3) N(2)-C(1) 1.348(3)
N(1)-C(8) 1.415(3) N(2)-C(14) 1.433(4)
C(1)-C(2) 1.492(4)

C(1)-N(1)-C(8) 121.0(2) C(1)-N(2)-C(14) 124.403)
N(1)-C(1)-N(2) 119.0(2) N(1)-C(1)-C(2) 125.8(2)
N(©2)-C(1)-C(2) 115.2(2)

Table 2. Selected bond lengths (A) and angles (°) for 3

N()-C(1) 1.269(2) N(©2)-C(1) 1.381(2)
N(1)-C(8) 1.409(3) N(2)-C(14) 1.388(2)
C(1)-C(2) 1.497(3) C(25)-C(26) 1.486(3)
N(4)-C(25) 1.282(3) N(5)-C(25) 1.384(3)
N(4)-C(32) 1.408(3) N(5)-C(38) 1.390(3)
C(1)-N(1)-C(8) 122.33(19) C(1)-N(2)-C(14) 130.40(18)
N(1)-C(1)-N(2) 121.33(19) N(1)-C(1)-C(2) 127.49(19)
N(©2)-C(1)-C(2) 111.07(18) N(5)-C(25)-C(26) 112.7(2)
C(25)-N(4)-C(32) 123.59(19) C(25)-N(5)-C(38) 131.2(2)
N(4)-C(25)-N(5) 120.3(2) N(4)-C(25)-C(26) 127.0(2)

Three pendant amidines react readily with 1 mol equiv of
Pd(OAc), in dichloromethane to afford complexes 4, 5 and
6, which are expected to form a mononuclear species®
rather than the dimeric or oligomeric structures.'”™'” A
summary of the syntheses and proposed structures of
palladacycles is shown in Scheme 2. In each palladium
acetate compound, one NH singlet around 6 9-10 ppm
9.71 ppm for 4; 9.64 ppm for §; 10.10 ppm for 6) was found
on the '"H NMR spectrum and one more tertlary carbon
appeared in the region of phenyl ring on the >C{'H} NMR
spectrum, which indicate the preference of carbon metalla-
tion rather than the NH deprotonation.'® Suitable crystals of
5 for structural determination were obtained from concen-
trated CH,Cl, solution. The molecular structure is shown in
Figure 3 and selected bond lengths and angles are listed in
Table 3. The structural analysis showed the target complex
as a mononuclear species. The bond angles (from 81.37(11)
to 93.82(12)°) around Pd metal centre indicate a complex
having a slightly distorted square planar geometry, in which
the palladium metal centre is coordinated with one pyridine
nitrogen atom, one imine nitrogen atom, one metallated
carbon atom, and one acetate oxygen atom to form one five-
membered metallacycle and one six-membered metalla-
cycle. The bond lengths of Pd-Ng, (2.119(3) A) and
Pd-Cretatigrea (1.975(4) A) are within those (1.964(3)-
2.150(3) A for Pd—pr, 1.961(4)-2.019(2) A for Pd-
Cetallaea) Tound in metallated palladacycles. 16.24-29 e

bond length of Pd-Opac (2.064(3) A) is among those
(2.032(2)-2.126(3) A) found in palladacycles 831 The
bond length of Pd-Nc—n (1.981(3) A) is close to those
(1.969(6)-2.071(3) A) found in palladacycles.'®>%323* The

C-N bond lengths of NCN moiety are not equal with
1.343(4) and 1.309(4) A respectively, indicating the
localized nature of the imine C=N and amine C-N
bonds. Suitable crystals of 6 for structural determination
are obtained from CH,Cl,/hexane solution. The molecular
structure is shown in Figure 4, and selected bond lengths
and angles are listed in Table 4. Basically, compound 6 is
quite similar to compound 5 with different pendant group
C¢H4Oxazoline instead of CH,Py for 5. The palladium
metal centre is coordinated with similar coordination types
as in 5 except one nitrogen atom from oxazoline instead of
one pyridine nitrogen atom to form two six-membered
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M a

a

HN E N —— Pd— OAc . N——Pd—Cl
/ Pd(OAc), / LiCl /
Ph—C ——>» Ph—C —» ph—C
A\ \ \
NPh HN HN
~ ~

E = (CH,),NMe, 4)

CH,Py (5)

(6]
\’><
N (6)

Scheme 2.

C(17)

Figure 3. Molecular structure of complex 5. Hydrogen atoms on carbon
atoms omitted for clarity.

Table 3. Selected bond lengths (A) and angles (°) for 5

E = (CH,),NMe,(7)

CH,Py (8)

(¢}
S

Figure 4. Molecular structure of complex 6. Hydrogen atoms on carbon
atoms omitted for clarity.

Table 4. Selected bond lengths (A) and angles (°) for 6

Pd-C(13) 1.975(4) Pd-N(2) 1.981(3)
Pd-N(3) 2.119(3) Pd-O(1) 2.064(3)
N(1)-C(1) 1.343(4) N(1)-C(8) 1.416(4)
N@2)-C(1) 1.309(4) N(@2)-C(14) 1.462(4)
N@Q2)-Pd-C(13)  92.31(13) N(2)-Pd-N(3) 81.37(11)
C(13)-Pd-O(1)  92.68(13) N(3)-Pd-0(1) 93.82(12)
C(13)-Pd-N(3)  173.32(12) N@Q)-Pd-O(1)  172.33(11)

Pd-C(13) 1.979(3) Pd-N(2) 2.007(3)
Pd-N(3) 2.144(3) Pd-0O(2) 2.045(2)
N(1)-C(1) 1.334(4) N(1)-C(8) 1.428(4)
N@2)-C(1) 1.308(4) N(2)-C(14) 1.427(4)
N(@2)-Pd-C(13)  88.35(13) N(2)-Pd-N(3) 87.77(13)
C(13)-Pd-0(2)  91.30(13) N(3)-Pd-0(2) 92.85(12)
C(13)-Pd-N(3)  174.55(13) N(2)-Pd,0(2) 175.73(11)

metallacycles. Bond lengths and bond angles are similar to
those discussed above. Due to the rigidity of the pendant
arm, the bond length of Pd—Noxazotine, (2.144(3) A) is a bit
longer than those (1.97(2)-2.060(10) A) found in metallated
palladacycles.>>* Similar to compound 5, the C-N bond
lengths of NCN moiety in 6 are not equal (1.334(4) A for
C(1)-N(1) and 1.308(4) A for C(1)-N(2)). Compare Wlth
the bond lengths (1.269(2) . A for C(1)-N(1) and 1.282(3) A
for C(25)-N(4); 1.381(2) A for C(1)-N(2) and 1.384(3) A
for C(25)-N(5)) in 3, a 1,3 hydrogen shift process might
happen in the formation of compounds 4-6. Plausible
mechanism for the formation of palladium acetate
complexes is proposed in Scheme 3. Possible reaction is
the coordination of benzamidine to the palladium metal
centre, followed by the shift of proton from the nitrogen
atom on the amine group to the nitrogen atom on the imine

group,”® which is induced by the metal centre. The
orthometallation is then achieved by removal of 1 equiv of
HOAc to form the target compound.”® This phenomenon
could not be observed in the synthesis of palladacycles
bearing amidinato ligands with symmetrical substituents on
both nitrogen atoms. '

Complexes 7-9 were synthesised by the reaction of
palladium acetate compounds 4-6 with excess lithium
chloride in chloroform at room temperature. The NMR
spectroscopic data and elemental analysis of each com-
pound are indicative of cyclometallated complex with a CI
atom instead of an acetate group in those palladium acetate
compounds. Suitable crystals of 7 for structural determi-
nation were obtained from CH,Cl,/hexane solution. The
molecular structure is shown in Figure 5, and selected bond
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Figure 5. Molecular structure of one of the crystallographically
independent molecules of complex 7. Hydrogen atoms on carbon atoms
omitted for clarity.

lengths and angles are listed in Table 5. Basically,
compound 7 is similar to compound 5 with different
pendant group CH,CH,NMe, instead of CH,Py for 5. The
palladium metal centre is coordinated with one amine
nitrogen atom, one imine nitrogen atom, one metallated
carbon atom and one chloride atom to form one five-

Table 5. Selected bond lengths (A) and angles (°) for 7

Pd(1)-C(13) 1.922(13)  Pd(1)-N(2) 2.002(10)
Pd(1)-N(3) 2.207(10)  Pd(1)-CI(1) 2.328(4)
N(1)-C(1) 1.398(15)  N(1)-C(8) 1.426(18)
N(2)-C(1) L171(15)  N(2)-C(14) 1.490(15)
Pd(2)-C(30) 2.033(12)  Pd(2)-N(5) 1.984(9)
Pd(2)-N(6) 2.171(11)  Pd(2)-Cl(2) 2.331(4)
N(4)-C(18) 1.302(14)  N(4)-C(25) 1.395(17)
N(5)-C(18) 1.439(14)  N(5)-C(31) 1.439(15)

N(2)-Pd(1)-C(13) 89.3(4)
C(13)-Pd(1)-CI(1) 94.5(3)

N(2)-Pd(1)-N(3) 85.0(4)
N(3)-Pd(1)-CI(1) 91.1(3)

C(13)-Pd(1)-N(3) 174.2(5) N(2)-Pd(1)-CI(1) 176.0(3)
N(5)-Pd(2)-C(30) 92.9(5) N(5)-Pd(2)-N(6) 81.9(4)
C(30)-Pd(2)-Cl1(2) 95.1(4) N(6)-Pd(2)-Cl(2) 90.1(3)
C(30)-Pd(2)-N(6) 174.7(5) N(5)-Pd(2)-Cl(2) 172.0(3)

membered metallacycle and one six-membered metalla-
cycle. Bond lengths and bond angles are similar to those
discussed above. The bond lengths of Pd-Nymine (2.207(10)
and 2.171(11) A) is close to those (2.069(6)-2.203(3) A)
found in metallated palladacycles.”*>*°** The bond
lengths of Pd-Cl (2.328(4) and 2.331(4) A) is close to
those (2 304(2)—2 377(1) A) found in metallated pallada-
cycles 2272932734

2.2. Suzuki-type reaction using CNN-type palladacycles

Since several palladacycles containing CNN-type ligands
can be used as catalysts for the carbon—carbon coupling
reactions,””*>*® the palladacyclic derivatives 4-9 were
expected to work as catalysts toward the Suzuki-type
coupling reaction. In order to examine the catalytic activity,
optimised conditions using the coupling of 4-bromo-
acetophenone with 1.5 equiv phenylboronic acid catalysed
by 1 mol% 4-9 in the presence of 3 equiv base at 80 °C were
conducted. The rate of the Suzuki-type reaction is solvent-
dependent with trials on N,N-dimethylacetamide (DMA),
THEF, and toluene. For the best choice of a base, we surveyed
K5PO,, Cs,COs, and KF. Selected results are listed in
Table 6. Finally, we found that use of KF for 4 and 7 and
K5PO, for 5, 6, 8 and 9 in toluene leads to the best
conversion within 1 h (entries 1-6). Excellent conversion is
observed with 1 mol% 6 using 4-bromobenzaldehyde under
the same condition (entry 7). Similar conditions were
applied to examine the catalytic activities of 4-9 using
4-bromoanisole as substrate. Comparable conversions were
observed within 3 h (entries 8-13). Similar conversions
were observed with 1 mol% 6 using various substrates with
electron-donating substituents under the optimised con-
dition (entries 14-15). Due to the better activity and
solubility of 6, lower catalyst concentrations were investi—
gated with 6 using catalyst/substrate ratios from 10> to 5X
107>, The reactlons gave degrees of conversmn to 99%
W1th1n 2 h for 10~ ratio, 93% within 5 h for 10~ * ratio, and
80% within 8 h for 5X 1077 ratio (entries 16-18). The
coupling reactions were also carried out with 1 mol% 6
using less reactive substrates under the optimised con-
ditions. As expected, the degrees of conversion became
lower with longer period of time (entries 19-21).

2.3. Heck reaction using CNN-type palladacycles

We also examined the catalytic activities of 6 in Heck
reaction using the coupling of 4-bromoacetophenone with
styrene. Selected results are listed in Table 7. Optimised
conditions, Cs,COgs/toluene and Cs,CO3;/DMA under
refluxing temperatures, seem to be the best choices after
several trials on the combinations of solvents and bases
(entries 1-3). Similar conversions were observed using
various substrates with electronically activated substituents
under the optimised condition (entries 4-5). Coupling
reactions were also carried out with 1 mol% 6 and
Cs,COs/toluene under refluxing temperature using sub-
strates with electronically deactivated substituents. As
expected, over 90% conversions were observed within
longer period of time (entries 6—8). The optimised
condition, Cs,CO3;/DMA under refluxing temperature,
seems not suitable for substrate with electronically
deactivated substituent. Poor conversion was observed
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Entry Catalyst Aryl halide Base Solvent [Pd] (mol%) t (h) Conversion (%)b Yield (%)°
1 4 4-Bromoacetophenone KF Toluene 1 1 78 70
2 5 4-Bromoacetophenone K5PO, Toluene 1 1 86 79
3 6 4-Bromoacetophenone K;PO, Toluene 1 1 99 91
4 7 4-Bromoacetophenone KF Toluene 1 1 81 74
5 8 4-Bromoacetophenone K5PO, Toluene 1 1 86 78
6 9 4-Bromoacetophenone K;PO, Toluene 1 1 98 91
7 6 4-Bromobenzaldehyde K5PO, Toluene 1 1 99 93
8 4 4-Bromoanisole KF Toluene 1 3 72 65
9 5 4-Bromoanisole K;PO, Toluene 1 3 84 75
10 6 4-Bromoanisole K5PO, Toluene 1 3 91 84
11 7 4-Bromoanisole KF Toluene 1 3 71 63
12 8 4-Bromoanisole K;PO, Toluene 1 3 79 73
13 9 4-Bromoanisole K3PO, Toluene 1 3 90 84
14 6 4-Bromotoluene K;PO4 Toluene 1 3 98 92
15 6 1-Bromo-4-tert-butyl-benzene K5PO,4 Toluene 1 3 93 88
16 6 4-Bromoacetophenone K5PO, Toluene 0.1 2 99 92
17 6 4-Bromoacetophenone K;PO4 Toluene 0.01 5 93 86
18 6 4-Bromoacetophenone K5PO, Toluene 0.005 8 80 74
19 6 4-Chloroacetophenone K5PO, Toluene 1 18 73 65
20 6 4-Chloro-benzoic acid methylester ~ K3PO, Toluene 1 18 66 60
21 6 4-Chloroanisole K5PO, Toluene 1 24 20 -

4 Reaction conditions: 1 mmol aryl halide, 1.5 mmol phenylboronic acid, 3.0 mmol base, 3 ml solvent, 80 °C.

® Determined by 'H NMR.
¢ Isolated yield. (average of two experiments).

within the same period of time (entry 9). Lower catalyst
concentrations were investigated with both optimised
conditions using catalyst/substrate ratios from 107> to
10, Better conversions were observed using high
temperature conditions (entries 10—13). Compound 6 also
showed catalytic activities in catalysing the less reactive
substrates, such as 4-chloroacetophenone. Higher conver-
sion was observed using Cs,CO3/DMA under refluxing
temperature as reaction condition (entries 14—15). Better
conversion was observed using 2 mol% catalyst loadings
within 24 h (entry 16).

3. Summary

We have demonstrated the preparations and catalytic studies
towards the Suzuki and Heck coupling reactions of

Table 7. Heck coupling reaction catalysed by new palladium complexes®

mononuclear palladacycles supported by pendant benz-
amidinate ligands. Based on the structural analysis, a 1,3
hydrogen shift process might happen upon the formation of
six-membered metallacycle, which could not be observed in
the synthesis of palladacycles bearing amidinato ligands
with symmetrical substituents on both nitrogen atoms.
Plausible mechanism for the formation of the palladacycles
has been proposed. The catalytic data show that pallada-
cyclic complexes bearing pendant oxazoline group exhibit
better activities than those with pendant pyridine or amine
groups. Under optimised conditions, 6 exhibits catalytic
efficiency with lower catalyst loadings, and with less
reactive substrates in both Suzuki and Heck coupling
reactions. Preliminary studies on the modification of
benzamidines with different substituents and their appli-
cation in the synthesis of metal complexes are currently
being undertaken.

Entry Catalyst Aryl halide Base Solvent [Pd] (mol%) T (°C) t (h) Conversion (%)° Yield (%)°
1 6 4-Bromoacetophenone Cs,CO;3 Toluene 1 110 2 95 90
2 6 4-Bromoacetophenone Cs,CO;5 DMA 1 135 2 99 93
3 6 4-Bromoacetophenone KF DMA 1 135 2 90 85
4 6 Methyl 4-bromobenzoate Cs,CO;5 Toluene 1 110 2 90 85
5 6 4-Bromobenzaldehyde Cs,CO5 Toluene 1 110 2 92 83
6 6 4-Bromoanisole Cs,CO5 Toluene 1 110 8 94 88
7 6 4-tert-Butyl-bromobenzene Cs,CO; Toluene 1 110 8 95 86
8 6 4-Bromotoluene Cs,CO5 Toluene 1 110 8 92 84
9 6 4-Bromoanisole Cs,CO; DMA 1 135 8 68 -
10 6 4-Bromoacetophenone Cs,CO;3 Toluene 0.1 110 24 91 85
11 6 4-Bromoacetophenone Cs,CO5 Toluene 0.01 110 48 40 -
12 6 4-Bromoacetophenone Cs,CO; DMA 0.1 135 24 98 92
13 6 4-Bromoacetophenone Cs,CO;5 DMA 0.01 135 48 57 -
14 6 4-Chloroacetophenone Cs,CO5 Toluene 1 110 48 5 -
15 6 4-Chloroacetophenone Cs,CO;3 DMA 1 135 48 56 -
16 6 4-Chloroacetophenone Cs,CO5 DMA 2 135 24 80 -

# Reaction conditions: 1 mmol aryl halide, 1.3 mmol styrene, 1.5 mmol base, 2 ml solvent.
® Determined by 'H NMR.
¢ Isolated yield. (average of two experiments).
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4. Experimental
4.1. General

All manipulations were carried out under an atmosphere of
dinitrogen using standard Schlenk-line or drybox tech-
niques. Solvents were refluxed over the appropriate drying
agent and distilled prior to use. Deuterated solvents were
dried over molecular sieves.

'"H and 13C{IH} NMR spectra were recorded either on
Varian Mercury-400 (400 MHz) or Varian Inova-600
(600 MHz) spectrometers in chloroform-d at ambient
temperature unless stated otherwise and referenced intern-
ally to the residual solvent peak and reported as parts per
million relative to tetramethylsilane. Elemental analyses
were performed by an Elementar Vario ELIV instrument.

Benzanilide (Lancaster), PCls (RDH), 2-aminomethyl-
pyridine (Acros), DMA (TEDIA), Pd(OAc), (Acros), KF
(Acros), KsPO, (Lancaster), Cs,CO5 (Aldrich) and LiCl
(Lancaster) were used as supplied. NEt; and N,N-
dimethylethyleneamine were dried over CaH, and
distilled before use. N-(phenyl)benzimidoyl chloride'
and 2-(o-aminophenyl)oxazoline** were prepared by the
modified literature’s methods.

4.2. Preparations

4.2.1. [CcH5—C{NH(CH,),NMe,}=NCsHs] (1). A yellow
solution of N-(phenyl)benzimidoyl chloride (0.81 g,
3.8 mmol) and NEt; (0.70 ml, 4.6 mmol) in CH,Cl,
(20 ml) was treated with N,N-dimethylethyleneamine
(0.41 ml, 3.8 mmol) at room temperature. After 18 h of
stirring, the volatiles were removed under reduced pressure
and the residue was extracted with 50 ml hexane. The
extract was concentrated and put into the fridge to
afford white solid. Yield, 0.64 g, 63%. 'H NMR
(600 MHz): 6 2.25 (s, N(CH3),, 6H), 2.57 (br, CH,—CH,,
2H), 3.56 (br, CH,—CH,, 2H), 5.29 (br, NH), 6.63 (d, C¢Hs,
2H, J=17.2 Hz), 6.78 (t, C¢Hs, 1H, J=7.2 Hz), 7.03 (t,
CeHs, 2H, J=17.2 Hz), 7.22 (overlap, C¢Hs, SH). >C{'H}
NMR (150 MHz): 6 39.0 (s, CHy), 45.1 (s, N(CH3),), 57.6
(s, CHp), 121.0, 123.1, 128.1, 128.2, 128.6, 128.9(CH-
CeHs), 135.2, 151.0, 157.7 (two Cj,50—CsHs and one CNN).
Anal. Calcd for Cy7H,1N3: C, 76.37; H, 7.92; N, 15.72.
Found: C, 76.17; H, 8.26; N, 15.22.

4.2.2. [C¢Hs—C{NHCH,Py}=NCsHs] (2). A yellow
solution of N-(phenyl)benzimidoyl chloride (1.08 g,
5.0 mmol) and NEt; (0.90 ml, 6 mmol) in CH,Cl, (20 ml)
was treated with 2-aminomethylpyridine (0.52 ml,
5.0 mmol) at room temperature. After 18 h of stirring, the
volatiles were removed under reduced pressure and the
residue was extracted with 15 ml toluene to afford white
solid. The resulting solid was purified by ethyl acetate/
hexane solution to afford white solid. Yield, 0.83 g, 58%. 'H
NMR (600 MHz): 6 4.87 (s, CH,, 2H), 6.15 (br, NH, 1H),
6.68 (d, C¢Hs, 2H, J=6.6 Hz), 6.83 (br, C¢Hs, 1H), 7.07
(t, C¢Hs, 2H, J=7.2Hz), 7.21 (t, C¢Hs, 1H, J=6.0 Hz),
7.25-7.31 (m, C¢Hs, SH), 7.39 (d, C¢Hs, 1H, J=7.2 Hz),
7.70 (t, C¢Hs, 1H, J=7.2Hz), 8.54 (d, C¢Hs, 1H, J=
4.2 Hz). "*C{'H} NMR (150 MHz): 6 46.7 (s, CH,), 121.3,

122.2, 122.3, 123.1, 128.2, 128.3, 128.7, 129.1, 136.6,
148.8(CH-C¢Hs and CH-Py), 135.0, 150.7, 156.8, 157.2
(three Cjpso—CeHs and one CNN). Anal. Calcd for
CioH7N3: C, 79.41; H, 5.96; N, 14.62. Found: C, 79.53;
H, 5.90; N, 14.56.

4.2.3. [CcHs—C{NHC¢H,Oxazoline}=NC¢Hs] (3). To a
yellow solution of N-(phenyl)benzimidoyl chloride (0.43 g,
2.0 mmol) and 2-(o-aminophenyl)oxazoline (0.38 g,
2 mmol) in CH,Cl, (20 ml), NEt; (0.33 ml, 2.4 mmol)
was added at room temperature. After 18 h of stirring, the
resulting suspension was filtered at 0 °C and the volatiles
were removed under reduced pressure. The residue was
extracted with 50 ml hexane to afford pale-yellow solid.
Yield, 0.54 g, 73%. "H NMR (600 MHz): 6 1.25 (s, CHs,
6H), 4.02 (s, CH,, 2H), 6.74 (d, 2H, J=7.2 Hz), 6.86 (t, 1H,
J=7.2Hz),7.00 (t, 1H,J=7.2 Hz), 7.11 (t, 2H, J=7.2 Hz),
7.24-7.30 (m, 3H), 7.40 (d, 2H, J=7.2 Hz), 7.47 (t, 1H, J=
7.2 Hz), 7.85 (d, 1H, J=7.8 Hz), 9.24 (d, 1H, J=8.4 Hz),
11.93 (s, NH, 1H). >*C{'H} NMR (150 MHz): 6 28.4 (s,
CH,), 67.7 (s, C-(CH3),), 77.5 (s, CH,), 119.3, 120.5, 121.5,
122.5, 127.8, 128.4, 128.9, 129.1, 129.2, 132.4(CH-Ph),
112.8, 135.2, 142.0, 150.3, 154.5, 162.0 (one tert-C-
oxazoline, one fert-C-Ph, three C;,;,—CgsHs and one CNN).
Anal. Caled for C,4H»3N;0: C, 78.02; H, 6.27; N, 11.37.
Found: C, 78.08; H, 6.08; N, 11.41.

4.2.4. [C¢Hs—C{=N(CH,),NMe,}-NH-(n'-CcHs)]
Pd(OAc) (4). To a flask containing 1 (0.27 g, 1.0 mmol)
and Pd(OAc), (0.22 g, 1.0 mmol), 15 ml of CH,Cl, was
added at room temperature. After 18 h of stirring, the
resulting mixture was layered 15 ml hexane and put into
the fridge. The crystalline solid was isolated after
several days. Yield, 0.21 g, 49%. '"H NMR (600 MHz):
0 1.66 (s, O-C(=0)CHj3, 3H), 2.40 (t, CH,, 2H, J=6.0 Hz),
2.61 (s, N(CH3),, 6H), 3.18 (t, CH,, 2H, J=6.0 Hz), 6.90
(t, CeHs, 1H, J=7.2 Hz), 6.99 (d, C¢Hs, 2H, J=7.2 Hz),
7.07 (t, C¢Hs, 1H, J=7.2Hz), 7.31 (d, C¢Hs, 1H, J=
7.8 Hz), 7.37-7.44 (m, Cg¢Hs, 4H), 9.71 (s, NH, 1H).
BC{H} NMR (150 MHz): 6 24.1 (s, O-C(=0)CH,), 47.9
(s, N(CH3),), 52.5 (s, CH,), 61.8 (s, CH»), 117.0, 121.5,
123.6, 128.1, 128.7, 129.8, 135.4(CH-Ph), 126.3, 131.8,
135.9, 152.1 (two Cj,50—CeHs, one metallated C-Ph, and
one CNN), 178.1 (s, O-C(=0)CH3;). Anal. Calcd for
C1oH,3N30,Pd: C, 52.85; H, 5.37; N, 9.73. Found: C, 52.85;
H, 4.88; N, 9.48.

4.2.5. [C¢Hs—C{=NCH,Py}-NH-(n'-C¢Hs)]Pd(OAc)
(5). To a flask containing 2 (0.29 g, 1.0 mmol) and
Pd(OAc), (0.22 g, 1.0 mmol), 15 ml of CH,Cl, was added
at room temperature. After 18 h of stirring, the resulting
suspension was filtered and the precipitate was extracted
with 30 ml cold THF. The combined organic solution was
allowed to stand at room temperature to afford white solid
after several days. Yield, 0.25 g, 55%. '"H NMR (600 MHz):
0 1.90 (s, O-C(=O0)CHs, 3H), 4.58 (s, CH,Py, 2H), 6.62
(m, C¢Hs or Py, 1H), 6.84-6.88 (m, C¢H5 or Py, 2H), 7.09
(m, CgHs or Py, 2H), 7.13 (d, C¢H; or Py, 1H, J=7.8 Hz),
7.29 (m, C¢Hs or Py, 1H), 7.46 (m, C¢Hs or Py, 2H), 7.51
(m, C¢Hs or Py, 1H), 7.56 (m, C¢Hs or Py, 1H), 7.74 (m,
CeHs or Py, 1H), 8.39 (m, C¢Hs or Py, 1H), 9.64 (s, NH,
1H). *C{"H} NMR (150 MHz): 6 24.4 (s, O-C(=0)CHj),
62.1 (s, CHy), 116.4, 119.7, 121.2, 122.8, 123.9, 128.3,
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128.7, 130.1, 135.4, 137.6, 148.4(CH of Ph or Py), 127.1,
131.9,135.2,152.3, 159.0 (three C;,;,—CcHs, one metallated
C-Ph, and one CNN), 178.2 (s, O-C(=0)CHs3). Anal.
Calcd for C,H;oN3;O,Pd: C, 55.82; H, 4.24; N, 9.30.
Found: C, 55.79; H, 4.19; N, 9.52.

4.2.6. [C6H5—C{=NC6H4Oxazoline}—NH—(n1-C6H5)]
Pd(OAc) (6). To a flask containing 3 (0.65 g, 1.75 mmol)
and Pd(OAc), (0.39 g, 1.75 mmol), 15 ml of CH,Cl, was
added at room temperature. After 18 h of stirring, the
resulting mixture was layered 15 ml hexane and put into
the fridge. The crystalline solid was isolated after several
days. Yield, 0.61 g, 65%. '"H NMR (600 MHz): & 1.59
(s, C(CH3),, 3H), 1.89 (s, C(CH3),, 3H), 1.92 (s, O-C(=0)
CHs, 3H), 4.34 (m, CH,, 2H), 6.13 (m, C¢Hs, 1H), 6.21 (br,
Ce¢Hs, 1H), 6.76-6.87 (overlap, C¢Hs, 4H), 7.16 (t, C¢Hs,
2H, J=17.8 Hz), 7.24 (m, C¢Hs, 1H), 7.29 (d, C¢Hs, 2H,
J=72Hz), 7.64 (m, CcHs, 1H), 8.58 (br, CsHs, 1H),
10.10 (s, NH, 1H). C{'H} NMR (150 MHz): 6 25.2 (s,
O-C(=0)CH3), 27.8 (s, C(CH3),), 28.9 (s, C(CH3),), 69.3
(s, C(CHs),), 80.7 (s, CH,), 1229, 123.8, 124.0, 127.5,
128.6, 128.9, 130.2, 131.4, 131.6, 133.6, 135.0(Cg¢Hs),
117.8, 119.7, 126.2, 132.5, 147.9, 156.2, 161.2 (one tert-C-
oxazoline, one fert-C-Ph, three C;,,,—CsHs, one metallated
C-Ph, and one CNN), 178.0 (s, O—C(=0)CH3). Anal. Calcd
for dC>¢H,5sN303Pd: C, 58.49; H, 4.72; N, 7.87. Found: C,
58.28; H, 4.81; N, 7.58.

4.2.7. [C¢Hs—C{=N(CH,),NMe,}-NH-(n'-C¢Hs)]PdCl
(7). To a flask containing 4 (0.22 g, 0.5 mmol) and LiCl
(0.085 g, 2.0 mmol), 15 ml of CHCl; was added at room
temperature. After 18 h of stirring, the resulting mixture was
filtered and layered 15 ml hexane. The white solid was
isolated after several days. Yield, 0.16 g, 82%. 'H NMR
(600 MHz): 6 2.50 (t, CH,, 2H, J=6.0Hz), 2.72 (s,
N(CHs),, 6H), 3.47 (t, CH,, 2H, J=6.0 Hz), 6.61 (m,
Cg¢Hs, 1H), 6.88 (m, C¢Hs, 1H), 7.00 (m, C¢Hs, 1H), 7.02 (s,
NH, 1H), 7.40 (m, C¢Hs, 2H), 7.55-7.59 (overlap, C¢Hs,
3H), 8.44 (m, C¢Hs, 1H). *C{'H} NMR (150 MHz): 6 48.2
(s, N(CH3)»), 53.4 (s, CH,), 62.5 (s, CH»), 115.1, 122.6,
125.0, 127.2, 129.6, 130.9, 141.1(CH-Ph), 123.6, 132.6,
134.1, 151.6 (two C;,;,—CsHs, one metallated C-Ph, and one
CNN). Anal. Calcd for C17H,oCINsPd: C, 50.02; H, 4.94; N,
10.29. Found: C, 50.11; H, 4.84; N, 9.92.

4.2.8. [CeHs—C{=NCH,Py}-NH-(n'-C¢Hs)]PdCl (8).
To a flask containing 5 (0.23 g, 0.5 mmol) and LiCl
(0.085 g, 2.0 mmol), 15 ml of CHCIl; was added at room
temperature. After 18 h of stirring, the resulting mixture was
filtered and layered 15 ml hexane. The white solid was
isolated after several days. Yield, 0.16 g, 71%. 'H NMR
(600 MHz): ¢ 4.88 (s, CH,Py, 2H), 6.68 (m, C¢H;5 or Py,
1H), 6.95 (m, Cg¢Hs or Py, 1H), 7.06 (m, C¢H5 or Py, 1H),
7.17 (d, C¢Hs or Py, 1H, J=7.8 Hz), 7.18 (s, NH, 1H), 7.34
(t, C¢Hs or Py, 1H, J=6.6 Hz), 7.46 (m, C¢Hs or Py, 2H),
7.60-7.65 (m, C¢Hs or Py, 3H), 7.74 (m, C¢Hs or Py, 1H),
8.52 (d, C¢Hs or Py, 1H, J=7.8 Hz), 9.37 (d, C¢Hs or Py,
1H, J=4.8 Hz). >*C{'H} NMR (150 MHz): 6 62.8 (s, CH,),
115.3, 119.6, 122.8, 123.1, 125.1, 127.1, 129.8, 131.1,
137.8, 141.2, 149.6(CH of Ph or Py), 125.6, 132.4, 133.6,
152.4, 158.7 (three Cj,5,—CeHs, one metallated C—Ph, and
one CNN), Anal. Calcd for Ci9H;cCIN3Pd: C, 53.29; H,
3.77; N, 9.81. Found: C, 52.91; H, 4.33; N, 9.43.

4.2.9. [C6H5—C{=NC6H4OX3ZOline}—NH—(n1-C6H5)]
PdCl (9). To a flask containing 6 (0.53 g, 0.5 mmol) and
LiCl1 (0.17 g, 4.0 mmol), 15 ml of CHCl; was added at room
temperature. After 18 h of stirring, the resulting mixture was
filtered and the volatiles were removed under reduced
pressure. The crude product was recrystallized from CHCls/
hexane to afford yellow solid after several days. Yield,
0.38 g, 75%. "H NMR (600 MHz): 6 1.81 (s, C(CHs),, 3H),
1.87 (s, C(CH3),, 3H), 4.18 (d, CH,, 1H, J=7.8 Hz), 4.38
(d, CH,, 1H, J=8.4 Hz), 6.27 (d, C¢Hs, 1H, J=7.8 Hz),
6.91 (t, C¢Hs, 2H, J=7.8 Hz), 6.98 (t, CsHs, 1H, J=
7.8 Hz), 7.03 (t, C¢Hs, 1H, J=7.8 Hz), 7.10 (d, C¢Hs, 1H,
J=17.8 Hz), 7.29 (overlap, C¢Hs, 2H), 7.33 (t, C¢Hs, 2H,
J=17.8 Hz), 7.41 (t, C¢Hs, 1H, J=7.8 Hz), 7.74 (m, C¢Hs,
2H), 8.18 (s, NH, 1H). >C{'H} NMR (150 MHz): 6 27.5 (s,
C(CHz;),), 28.6 (s, C(CH3),), 70.7 (s, C(CH3),), 81.2 (s,
CH,), 115.0,124.2,124.3,125.2,127.6, 129.1, 129.2, 130.2,
131.7, 132.2, 139.9(C¢Hs), 120.9, 126.0, 133.5, 146.4,
156.5, 161.1 (one tert-C-oxazoline, one tert-C-Ph, three
Cipso—CeHs, one metallated C—Ph, and one CNN; one tert-C
is missed). Anal. Calcd for C,4H,,CIN;OPd: C, 56.49; H,
4.35; N, 8.23. Found: C, 55.32; H, 4.07; N, 7.95.

4.3. General procedure for the Suzuki-type coupling
reaction

Prescribed amounts of catalyst, aryl halide (1.0 equiv),
phenylboronic acid (1.5 equiv), base (3.0 equiv), and a
magnetic stir bar were placed in a Schlenk tube under
nitrogen. Toluene (3 ml) was added by syringe, and the
reaction mixture was heated in an oil bath at 80 °C for the
prescribed time. After removal of the volatiles, the residue
was diluted with ethyl acetate, filtered through a pad of
silica gel. A sample in chloroform-d was taken for
determination of conversion. The crude material was further
purified by flash chromatography on silica gel.

4.4. General procedure for the Heck reaction

Prescribed amount of catalyst, base (1.5 equiv) and aryl
halide (1 equiv) were placed in a Schlenk tube under
nitrogen. Solvent (2 ml) and styrene (1.3 equiv) were added
by syringe, and the reaction mixture was heated to the
prescribed temperature for the prescribed time. After
removal of the volatiles, the residue was diluted with
ethyl acetate, filtered through a pad of silica gel. A sample in
chloroform-d was taken for determination of conversion.
The crude material was further purified by flash chroma-
tography on silica gel.

4.5. Crystal structure data

Crystals were grown from concentrated hexane solution (1),
toluene/hexane solution (3), concentrated dichloromethane
solution (5), or CH,Cl,/hexane solution (6 and 7), and
isolated by filtration. Suitable crystals of 1, 3, 5, 6 or 7 were
sealed in thin-walled glass capillaries under a nitrogen
atmosphere and mounted on a Bruker AXS SMART 1000
diffractometer. The absorption correction was based on the
symmetry equivalent reflections using the SADABS
program. The space group determination was based on a
check of the Laue symmetry and systematic absences and
was confirmed using the structure solution. The structure
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Table 8. Summary of crystal data for compounds 1, 3, 5, 6 and 7

K.-M. Wu et al. / Tetrahedron 61 (2005) 9679-9687

1 3 5 6 7
Formula Cy7Hz N3 C4sH46N6O> C,1H 9N30,Pd C57.50H27C13N3;05Pd C;34H40C1LNgPd,
Fw 267.37 73891 451.79 660.27 816.42
T (K) 293(2) 293(2) 293(2) 293(2) 293(2)
Crystal system Monoclinic Triclinic Triclinic Monoclinic Orthorhombic
Space group P2,/n P-1 P-1 C2/c P2,2,2,
a(A) 9.720(2) 10.4288(10) 9.6436(11) 24.6826(13) 12.2320(11)
b (A) 11.651(3) 10.5934(11) 10.6773(12) 16.8272(9) 16.2444(14)
c(A) 14.041(3) 18.6013(17) 10.8489(12) 14.1632(7) 17.1797(15)
a(®) 90 81.271(2) 109.326(2) 90 90
6 () 92.599(5) 89.850(2) 96.282(2) 95.7540(10) 90
v () 90 83.956(2) 113.133(2) 90 90
V (A% 1588.5(6) 2019.7(3) 931.75(18) 5852.9(5) 3413.6(5)
z 4 2 2 8 4
Peate (Mg/m®) 1.118 1.215 1.610 1.499 1.589
w(Mo Ka) (mm ™) 0.067 0.076 1.017 0.941 1.243
Reflections collected 8826 11,567 5321 16,382 19,226
No. of parameters 207 505 244 339 397
R1? 0.0661 0.0486 0.0352 0.0400 0.0359
wR2? 0.1818 0.1062 0.0969 0.1191 0.0965
GoF® 0.928 1.020 0.798 0.934 0.765
* RU=[(|Fol-|Fe/|Foll; wR2=[ w(FG-Fo)*/ w(Fg)’]"*, w=0.10.
b GoF'= [W(F%_FE)Z/(Nrﬂns_ parums)]%-
was solved by direct methods using a SHELXTL package. 7. Bambirra, S.; Brandsma, M. J. R.; Brussee, E. A. C.; Meetsma,

All non-H atoms were located from successive Fourier
maps, and hydrogen atoms were refined using a riding
model. Anisotropic thermal parameters were used for all
non-H atoms, and fixed isotropic parameters were used for
H atoms. Some details of the data collection and refinement
are given in Table 8.

5. Supplementary information

Crystallographic data for the structure in this paper have
been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication numbers, CCDC
no. 248112248116 for compounds 1, 3, 5, 6 and 7,
respectively. Copies of this information can be obtained,
free of charge, from the Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK ([fax: +44 1223 336033 or
email:deposit@ccdc.cam.ac.uk].
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Abstract—A dimeric 4-hydroxyacetophenone oxime-derived palladacycle has been used as a very efficient precatalyst for the
chemoselective arylation of acrolein diethyl acetal to give either cinnamaldehyde derivatives or 3-arylpropanoate esters by proper choice of
the reaction conditions. The synthesis of cinnamaldehyde derivatives can be performed by Heck reaction of acrolein diethyl acetal with iodo-,
bromo- or chloroarenes in N,N-dimethylacetamide (DMA) using K,COj as base at 120 °C and tetra-n-butylammonium acetate (TBAA) and
KCl as additives, followed by acid workup. In the case of 3-arylpropanoate esters the corresponding arylation of acrolein diethyl acetal with
iodoarenes can be performed at 90 °C in aqueous DMA using (dicylohexyl)methylamine as base, whereas for bromoarenes the reaction has to
be performed at 120 °C using tetra-n-butylammonium bromide (TBAB) as additive. Alternatively, this process can be performed under
microwave irradiation. These couplings take place in good yields and with lower catalyst loading than with palladium(II) acetate as well as in
shorter reaction times and with lower excess of acrolein diethyl acetal.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Cinnamaldehyde derivatives are important compounds
present in nature and widely used not only in food and
cosmetic industries' but also exhibit antifungal,” antibac-
terial, antitermitic,* insecticidal,’ and antitumor® activities.
For instance, 2'-hydroxycinnamaldehyde, isolated from the
stem bark of Cinnamonum cassia Blume (Lauraceae), has
shown in vitro activities on farnesyl transferase, angio-
genesis, immunomodulation, cell-cell adhesion and cyto-
toxicity against tumor cell lines.®” Other cinnamaldehyde
derivatives have been used for the preparation of new
materials in nonlinear optics.® A straightforward strategy for
the diastereoselective preparation of cinnamaldehyde
derivatives is the Heck—Mizoroki reaction’ of acrolein
with aryl halides. However, acrolein polymerizes in basic
media at elevated temperatures under the typical Heck
reaction conditions.'® Jeffery has reported this coupling at
room temperature for some aryl iodides by using phase-
transfer catalysis conditions,11 but long reaction times are
required and low yields were obtained with deactivated
iodoarenes, whereas the reaction failed with aryl

Keywords: Heck reaction; Cinnamaldehydes; 3-Arylpropanoates/acrolein;
Palladacycles.
* Corresponding author. Fax: +34 965 903 549; e-mail: cnajera@ua.es

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.06.059

bromides.'*'* In order to avoid polymerization, Zebovitz
and Heck studied the arylation of acrolein acetals with aryl
iodides and bromides using Pd(OAc),/(o-tol);P as catalysts,
Et;sN as base in DMF at 100 °C, but mixtures of
cinnamaldehyde acetals and 3-arylpropanoate esters were
obtained.'® This result is due to the two possible palladium
hydride eliminations from the carbopalladated intermediate
(Scheme 1). Using these Heck conditions double coupling
has been successfully performed with 1,4-dibromo-2,5-
dimethoxybenzene and acrolein dimethyl acetal.'"* How-
ever, under these reactions conditions 3-amino-4-iodopyri-
dine gave mixtures of competitive vinylic substitution
product and ester derivative, but when using Jeffery’s
protocol [Pd(OAc), (5 mol%), NaHCO;, tetra-n-butyl-
ammonium chloride (TBAC), DMF, 70 °C] and a fast
aqueous WorkuE a clean arylation of acrolein dimethyl
acetal occurred.”® Unfortunately, the coupling with 3-halo-
3-aminopyridines failed under the last reaction conditions.
Very recently, Cacchi et al. have found after a careful
screening of the reaction conditions that aryl iodides and
bromides can be coupled chemoselectively with acrolein
diethyl acetal to yield cinnamaldehyde derivatives
[Pd(OAc), (3 mol%), tetra-n-butylammonium acetate
(TBAA), K,CO;, KCI, DMF, 90°C]" or ethyl
3-arylpropanoates [Pd(OAc), (3 mol%), TBAC, Bu;sN,
DMF, 90 °C].'
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Scheme 1.

In connection with our work about the use of oxime-derived
palladacycles'” as very active precatalyst in cross-coupling
reactions, such as Heck,18 Suzuki,19 Sonogashira,20 and
acylation of alkynes®' in organic and aqueous solvents, we
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report here the scope of this type of catalysts in the
chemoselective synthesis of cinnamaldehyde derivatives
and ethyl 3—arylpr0pan0ates22 by arylation of acrolein
diethyl acetal.

1 o
OEt Ar _~ OEt
AX o+ 2 Y Ao
OEt Base, Solvent, T (°C) OEt
2 3
HCI
\
N-OH
Ar =~ 0}
Pd
\/Y HO | /2
H Cl
4 1
Scheme 2.
Table 1. Synthesis of cinnamaldehyde derivatives®
Entry ArX Mol% Pd t (h) Base Solvent T (°C) Conv. (%)° Ratio (2/3)°
1 CIOI 1 8 K,CO;/TBAA DMA 90 82 1:0
2 CIOI 1 6 K,CO;/TBAA DMA/H,0* 90 99 4.9:1
3 CIOI 1 14 K,CO;/TBAH DMA/H,0! 90 86 16.2:1
4 MeOOI 2 14 K,CO;/TBAA DMA/H,0? 120 0 —
5 MeO OI 1 3 K,CO;/TBAA/KCI DMA/H,0* 120 99 2.8:1
6 MeOOI 1 3 K,CO3/TBAA/KCI DMA 120 99 10:1 (79)
7 CIOI 1 2 K,CO5/TBAA/KCI DMA 120 99 1:0 (82)
8 CIOI 0.1 22 K,CO;/TBAA/KCI DMA 120 99 1:0
9 CIOI 1 2 K>CO3;/TBAA/KCI® DMA 120 99 10:1

Reaction conditions study.

# Reaction conditions: aryl halide (1 mmol), acrolein diethyl acetal (1.5 mmol), K,COj; (1.5 mmol), ammonium salt (2 mmol), KCI (when added, 1 mmol),

palladacycle 1 and solvent (5 mL).
" Determined by GLC using decane as internal standard.

¢ Determined by GLC. In brackets isolated yield of 4 after hydrolysis and flash chromatography.

4 Volume ratio 4:1.
¢ Only 1 mmol of TBAA.
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2. Results and discussion

2.1. Synthesis of cinnamaldehyde derivatives

Initial studies concerning the reaction conditions for the
arylation of acrolein diethyl acetal (1.5 equiv) catalyzed
by 4-hydroxyacetophenone oxime-derived palladacycle 1
were performed with 1 equiv of the activated 4-chloro-
iodobenzene and the deactivated 4-methoxyiodobenzene
(Scheme 2 and Table 1). The reactions carried out with
4-chloroiodobenzene using K,CO; (1.5 equiv) and tetra-n-
butylammonium acetate (TBAA) (2 equiv) as bases at 90 °C
in N,N-dimethylacetamide (DMA) or in aqueous DMA,
gave complete selectivity in neat DMA although, the
reaction was faster in aqueous DMA (Table 1, entries 1
and 2). The use of tetra-n-butylammonium hydroxide
(TBAH) instead of acetate gave a 16:1 ratio of compounds

i)1 (1 mol %)

KoCO3/TBAA/KCI

DMA, 120 °C
ArX + =& OEt AFV/YO
X=1,Br, Cl 4
Scheme 3.

Table 2. Synthesis of cinnamaldehyde derivatives®

2 and 3 in longer reaction times (Table 1, entry 3). In the
case of 4-methoxyiodobenzene the reaction failed and KCl
has to be added and the temperature increased at 120 °C in
the absence of water in order to get a 10:1 ratio of
compounds 2/3 (Table 1, compare entries 4—6). These
reaction conditions were applied to the coupling with
4-chloroiodobenzene, which could be performed with total
chemoselectivity in a shorter time (Table 1, entry 7). When
lower palladium loading (0.1 mol%) was used higher
reaction rate was observed for completion (Table 1, entry
8). When the amount of TBAA was decreased from 2 to
1 equiv the reaction also proceeded but with lower
selectivity (Table 1, entry 9). On the other hand, attempts
to perform the arylation of acrolein with p-cloroiodo-
benzene under this reaction conditions either at room
temperature or at 80 °C failed.

For the synthesis of different cinnamaldehyde derivatives 4
the hydrolysis of compounds 2 was conducted in situ by
addition of hydrochloric acid to the reaction mixture after
arylation of acrolein diethyl acetal with aryl iodides,
bromides and chlorides (Scheme 3 and Table 2). Under
the best reaction conditions [1 (0.5 mol%), TBAA, K,CO3,
KCl, DMA at 120 °C] the arylation took place in short
reaction times with good yields, only failing with

Entry ArX 1 (h) No. Product Yield (%)°
1 CI‘@*' 2 da CIAQ—\\\ 82
CHO
2 MeO‘@' 3 4b MeO‘Q—\\\ 79
CHO
4 ACOBr 3 ad ACAQ—\ 59
CHO
5 MeOOBr 3 4b Meo@—\\\ 75
5 CHO
.
O —__CHO
6 OO 2 4e Q 80
7 QBr 2 af ©_\\ 81
\ CHO
8 QBr 5 4c Q_\CHO 71
9 MezNOBT 3 4 Me2N 73
8 N\ CHO
Br
10 Q 3 4h QK\CHO 67
BnO BnO
11 F3COC| 14 4i F3C4©—\\\ 71°
CHO
12 OHCOCl 14 4 OHCO—\ 31
CHO

# Reaction conditions: aryl halide (1 mmol), acrolein diethyl acetal (1.5 mmol), K,COj3 (1.5 mmol), TBAA (2 mmol), palladacycle 1 (1 mol% Pd), DMAc

(4 mL) and 120 °C.
® Isolated yields after hydrolysis and flash chromatography.
¢ Reaction performed in a 15 mL Ace pressure tube.



C. Ndjera, L. Botella / Tetrahedron 61 (2005) 9688-9695 9691

deactivated aryl chlorides. Ethyl 3-arylpropanoates were
obtained in low yields ranging from 5 to 15%. Cinnamalde-
hydes 4 bearing electron-donating and -withdrawing groups
were obtained in good yields. Some selected examples are
p-(dimethylamino)cinnamaldehyde (4g), which is an
important  unit for nonlinear  optics,'”>  and
3-benzyloxycinnamaldehyde (4h), which has shown the
most potent inhibitory activity against cyclin dependent
kinases, specially cyclin D1-CDK4.°® The starting
3-(benzyloxy)phenyl bromide, used for the synthesis of
the last compound 4h, was prepared in 71% yield by
benzylation of 3-bromophenol with benzyl bromide and
K,CO; under acetone reflux for 1 day. The reaction
conditions with complex 1 are rather similar than the
described conditions with Pd(OAc), by Cacchi et al."* In the
case of Pd(OAc), the arylation took place with 3 mol% of
catalyst in 1.5-15 h in 70-88% yields at 90 °C in DMF with
3 equiv of acrolein diethyl acetal, whereas with complex 1
this process needed lower catalyst loading, 1 mol% of Pd, at
120 °C in DMA and occurred in general in lower rates (2-5 h).

The coupling with (E)-2-phenylvinyl bromide gave stereo-
selectively the (2E,4E)-dienic aldehyde 4k in 59% yield
(Scheme 4). However, for the synthesis of the unsaturated

dialdehydes the p-diiodobenzene gave compound 4l after
2h in 74% yield and the ortho-derivative afforded an
intractable mixture of compounds. The reaction of
4-metoxyiodobenzene with acrolein diethyl acetal under
microwave irradiation at 120 W and 120 °C during 10 min
gave a mixture of products, mainly the ethyl 3-(4-methoxy-
phenyl)propanoate. In the case of 4-methoxybromobenzene
no reaction was observed.

2.2. Synthesis of ethyl 3-arylpropanoates

Initial attempts to perform the preparation of ethyl
3-arylpropanoates were carried out by using 4-chloroiodo-
benzene and acrolein diethyl acetal (1.5 equiv) with
complex 1 (0.1 mol% of Pd) as catalyst and (dicyclohexyl)-
methylamine®* as base (Table 3). When this coupling was
performed in DMA as solvent, the reaction has to be
heated at 120 °C (Table 3, entries 1 and 2). The reaction
can also be carried out at 90 °C in a mixture of DMA/
H,O (4:1), but in neat water the arylation failed
(Table 3, entries 3 and 4). When tri-n-butylamine was
used instead of (dicyclohexyl)methylamine the reaction
time increased from 4 to 7 h with a lower yield (Table 3,
compare entries 3 and 5). The use of K,CO5; and TBAB as

OEt
Ph ~~>gr t 7 _ — > Ph\/\/\fo
OEt i)1 (1 mol %), DMA, 2 h (59%) i
K,CO3/TBAA/KCI, 120 °C 4k H
| i) HCl AN
OFt i) °
/©/ ' /\r ° X
| OEt (74%)
4]
Scheme 4.
Table 3. Synthesis of ethyl 3-arylpropanoates®
Entry ArX Mol% Pd t (h) Base Additive Solvent T (°C) Conv.(%)°
1 CIOI 0.1 8 Cy,NMe — DMA 120 99
2 CI‘@*I 0.1 21 Cy,NMe — DMA 90 0
3 CI‘@*I 0.1 4 Cy,NMe — DMA/H,0¢ 90 99 (79)
4 CIOI 0.1 8 Cy,NMe — H,O 90 0
5 CI4®7I 0.1 7 BuzN — DMA/H,0¢ 90 87
6 CI‘@*I 1 4 K,CO; TBAB DMA/H,0¢ 90 92
7 CIOI 0.1 6 K,CO; TBAB DMA/H,0°¢ 90 0
8 ACO Br 0.1 3 Cy,NMe TBAB DMA/H,0¢ 90 0
9 AC@Br 0.1 3 Cy,NMe TBAB DMA/H,0¢ 120 99 (76)
10 ACOBr 0.1 3 Cy,NMe — DMA/H,0¢ 120 86

Reaction conditions study.

# Reaction conditions: aryl halide (1 mmol), acrolein diethyl acetal (1.5 mmol), base (1.5 mmol), additive (1 mmol), palladacycle 1 (see Table) and solvent

(5 mL).

" Determined by GLC using decane as internal standard. In brackets isolated yield after flash chromatography.

¢ Volume ratio 4:1.
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additive in aqueous DMA needed a higher catalyst loading
(1 mol% of Pd) (Table 3, entries 6 and 7). Just a simple
change in the additive (TBAB instead of TBAA) reversed
completely the selectivity of the reaction (compare Table 1,
entry 2 and Table 3, entry 6). The best conditions for the aryl
iodide [Cy,NMe, DMA/H,0 (4:1)] were applied to the

reaction of acrolein diethyl acetal and 4-bromoaceto-
phenone, revealing that in this case TBAB as additive and
120 °C have to be used in order to get good conversion in
short times (Table 3, entries 8—10).

The synthesis of a variety of ethyl 3-arylpropanoates 3 can
be performed with activated and deactivated aryl iodides
and bromides bearing different functional groups, even at

A+ -~ CFEt 1 the ortho-position, by using Cy,NMe as base in aqueous
Cy,NMe, 90 °C DMA (Scheme 5 and Table 4). For aryl iodides the arylation
OEt DMA/H,O (4:1) Ar 0 was performed at 90 °C and for bromides at 120 °C in the
- W presence of TBAB. Deactivated aryl bromides, such as
OFEt 1 OFt 4-methoxybromobenzene showed very low reactivity. In
ArBr + & CvoNMe. TBAB 120 °C 3 general, the reactions can be performed with lower loading
OEt Y2 DM,eB:/H Y 41 ) of palladium than in the case of Pd(OAc),.'® Thus, by using
o complex 1 between 0.1 and 1 mol% of Pd was used and the
Scheme 5. couplings took place in 2-8h in 69-87% yield. For
Table 4. Synthesis of ethyl 3-arylpropanoates®
Entry ArX Mol% Pd t (h) No. Product Yield (%)°
1 C|O| 0.1 4 3a C|4®_\\ 79
CO,Et
2 @' 0.1 4 3b @1 79
CO,Et
|
3 Q 0.1 6 3c Q_\\ COLEt 87
4 Meo‘@' 0.1 8 3e Meo‘@x 69
CO,Et
5 Meo‘@' 0.1 10 min® 3e Meo‘@x 719
CO,Et
6 ACO' 12%102 23 3 AC‘@ 49
CO,Et
7 ACOBF 0.1 3 3f AC‘@x 76
CO,Et
Br CO,Et
8 1 5 3g OO 71
Br CO,Et
MeO MeO
Br CO,Et
10 1 10 min® 3h 76¢
MeO MeO
Br .
CHO CHO
12 OHC‘Q*BF 0.1 3 3j OHC‘QK 81
CO,Et
13 02N‘®’Bf 0.1 2 3k om& 86
CO,Et
14 NCOBF 0.1 3 3l NC‘@x 86
CO,Et

 Reaction conditions: aryl halide (1 mmol), acrolein diethyl acetal (1.5 mmol), Cy,NMe (1.5 mmol), TBAB (1 mmol, only for aryl bromides), palladacycle 1
(see Table), DMA (4 mL) and H,O (1 mL) at 90 °C for aryl iodides and 120 °C for aryl bromides.

® Isolated yields after flash chromatography.

¢ The reaction was performed under microwave irradiation conditions (120 W, 90 °C) at 0.5 mmol scale.
4 Conversion determined by GC based on the aryl halide using decane at internal standard.
¢ The reaction was performed under microwave irradiation conditions (120 W, 120 °C) at 0.5 mmol scale.
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| ! . /YOEt 1 (0.1 mol % Pd) | N CO,Et (1.4)3m @ h. 73%)
il y (s]
2l OEt Cy,NMe, 90 °C X (1,2) 3n (22 h, 60%)
DMA/H,0 (4:1) COLEt
3

Scheme 6.

comparison, in the case of Pd(OAc), 3 mol% of Pd was used
to afford similar couplings in 1-29 h and in 42-92% yield.
This type of arylation can be also performed in 10 min under
microwave irradiation at 120 W and 90 or 120 °C for
compounds 3e or 3h, respectively (Table 4, entries 5 and
10). However, so far this type of arylation could not be
performed with aryl chlorides under the essayed reaction
conditions.

This Heck reaction with acrolein diethyl acetal were
essayed with 1,4- and 1,2-diiodobenzene and the corre-
sponding diesters 3m and 3n were obtained in good yields
after 8 and 22 h, respectively (Scheme 6). Rather low
loading of Pd (0.1 mol%) was used in comparison with the
same couplings using Pd(OAc)z,6 which needed a higher
catalysts loading (6 mol%) to afford compounds 3m and 31
in similar yields (77 and 61%) and reaction rates (3 and
24 h).

3. Conclusion

In conclusion, we have found that the arylation of acrolein
diethyl acetal can be performed with lower loading of
acrolein and catalyst using the 4-hydroxyacetophenone
oxime-derived palladacycle 1 instead of Pd(OAc), by
choosing the appropriate base, solvent, temperature and
additive. Cinnamaldehyde derivatives can be prepared by
using aryl iodides, bromides and activated chlorides,
whereas ethyl 3-arylpropanoates have been prepared using
iodides and bromides under thermal or microwave
irradiation conditions.

4. Experimental
4.1. General

The reagents and solvents were obtained from commercial
sources and were generally used without further purifi-
cation. Flash chromatography was performed on silica gel
60 (0.040-0.063 mm, Merck). Thin-layer chromatography
was perfomed on Polygram® SIL G/UV,s, plates. Melting
point were determined on a Reichert Thermovar apparatus.
Gas chromatographic analyses were performed on a HP-
6890 instrument equipped with a WCOT HP-1 fused silica
capillary column. IR data were collected on a Nicolet
Impact-400D-FT spectrophotometer in cm™'. '"H NMR
spectra were recorded on Bruker AC-300 (300 MHz).
Chemical shifts are reported in ppm using tetramethylsilane
(TMS, 0.00 ppm) as internal standards. '*C NMR spectra
were recorded at 75 MHz with CDCl; as the internal
reference. EI-MS were measured on a mass selective
detector G2579A from Agilent Technologies 5973N in

m/z (rel int. in % of base peak). HRMS were performed on a
Finningan MAT95S apparatus. Elemental analysis were
carried out in a Carlo Erba EA 1108 (CHNS-O) by the
corresponding services at the University of Alicante. The
catalysts were weighed up in an electronic microscale
(Sartorius, XM1000P) with precision of 1 ng. Microwave
reactions were performed with a CEM discover synthesis
unit in glass vessels (10 mL) sealed with a septum under
magnetic stirring.

4.2. General procedure for the synthesis of cinnamalde-
hyde derivatives (4)

A suspension of aryl halide (1 mmol), acrolein diethyl acetal
(229 pL, 1.5 mmol), potassium carbonate (207 mg, 1.
5 mmol), tetra-n-butylammonium acetate (602 mg,
2 mmol), potassium chloride (75 mg, 1mmol), 1
(2.918 mg, 0.005 mmol, 1 mol% Pd) and N,N-dimethyl-
acetamide (4 mL) was stirred at 120 °C (bath temperature)
in air, and the reaction progress was analyzed by GLC. After
the reaction was completed, it was cooled and an aqueous
solution of 2M HCI (10 mL) was added slowly and the
mixture was stirred at room temperature for 10 min. Then
the reaction crude was poured into ethyl acetate (20 mL)
and washed successively with 2 M HCI (20 mL) and H,O
(2X20 mL). The organic layer was dried over Na;SOy,
evaporated (15 mmHg) and the resulting residue purified by
flash chromatography to provide compounds 4.

The compounds cinnamaldehyde, p-(dimethylamino)-
cinnamaldehyde, p-chlorocinnamaldehyde, p-methoxycin-
namaldehyde and o-methyl-cinnamaldehyde are commer-
cially available and p-acetylcinnamaldehyde,'? m-benzyl-
oxycinnamaldehyde,®® p-(trifluoromethyl)cinnamalde-
hyde,” p-formylcinnamaldehyde,'® 5-phenyl-2,4-penta-
dienal®® and 1,4-phenylenediacrylaldehyde2 have been
previously reported and were characterized by comparison
with their reported data. The characterization data of
compounds previously not reported is given below.

4.2.1. 3-(1-Naphthyl)acrolein. R; 0.20 (hexane-EtOAc: 9/
1); mp 49-51 °C; IR (KBr): »=2826, 1679 cm ™~ '; '"H NMR:
6=6.76 (dd, 1H, J=15.8, 7.8 Hz, CHCHO), 7.42-7.60 (m,
3H, ArH), 7.72 (d, 1H, J="7.2 Hz, ArH), 7.84-7.90 (m, 2H,
ArH), 8.11 (d, 1H, J=8.3 Hz, ArH), 8.22 (d, 1H, J=15.
8 Hz, CHCHCHO), 9.78 (d, 1H, J=7.8 Hz, CHO); "*C
NMR: 6=122.7, 125.4, 125.6, 126.3, 127.2, 128.9, 130.7,
130.8, 131.1, 131.6, 133.7, 149.2, 193.4, 197.3; MS: m/z (rel
int.) 182 (M7, 53), 181 (M —1, 100), 165 (14), 154 (24),
153 (93), 152 (77), 151 (30), 150 (17), 128 (15), 127 (10),
126 (14), 77 (20), 76 (39), 75 (16), 63 (22), 62 (11), 51 (22),
50 (17). Anal. Calcd for C;3H;¢O: C 85.69, H 5.53; found: C
84.99, H 5.51.
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4.3. General procedure for the synthesis of ethyl
3-arylpropanoates (3)

A solution of aryl halide (1 mmol), acrolein diethyl acetal
(229 pL, 1.5 mmol), dicyclohexylmethylamine (321 pL, 1.
5 mmol), tetra-n-butylammonium bromide (322 mg,
1 mmol, only for aryl bromides), 1 (0.1-1 mol% Pd) in
N,N-dimethylacetamide (4 mL) and water (1 mL) was
stirred at 90 °C or at 120 °C (bath temperature) for aryl
iodides or aryl bromides respectively, in air, and the reaction
progress was analyzed by GLC. After the reaction was
completed, the resulting solution was cooled, poured into
ethyl acetate (20 mL) and washed successively with 2 M
HCI (2X20 mL) and H,O (20 mL). The organic layer was
dried over Na,SQy,, evaporated (15 mmHg) and the residue
was purified by flash chromatography to afford products 3.

The compounds ethyl 3-(p-chlorophenyl)propanoate,*®
ethyl 3-phenylpropanoate,” ethyl 3-(o-tolyl)propanoate,*®
ethyl 3—(p—methoxyyhenyl)propanoate,29 ethyl 3-(p-acetyl-
phenyl)propanoate,” ethyl 3—(1-napht;/l)propanoate,3 "ethyl
3-(6-methoxy-2-naghtyl)pr0panoate, 8 ethyl 3-(p-cyano-
phenyl)propanoate,®® ethyl 3-[4-(2-ethoxycarbonylethyl)-
phenyl]propanoate,'® and ethyl 3-[2-(2-ethoxycarbo-
nylethyl)phenyl]-propanoate'® have been previously
reported and were characterized by comparison with their
reported data. Data of not described compounds are given
below.

4.3.1. Ethyl 3-(2-formylphenyl)propanoate. R; 0.27
(hexane—EtOAc: 9/1); oil; IR (film): »=2740, 1731,
1694 cm ™ '; 'H NMR: 6=1.22 (t, 3H, J=7.2 Hz, CH,), 2.
64 (t, 2H, J=7.6 Hz, ArCH,CH,), 3.36 (t, 2H, J=7.6 Hz,
ArCH,CH,), 4.11 (¢, 2H, J=7.1 Hz, CH,CH3), 7.33 (d, 1H,
J=17.5 Hz, ArH), 7.34-7.54 (m, 2H, ArH), 7.82 (dd, 1H, J=
7.5, 1.4 Hz, ArH), 10.22 (s, 1H, CHO); '>*C NMR: 6=4.2,
28.0, 35.5, 60.4, 127.0, 131.2, 133.4, 133.8, 142.9, 172.6,
192.7; MS: m/z (rel int.) 206 (M, 5), 188 (19), 162 (22),
161 (27), 160 (38), 134 (10), 133 (58), 132 (91), 131 (43),
118 (21), 115 (28), 105 (72), 104 (100), 103 (36), 91 (60), 79
(40), 78 (33), 77 (68), 66 (18), 65 (33), 63 (17), 51 (50);
HRMS: calcd for C;,H 403: 206.0943; found: 206.0944.

4.3.2. Ethyl 3-(4-formylphenyl)propanoate. R; 0.20
(hexane-EtOAc: 9/1); oil; IR (KBr): »=2736, 1732,
1702 cm™ ' '"H NMR: 6=1.23 (t, 3H, J=7.1 Hz, CH;), 2.
66 (t, 2H, J=7.6 Hz, ArCH,CH,), 3.04 (t, 2H, J=7.6 Hz,
ArCH,CH,), 4.13 (¢, 2H, J=7.1 Hz, CH,CH3), 7.38 (d, 2H,
J=8.0 Hz, ArH), 7.81 (d, 2H, J=8.0 Hz, ArH); '3C NMR:
0=14.2,31.0,35.2,60.6, 129.0, 130.0, 134.8, 147.9, 172 4,
191.9; MS: m/z (rel int.) 206 (M, 33), 177 (15), 161 (13),
135 (36), 133 (31), 132 (63), 131 (28), 119 (19), 107 (13),
105 (28), 104 (20), 103 (21), 91 (31), 79 (24), 78 (18), 77
(34), 76 (12), 66 (12), 65 (15), 63 (12), 60 (29), 51 (32);
HRMS: calcd for C;,H 403: 206.0943; found: 206.0942.

4.3.3. Ethyl 3-(4-nitrophenyl)propanoate. R; 0.17
(hexane-EtOAc: 9/1); oil; IR (film): »=1732, 1519,
1346 cm™'; '"H NMR: 6=1.24 (t, 3H, J=7.1 Hz, CH;), 2.
70 (t, 2H, J=17.5 Hz, ArCH,CH>), 3.08 (t, 2H, J=7.5 Hz,
ArCH,CH.,), 4.14 (¢, 2H, J=17.1 Hz, CH,CH3), 7.40 (d, 2H,
J=28.5 Hz, ArH) 8.15 (d, 2H, J=8.5 Hz, ArH); '*C NMR:
0=14.1,30.5, 34.9, 60.5, 123.6, 129.2, 146.5, 148.3, 172.0;

MS: m/z (rel int.) 223 (M™", 29), 195 (M —28, 9), 178
(M —45,23), 153 (15), 152 (31), 150 (37), 149 (100), 136
(18), 133 (10), 119 (16), 103 (30), 91 (23), 78 (35), 77 (35),
63 (17); HRMS: calcd for C;H;3NO,: 223.0845; found:
223.0842.
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Abstract—Cyclopalladated, phosphine free, 8-methyl quinoline based complexes (2a—j) are excellent catalysts for the Heck vinylation of
aryl iodides and bromides with turnover numbers of greater than 25 million observed in some cases. The catalysts are air and moisture stable.

© 2005 Elsevier Ltd. All rights reserved.

Palladium mediated reactions are firmly positioned as one of
the ‘power tools’ of modern organic synthesis. A variety of
diverse catalytic manipulations may be accomplished using
its salts and complexes. For example, the Heck reaction,' is
a versatile and widely used method for C—C bond formation
where much recent attention has focused on finding novel
catalysts with high turnover numbers (TON). New
developments in the area of high turnover palladium
catalysts principally consist of palladacycles™® and coordi-
natively unsaturated palladium catalysts featuring bulky
phosphanes of high o-donor abilities.> A variety of
palladacycles 1ncorporat1ng cyclometallated ghosphlnes
phosphites,’ carbenes © imines,” heterocycles,® thioethers’
and oximes'® have been reported with high turnover
numbers for this process. These precatalysts invariably
contain sp”> carbon—palladium bonds but the utility of
palladacycles in other non-catalytic roles is also
expanding.''

1. Introduction

We now report that palladacycles (2a—j) are good catalysts
for both the Heck reaction and three component cascade
reactions. Notably these systems differ from other phos-
phine free, nitrogen based palladacycles used in the Heck

Keywords: Precatalyst; Allene; Cascade.
* Corresponding author. Tel.: +44 113 343 6501; fax: +44 113 343 6530;
e-mail: r.grigg@leeds.ac.uk

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.06.118

reaction in that they posses an sp’ carbon—palladium bond
rather than an sp” carbon—palladium bond. A series of 5-
substituted 8-methylquinolines (la—d) were synthesised
from 8-methylquinoline. A standard nitration was carried
out to give S5-nitro-8-methylquinoline (la), which was
converted to 5-fluoro-8-methylquinoline (1b) via the
corresponding diazonium salt (Scheme 1).'?

(i) Fluoroboric acid

snc12 NaNO, A
water, 0 C
~
HCI, rt N
1a 899 (ii) toluene, 90°C b 48%
Scheme 1.

Bromination of 8-methylquinoline at C-(5) to afford (1c)
was achieved by bromine in the presence of silver sulfate'’
whilst 5-trifluoromethyl 8-methylquinoline (1d) was pre-
pared from (1c) using sodium trifluoroacetate in the
presence of copper (I) iodide (Scheme 2).'* 5-Methoxy-8-
methylquninoline (le) was also derived from (1l¢) using

CF; OMe
NaCO2CF3 1l L A NaOMe/ Cubr \ N
NT Nwmp ,160°C 7N MeOH / DMF, 90"c§fl\fj
1d 1c 86% le 98%
Scheme 2.
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sodium methoxide together with copper (I) bromide
(Scheme 2).'*

The substituted 8-methylquinolines (1f—j) were synthesised
by a two step procedure adapted from the literature'® from
the appropriate aniline and 1,3-diketone in 82-96% yield
(Scheme 3).

: M reflux 2h i /[& CO"CHSO4 /@fi

f.R'= R—R‘ Me, R'=H
2. R'=R?>=Me,R*=H,R*=F
h.R'=R?=Me, R* = H, R* = Me
i. R = CF3, R? = Me, R = OMe, R* = H
j.R'=CF,R? =Me, R? = H, R* = OMe
Scheme 3.
R3 R2
A
=
R* II\I R!
Pd—OAc
2
2a.R'= R2 R*=R*=H
b.R'=R?>=H,R*=NO,,R*=H
c.R'= R2 H,R®*=F,R*=H
d.R'=R%?=H,R*=CF;,R*=H
e.R'=R?>=H,R?>*=0OMe, R*=H
f.R'=R?=R3*= Me, R*=H
¢ R = R2 Me, R3=H,R*=F
h.R' =R?>=Me, R®*=H, R* = Me
i.R!= CF3 R%=Me, R? = OMe, R*=H
j.R!' = CF;, R?=Me, R? = H, R* = OMe

Following a procedure adapted from literature the 8-methyl
quinoline derivatives and palladium acetate (1 equiv) were
heated in glacial acetic acid at 100 °C'° to afford the desired
palladacyclic dimers (2a—j) in 55-65% yield. The mixture
of isomeric species (cis and trans dimers) is clearly evident
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in the proton NMR spectra of (2a—j) from the set of broad
AB signals, due to the diastereotopic C(8)-CH, protons (see
Section 2) and the corresponding additional complexity of
the aromatic proton signals.

We explored the Heck reaction between iodobenzene and
n-butyl acrylate or benzyl acrylate in the presence of (2a—j)
in DMF/DMA at 140 °C (Table 1) (Scheme 4). Introducing
a C(5)-electron donating group, increases the rate of
reaction and TON (Table 1, entry 6).

Py
@Me Me

e O

\'Pd OAc

CO,R
__COR ©/\V 2
R= Bu Bn

2
2i

Scheme 4.

Introducing a C(2)-electron withdrawing group further
increases the rate and TON (Table 1, entry 9). A C(7)-
electron donating group combined with a C(2)-electron
withdrawing group also produces a highly active catalyst
(Table 1, entry 11). Introducing fluorine (-I and 7v-donor)
substituents at C(5) and C(7) did not produce a higher TON
(Table 1, entries 3 and 8). However, a C(5)-CF; group gave
a good TON (Table 1, entry 5). We also carried out an
experiment on (2i) to determine the recyclability of the
catalyst. Thus, a fresh charge of iodobenzene, n-butyl
acrylate and base were added to the reaction mixture after
100% conversion of the previous run. In this way it was
found that catalyst was still active after 30 days and a TON
of 25 million (Table 1, entry 10). In this latter case PVP
polyvinyl pyrrolidone (Pd/PVP=13:1) was added at the
start of the reaction (Table 1, entry 10). This additive is
known to prolong catalyst life by the polymer chains
‘wrapping up’ the individual palladium nanoparticles thus
preventing them colliding with each other and aggregating,
that is, stablises the nanoparticles.'” The palladacycles
(2a—j) could operate via Pd(II)/Pd(IV)18 or Pd(0)/Pd(II)
catalytic cycles.'” It appears probable, on our current

Table 1. Catalytic Heck reaction of iodobenzene with n-butyl acrylate (2 equiv) or benzyl acrylate (2 equiv) with palladacycles (2a—j) precatalysts

Entry Catalyst (mol%) Temperature (°C)  Solvent Time (h) Base (2 equiv) Conversion (%)* TONP

1° 2a (0.01) 100 DMF 60 K,CO; 85 8,500

2¢ 2b (0.00017) 100 DMF 16 K,CO3 99 581,600

3 2¢ (0.001) 140 DMF 96 K,CO; 89 89,000

4 2¢ (0.0001) 140 DMA 96 CsOAc 34 340,000

5 2d (0.00001) 140 DMA 96 CsOAc 87 8,700,000
6 2e (0.00001) 140 DMF 96 CsOAc 98 9,800,000
7 2f (0.0001) 140 DMF 44 KOAc 704 700,000

8 2¢g (0.001) 140 DMF 16 KOAc 100 100,000

9 2i (0.00001) 140 DMF 47 CsOAc 100 10,000,000
10 2i (0.0001) 140 DMF 720 KOAc —* 25,500,000
11 2j (0.00001) 140 DMF 94 CsOAc 78 7,800,000

# Conversion by NMR.

° TON based on consumption of iodobenzene.

¢ Benzyl acrylate and Et,NCI (1 equiv) were used.
4 GC conversion.

¢ PVP (M,, 3000) (pd/PVP=13:1) were used.
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evidence, that the active species are Pd(0) nanoparticles.*®
We have also shown that treatment of palladacycles or
palladium salts with carbon monoxide (1 atm) in DMF
or toluene at room temperature results in a solution of
palladium nanoparticles whose morphology depends on the
palladacycle or palladium salt precursors.”’ Blackmond et
al. have developed a detailed kinetic model of a Heck
reaction catalysed by dimeric palladacycles.? This model
explains the experimental observations and is consistent
with an active species being slowly metered into the
reaction. Comparison between phosphine and non-phos-
phine based palladacycles suggests that they follow the
same reaction mechanism. They have also highlighted the
role of water in accelerating the formation of the active
catalyst species. Thus, the rate-determining ‘metering’ step
is outside the true catalytic cycle, in the case of aryl iodides
and activated aryl bromides and this has important
consequences for the use of these catalysts. This, of course,
does not apply to cases of ‘unreactive’ aryl chlorides and
bromides where oxidative addition is rate determining.
Seminal contributions to these multifactorial processes have
also been made by van Leeuwen’s and Hartwig’s groups' %>
and by Amatore and Jutand.”* TONs with these pallada-
cycles would appear even more impressive if based on the
actual amount of Pd present in the catalytic cycle itself. The
function of the substitutents in (2a—j) can be interpreted as
perturbing the sp> C—Pd covalent bond and the N—Pd dative
bond and in so doing controlling the rate of release of Pd
nanoparticles into solution. In the most active catalyst (2i)
the substitutent effects conspire to weaken both bonds by a
combination of mesomeric [C(5)-OMe] and inductive
effects [C(2)-CFs] (Scheme 4, 2i, arrows). The reductive
elimination implied by (2i, arrows) could also proceed via
bridge splitting and intramolecular acetate transfer or an
SN2 process (Scheme 5). This is considered infinitely more
probable than an alternative olefin insertion in the C—Pd
bond as the initiation step followed by B-hydride elimi-
nation, resulting in palladium nanoparticles, which has also
been proposed.”

OMe Me
S
~
CF.
OMe Me N ;
Pd(0)L
D / A0
N~ CF,
|
N Wdfo\Ae
AcO |
L
OMe Me
\ I
N~ CF,
Y
Oﬁ/{é
Scheme 5.

Next, we briefly studied the effects of base in the Heck
reactions employing palladacycle (2d) and (2f) precatalysts.
These results are summarised in Table 2. Sodium acetate
was the least effective of the bases evaluated (Table 2,

Table 2. Effect of base on the Heck reaction of iodobenzene with n-butyl
acrylate (2 equiv) using catalysts 2d and 2f

Entry Catalyst” Time Base Conversion
(h) (2 equiv) (%)°

1 2d 48 NaOAc 24

2 2d 48 K,CO; 35

3 2d 48 KOAc 99

4 2d 48 CsOAc 97

5 2f 24 K,CO; 10°

6 2f 61 NaOAc 8¢

7 2f 20 KOAc 100°

#0.001 mol% catalyst.
® Conversion by NMR.
¢ GC conversion.

entries 1 and 6), closely followed by potassium carbonate.
Potassium acetate and cesium acetate were the best of those
studied (Table 2, entries 3, 4 and 7). The nature of the
inorganic base has a clear effect on TON/conversion (Tables
1 and 2). This is ascribed to involvement of the base in
formation of the catalytically active Pd(0) species as well
documented by the work of Amatore and Jutand** and as
noted in Scheme 5. Caution is necessary in applying these
conclusions more widely since it is likely the base order is
palladacycle dependent. The effect of inorganic bases in
Heck reaction is an area that is still imperfectly understood.
It is clear both anion and cation play a role and this suggests
that anionic palladium complexes,”* incorporating the base
anion, associated with the base cation, play a significant role
in the catalysis. Recently Beletskaya et al. briefly reported
the catalytic activity of 2a°® in the Heck reaction. We briefly
explored the Heck reaction of bromo and chlorobenzene
with (2a) and (2e) and n-butyl acrylate in DMA at 140 °C
(Table 3).

Thus, 4-bromoacetophenone with catalyst 2e afforded
TON’s of up to a million (Table 3, entry 5).In the absence
of any additives, rates of the reaction, when bromobenzene
was the substrate were poor (Table 3, entry 10). However,
the addition of 2 mol equiv of tetrabutylammonium bromide
increased the TON’s to reasonable values (Table 3, entry
13). The role of halide ions in stablising Pd(0) species has
been extensively studied and documented by Amatore and
Jutand,?® Reetz et al.”” and others.'® In the case of dimeric
palladacycles the role of the soluble Buy,NBr in bridge
splitting to furnish monomeric species and in participating
in processes analogus to those in Scheme 5 also needs to be
considered. Again the effect is on catalyst metering and or
structure with the results (Table 3) indicating the Pd(0)
species is now able to process bromobenzene (oxidative—
addition not rate determining) whilst oxidative addition of
ArCl (Table 3, entry 14) remains rate determining.

Finally we explored a three component cascade involving
aryl halides, allenes and secondary amines in the presence of
K,CO;5 as a base in DMF (Scheme 6) using precatalysts
(2d), (2e) and (2i). All three precatalysts functioned
efficiently at 80 °C at the 1 mol% level (Table 4, entries
1-7) affording the 2-arylallylamines (4a—c) in 76-90% yield
over 24 h. When the precatalyst loading was reduced to
0.25 mol% of (2i) the process was less efficient at 80 °C
(Table 4, entry 9) but on raising the temperature to 120 °C
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Table 3. Palladacycles in Heck reactions with aryl bromides®

9699

Entry Catalyst (mol%) Aryl halide Additive Conversion (%)° TON

1 2a (0.01) 4-Bromoacetophenone ~ — 100 1,000

2 2a (0.001) 4-Bromoacetophenone ~ — 88 88,000

3 2e (0.01) 4-Bromoacetophenone 100 10,000

4 2e (0.001) 4-Bromoacetophenone ~ — 100 10,0000

5 2e (0.0001) 4-Bromoacetophenone — 100 1,000,000
6 2e (0.00001) 4-Bromoacetophenone 44 4,400,000
7 2a (0.1) Bromobenzene — 10 100

8 2a (0.1) Bromobenzene BuyNBr 100 1,000

9 2a (0.01) Bromobenzene BuyNBr 40 4,000

10 2e (0.1) Bromobenzene — 47 470

11 2e (0.1) Bromobenzene BuyNBr 100 1,000

12 2e (0.01) Bromobenzene BuyNBr 100 10,000

13 2e (0.0001) Bromobenzene BuyNBr 96 960,000
14 2e (1) 4-Chloroacetophenone ~ BuyNBr 0 0

# Reactions carried out in DMA for 48 h at 140 °C employing aryl halide (1 mmol), n-butyl acrylate (2 mmol), BuyNBr (2 mmol) and CsOAc (2 mmol).

® Conversion measured by GLC.

the precatalyst performed as well as the 1 mol% loading at
80 °C (Table 4, entries 8, 10 and 11). This trend accords
with the temperature controlled breakdown of (2i) metering
the release of the catalytically active Pd nanoparticles.

In summary we have developed a range of non-phosphine
8-methyl quinoline based dimeric palladacycles, possessing
an sp° C—Pd bond, which are efficient precatalysts for both
Heck reactions and a 3-component cascade process. The
palladacycles function via a temperature controlled break-
down of the precatalysts (2a—j) to Pd nanoparticles, which
are metered into the reaction mixture. The precatalyst —
active catalyst breakdown/metering mechanism is sensitive
to substitution on the quinoline ring. Substituents that
facilitate sp> C—Pd o-bond and N—Pd dative bond cleavage
deliver Pd nanoparticles more rapidly and this process is
strongly influenced by metal acetate and Buy,NBr additives.
The hitherto neglected area of sp> C—Pd palladacycles®®
will, we believe, find many more applications in the future.

9

O LD M
+ e + HN Y ———>
R | 7/ DMF

X=1I,Br Y =CH,, O R
Y = H, COMe : 4 a.R=H,Y=CH,
b.R=H,Y=0
c.R=COMe,Y=0
Scheme 6.

2. Experimental

2.1. General

Melting points were determined using a Reichert apparatus
and are uncorrected. Mass spectral data was obtained from a
VG Autospec mass spectrometer operating at 70 cV at the
National MS Service, Swansea. Nuclear magnetic reso-
nance spectra were recorded on Bruker 250, 300, 400 and
500 MHz machines. Unless otherwise specified deutereo-
chloroform was used as solvent with tetramethylsilane as
internal standard. Microanalyses were obtained using a
Carlo Erba MOD 11016 instrument. Thin-layer chromato-
graphy was carried out on Whatmann PGSILG/UV polyster
plate coated with a 0.2 mm layer of silica gel 60 (Merck
9385). Petroleum ether refers to the fraction with bp 40—
60 °C. anhydrous DMF and DMA were commercially
available (Aldrich). PVP (M|, 30,000) was purchased from
Aldrich and used as received. Conversions measured by
GLC. (GC-FID was performed on a GC equipped with
12QC31 BPS column 0.5 pm diameter, using the following
program. Flow rates, He =20 mL/min, starting temperature
70 °C rising by 20°C/min to 170°C then 1 °C/min.
Retention time= 13 min).

2.1.1. 8-Methyl-5-nitroquinoline (1a).'?> Concentrated
sulfuric acid (4.7 mL) was added dropwise over 10 min to
8-methylquinoline (3 mL, 21.60 mmol) at 0 °C. A mixture

Table 4. Three component cascade involving aryl iodide or bromide, allene and a secondary amine in the presence of (2d, 2e, 2i)*

Entry Catalyst (mol%) Temperature (°C) Aryl halide Product Yield (%)°
1 2d (1.0) 80 Iodobenzene 3a 89
2 2d (1.0) 80 Iodobenzene 3b 94
3 2d (1.0) 80 4-Bromoacetophenone 3¢ 85
4 2e (1.0) 80 Iodobenzene 3a 79
5 2e (1.0) 80 Todobenzene 3b 82
6 2e (1.0) 80 4-Bromoacetophenone 3¢ 76
7 2i (1.0) 80 Iodobenzene 3a 90
8 2i (0.25) 120 Iodobenzene 3a 90
9 2i (0.25) 80 Todobenzene 3b 55
10 2i (0.25) 120 Iodobenzene 3b 80
11 2i (0.25) 120 4-Bromoacetophenone 3¢ 73

# Reactions carried out in DMF for 24 h at 80 or 120 °C employing aryl halide (1 mmol), amine (1.2 mol equiv), allene (1 atm) and K,COj3 (2 mol equiv).

" Isolated yield.
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of concentrated nitric acid (2.7 mL) and concentrated
sulfuric acid (2.3 mL) was then added dropwise over
20 min. The reaction mixture was stirred for 2 days at
0 °C then poured onto ice and neutralised using sodium
hydroxide solution. The product was extracted into ether
(X3), the combined organic extracts washed with brine,
dried (MgSO,), filtered and the filtrate concentrated to give
the product (3.62 g, 89%) as pale yellow prisms, mp 94—
95 °C (lit. 93-93.5 °C). 6y (300 MHz): 2.91 (3H, s, Me),
7.65 (2H, m, ArH), 8.33 (1H, d, J=7.9 Hz, ArH), 9.06 (2H,
m, ArH), m/z (%) (EI): 188 (M, 100), 158 (39), 142 (62),
115 (18).

2.1.2. 5-Amino-8-methylquinoline.'* Concentrated hydro-
chloric acid (35 mL) was added dropwise over 20 min to
8-methyl-5-nitroquinoline (3.0 g, 15.94 mmol) at 0 °C. Tin
(II) chloride (6.04 g, 31.88 mmol) was then added and the
reaction mixture was allowed to reach room temperature
and stirred for 48 h then neutralised by careful addition of
sodium hydroxide solution. The product was extracted into
ether (X 3) and the combined organic extracts were washed
with brine, dried (MgSQ,), filtered and the filtrate
concentrated to give the product (1.99 g, 79%) as yellow
prisms, mp 144-145 °C (lit. 143-143.5 °C). éy (300 MHz):
2.91 (3H, s, Me), 7.66 (2H, m, ArH), 8.32 (1H, d, J=7.9 Hz,
ArH), 9.06 (2H, m, ArH), m/z (%) (EI): 158 (M, 65), 142
(100), 115 (33), 89 (15), 63 (22).

2.1.3. 5-Fluoro-8-methylquinoline (1b).'* 5-Amino-8-
methylquinoline (2.60 g, 16.43 mmol) was dissolved in
fluoroboric acid (50 mL) and cooled to 0 °C. Sodium nitrite
(1.19 g, 17.26 mmol) in water (10 mL) was added and the
mixture stirred at 0 °C for 30 min. The resulting colourless
precipitate was filtered off and thoroughly dried in a
desiccator for 16 h. The dried tetrafluoroborate salt was
suspended in toluene (20 mL), heated to reflux for 32 h, and
quenched with 10% hydrochloric acid solution. The layers
were separated, the aqueous layer basified to pH 9-10 with
2 M sodium hydroxide solution and the mixture extracted
with ether (X 3). The combined organic layers were washed
with brine, dried (MgSQ,), filtered and the filtrate
concentrated. The residual brown oil was purified by flash
column chromatography, eluting with 2:3v/v ether—petro-
leum ether to give the product (1.27 g, 48% yield) as a
colourless oil. 6y (300 MHz): 2.76 (3H, s, Me), 7.12 (1H, t,
J=8.0Hz, ArH), 7.47 (2H, m, ArH), 8.42 (1H, d, J=
8.4 Hz, ArH), 8.99 (1H, m, ArH), m/z (%) (ED): 161 (M ™,
100), 143 (16), 133 (13), 71 (17).

2.1.4. 5-Bromo-8-methylquinoline (1¢)."* Bromine
(0.76 mL, 14.69 mmol) was added dropwise over 15 min
to a solution of 8-methylquinoline (2.0 mL, 14.69 mmol)
and silver sulphate (2.29 g, 7.35 mmol) in concentrated
sulphuric acid (15 mL). The reaction mixture was stirred for
30 min at room temperature then poured into water and
basified using sodium hydroxide solution. The mixture was
extracted with ether (X3) and the combined organic
extracts were washed with brine, dried (MgSO,), filtered
and concentrated to give the product (2.80 g, 86% yield) as
pale fawn prisms, mp 38-39 °C (lit. 37-38 °C). iy
(300 MHz): 2.76 (3H, s, Me), 7.41 (1H, d, J=7.6 Hz,
ArH), 7.50 (1H, m, ArH), 7.70 (1H, d, /J=7.6 Hz, ArH),
8.52 (1H, d, J=8.5 Hz, ArH), 8.95 (1H, d, /=4.2 Hz, ArH),

mlz (%) (ED): 222 (M, 97), 142 (100), 115 (25), 70 (30),
63 (20).

2.1.5. 8-Methyl-5-(trifluoromethyl)quinoline (1d)."> 5-
Bromo-8-methylquinoline (2.50 g, 11.26 mmol), sodium
trifluoroacetate (6.74 g, 49.53 mmol) and cuprous iodide
(4.76 g, 24.99 mmol) were combined in N-methylpyrroli-
done (80 mL) and heated to 160 °C for 5 days. After cooling
the reaction mixture was poured into water and extracted
with ether (X3). The combined organic extracts were
washed with brine, dried (MgSQO,), filtered and the filtrate
concentrated. The residual brown oil was purified by flash
column chromatography, eluting with 10% ether in
petroleum ether to give the product (1.40 g, 59% yield) as
a pale yellow oil. Found: C, 62.55; H, 4.10; N, 6.70;
C;1HgF3N requires C, 62.55; H, 3.85; N, 6.65%, oy
(300 MHz): 2.86 (3H, s, Me), 7.55 (1H, m, ArH), 7.60
(1H,d, J=7.5 Hz, ArH), 7.81 (1H, d, J=7.5 Hz, ArH), 8.49
(1H, d, J=8.7 Hz, ArH), 9.02 (1H, m, ArH), m/z (%) (EI):
211 (M*, 100), 142 (26), vpadem ™' (film): 1118.8 (s,
C-F), 1321.4 (s, C-F), 1506.6 (m, aromatic ring).

2.1.6. 5-Methoxy-8-methylquinoline (1e).'* A mixture of
5-bromo-8-methylquinoline (1.00 g, 4.50 mmol), sodium
methoxide (2.43 g, 45.03 mmol), DMF (6 mL) and metha-
nol (15 mL) was stirred and heated at 90 °C under nitrogen.
Cuprous bromide (0.32 g, 2.25 mmol) was added and the
reaction mixture was maintained at 90 °C for 16 h, poured
into water and extracted with ether (X3). The combined
organic layers were washed with water and brine, dried
(MgSO,), filtered and the filtrate concentrated. The residual
brown oil was purified by flash column chromatography,
eluting with 10% ether in petroleum ether to give the
product (762 mg, 98% yield) as a pale yellow oil. Found: C,
75.40; H, 6.50; N, 8.05; C;;H;;NO requires C, 76.30; H,
6.40; N, 8.10%, 6y (300 MHz): 2.71 (3H, s, Me), 3.91 (3H,
s, OMe), 6.68 (1H, d, J=7.8 Hz, ArH), 7.33 (1H, m, ArH),
7.39 (1H, d, J/=7.8 Hz, ArH), 8.53 (1H, d, /=8.4 Hz, ArH),
8.92 (1H, m, ArH), m/z (%) (EI): 173 (M, 51), 158 (100),
130 (19), 77 (17), vma/em ' (film): 1091.8 (s, C-O),
1402.4 and 1475.7 (m, C-H deformations), 1593.4 (s,
aromatic ring), 2848 (m, OMe).

2.2. General procedure for anilide synthesis'®

Anilides were synthesised by the literature procedure.
A mixture of the appropriately substituted aniline
(1.0 equiv) and the dicarbonyl compound (1.1 equiv) was
heated in an oil bath under reflux for 4 h. After cooling to
room temperature, water (100 mL) was added and the
mixture extracted with DCM (3 X 100 mL). The DCM layer
was dried (MgSQ,), filtered and the filtrate evaporated
under reduced pressure. The residual solid was crystallised
from petroleum ether.

2.3. General procedure for quinoline synthesis from
anilides™

Anilide (10.0 mmol) was added to 98% sulfuric acid
(20 mL) and the mixture stirred for 4 h at room temperature.
The reaction mixture was then carefully poured into
ice-water (200 mL) with swirling. NaOH pellets were
then added carefully until the mixture was strongly basic
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(pH 10-12). The mixture was extracted with DCM (3 X
100 mL), the combined organic layer dried (MgSO,),
filtered and the filtrate evaporated under reduced pressure.
The solid residue was purified by crystallisation from an
appropriate solvent.

2.3.1. 2,4,5,8-Tetramethyquinoline (1f). Synthesised by
the general procedure from 2,5-dimethyl aniline (12.1 g,
100 mmol, 1.0 equiv) and 2,4-pentanedione (11.3 mL,
110 mmol, 1.1 equiv) over 5 h at 130 °C. The crude anilide
was reacted according to the general procedure to give the
product (11.0 g, 59.5%), which crystallised from petroleum
ether as colourless plates, mp 36-38 °C. Found: C, 84.50; H,
8.20; N, 7.50; C,3H;sN requires C, 84.30; H, 8.10; N,
7.60%. oy (250 MHz, CDCl;) 2.65, 2.70, 2.80. 2.81 (4 X 3H,
4Xs, 4XMe), 7.0 (1H, s, ArH), 7.1 (1H, d, J=7.2 Hz,
ArH), 7.3 (1H, d, J=17.2 Hz, ArH), m/z (FAB): 186 (100%,
M™ +H), 172 (53), 158 (20), 141 (10), 128 (25) and 115
(16). vmax/em ™' (solid) 2962, 2918, 2840, 1864, 1721,
1602, 1572, 1460, 1438, 1383, 1366, 1328, 1144, 1041, 862,
818, 696 and 618.

2.3.2. 7-Fluoro-2,4,8-trimethyquinoline (1g). The anilide
was synthesised by the general procedure from 3-fluoro-2-
methyl aniline (3.13 g, 25.0 mmol, 1.0 equiv) and 24-
pentanedione (2.83 mL, 27.4 mmol, 1.1 equiv) over S h at
130 °C. The crude anilide was reacted according to the
general procedure to give the product (2.0 g, 98%), which
crystallised from petroleum ether as colourless needles, mp
26-28 °C. Found: C, 76.10; H, 6.45; N, 7.30; C;,H|,FN
requires C, 76.20; H, 6.35; N, 7.40%. oy (250 MHz, CDCl3)
2.6,2.65,2.70 (3X3H, 3Xs,3XMe), 7.1 (1H, s, ArH), 7.2
(1H,t,J=9.0 Hz, ArH) (/ H-H=J H-'°F), 7.8 (1H, dd, J =
9.0, 6.1 Hz, ArH), m/z (FAB): 190 (100%, M™ +H), 174
(14), 146 (10), 97 (8) and 83 (16). vpax/cm " (solid) 2956,
2923, 1605, 1510, 1439, 1378, 1338, 1317, 1229, 1210,
1155, 1080, 1036, 963, 936, 874, 816 and 781.

2.3.3. 2,4,7,8-Tetramethyquinoline (1h). The anilide was
synthesised by the general procedure from 2,3-dimethyl
aniline (30 mL, 247.0 mmol, 1.0 equiv) and 2,4-pentane-
dione (28 mL, 274.0 mmol, 1.1 equiv) over 4 h at 155 °C.
Crystallisation from petroleum ether afforded the product
(20.0 g, 79%) as colourless plates, mp 90-92 °C (lit.'> 83—
84 °C).

Anilide (2.0 g, 9.85 mmol) was converted to the quinoline
1h by the general procedure to give the product (1.8 g, 98%)
as colourless needles, mp 26-28 °C (lit." 30-31 °C).

2.3.4. 5-Methoxy-4,8-dimethyl-2-(trifluoromethyl)quino-
line (1li). The anilide was synthesised by the general
procedure from S5-methoxy-2-methyl aniline (0.62 g,
5.0 mmol, 1.0 equiv) and 1,1,1-trifluoro-2,4-pentanedione
(0.73 mL, 6.0 mmol, 1.1 equiv) over 5 h at 130 °C. Crystal-
lisation from petroleum ether gave the product (0.92 g,
70%) as colourless plates, mp 53-55 °C. Found: C, 57.10;
H, 5.20; N, 5.00; C3H4F3NO, requires C, 57.10; H, 5.10;
N, 5.10%. 6y (250 MHz, CDCl3) 2.0,2.2 (2X3H, 2Xs,2X
Me), 3.8 (3H, s, OMe), 5.55 (1H, s, =CH), 6.65 (1H, d, J=
2.6 Hz, ArH), 6.8 (1H, dd, /=8.4, 2.6 Hz, ArH), 7.2 (1H, d,
J=8.4 Hz, ArH), m/z (FAB): 274 (100%, M™ +H), 204
(16), 174 (7) and 162 (12). vpa/cm ' (solid) 3192, 3126,

3006, 2980, 2844, 2501, 2084, 1888, 1720 (CO), 1593,
1495, 1459, 1391, 1366, 1275, 1260, 1112, 1044, 1011, 975,
857, 812, 766, 748, 727, 704, 653, 584, 567, 553, 512 and
466.

The anilide (0.50 g, 1.83 mmol) was reacted according to
the general procedure to give the product (1i) (0.38 g, 82%),
which crystallised from petroleum ether as colourless
needles, mp 76-78 °C. Found: C, 61.00; H, 4.80; N, 5.20;
C3H,F3NO requires C, 61.20; H, 4.70; N, 5.50%. oy
(250 MHz, CDCl3) 2.7, 2.8 (2X3H, 2Xs, 2XMe), 3.95
(3H, s, OMe), 6.9 (1H, d, J=8.0 Hz, ArH), 7.5 (1H, d, /=
8.0 Hz, ArH), 7.65 (1H, s, ArH), m/z (FAB): 255 (100%,
M™). va/em ™! (solid) 2978, 2923, 2851, 1607, 1581,
1513, 1471, 1388, 1343, 1257, 1155, 1140, 1099, 959, 879,
823 and 803.

2.4. General procedure for the synthesis of 8-methyl-
quinoline palladacycles'®

The quinoline (1a—j) (2.50 mmol) was added to a solution of
palladium acetate (0.51 g, 2.27 mmol) in acetic acid
(12 mL) and the reaction mixture was heated to 100 °C for
2 h. Once cooled to room temperature DCM (10 mL) and
then water (10 mL) were added. The layers were separated
and two more portions of DCM were used to extract the
product. The combined organic extracts were washed with
water and brine, dried (MgSQO,), filtered and the filtrate
concentrated. The residue was crystallised from DCM/
petroleum ether to give the product.

2.4.1. Di(p-aceto)bis[8-methylquinoline]dipalladium
(2a). 8-Methylquinoline (0.34 mL) was reacted by the
general procedure. The product (1.11 g, 72% yield) was
obtained as orange prisms as a 4:1 mixture of trans and cis-
isomers. mp >200 °C. Found: C, 47.20; H, 3.80, N, 4.30;
C,4H,,N,0,4Pd, requires C, 46.90; H, 3.60; N, 4.60%, oy
(250 MHz): 2.11 (6H, s, Me), 2.52 (2H, d, /J=13.8 Hz,
CH,), 3.43 (2H, d, /=13.8 Hz, CH,), 6.69 (2H, dd, J=1.1,
7.1 Hz, ArH), 6.88 (2H, t, J="7.2 Hz, ArH), 6.97-7.03 (2H,
m, ArH), 7.21-7.22 (2H, m, ArH), 7.85 (2H, dd, J=1.4,
8.3 Hz, ArH), 8.51 (2H, dd, /J=1.4, 5.0 Hz, ArH), m/z (%)
(FAB): 616 (M™, 23), 557 (37), 458 (19), 414 (69), 389
(41), 354 (49), 248 (100), 142 (73), Vma/em ™' (GG):
1412.1 (m, C=N), 1504.7 (s, aromatic ring), 1568.3 (s,
aromatic ring).

2.4.2. Di(p-aceto)bis[5-nitro-8-methylquinoline]dipalla-
dium (2b). 5-Nitro-8-methylquinoline (0.47 g) was reacted
by the general procedure. The product (1.20 g, 68% yield)
was obtained as black prisms as a 2.3:1 mixture of trans and
cis-isomers. mp >200 °C. Found: C, 41.70; H, 2.85; N,
8.20; Cy4H,(N4OgPd, requires: C, 41.85; H, 2.85; N, 7.95%,
on (300 MHz): 2.15 (6H, s, Me), 2.36 (2H, d, /J=15.0 Hz,
CH,), 3.56 (2H, d, J=15.0Hz, CH,), 6.75 (2H, d, J=
8.0 Hz, ArH), 7.60 (2H, dd, /=5.0, 8.8 Hz, ArH), 7.85 (2H,
d, J=8.0 Hz, ArH), 8.71 (2H, dd, J=1.3, 5.0 Hz, ArH),
8.97 (2H, dd, J=1.3, 8.8 Hz, ArH), m/z (%) (FAB): 706
(M™ +H, 18), 647 (23), 295 (27), 189 (52), 149 (100), ¥ax/
cm ' (GG): 1336.8 (s, CNO,), 1414.0 (s, C=N), 1502.7 (s,
CN=0), 1505.8 (m, aromatic ring), 1568.3 (s, CNO,),
1570.4 (s, aromatic ring).
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2.4.3. Di(p-aceto)bis[5-fluoro-8-methylquinoline]dipal-
ladium (2c¢). 5-Fluoro-8-methylquinoline (0.40 g) was
reacted by the general procedure. The product (1.16 g,
71% yield) was obtained as orange prisms as a 4:1 mixture
of trans and cis-isomers. mp >200 °C. Found: C, 44.05; H,
340, N, 415, C24H20F2N204Pd2 requires: C, 4425, H,
3.10; N, 4.30%, oy (300 MHz): 2.13 (6H, s, Me), 2.44 (2H,
d, J=14.8 Hz, CH,), 3.48 (2H, d, J=14.8 Hz, CH,), 6.61-
6.80 (4H, m, ArH), 7.34 (2H, dd, J=5.1, 8.6 Hz, ArH), 8.13
(2H, dd, J=1.2, 5.1 Hz, ArH), 9.06 (2H, d, J=8.6 Hz,
ArH), m/z (%) (FAB): 651 (M, 8), 591 (10), 391 (100),
326 (37), 279 (27), 266 (50), Vmax/cm ™~ ' (GG): 1140.1 (m,
C-F), 1408.2 (m, C=N), 1475.7 (w, aromatic ring), 1570.2
(m, aromatic ring).

2.4.4. Di(p-aceto)bis[5-trifluoromethyl-8-methylquino-
line]dipalladium (2d). 5-Trifluoromethyl-8-methylquino-
line (0.53 g) was reacted by the general procedure. The
product (1.41 g, 75% yield) was obtained as red prisms as a
2.3:1 mixture of trans and cis-isomers. mp >200 °C. Found:
C, 41.45; H, 2.75; N, 3.55, CycH0FsN,O4Pd, requires: C,
41.55; H, 2.70; N, 3.75%, 6y (300 MHz): 2.15 (6H, s, Me),
2.36 (2H, d, J=14.6 Hz, CH,), 3.48 (2H, d, /J=14.6 Hz,
CH,), 6.67 (2H, d, J=7.6 Hz, ArH), 7.26-7.27 (2H, m,
ArH), 7.48 (2H, dd, /=5.0, 8.7 Hz, ArH), 8.28 (2H, d, /=
8.7 Hz, ArH), 8.67 (2H, dd, J=1.3, 5.0 Hz), m/z (%) (FAB):
752 M +H, 13), 693 (19), 524 (24), 421 (27), 391 (23),
315 (100), 210 (29), 149 (29), Vpax/em ' (GG): 781.3 (m,
C-F), 884.9 (m, aromatic ring), 1317.5 (s, C-F), 1414.0 (m,
C=N), 1510.4 (m, aromatic ring), 1570.2 (s, aromatic ring).

2.4.5. Di(p-aceto)bis[5-methoxy-8-methylquinoline]
dipalladium (2e). 5-Methoxy-8-methylquinoline (0.43 g)
was reacted by the general procedure. The product (1.25 g,
74% yield) was obtained as orange prisms as a 9:1 mixture
of trans and cis-isomers. mp >200 °C. Found: C, 46.05; H,
4.10; N, 3.90; Cy6H,6N,06Pd, requires C, 46.20; H, 3.90;
N, 4.10%, 6y (300 MHz): 2.13 (6H, s, Me), 2.47 (2H, d, J=
12.4 Hz, CH,), 3.35 (2H, d, /J=12.4 Hz, CH,), 3.85 (6H, s,
OMe), 6.28 (2H, d, J=7.9 Hz, ArH), 6.57 (2H, d, J=
7.9 Hz, ArH), 7.17 (2H, dd, J=5.0, 8.4 Hz, ArH), 8.17 (2H,
dd, /=14, 8.4 Hz, ArH), 853 (2H, dd, J=14, 5.0 Hz,
ArH), m/z (%) (FAB): 675 (M ™, 9), 616 (15), 448 (24), 278
(37), 172 (100), 149 (47), vma/em ' (GG): 771.6 (m,
aromatic ring), 806.3 (aromatic ring), 1479.6 (m, C=N),
1574.1 (s, aromatic ring), 1614.6 (m, aromatic ring), 2841.6
(w, O-Me).

2.4.6. Di(p-acetato)-bis[(2,4,5,8-tetramethylquinoline)]
dipalladium (2f). 2.4,5,8-Tetramethylquinoline (0.93 g,
5.0 mmol) was reacted by the general procedure. The
product (1.1 g, 68%) was obtained as a yellow amorphous
solid, mp 160 °C (dec.), which comprised a ca. 6:1 mixture
of trans and cis-isomers. Found: C, 51.70; H, 5.05; N, 3.70;
C30H34N,04Pd, requires C, 51.60; H, 4.90; N, 4.00%. oy
(300 MHz, CDCl3) 1.92* (6H, s, 2Me), 2.01 (6H, s, 2Me),
2.08%, 2.1%, 2.3* (3X6H, 3Xs, 3X2Me), 2.6, 2.65, 2.67
(3X6H, 3Xs, 3X2Me), 2.8 (2H, d, J=13.5 Hz, CH,),
3.26* (2H, d, /J=12.1 Hz, CH,), 3.53 (2H, d, /J=13.5 Hz,
CH,), 3.7* (2H, d, J=12.1 Hz, CH,), 6.5-6.6 (4H, br, ArH),
6.75* (2H, s, ArH), 6.8 (2H, s, ArH, *indicates minor
isomer. m/z (FAB): 704-694 (M, Pd isotope cluster, 700,
10%), 643 (7), 473 (15), 395 (20), 292 (65), 184 (100), 123

(65) and 105 (73). vpa/em ™! (solid) 3055, 2978, 2933,
2888, 1694, 1575, 1417, 1276, 1261, 1032, 851, 824, 763,
750 and 726.

2.4.7. Di(p-acetato)-bis[(7-fluoro-2,4,8-trimethylquino-
line)]dipalladium (2g). 7-Fluoro-2,4,8-trimethylquinoline
(0.75 g, 4.0 mmol) was reacted by the general procedure.
The product (0.40 g, 60%) was obtained as a yellow
amorphous solid, mp 165 °C (dec.), which comprised a ca.
7: 1 mixture of trans and cis-isomers. Found: C, 47.90; H,
4.05; N, 3.70; C,gH,3N,04F,Pd, requires C, 47.60; H, 4.00;
N, 4.00%. 6y (300 MHz, CDCl5) 2.0, 2.4 (2X6H, 2 Xs, 2 X
2Me), 2.65 (2H, d, J=13.8 Hz, CH,), 2.7 (6H, s, 2Me), 2.9*
(2H, d, J=13.3 Hz, CH,), 3.2 (2H, d, J=13.8 Hz, CH,)
3.5% (2H, d, J=13.3 Hz, CH,), 6.6 (2H, t, J=38.7 Hz, ArH")
(J H-H°=J H°-'°F), 6.7* (2H, t, J=8.7 Hz, ArH°) (J H*~
HP=J H°-'"F), 6.9 (2H, s, ArH%), 6.95* (2H, s, ArH?), 7.1
(2H, dd, J=8.7, 5.1 Hz, ArH®, H" couples with H® and F),
7.15% (2H, dd, J=8.70, 5.1 Hz, ArH®, H" couples with H°
and F). *Indicates minor isomer. m/z (FAB): 712-702 (M ",
Pd isotope cluster, 707, 10%), 648 (15), 413 (28), 391 (40),
294 (41), 188 (35), 167 (25), 149 (100), 132 (52) and 113
(25). vma/em ! (solid) 2988, 2918, 2883, 1718, 1583,
1514, 1407, 1275, 1261, 1099, 1043, 863, 812, 764 and 750.

2.4.8. Di(un-acetato)-bis[(2,4,7,8-tetramethylquinoline)]
dipalladium (2h). 2,4,7,8-Tetramethylquinoline (0.93 g,
5.0 mmol) was reacted by the general procedure. The
product (1.1 g, 68%) was obtained as a yellow amorphous
solid, mp 147 °C (dec.), which comprised a ca. 6.5:1
mixture of trans and cis-isomers. Found: C, 51.70; H, 4.85;
N, 4.00; C50H34N,04Pd, requires C, 51.60; H, 4.90; N,
4.00%. 6y (300 MHz, CDCl5) 1.95* (6H, s, 2Me), 2.0, 2.05
(2X6H, 2Xs, 2X2Me), 2.1*, 2.15% (2X6H, 2Xs, 2X
2Me), 2.35 (6H, s, 2Me), 2.4* (6H, s, 2Me), 2.7 (6H, s,
2Me), 2.8 (2H, d, J=13.3 Hz, CH,), 3.25* (2H, d, J=
12.8 Hz, CH,), 3.35 (2H, d, /J=13.3 Hz, CH,), 3.6* (2H, d,
J=12.8 Hz, CH,), 6.5* (2H, s, ArH), 6.7 (2H, d, /=8.7 Hz,
ArH), 6.75 (2H, s, ArH), 6.95 (2H, d, J=8.7 Hz, ArH), 7.0*
(2H, d, J=8.2 Hz, ArH), *indicates minor isomer. m/z
(FAB): 704-694 M ™, Pd isotope cluster, 700, 10%), 641
(25), 557 (22), 395 (16), 292 (67), 184 (100) and 115 (12).
yma/em ! (solid) 3051, 2973, 2925, 2855, 1704, 1583,
1519, 1411, 1344, 1175, 1066, 1027, 856, 779 and 720.

2.4.9. Di(p-acetato)-bis[(5-methoxy-2-trifluoromethyl-4,
8-dimethyl quinoline)]dipalladium (2i). 5-Methoxy-4,8-
dimethyl-2-(trifluoromethyl)quinoline (0.25 g, 1.0 mmol)
was reacted by the general procedure. The product
(0.42 g, 50%) was obtained as a orange amorphous solid,
mp 157 °C (dec.), which comprised a ca. 12:1 mixture of
trans and cis-isomers. Found: C, 42.60; H, 3.45; N, 3.10;
C30H»gN,OgFPd, requires C, 42.90; H, 3.35; N, 3.30%. oy
(300 MHz, CDCl3) 2.0 (6H, s, 2Me), 2.1* (6H, s, 2Me), 2.73
(2H, d, J=12.5 Hz, CH,), 2.85 (6H, s, 20Ac), 2.9* (6H, s,
20Ac), 3.33*% (2H, d, J=12.5 Hz, CH,), 3.47 (2H, d, J=
12.5 Hz, CH,) 3.73* (2H, d, J=12.5 Hz, CH,), 3.79* (6H,
s, 20Me), 3.82 (6H, s, 20Me), 6.38 (2H, d, J=8.1 Hz,
ArH), 6.63 (2H, d, J=8.1 Hz, ArH), 6.98* (2H, d, J=
8.5 Hz, ArH), 7.15*% (2H, d, J=8.5 Hz, ArH), 7.42 (2H, s,
ArH), 7.62* (2H, s, ArH), *indicates minor isomer. m/z
(FAB): 844-832 M™, Pd isotope cluster, 839, 7%), 780
(13), 610 (8), 525 (14), 465 (17), 359 (35) and 254 (100).
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Vmadem ™! (solid) 2951, 2887, 2849, 1708, 1675, 1612,
1575, 1515, 1472, 1403, 1342, 1327, 1166, 1141, 1087, 975,
948, 828, 751 and 685.

2.4.10. General procedure for the Heck reaction.
Palladacycle (2a—j) was added to a stirred solution of
iodobenzene or 4-bromoacetophenone (1.0 mmol), n-butyl-
acrylate (2.0 mol equiv) or benzyl acrylate (2.0 mol equiv)
and metal acetate (2.0 mol equiv) or potassium carbonate
(2.0 mol equiv) in DMF (GPR grade 10 mL). The reaction
mixture was heated at 140 °C (oil bath) for 16-96 h (see
Table 1). After cooling to room temperature water (10 mL)
was added and the mixture extracted with ether (2 X20 mL).
The combined organic layer was washed with water (2X
20 mL), dried (MgSQOy,), filtered and the filtrate evaporated
under reduced pressure to give the crude product as a light
yellow oil. The conversion was determined by '"H NMR
spectroscopy comparing the ratio of the integrals of
iodobenzene (7.1 ppm, 2H, t, J=7.5 Hz, ArH) or 4-bromo-
acetophenone (2.6 ppm, 3H, s, MeC=0) and that of butyl
(2E)-3-phenylacrylate (4.21 ppm, t, 2H, J=6.6 Hz, OCH,;
6.44 ppm, 1H, d, /J=16.0 Hz, PhCH=CH; 7.7, 1H, d, J=
16.0 Hz, PhCH=CH) or that of butyl (2F)-3-(4-acetyl-
phenyl)acrylate (2.62 ppm, s, 3H, MeC=0; 4.22 ppm, t,
J=6.6 Hz, 2H, OCH,; 6.53 ppm, 1H, d, J=16.0 Hz,
PhCH=CH, 8.0 ppm, 1H, d, J=16.0 Hz, PhCH=CH).

2.5. General procedure for termolecular cascade
involving arylhalide, allene and N-nucleophiles

A mixture of palladacycle (2d, e or 2i) (0.25-1.0 mol%),
iodobenzene or 4-bromoacetophenone (0.20 g, 1.0 mmol),
morpholine or piperidine (1.2 mol equiv) and potassium
carbonate (0.27 g, 2.0 mol equiv) in DMF (GPR grade,
10 mL) was stirred for 15 min in a Schlenk tube. The
mixture was then degassed, frozen, evacuated and filled
with allene gas (1 bar). After warming to room temperature,
it was heated at 80-120 °C (Table 4) in an oil bath for 24 h.
The reaction mixture was cooled to room temperature,
excess allene vented, water (10 mL) added and the mixture
extracted with ether (2X20 mL). The combined organic
layer was washed with water (2X20 mL), dried (MgSQ,),
filtered and the filtrate evaporated under reduced pressure.
The residue was purified by column chromatography on
silica gel.

2.5.1. 1-(2-Phenylprop-2-enyl)piperidine (3a). Synthe-
sised by the general procedure from iodobenzene (0.21 g,
1.0 mmol), piperidine (0.12 mL, 1.2 equiv) and allene
(1 bar). Purification by column chromatography eluting
with 9:1 v/v petroleum ether—-EtOAc gave the product
(0.17 g, 92%) (R; 0.11) as a colourless oil. dy (300 MHz,
CDCl3) 1.4-1.45 (2H, m, piperidinyl H), 1.5-1.6 (4H, m,
piperidinyl H), 2.35-2.4 (4H, m, piperidinyl H), 3.3 (2H, d,
J=0.8 Hz, CH,), 5.25 (1H, d, J=1.5 Hz, C=CH,), 5.45
(1H, d, J=1.5 Hz, C=CH,), 7.2-7.45 (3H, m, ArH), 7.5
(2H, dd, J=6.70, 1.60 Hz, ArH), m/z (ET) 177 (100%, M ™).

The 'H NMR and mass spectroscopic data of the compound
3a are in full agreement with those reported in the

literature.”®

2.5.2.  4-(2-Phenylprop-2-enyl)morpholine  (3b).

Synthesised by the general procedure from iodobenzene
(0.21 g, 1.0 mmol), morpholine (0.11 mL, 1.2 equiv) and
allene (1 bar). Purification by column chromatography
eluting with 4:1 v/v petroleum ether—Et,O gave the product
(0.15 g, 75%) (R; 0.10) as a colourless oil. g (300 MHz,
CDCl3) 2.45-2.5 (4H, m, morpholinyl H), 3.0 (2H, d, J=
0.8 Hz, CH,), 3.65-3.7 (4H, m, morpholinyl H) 5.25 (1H, d,
J=14Hz, C=CH,), 55 (lH, d, J=1.4Hz, C=CH,),
7.25-7.35 (3H, m, ArH), 7.55 (2H, dd, J=7.5, 1.0 Hz,
ArH), m/z (EI) 203 (17%, M™), 144 (13), 118 (48), 100
(100), 91 (24), 77 (7), 56 (30), and 42 (21).

The 'H NMR and mass spectroscopic data of the compound
3b are in full agreement with those reported in the
literature.*

2.5.3. 1-{4-[1-(Morpholin-4-ylmethyl)vinyl]phenyl}etha-
none (3c). Synthesised by the general procedure from
4-bromoacetophenone (0.20 g, 1.0 mmol), morpholine
(0.11 mL, 1.2 equiv) and allene (1 bar). Purification by
column chromatography eluting with 4:1 v/v petroleum
ether-Et,O gave the product (0.18 g, 73%) (Rf 0.08) as a
colourless oil. 6y (300 MHz, CDCl;) 2.45-2.50 (4H, m,
morpholinyl H), 2.6 (3H, s, Me), 3.35 (2H, d, J=0.6 Hz,
CH,), 3.65-3.7 (4H, m, morpholinyl H) 5.35 (1H, d, J=
1.1 Hz, C=CH,), 5.6 (1H, d, J=1.1 Hz, C=CH,), 7.6 (2H,
d, /=8.5Hz, ArH), 7.9 (2H, d, /J=8.5 Hz, ArH), m/z (EI)
245 (26%, M), 186 (15), 160 (20), 145 (37), 115 (47), 100
(100), and 56 (50).

The 'H NMR and mass spectroscopic data of the compound
3c are in full agreement with those reported in the
literature.*
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Abstract—Alkyl-di-(1-adamantyl)phosphonium salts are practical ligand precursors for the palladium-catalyzed amination of aryl
chlorides. In the presence of typically 0.5 mol% Pd(OAc), and 1 mol% of ligand precursor a variety of activated and deactivated aryl
chlorides can be aminated in good to excellent yield (73-99%). Applying optimized conditions catalyst turnover numbers up to 10,000 have

been achieved.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The palladium-catalyzed C-N bond formation of aryl
halides (Buchwald—Hartwig reaction) is a rapidly develop-
ing field of interest due to the importance of anilines and
amino-substituted heteroarenes as natural products, drugs,
agrochemicals, and fine chemicals.' In order to apply such
reactions in the fine chemical industry significant cost
reduction of a typical lab-scale synthesis is an important
requirement. Efforts to substitute costly starting materials
such as aryl iodides or triflates by economically more
attractive chloro- and bromoarenes, reduction of catalyst
concentration, etc. are to be seen in this respect. Despite
numerous advances in C-N cross coupling processes,” an
important factor for industrial applications of palladium-
catalyzed amination reactions is the development of more
efficient and economically attractive catalysts. Important
criteria for such improved catalysts include (1) no special
handling of metal complexes and ligands, (2) broad
substrate scope, as well as (3) ability to operate under
mild reaction conditions and at low catalyst concentration.
In this respect there exists still a need for easy-to-use
ligands, which lead to highly active catalyst systems, are
easily tunable and allow for scale-up.

Herein, we report a novel catalytic system based on

Keywords: Amination; Anilines; Aryl chlorides; Palladium; Phosphines.
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phosphonium salts, that meets the above mentioned criteria.
Noteworthy are the high catalyst productivity, and the air
stability of the ligand precursors, which makes them easy to
operate.

Previously we demonstrated, that basic, sterically demand-
ing phosphines with 1-adamantyl substituents® (Fig. 1) are
suitable ligands for palladium-catalyzed C-C, C-N, and
C-0 bond forming reactions. Among the various aryl-* and
alkyl-di-(1-adamantyl)phosphines®  (cataCXium® A
ligands)® prepared especially di-(1-adamantyl)-n-butyl-
phosphine (1) and di-(1-adamantyl)benzylphosphine (7)
showed good to excellent catalyst performance for different
functionalization reactions of aryl chlorides.” Very recently,
we also reported on the preparation of the respective
phosphonium salts via alkylation of di-(1-adamantyl)-
phosphine with alkyl or benzyl halides.® In this regard it is
noteworthy that phosphonium salts of sterically hindered
alkylphosphines became interesting as ligand precursors for
palladium-catalyzed coupling reactions due to their

1: R = n-butyl
2: R = j-butyl
R 3: R = i-propyl
P 4: R = methyl
5: R =allyl
6: R = 2-methoxyethyl
7: R = benzyl

Figure 1. Selected examples of alkyl-di-(1-adamantyl)phosphines
(cataCXium® A ligands).
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cl NH» Pd/HL*X H
O A T
base

Scheme 1. Coupling reaction of chlorobenzene and tert-butylamine.

Table 1. Variation of ligands for the coupling reaction of chlorobenzene
and tert-butylamine

Entry Ligand Conv. (%)* Yield (%)*
precursor
1 1 100 89
2 H1tI~ 100 94
3 H2tT™ 88 69
4 H3 1™ 100 90
5 H4 1~ 26 26
6 H5"Br~ 100 84
7 H6"Br— 100 88
8 H7 Br~ 63 59

? Average of two runs, determined by GC using hexadecane as internal
standard.

increased stability against air and moisture.” However, to
the best of our knowledge phosphonium salts have not been
tested as ligands in the amination of aryl chlorides.

2. Results and discussion

As a starting point of our investigations we examined the
amination of chlorobenzene as an example of a non-
activated aryl chloride, with a slight excess of the sterically
hindered terz-butylamine (Scheme 1, Table 1).

At first the influence of the ligand structure was studied in
the presence of 0.5 mol% Pd(OAc), and 1 mol% of
phosphonium salt with 1.2 equiv NaOrBu as the base in
toluene at 120 °C in a sealed tube. These are typical reaction
conditions, which have been often used for C-N coupling
reactions. Selected results are summarized in Table 1.
Interestingly, the variation of the alkyl group has a
significant effect on the coupling reaction. Thus, the
modular synthesis of cataCXium® A ligands should allow
for an easy fine tuning of the ligand properties for other
substrates, too.

Table 2. Palladium-catalyzed coupling of aryl chlorides and amines in the presence of H1 "I~ and H5 " Br—*

FsC MeHN

Entry Aryl chloride Amine H1T1™ H5"Br~
Conv. (%)° Yield (%)° Conv. (%)° Yield (%)°
1 / 1\ 100 95 100 99
Cl HN 0
/
2° X /\ 100 99 100 90
HN NCH,Ph
— \ /
N~ Cl
3 100 93 100 93
Cl MeHN
4 100 73 100 87
Cl
HN\_\;
5 /\ 100 75 100 62
NC Cl HN 0
_/
6 100 93 100 93
MeO Cl MeHN
7 100 99 100 79
HoN
cl
8 — /\ 100 95 100 97
\ 2 C HN 0
N _/
9 100 99 100 99
Cl MeHN
FsC
10 @ 100 99 100 99

Y

# Conditions: 5 mmol aryl chloride, 6 mmol amine, 6 mmol NaO7Bu, 0.5 mol% Pd(OAc),, 1 mol% ligand, 5 mL toluene, 120 °C, 20 h.
® Average of two runs, determined by GC using hexadecane or diethyleneglycol di-n-butyl ether as internal standard.

¢ Reaction was carried out on 2 mmol scale.
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Control experiments with the free n-BuPAd, ligand (1,
Table 1, entry 1) indicated that the corresponding
phosphonium salt H1 I~ can be used without any problem
(Table 1, entry 2). Good conversion for our model reaction
is also observed for di-(1-adamantyl)-iso-propyl- (H3"17),
di-(1-adamantyl)-allyl- (H5"Br ™), and di-(1-adamantyl)-
(2-methoxyethyl)phosphonium salts (H6 Br~, Table I,
entries 4, 6, 7).

Next, the general usefulness of our ligands was examined
and is shown in Table 2. Due to the ease of synthesis and
the catalytic performance in the model reaction we selected
di-(1-adamantyl)-n-butyl- and di-(1-adamantyl)-allyl-
phosphonium salts (H17I~, H5"Br ™) for more detailed
studies.

Various secondary amines and fert-butylamine can be
coupled with different aryl chlorides to give the desired
products in high yields. Reactions of chlorobenzene with
secondary amines (acyclic, cyclic and aromatic amines)
occurred in yields of more than 87% (Table 2, entries 1, 3,
4). In general, the amination of acyclic secondary amines
with aryl halides is more challenging than similar reactions
with cyclic secondary amines. Nevertheless the di-(1-
adamantyl)-allylphosphonium salt is quite effective in the
coupling of di-n-butylamine and chlorobenzene (Table 2,
entry 4). In most of our examples we could not observe a
strong dependence of the product yield from donor or
acceptor substitution of the chloroarene. For example,
electron-rich chloroanisole as well as the electron-poor
trifluoromethyl-substituted chlorobenzenes react cleanly
with N-methylaniline (Table 2, entries 6, 9 and 10). On
the other hand, despite favourable electronic conditions,
reaction of 4-chlorobenzonitrile with morpholine gave a
lower yield of 75% due to side reactions of the nitrile group
(Table 2, entry 5).

In addition to simple aryl chlorides, also heterocyclic
chloroarenes such as 2-chloropyridine and
2-chloroquinoline react well with different amines and
demonstrate the scope of our catalyst system (Table 2,
entries 2, 8). Furthermore, sterically hindered 2.2/ -dimethyl
substituted anilines can be obtained in quantitative yield
(99%) in the presence of 0.5 mol% palladium catalyst
(Table 2, entry 7).

By comparing the performance of the n-butyl-substituted
phosphonium salt H1*1~ with the allyl-substituted deriva-
tive HS"Br~ it is obvious that the former one is the
(slightly) better ligand precursor in most reactions.
However, in case of the arylation of di-n-butylamine
H5"Br~ gave reproducibly better results. The reasons for
this behaviour are so far unclear, but it suggests that
optimized yields can be obtained by further variation of the
alkyl group.

Normally, we carried out our catalytic experiments using a
standard procedure (see Section 3) with 0.5 mol% Pd(OAc),
and 1 mol% of phosphonium salt. Clearly, this is a sufficient
small amount for lab-scale syntheses of substituted anilines.
However, it is well-known that catalyst turnover numbers
(TONs) of around 1000-10,000 are required to consider
larger scale applications.'® Therefore, it is surprising that

only little attention has been paid to the efficiency
(productivity) of the respective palladium catalyst in
amination reactions.'! In general, TONs in the range of
100 are obtained. However, Hartwig et al. have demon-
strated very recently that bidentate electron-rich phosphines
with a ferrocene backbone lead to highly active and
productive catalysts for the amination of aryl chlorides
with primary amines.'?

The results of our study with lower catalyst concentrations
are summarized in Table 3. Reactions of N-methylaniline
with chlorobenzene, 3-chlorobenzotrifluoride and
4-chloroanisole proceed with very good yield (89-94%:;
TONs 8900-9400) in the presence of only 0.01 mol%
Pd(OAc), and 0.02 mol% of di-(1-adamantyl)-n-butyl-
phosphonium iodide at 120 °C.

Table 3. Reaction of aryl chlorides with N-methylaniline at low catalyst
concentration®

Entry Aryl chloride Conv. (%)° Yield (%)°
1 100 94

Cl
2 100 89

Cl

FsC

3 100 93
MeOOCI

# Reaction conditions: 5 mmol aryl chloride, 6 mmol N-methylaniline,
6 mmol NaOrBu, 0.01 mol% Pd(OAc),, 0.02mol% H1"1~, 5mL
toluene, 120 °C, 20 h.

® Average two runs, determined by GC using diethyleneglycol di-n-butyl
ether as internal standard.

On the other hand only low conversion and yield is detected
under these conditions for the reaction of morpholine with
2-chloropyridine (5-10% yield; TON 500-1000).

Finally, we investigated aminations of various aryl chlorides
at lower temperatures (60-80 °C). In order to achieve faster
conversion a catalyst concentration of 1 mol% Pd(OAc),
has been used. As shown in Table 4 reactions of
chlorobenzene and 4-chlorobenzotrifluoride with N-methyl-
aniline gave 71 and 73% yield, respectively, (Table 4,
entries 1-2), which indicates that the amination proceeds

Table 4. Amination of aryl chlorides at lower temperature®

Entry Aryl chloride Amine Temp. Yield
O (%)°

1 60 71
Cl MeHN
2 60 73
F3C Cl MeHN
3 — /\ 80 98
\ 7 Cl HN NBOC
N /

? Reaction conditions: 5 mmol aryl chloride, 6 mmol amine, 6 mmol
NaOrBu, 1 mol% Pd(OAc),, 2 mol% H1'I", 5mL toluene, 120 °C,
20 h.

" Average two runs, determined by GC using hexadecane or diethylene-
glycol di-n-butyl ether as internal standard.
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significantly slower at this temperature. Nevertheless, in
some cases the use of lower reaction temperatures can be
reasonable if one or both of the substrates contain sensitive
groups. As an example the amination of 2-chloropyridine
with N-(tert-butoxycarbonyl)piperazine is presented, which
gave an excellent yield (98%) at 80 °C (Table 4, entry 3).

In summary, we have shown that phosphonium salts of
alkyl-di-(1-adamantyl)phosphines allow for an efficient
synthesis of a variety of substituted anilines from aryl or
heteroaryl chlorides and amines. Good to excellent yields
(75-99%) are obtained at comparatively low catalyst
concentration (0.5 mol% Pd(OAc),; 120 °C). By simply
reducing the metal and ligand amount optimized catalyst
turnover numbers up to ca. 10,000 have been observed. In
addition, the coupling reactions proceed under milder
conditions (60-80 °C), albeit with higher catalyst loading.

An important advantage of the presented method is the easy
handling of catalyst and ligand precursors. Hence, it is not
necessary to exclude strictly air or moisture. Due to the
modular synthesis of cataCXium® A ligands a fine tuning of
the ligand properties for other substrates is easily possible
and should lead to further improved catalyst performance.

3. Experimental

Chemicals were obtained from Aldrich, Fluka and Merck
KGaA and used without further purification. Solvents were
dried according to standard procedures. 'H and '*C NMR
chemical shifts refer to tetramethylsilane (0 ppm) and
CDCl3 (77.0 ppm), respectively. Column chromatography
was carried out using silica gel 60 (0.063-0.2 mm Fluka).

3.1. General procedure (Buchwald—Hartwig amination)

A 30 mL pressure tube was loaded with Pd(OAc), (5.6 mg,
0.025 mmol), the ligand precursor (0.050 mmol), and
NaO7rBu (577 mg, 6.0 mmol) and was purged with argon.
Then, toluene (5 mL), the aryl chloride (5.0 mmol), and the
amine (6.0 mmol) were added successively. The mixture
was stirred for 20h at 120 °C. After cooling to room
temperature the mixture was diluted with diethyl ether
(5 mL) and washed with water (10 mL). The organic phase
was dried over MgSQO,, concentrated under vacuum and the
product was isolated by column chromatography (ethyl
acetate/n-hexane or acetone/n-hexane). Alternatively,
diethyleneglycol di-n-butyl ether or hexadecane was
added as internal standard and quantitative analysis was
done by gas chromatography. The commercially available
products were identified by comparison of their GC/MS data
with the data of authentic samples, known products were
characterized by NMR and mass spectroscopy (for more
data see Ref. 4c and cited literature there).

3.1.1. N-Phenylmorpholine. MS (EI, 70 eV): m/z (%): 163
[M*], 105, 77.

3.1.2. Methyldiphenylamine. MS (EI, 70 eV): m/z (%):
183 [M™], 167, 104, 77.

3.1.3. N,N-Di-n-butylaniline. MS (EI, 70 eV): m/z (%): 205
M1, 162, 120, 105, 77.

3.1.4. N-tert-Butyl-2,6-dimethylaniline. MS (EI, 70 eV):
miz (%): 177, 162, 121.

3.1.5. N-(4-Cyanophenyl)morpholine. MS (EI, 70 eV):
miz (%): 188 [M "], 130, 102.

3.1.6. N-(4-Methoxyphenyl)-N-methylaniline. MS (EI,
70 eV): ml/z (%): 213 [M ], 198, 77.

3.1.7. N-Methyl-N-[4-(trifluoromethyl)phenyl]aniline.
MS (EL 70 eV): m/z (%): 251 [M*], 77.

3.1.8. N-Methyl-N-[3-(trifluoromethyl)phenyl]aniline.
MS (EL 70 eV): mlz (%): 251 [M 1], 145, 77.

3.1.9. N-(2-Pyridyl)morpholine. MS (EI, 70 eV): m/z (%):
164 [M ], 133, 107, 79.

3.1.10. N-Benzyl-N'-(2-quinolyl)piperazine. Yellow solid;
'H NMR (400 MHz, CDCls): 6=7.78 (d, *J(H,H)=9.1 Hz,
1H), 7.61 (d, *J(H,H)=8.5 Hz, 1H), 7.50 (d, >J(H,H)=8.
3 Hz, 1H), 7.45 (m, 1H), 7.21 (m, 6H), 6.87 (d, *J(H,H)=9.
3 Hz, 1H), 3.68 (t, >J(H,H)=5.1 Hz, 4H), 3.49 (s, 2H), 2.51
(t, *J(H,H)=5.1 Hz, 4H); '3*C NMR (101 MHz, CDCl;):
6=157.9, 148.3, 137.8, 129.9, 129.7, 128.7, 127.6, 127.0,
123.5, 122.7, 109.9, 63.6, 53.5, 44.5; MS (EI, 70 eV): m/z
(%): 303 [M ™), 157, 128, 91.

3.1.11. N-tert-Butoxycarbonyl-N'-(2-pyridyl)piperazine.
Yellow solid; '"H NMR (250 MHz, CDCl;): 6=8.18 (m,
1H), 7.48 (m, 1H), 6.63 (m, 2H), 3.52 (s (br), 8H), 1.47 (s,
9H); '*C NMR (63 MHz, CDCls): 6=159.3, 154.8, 148.0,
137.6, 113.6, 107.2, 79.9, 45.1, 43.3 (br), 28.4; MS (EI,
70 eV): mlz (%): 263 [M ], 190, 120, 107, 78.
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Abstract—The catalytic activity of novel two-coordinate palladium N-heterocyclic carbene complexes that differ in their steric and
electronic properties is compared in catalytic amination and Suzuki—Miyaura cross-couplings.
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1. Introduction

Palladium-catalysed carbon—carbon and carbon—nitrogen
bond forming reactions are widely employed methods in
modern organic chemistry.! The use of such catalytic
procedures has found application in the preparation of many
natural products,2 as well as in materials science® and the
agrochemical industry.* Whilst phosphine-based ligands
are still commonly used in Pd-catalysed chemical reactions,
N-heterocyclic carbenes (NHCS)5 have become attractive
alternatives. Many protocols purportedly involving NHC
ancillary ligands use the corresponding imidazolium salt
and deprotonate in situ, which negates the problems
associated with handling the air- and moisture-sensitive
carbene. In these procedures the catalytically active species,
that is, the species to which the organic electrophile
oxidatively adds, is thought to be a NHC-ligated Pd(0)
complex. A number of groups, including our own, have
shown that such discrete complexes are indeed active
catalysts in C—-C and C-N bond forming reactions.”"!
However, the activity of these complexes varies greatly and
we have found that the outcome of the reaction is extremely
sensitive to alterations in the steric and electronic properties
of the ligand.

Such differences have been illustrated by work carried out in
our group comparing the catalytic activity of various Pd(0)

Keywords: Suzuki-Miyaura reactions; N-Heterocyclic carbene; Amination

reactions.

* Corresponding authors. Tel.: +44 20 76794694; fax: +44 20 76797463
(S.C.); tel.: +44 1273 678735, fax: +44 1273 677196 (F.G.N.C.); e-mail
addresses: s.caddick@ucl.ac.uk; f.g.cloke@sussex.ac.uk
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catalysts, including homoleptic two-coordinate palladium—
carbene complexes and heteroleptic phosphine/NHC
complexes, in amination reactions.” It was found that
employing a sterically encumbered homoleptic complex
containing diisopropylphenyl-substituted NHC ligands 1
(Fig. 1) led to higher levels of conversion for a wider variety
of amines than the unsaturated bis(1,3-bis(z-butyl)imidazol-
2-ylidene)palladium(0) 2. These complexes differ both
sterically and electronically, and it is therefore not apparent
which of these factors, if either, is the most significant for
successful catalysis.

We herein report the synthesis of a novel homoleptic Pd(0)
NHC complex, and make a comparison of its catalytic
activity with other closely related complexes, which differ
in the nature of the nitrogen substituent and the degree of
backbone saturation in the ligand.

2. Results and discussion

Compounds 1,7 2% and 3° have been previously reported;
however, for a complete comparison of the differing steric

R R R R
N N N N
Lo L
N NN
R R R R
R: (2,6--Pr-CgH3) 1 R: t-Bu 2

R: t-Bu 4 R: (2,6--Pr-CgHg) 3

Figure 1. Two-coordinate palladium(0)—carbene complexes.
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and electronic properties, the synthesis of 4 was necessary.
The saturated NHC ligand of complex 4 has been
synthesised by Denk et al. via reductive desulfurisation
from the corresponding thiourea.'> However, we have
previously synthesised NHCs via deprotonation of the
corresponding imidazolium chloride with KO#Bu and
NaH,'? thus, we sought to synthesise the free carbene
from the chloride salt, 1,3-bis(#-butyl)imidazolinium chlor-
ide (SIz-Bu-HCI). Initial attempts to synthesise this salt
following the procedure developed by Arduengo and co-
workers were problematic, as the necessary imine precursor
could not be formed.'* Therefore, the commercially
available free amine was used and treated with HCI to
form the hydrochloride salt, which was then cyclised to
produce the corresponding imidazolinium salt with
triethyl orthoformate, according to Arduengo’s procedure
(Scheme 1).'*

SI+-Bu-HCl was deprotonated with NaH and catalytic
amounts of KOz-Bu to yield 1,3-bis(z-butyl)imidazolin-2-
ylidene (SI¢-Bu), which was used in subsequent reactions as
a solution of known concentration in THF.

Successful preparation of 4 was achieved using the
procedure developed by this group involving nucleophilic
attack on [{Pd(n*-C4H,)Cl},] by sodium dimethylmalonate
in the presence of carbene (Scheme 2).8

It has been previously established that 1 is a more active
catalyst in amination reactions than 2.” This was especially
evident when comparing the reaction of 4-chlorotoluene and
aniline, where the yields of isolated product differed by
72%. New complexes 3 and 4 were tested in this amination
and also displayed markedly different activities (Table 1).

Evident from Table 1 is the reduction in catalytic activity
when an unsaturated NHC ligand is used instead of a
saturated one. This is illustrated by the superior catalytic
efficiency of saturated complex 1 compared to its
unsaturated analogue 3 (entries 1 and 3) and also by the
varying activities of saturated 4 and unsaturated 2. Also
apparent is the enhanced catalytic activity that is obtained
when a more sterically encumbered NHC ligand is used;
hence, diisopropylphenyl-substituted complex 1 is a more

Table 1. Amination reaction using different bis-carbene complexes

Catalyst (2 mol %) H
Cl + HyN N

KOt Bu (1.5 eq.)
D|oxane
100°C, 5 h
Entry Catalyst Yield (%)*
1 1 91
2 2 19
3 3 52
4 4 30

 Isolated yields, average of two runs.

effective catalyst than the #-butyl substituted derivative 4
and likewise for the unsaturated variants 3 and 2. These
results suggest that an optimal catalyst for amination
reactions would contain both bulky substituents and good
electron-donating capabilities, as is epitomised by the
sterically hindered, electron-rich complex 1.

As complexes 1-4 are air- and moisture-sensitive, they are
not as user-friendly as in situ protocols employing
imidazolium salts and an air stable Pd(0) or Pd(II) source.
Therefore, the amination reaction in Table 1 was repeated
using a Pd,(dba)s/imidazolium chloride catalytic system
(Table 2).

For all imidazolium salts used, a greater yield was obtained
using the in situ conditions compared to the corresponding
bis-carbene complex in the same reaction time. The
difference between the yields could indicate that the
amination proceeds in a faster reaction time in the in situ
reactions. This is similar to the results obtained by us when
performing catalytic aminations using microwave
irradiation, where greater yields were achieved with the
in situ protocol than when the bis-carbene complex 1 was
used."” Kinetic studies carried out in these laboratories have
shown that for amination reactions using a Pd(NHC),
catalyst, it is a mono-ligated Pd(0) species that undergoes
oxidative addition with the aryl chloride.'® The data was
consistent with a rate-limiting oxidative addition, which
requires ligand dissociation from the bis-ligated pre-catalyst
to a mono-ligated species. Therefore, it is feasible that when
the Pd,(dba)s/imidazolium salt protocol is used, the mono-
ligated, catalytically active species can be formed without

fBu FBu HC(OEt); fBu NaH FBu
[NH IMHCI (oq,) [NH.HCI 2 drops formic acid [+"§> o __KOtBu (5 mol %) [ \:
NH RT,1h NH.HCI 125°C, 48 h \ THF N
t-Bu t-Bu t-Bu t-Bu
99 % 74 % 56 %
Scheme 1. Synthesis of SIr-Bu.
Na*™ -Bu t-Bu t-Bu
a 1 \
Cl N THE N N
—<<Pd: de)} + o o + [ ) . [ S—pd— j
Cl " OMOM N\ 70°C, 6 days N\ IN
© e £Bu tBu tBu
4
60 %

Scheme 2. Synthesis of bis-carbene complex 4.
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Table 2. Amination reaction using a Pd/imidazolium salt protocol

Pdy(dba)s (1 mol %)
) Tamisen T W)

L|gand (2 mol %)

KOt-Bu (1.5 eq.)
Dioxane
100°C, 5 h

Entry Ligand® Yield (%)°
1 Ar 99

N
[+)> cr-
N
Ar
2 +Bu 26

[) (o

* Ar: (2,6-i-Pr-CgH3).
" Isolated yields.

first forming the two-coordinate palladium—carbene
complex. This would negate the requirement for PA-NHC
dissociation, thus circumventing the apparently slow step
when using the bis-ligated complex.

In light of the differences in the catalytic activity for the
complexes 1 to 4 in the amination reaction detailed above, it
was desirable to discover whether the same pattern would
occur in the Suzuki—-Miyaura reaction. The Suzuki-Miyaura
reaction between an organic electrophile and an organo-
boron reagent is one of the most popular palladium-
catalysed cross-coupling processes, ' owing, in part, to the
tolerance of the reaction to a wide range of functional
groups on both substrates and the ease of removal of the
non-toxic boron-containing by-product.

We have previously published a protocol for Suzuki-
Miyaura reactions using Pd(dba), and the imidazolium salt,
1,3-bis(2,6- d11sopropylphenyl)lrmdazohum chloride (IPr-HCI)
as the catalytic system This protocol is also valid when
complex 3 was used as the reaction promoter; however,
longer reaction times were needed to achieve similar levels
of conversion. Table 3 demonstrates that this was also the
case with other PA(NHC), complexes, where a variety of
electron-rich (entries 1-5), electron neutral (entries 6-10)
and electron-deficient (entries 11-15) aryl chlorides were
tested.

For each aryl chloride tested, the yields reached with the
in situ Pd/IPr-HCI protocol were higher than the corre-
sponding bis-carbene complexes and reaction times were
shorter. Amongst the bis-carbene complexes, the results
indicate that the less sterically crowded ¢-butyl substituted 2
and 4 are less effective catalysts than the bulkier complexes
1 and 3, giving lower levels of conversion for all aryl
chlorides tested. In fact, for the coupling of electron-
deficient methyl-4-chlorobenzoate, the use of the less
sterically hindered 2 and 4 led to no product formation

Table 3. Suzuki-Miyaura reactions using different catalysts

Catalyst (3 mol %)
R Cl + (HO),B R

KOMe (3 eq.)
TBAB (10 mol %)
Toluene
40°C
Entry R Catalyst Time (h)* Yield (%)°
1 MeO Pd(dba),/IPr-HCI® 6 754
2 MeO 1 22 68
3 MeO 2 23 0
4 MeO 3 23 65
5 MeO 4 24 60
6 Me Pd(dba),/IPr-HCI® 24 754
7 Me 1 48 75
8 Me 2 48 62
9 Me 3 48 74
10 Me 4 48 63
11 COOMe Pd(dba),/IPr-HCI® 5 994
12 COOMe 1 16 77
13 COOMe 2 16 0
14 COOMe 3 16 65
15 COOMe 4 16 0

# Reaction time not optimised.

® Isolated yield, average of two runs.

¢ Pd(dba), (3 mol%), 3 mol% IPr-HCI.
9 Results from Ref. 9.

(entries 13 and 15). This trend is similar to that found in the
amination reaction. The degree of backbone saturation, and
hence, electron donating capability, of the complexes also
appears to play a role in the complex’s catalytic activity, as
with the amination reaction; however, the extent to which
it effects catalytic outcome is not as great. Between the
two diisopropylphenyl-substituted complexes, the levels of
conversion for the different aryl chlorides are similar, with
the only notable difference being with the coupling of
electron-deficient methyl-4-chlorobenzoate to phenylboronic
acid where 1 is the better catalyst (entries 12 and 14). -Butyl
substituted 2 and 4 show similar yields for the cross-
coupling of electron-neutral 4-chlorotoluene (62 and 63%,
respectively) and both show no catalytic activity for methyl-
4-chlorobenzoate. It is, therefore, surprising that such a
large difference is observed when 4-chloroanisole is the
coupling partner, with 4 giving a yield of 60% and its
unsaturated analogue giving no product at all.

These results confirm our earlier observation that the steric
and electronic effects of the NHC greatly affect the catalytic
performance of their corresponding bis-carbene complexes.
As with the amination reaction, it is the bulkier complexes 1
and 3 that are more effective and it also appears to be the
case that the more electron-donating complexes are more
effective catalysts than the unsaturated species. This is in
agreement with work by Herrmann and co-workers who
have utilized the properties of a sterically encumbered,
unsaturated bis-carbene complex bearing adamantyl sub-
stituents to affect Suzuki—Miyaura reactions of aryl
chlorides at room temperature.''® Unfortunately, and some-
what surprisingly, in our hands an in situ protocol using an
adamantyl-substituted imidazolium salt was not viable.’
Fiirstner and Leitner have reported that the unsaturated
imidazolium salt IPr-HCl is more effective than its saturated
analogue in facilitating the coupling of aryl chlorides to
sp>-hybridised borane derivatives.'® Nolan et al. have also
used the salt IPr-HCI to affect Suzuki—Miyaura reactions of
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aryl chlorides, and its activity compared more favourably to
a mesityl-substituted imidazolium salt.'® This indicates that
the steric and electronic requirements for imidazolium salts
when used in cross-coupling reactions are different to bis-
carbene complex pre-catalysts.

3. Conclusion

In summary, we have isolated a novel bis-carbene complex
and determined its activity in both an amination reaction and
Suzuki—-Miyaura reactions. We have also tested different
two-coordinate palladium—carbene complexes with varying
steric and electronic properties in amination and Suzuki—
Miyaura reactions and have found that the more sterically
encumbered complexes are more effective, as are com-
plexes that possess ligands that are more electron-rich.

4. Experimental
4.1. General

All reactions were carried out under an atmosphere of argon
or dinitrogen in oven-dried glassware. Glovebox manipula-
tions were performed in a Miller Howe glovebox under an
atmosphere of dry dinitrogen. Solvents were purchased
from Fischer and either used as received or were pre-dried
over sodium wire, followed by heating at reflux over
potassium or sodium in a solvent still under an atmosphere
of dinitrogen and were stored over 4 A molecular sieves or
potassium mirror under argon. Anhydrous dioxane was
purchased from Aldrich and stored in an ampoule under
argon over 4 A molecular sieves. Thin-layer chromato-
graphy (TLC) was performed on Merck Kieselgel 60 Fys4
plates and was visualized using standard procedures.
Column chromatography purifications were carried out
using Fisher Matrex silica gel 60 (35-70 um), Biotage
KP-SIL, 60 A (32-63 pm) or Merck 60 silica gel (70—
240 pm). 'H NMR were recorded at 300 MHz on a Bruker
300DPX spectrometer operating at 300.13 MHz. '*C NMR
were recorded on a Bruker 300DPX spectrometer operating
at 75 MHz. The chemical shifts (6) for 'H and '3C are given
in ppm relative to the residual signals of the internal
deuterated solvent. Mass spectra were obtained on a VG
autospec Fisons instrument, KRATOS MS80F and MS25,
Bruker Daltronics, FT Apex III, ESI. All melting points are
uncorrected. N,N’-Bis(t-butylamine)ethane was purchased
from Lancaster and used as received. Aryl chlorides were
purchased from Aldrich and were degassed prior to use;
aniline was distilled at reduced pressure. KO#-Bu was
purchased from Aldrich and was sublimed twice at 157 °C,
110> mbar. The imidazolium salts 1,3-bis(2,6-diisopro-
pylphenyl)imidazolinium chloride,"* IPr-HCL,'* and 1,3-
bis(z-butyl)imidazolium chloride?® were prepared according
to literature procedures, as were the complexes 1, 2,8 and
3.% Bis(methallyl)dichlordipalladium(II) was also prepared
according to the literature procedure.?'

4.1.1. N,N'-Bis(¢-butylamine)ethane dihydrochloride. To
N,N'-bis(t-butylamine)ethane (5 mL, 23.24 mmol) was
added 1M HCl (47 mL, 46.48 mmol) in portions. The
resulting colourless solution was left to stir for 1 h. After

this time, the colourless solution was concentrated on a
rotary evaporator. The white solid, which precipitated when
the majority of the solvent had been removed, was collected
by filtration, washed with diethyl ether and then dried
under vacuum at 40 °C for 16 h. This yielded 5.65 g (99%)
of the title compound as a white crystalline solid. Mp: 278—
280 °C. 'H NMR ((CD3),SO, 300 MHz): 6 9.60 (br s, 1H),
3.31 (s, 4H), 1.33 (s, 18H). >°C NMR ((CD;),S0, 75 MHz):
0 56.9 (NCH,CH,N), 37.8 (C(CHj3)s), 25.3 (CH3). HRMS
m/z (EST) Caled for CoHpsN, [M]: 173.2012. Found: 173.
2017.

4.1.2. 1,3-Bis(t-butyl)imidazolinium chloride (SIz-Bu-HCI).
A white suspension of triethyl orthoformate (14.5 mL, 87.
18 mmol), N,N’-bis(¢-butylamine)ethane dihydrochloride
(2.14 g, 8.72 mmol) and formic acid (2 drops) was heated
to reflux for 48 h. After 48 h, the pale yellow solution was
cooled to ambient temperature and concentrated slightly in
vacuo. The precipitated white solid was then collected by
filtration and dried at 70 °C under vacuum for 5 h. This
afforded the title compound as a white solid (1.42 g, 74%).
Mp: 209 °C. "H NMR ((CD5),SO, 300 MHz): 6 8.27 (s, 1H),
3.94 (s, 4H), 1.36 (s, 18H). °C NMR ((CD;),S0O, 75 MHz):
0 153.5 (NCHN), 56.3 (NCH,CH,N), 45.1 (C(CH3)3), 27.8
(CH5). HRMS m/z (ESI) Calcd for C;Hy3N, [M™]: 183.
1856. Found: 183.1862.

4.1.3. 1,3-Bis(¢-butyl)imidazolin-2-ylidene (SI#-Bu). To 1,
3-bis(z-butyl)imidazolinium chloride (595 mg, 2.72 mmol)
in a Schlenk tube was added NaH (261 mg, 10.88 mmol)
and KO#-Bu (15 mg, 0.136 mmol) in a glovebox. THF
(10 ml) was then transferred via cannula. The white reaction
mixture was stirred at room temperature for 16 h, after,
which time the white mixture was filtered through flame-
dried Celite. The filtrate was transferred to a distillation
apparatus and the THF was then removed by distillation at
atmospheric, oil-bubbler pressure. The colourless residue
was washed into a second, smaller distillation apparatus
with the minimum of pentane. The pentane was then
removed at atmospheric pressure, leaving the title product
as a colourless oil. Some residual THF was Present in the 'H
NMR and the calculated yield was 56%. H NMR (CgDg,
300 MHz): 6 3.58 (THF), 3.04 (s, 4H), 1.41 (THF), 1.33 (s,
18H). '*C NMR (C¢Ds, 75 MHz): 6 218.7 (C:), 67.9 (THF),
54.0 (NCH,CH,N), 44.6 (C(CHj)3), 30.1 (CHj), 25.9
(THF). HRMS m/z (ESI) Caled for C;1H,oN, M+H)™:
183.1861. Found: 183.1869.

4.1.4. Bis(1,3-bis(¢-butyl)imidazolin-2ylidene)palla-
dium(0) (4). Sodium dimethyl malonate was synthesised
by treating a solution of NaH (12 mg, 0.508 mmol) in THF
(2 mL) with dimethyl malonate (58 puL, 0.508 mmol) at
0 °C. The solution was allowed to warm to ambient tem-
perature and was stirred for a further 30 min until the
evolution of H, had ceased and the solution was no longer
cloudy. The sodium dimethyl malonate solution (0.508 mmol)
was transferred to an ampoule charged with bis(methallyl)
dichlorodipalladium(Il) (100 mg, 0.254 mmol) and 1,3-
bis(#-butyl)imidazolin-2-ylidene (185 mg, 1.015 mmol).
The pale yellow solution was stirred at 65 °C for 6 days.
The resultant orange solution was filtered through flame-
dried Celite. The orange filtrate was concentrated in vacuo
and petroleum ether (30 mL) was transferred to the residues.
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This suspension was sonicated (3X 15 min) and the super-
natant was then removed by filter cannula. After concen-
trating the filtrate in vacuo, the title compound was
precipitated from THF at —45°C (143 mg, 60%). 'H
NMR (CgDs, 300 MHz): 6 2.95 (s, 8H), 1.97 (s, 36H). °C
NMR (C¢Dg, 75 MHz): 6 219.7 (Pd-C), 55.4 (NCH,CH,N),
45.6 (C(CHs)3), 31.2 (CH3). LRMS m/z (EI) 470 [M*], 183
[MT —Pd{cyclo-C[N(z-Bu)CH,],}]. Anal. Caled for
CoL,HuuN,Pd: C, 56.10; H, 9.42; N, 11.89. Found: C, 55.
94; H, 9.60; N, 11.72.

4.1.5. General procedure for amination of 4-chlorotoluene
with aniline. An ampoule was charged with catalyst
(0.016 mmol) and KO#-Bu (133 mg, 1.19 mmol). Dioxane
(4 mL) was added, followed by aniline (87 pL, 0.95 mmol)
and 4-chlorotoluene (93 pl, 0.79 mmol). The reaction
mixture was stirred at 100 °C for 5 h. After this time, the
mixture was cooled to room temperature, diluted with
diethyl ether and filtered through a small amount of silica
gel. The insoluble residues were washed with diethyl ether.
The solvent was removed in vacuo and the crude product
was purified by column chromatography (petroleum ether/
ethyl acetate 95:5). This yielded the product, phenyl-p-
tolylamine, as an off-white solid. Mp: 82-84 °C (lit. mp 88—
88.5°C).”> 'H NMR (CDCls, 300 MHz): 6 7.10 (d, 2H),
7.00 (d, 2H), 6.95-6.85 (m, 5H), 6.75 (t, 1H), 5.50 (br s,
1H), 2.20 (s, 3H). '*C NMR (CDCls, 75 MHz): ¢ 144.3
(Cap), 140.7 (Cy), 131.3 (Cyp), 130.3 (CH,,), 129.7 (CH,,),
120.7 (CH,), 119.3 (CH,,), 117. 3 (CH,), 21.1 (CHj3).
LRMS m/z (EI) 183 [M ], 167 [M™ —CHj]. Spectroscopic
data corresponds to that reported in the literature.”

4.2. Suzuki-Miyaura reactions of aryl chlorides using
bis-carbene palladium complex catalysts

General procedure. To an ampoule charged with phenyl-
boronic acid (67 mg, 0.550 mmol) and tetra-n-butylammo-
nium bromide (TBAB) (16 mg, 0.050 mmol) was added the
catalyst (0.015 mmol) and KOMe (105 mg, 1.50 mmol).
Toluene (3 mL) was then transferred to the ampoule. After
the addition of the aryl chloride (0.50 mmol), the reaction
mixture was stirred at 40 °C. The reaction was monitored by
TLC to check for the disappearance of the aryl chloride. The
solution was cooled to ambient temperature and ethyl
acetate (10 mL) and sodium hydroxide (1 M, 10 mL) were
added. This mixture was filtered and the aqueous phase was
removed. The organic layer was washed with sodium
chloride (20% w/v, 2X5 mL). The organic layer was then
dried over MgSO, and concentrated in vacuo. The crude
product was purified by column chromatography.

4.2.1. 4-Methoxybiphenyl (entries 1-5). The coupling of
4-chloroanisole and phenylboronic acid was complete after
22-23 h. The crude residue was purified by column
chromatography, eluting with petroleum ether/ethyl acetate
97:3, to furnish the title compound as an off-white powder.
Mp: 86 °C (lit. mp 91 °C).** "TH NMR (CDCl;, 300 MHz): 6
7.50-7.45 (m, 2H), 7.37-7.31 (m, 2H), 7.16 (d, J=9.7 Hz,
2H), 6.90 (m, 1H), 6.75 (d, J=9.0 Hz, 2H), 3.70 (s, 3H).
LRMS m/z (EI) 184 [M*], 169 [M — CHj]. Spectroscopic
data corresponds to that reported in the literature.**

4.2.2. 4-Phenyltoluene (entries 6-10). The coupling of

4-chlorotoluene and phenylboronic acid was complete
after 48 h. The crude residue was purified by column
chromatography (petroleum ether) to furnish an off-white
solid. Mp: 42°C (lit. mp 49°C).>* '"H NMR (CDCls,
300 MHz): 6 7.50 (d, J=7.5 Hz, 2H), 7.41 (d, /J=8.1 Hz,
2H), 7.34 (t, J=7.5 Hz, 2H), 7.24 (t, J=7.2 Hz, 1H), 7.16
(d, J=7.7Hz, 2H), 2.31 (s, 3H). >C NMR (CDCls,
75 MHz): ¢ 140.1 (Cy,), 137.3 (Cy,), 136.0 (C,,), 128.4
(CH,y), 127.7 (CH,,), 125.9 (CH,,), 28.7 (CHj3). Spectro-
scopic data corresponds to that reported in the literature.**

4.2.3. Methyl-(4-phenyl)-benzoate (entries 11-15). The
coupling of methyl-4-chlorobenzoate and phenylboronic
acid was complete after 16 h. After cooling the reaction
mixture to ambient temperature, it was diluted with diethyl
ether and filtered through a small amount of silica gel. The
insoluble residues were washed with diethyl ether. The
solvent was removed in vacuo and the crude product was
purified by column chromatography (petroleum ether/ethyl
acetate 90:10). This afforded the title compound as a white
solid. Mp: 109 °C (lit. mp 117-118 °C).> "TH NMR (CDCl;,
300 MHz): 6 8.04 (d, /=8.6 Hz, 2H), 7.61-7.52 (m, 4H),
7.43-7.29 (m, 3H), 3.87 (s, 3H). >C NMR (CDCl;,
75 MHz): 6 167.4 (COOMe), 146.1 (C,), 140.4 (Cy),
130.1 (CH,,), 129.3 (CH,,), 129.3 (Cy), 128.5 (CH,,), 127.7
(CH,,), 127.6 (CH,), 52.6 (OCH3). LRMS m/z (EI) 212
[M*], 181 [M* —OCHS;]. Spectroscopic data corresponds
to that reported in the literature.*
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Abstract—The synthesis and characterization of two new complexes (IPr)Pd(acac), (1) and (IPr)Pd(acac)Cl (2) (IPr=(N.N’-bis(2,6-
diisopropylphenyl)imidazol)-2-ylidene, acac = acetylacetonate) are described. Complex 2 can be prepared in a one-pot protocol in high yield.
A study detailing the versatility of 2 to effectively catalyze a series of cross-coupling reactions is discussed.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Research focusing on palladium compounds and their use in
catalysis at both industrial and laboratory scales has
exponentially increased during the last 10 years.'?
Although, ligandless systems are also known,* it is well
understood that the ancillary ligation to the metal center
plays a crucial role in dictating the efficiency of a catalytic
system.” Bulky, electron-rich phosphines ligands such as
P(#-Bu); are now commonly used to stabilize the Pd(0)
intermediates thereby avoiding the precipitation of the metal
in homogeneous catalysis.4 However, the most common
phosphine ligands possess several drawbacks: (1) they often
are prone to air oxidation and therefore, require air-free
handling, (2) when these ligands are subjected to higher
temperatures, significant P-C bond degradation occurs and
require the use of an excess of the phosphine and (3) they
often react with Pd precursors such as Pd(OAc), in a
reduction process forming Pd(0)P,, and phosphine oxide.’

N-Heterocyclic carbenes (NHC)® have become increasingly
popular in the last few years as they represent an attractive
alternative to tertiary phosphines in homogeneous catalysis.
The NHC exhibit reaction behavior different than phosphine
especially displaying high thermal stability and tolerance to
oxidation conditions. We have developed several systems
based on the combination of imidazolium salts (air-stable

Keywords: N-Heterocyclic carbenes; Palladium; Aryl amination; Ketone

arylation.
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precursors for NHC) and Pd(0) or Pd(II) sources to generate
catalytically active species in situ and these mediate
numerous organic reactions, principally cross-couplin%
reactions.” These preliminary systems by us and others
showed the importance of the NHC/Pd ratio on the
efficiency of the reactions, pointing to an optimum 1:1
ligand to metal ratio in most cases. From there, we aimed
our efforts on the development of monomeric NHC-bearing
Pd(II) complexes and the study of their catalytic activity.
Generally, shorter reaction times are observed in these well-
defined systems, since the carbene is already coordinated to the
palladium center. Also, the use of a well-defined pre-catalyst
allows for a better knowledge of the amount of ligand-
stabilized palladium species in solution, by reducing the
possibility of side reactions leading to ligand or palladium
precursor decomposition prior to the coordination of the ligand.

We have reported on the synthesis of monomeric (NHC)
Pd(allyl)Cl complexes’"® and (NHC)Pd(carboxylate)
complexes'® among many architectures,'" and have studied
activation mechanisms and catalytic activities. The syn-
thesis of most of these complexes is directly related to
successful in situ systems involving the use of NHC and the
corresponding palladium source. We reported on a catalytic
system for the Heck reaction involving the use of
diazabutadiene ligands and Pd(OAc),, that also could use
Pd(acac), as palladium precursor.'> Using the same
approach as for (IPr)Pd(OAc),, we decided to test whether
analogous species using Pd(acac), as starting material was
possible. We report here the synthesis of (IPr)Pd(acac), (1)
and (IPr)Pd(acac)Cl (2) (IPr=(N,N’-bis(2,6-diisopropyl-
phenyl)imidazol)-2-ylidene) complexes and preliminary
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Scheme 1. Synthetic path leading to (IPr)Pd(acac),.

Figure 1. Ball and stick representation of (IPr)Pd(acac), (hydrogens
omitted for clarity). Selected bond distances (A): Pd1-C1: 1.982(6), Pd1-
C34:2.073(6), Pd1-0O1: 2.038(4), Pd1-02: 2.081(4). Selected angles (deg):
02-Pd1-01:90.70(15), O1-Pd1-C34: 86.4(2), C34-Pd1-C1: 90.4(2), C1-
Pd1-02: 93.2(2).

studies on their catalytic activity in the Buchwald—Hartwig
aryl amination reaction and the a-ketone arylation reaction.

2. Results and discussion

2,4-Pentadione (acetylacetonate, acac) and other 3-carbonyl
compounds are very versatile and common ligands in
transition metal chemistry.'® 2,4-Pentadione typically binds
metal ions in a n2—0,0 fashion, although some other
coordination modes have been observed in platinum (II) and
palladium(II) complexes.'*'* Previous work by Kawaguchi
and co-workers focused on the reactivity of palladium(II)
acetylacetonate and related compounds with phosphines
leading to new complexes, but no catalytic applications
were reported.16 Recently, Shmidt and co-workers have
performed a very extensive research on the use of such type
of complexes as hydrogenation catalysts.'’

We have synthesized a NHC-bearing analogue to the
reported (PPh;)Pd(acac),'®* following a similar procedure
(Scheme 1). Direct reaction of the free carbene IPr with
Pd(acac), at room temperature in anhydrous toluene yielded
(IPr)Pd(acac), (1) in very high yield as a yellow powder.
The presence of one oxygen-chelating ligand and one
C-bound ligand in the complex was apparent by both '*C
and "H NMR. In the '*C NMR spectrum, 6 different signals
above 160 ppm: 207.5 (C-bound acac), 192.9, 188.1, 185.6,
183.3 (carbonyl carbons), and 161.2 (carbenic carbon) were
observed. In the '"H NMR spectrum, four methyl-proton

R= 2,6-diisopropylphenyl

toluene
(@)
rt,2h
93% yield

singlet signals were observed each at 2.63, 2.01, 1.63, and
1.31, together with two signals at 5.90 and 4.78 ppm. The
lowest-field methyl peaks are assigned to the carbon-bonded
acac, together with the lowest-field methenic hydrogen,
while the other three signals are assigned to the oxygen-
chelating ligand. It is of note that the PPh; analogue showed
only one peak for the methyls of the carbon bound ligand,
due to free rotation.'® Clearly, the sterically demanding IPr
ligand inhibits this rotation. The disposition of the ligands
was unequivocally assigned when the crystal structure was
resolved by X-ray diffraction (Fig. 1). A square planar
configuration around the palladium center can be observed,
with nearly no distortion. As expected, the Pd—C .penic
distance is in the range of a single Pd—C bond. The Pd-O
bond opposite to the NHC is elongated compared to the
other Pd—O bond due to a strong trans effect.

Preliminary tests on the activity of 1 for the Buchwald-
Hartwig reaction using KO7Bu as base and DME as solvent
at 50 °C for the coupling of 4-chlorotoluene and morpholine
showed a moderate activity (43% product in 1h with
1 mol% catalyst loading). The same moderate activity was
observed for the coupling of 4-chlorotoluene and propio-
phenone using NaOrBu as base and toluene as solvent at
60 °C. The reaction required 2 h to reach completion using
1 mol% catalyst loading. We decided on modifying the
complex with the idea of increasing the activity in catalysis.

Kawaguchi reported on the reaction of (PPh;)Pd(acac), with
benzoyl chloride to yield the new species(PPh3)Pd(acac)Cl,
proposing a sequence of oxidative addition-reductive
elimination reactions.'® In a similar way, compound 1
reacts with 1 equiv of HCI at room temperature to produce
the new species (IPr)Pd(acac)Cl (2) as a yellow powder in
nearly quantitative yield (Scheme 2). The loss of the
C-bound ligand is again clearly evidenced by NMR. In '*C
NMR, only two carbonyl carbons (187.1, 184.1 ppm) and
the carbenic carbon (156.4 ppm) appear, whereas in 'H
NMR, only one acac ligand can be assigned: singlet at
5.12 ppm, accounting for one hydrogen, and two methylic
singlets (1.84, 1.82 ppm). Again, the structural features

R«
N™R -
(o \ o) N,
R N R

C /Pd\

O Cl
97% yield

HCI 4M in 1,4-dioxane

@
o

lo) 1,4-dioxane

rt,2h
@)

R = 2,6-diisopropylphenyl

Scheme 2. Synthetic path leading to (IPr)Pd(acac)Cl.
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Figure 2. Ball and stick representation of (IPr)Pd(acac)Cl (hydrogens
omitted for clarity). Selected bond distances (A): C13-Pdl1: 1.9694(17),
Pd1-02: 2.0362(15), Pd1-0O1: 2.0439(14), Pd1-C13: 2.2820(6). Selected
angles (deg): O2-Pd1-O1: 92.89(6), O1-Pd1-Cl1: 87.35(4), Cl1-Pd1—
C13: 93.89(5), C13-Pd1-02: 86.21(2).
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were unequivocally assigned when the structure was
determined by single crystal X-ray diffraction (Fig. 2). For
this complex, the Pd-O distances are more similar (2.036,
2.044 A), whereas the square planar coordination around the
palladium center becomes slightly more distorted.

The formation of 1 and subsequently 2 can be postulated to
occur by the pathway illustrated in Scheme 3. The
coordination of the sterically demanding IPr by palladium
is accompanied by the transition of one acac ligand from the
nZ-O,O—chelate to the O-monodentate form, with sub-
sequent transformation to the t-hydroxoallyl form and
further to the C-bonded form. A similar pathway has been
proposed by Shmidt for the phosphine analogues.'’®
Oxidative addition of HCI followed by reductive elimin-
ation of acacH yields 2

= RN ) RN
— N, N,
N/ R o R
) .
C O\Pd< -~ O>Pd— —— ( JPa-D—on
O/ O \ o] ‘
O )
R:
Y
‘ - \
RN RANAR
y T
O\Pd R - acacH o HCI O\ o
/N - C /Pd
o ¢l reductlve o oxidative o 0
elimination addition
2 1
Scheme 3. Proposed mechanism for the formation of 1 and 2.
Table 1. Buchwald-Hartwig aryl amination of aryl chlorides using 2
2, 1 mol%
KOtBu, 1.1 equiv
@CI + R',NH > <;>7NR‘2
R DME, 1mL R
1 mmol 1.1 mmol 50 °C
Entry Aryl chloride Amine Product Time (h) Yield (%)*
1 < > /N [N\ <:> 0.5 97
Cl Q NH (0] N
2 /N VAR 0.5 98
7 N NH d N :
/@ U/ (VAR W/
3 1.5 0
NH ’
Cl (o} N
O\_/ _/
4 /N /N 4 99
MeOr Cl Q NH
o) 9 Lo
5 6 95
—~ Mo BusNH BN )—
6 R\ 10 93°
—N

 Isolated yields, average of two runs.
©2.1 equiv of aryl chloride were used.
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Table 2. a-Ketone arylation with aryl chlorides using 2

2,1 mol%
Q 0 NaOtBu, 1.5 equiv 0
Cl + Rz R2
R’ \)LRa toluene, 1 mL R®

60 °C

1 mmol 1.1 mmol R

Entry Aryl chloride Ketone Product Time (h) Yield (%)*

0 1 97

2 o
3 o

O

o

OCC

4 (0]
A

> Meo—Qm T
6 = 0
o

-

O O 10 70
O

O OMe 1.5 92

# Isolated yields, average of two runs.

The activity of complex 2 for the Buchwald—Hartwig
coupling reaction of morpholine and 4-chlorotoluene in the
previously mentioned conditions was then tested. Using
1 mol% of 2, the coupling occurred in 97% yield in only
30 min (entry 1, isolated yield). It is remarkable that the
product could be obtained in good yield using low catalyst
loading (0.1 mol%) or at room temperature if the reaction
time was increased. Results for the amination of aryl
chlorides using 2 as catalyst are shown in Table 1. Various
substrates were examined: heteroaromatic (entry 2),
sterically demanding (entry 3) and deactivated chlorides
(entry 4). The coupling of the sterically demanding
dibutylamine with 4-chlorotoluene required a longer time
(entry 5), and was the only reaction, in which dehalogena-
tion of the aryl chloride was observed (3% by GC). As the
synthesis of unsymmetrical tertiary amines starting from
primary amines remains a challenge,'® we investigated the
reaction between aniline and 2-chloropyridine. One-pot
syntheses of N,N-bis(2-pyridyl)amino ligands, especially
with aryl chlorides,zo are attractive due to the number of
applications in which these compounds can take part: C-C

bond formation,?’ homogeneous and heterogeneous
catalysis,”> DNA binding®® and nonlinear optical
materials.”* The formation of the double pyridilation
product was observed in good yield when 2.1 equiv of the
chloride were used (entry 6).

As for the Buchwald-Hartwig reaction, 2 performed more
effectively than 1 for the a-ketone arylation reaction,
requiring half the time in the coupling of propiophenone
and 4-chlorotoluene (Table 2, entry 1). Using 2, the system
allowed for the coupling of aryl-aryl and aryl-alkyl ketones
with a variety of aryl chlorides.

Since 2 displayed a higher activity than 1, we realized the
convenience of synthesizing 2 without the need of isolating
the (IPr)Pd(acac), intermediate. A one-pot multigram
synthesis of 2 is summarized in Scheme 4. Reaction of the
free carbene IPr with Pd(acac), in anhydrous 1,4-dioxane at
room temperature, followed by the addition of an
equimolecular amount of HCI, leads to the formation of
the desired product.

-~
a) anhyd. dioxane, 50 mL R_N/\l’\l
SN K\NfR r.t., 3 hours (ON )/ R
Pd f N — C Pd
(0] (0] R .ot b) 1.25 mL HCI 4M in dioxane 7N
o} Cl
r.t., 2 hours

5 mmol 1.4 equiv

90% yield

R= 2,6-diisopropylphenyl

Scheme 4. One-pot protocol for the synthesis of (IPr)Pd(acac)Cl.
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Scheme 5. Proposed mechanism for the activation of (IPr)Pd(acac)Cl.

A possible mechanism for the activation of 2 is depicted in
Scheme 5.

The activation pathway involves the chloride/tert-butoxide
anion exchange in a metathetical process followed by a
rearrangement of the acac moiety prior to a reductive
elimination step that yields the catalytically active [(IPr)
Pd(0)] species. Recently, Hartwig reported that sterically
demandmg ancillary ligands promote the rearrangement of
the «k*-0,0-bound ligands to the C-tautomers in Pd(H)
complexes with malonate or acetylacetonate anions.”> It
was also proposed that only complexes with these ligands in
a C-bound mode are able to undergo reductive elimination
in high yield. This fact not only supports the need of this
rearrangement for the activation of 2, but also for the
formation of 1 and its later transformation into 2 by the
addition of HCI (Scheme 3).

We have described the synthesis of two new NHC-bearing
palladium complexes using Pd(acac), as the Pd precursor.
Complex 2 displays high activity for the Buchwald—Hartwig
reaction and o-ketone arylation in short reaction times and
very mild conditions. Both complexes are air- and moisture-
stable and can be prepared on multigram scale in high
yields. Studies focusing on the synthesis of related NHC-
bearing complexes and their activity in homogeneous
catalysis are currently ongoing in our laboratories.

3. Experimental

3.1. General remarks

'"H and '"’C nuclear magnetic resonance spectra were
recorded on a Varian-300 or Varian-400 MHz spectrometer
at ambient temperature in CDCl; (Cambridge Isotope
Laboratories, Inc), unless otherwise noted. Elemental
analyses were performed at Robertson Microlit Labora-
tories, Inc., Madison, NJ. IPr-HCI was synthesized
according to literature procedures but is also now

W

R— \"N\R
iO—PK
T
|

\J

‘>L

ReN ) \

Pd° \‘N
+ -~ - Hoj—m

commercially available from Strem Chemicals Inc or
Sigma/Aldrich.*®

3.2. Synthesis of complexes

3.2.1. (IPr)Pd(acac), (1). In a glovebox, a Schlenk flask
equipped with a magnetic bar was loaded with free carbene
IPr (855 mg, 2.2 mmol), Pd(acac), (609 mg, 2 mmol) and
anhydrous toluene (30 mL), and sealed with a rubber cap.
The mixture was stirred at room temperature for 2 h. The
solvent was evaporated in vacuo and THF (25 mL) was
added. The solution was filtered and the solid washed with
THF (2X5 mL). The solvent was evaporated in vacuo; the
complex was then triturated with cold pentane (25 mL) and
the yellow precipitate was collected by filtration. Recrys-
tallization from chloroform/pentane (25:75) yielded 1.28 g
(93%) of the desired compound as a yellow microcrystalline
material. "H NMR (400 MHz, C¢Dy): 6 7.28-7.24 (m, 2H),
7.18 (d, J=8.0 Hz, 4H), 6.47 (s, 2H), 5.90 (s, 1H), 4.78 (s,
1H), 2.88 (q, J=6.8 Hz, 4H), 2.63 (d, J=0.8 Hz, 3H), 2.01
(d, /=0.8 Hz, 3H), 1.63 (s, 3H), 1.35 (d, J=6.8 Hz, 12H),
1.31 (s, 3H), 0.97 (d, J=6.8 Hz, 12H). '>*C NMR (100 MHz,
Ce¢Dg): 207.5, 192.9, 188.1, 185.6, 183.3, 161.2, 146.9,
1359, 131.2, 130.4, 125.7, 1252, 124.7, 124.5, 104.8,
100.3,47.2,31.9,31.5,29.3,29.0, 28.9, 28.1, 27.0, 26.5, 26.2,
25.1, 24.0, 23.8, 23.4. Elemental analysis: Anal. Calcd: C,
64.11; H, 7.27; N, 4.04. Found: C, 63.89; H, 7.06; N: 3.86.

3.2.2. One-pot synthesis of (IPr)Pd(acac)Cl (2). In a
glovebox, a Schlenk flask equipped with a magnetic bar was
loaded with the free carbene IPr (2.73 g, 7 mmol), Pd(acac),
(1.53 g, 5mmol) and anhydrous dioxane (50 mL), and
sealed with a rubber cap. The mixture was stirred at room
temperature for 2 h. After that time, 1.25 mL of HC1 4 M in
dioxane was injected in the solution and the mixture allowed
stirring at room temperature for another 2 h. The solvent
was then evaporated in vacuo and diethyl ether was added
until no more solid dissolved (20 mL). The solution was
filtered and the solid washed with diethyl ether (2 X 10 mL).
The solvent was evaporated in vacuo and the powder
obtained dried under vacuum overnight to yield 2.85¢g
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(90%) of the desired product as a yellow microcrystalline
material. '"H NMR (400 MHz, CDCls): 6 7.51 (t, J=7.6 Hz,
2H), 7.35 (d, J=8.0 Hz, 4H), 7.12 (s, 2H), 5.12 (s, 1H), 2.95
(q, J=6.4 Hz, 4H), 1.84 (s, 3H), 1.82 (s, 3H), 1.34 (d, J=
6.4 Hz, 12H), 1.10 (d, J=6.4Hz, 12H). '>*C NMR
(100 MHz, CDCl3): 187.1, 184.1, 156.4, 147.0, 135.5,
134.8, 130.9, 125.7, 124.7, 124.6, 99.9, 29.1, 30.0, 27.6,
26.8, 23.7, 23.5. Elemental analysis: Anal. Calcd: C, 61.05;
H, 6.88; N, 4.45. Found: C, 60.78; H, 7.15; N: 4.29.

3.3. Crystallographic data

3.3.1. (IPr)Pd(acac), (1). Single crystals were grown by
slow evaporation at room temperature of a concentrated
methylene chloride/hexanes solution. C37Hs5oN,O4Pd, M=
693.2. Orthorhombic, space group P2,2,21,a=11.7529(6) A,
b=13.3836(7) A, ¢=22.6493(12) A, V=3562.6(3) A*;
D.(Z=4)=1.292 gcm 3 imo=0.560 mm ! specimen:
0.6X0.5X0.3 mm; Tppin/max = 0.88; 20, =40°; N;=22450,
N,=3318; R=0.0340, R,,=0.0737.

3.3.2. (IPr)Pd(acac)Cl (2). Single crystals were grown by
slow evaporation at room temperature of a concentrated
methylene chloride/hexanes solution. C3,H43N,O,Pd, M=
629.53. Monoclinic, space group P2,/c, a=10. 957(2) A,
b=17.431(3) A, c=16.814(3) A, 8=106.162(4) V=
3084.4(10) A3 D.(Z=4)=1356gcm™ >,  upmo=

0.718 mm specimen 0.6X0.6X0.4 mm; Tin/max=0.77;
20 max =45% Nt 30901, N,=4006; R=0.0259, R,,=0.0576.

CCDC reference numbers 263919-263920.

See http://www.rsc.org/suppdata/dt/b4/b4125540a/ for
crystallographic data in CIF or other electronic format.

3.4. Cross-coupling reactions

3.4.1. Buchwald-Hartwig reaction of aryl chlorides with
primary and secondary amines. General procedure: In a
glovebox, 2 (1 mol%, 6 mg), potassium fert-butoxide
(1.1 mmol, 124 mg) and DME (1 mL) were added in turn to
a vial equipped with a magnetic bar, and sealed with a screw
cap fitted with a septum. Outside the glovebox, the amine
(1.1 mmol) and the aryl chloride (1 mmol) were injected in
turn through the septum. The vial was then placed in an oil bath
at 50 °C and the mixture stirred on a stirring plate. The reaction
was monitored by gas chromatography. When the reaction
reached completion, or no further conversion could be
observed, the vial was allowed to cool down to room
temperature. Water was added to the reaction mixture; the
organic layer was extracted with diethyl ether and dried over
magnesium sulfate. The solvent was then evaporated in vacuo.
When necessary the product was purified by flash chroma-
tography on silica gel (pentane/ethyl acetate: 9:1). Reported
yields are the average of two runs:

3.4.1.1. 4-(4-Methylphenyl)morpholine (Table 1,
entry 1).>” The procedure afforded 171 mg (97%) of the
title compound.

3.4.1.2. 4-(2-Pyridinyl)morpholine (Table 1, entry
2).2 The procedure afforded 160 mg (98%) of the title
compound.

3.4.1.3. 4-(2,6-Dimethylphenyl)morpholine (Table 1,
entry 3).>’ The procedure afforded 170 mg (90%) of the
title compound.

3.4.1.4. 4-(4-Methoxyphenyl)morpholine (Table 1,
entry 4). 30 The procedure afforded 190 mg (99%) of the
title compound.

3.4.1.5. N,N-Dibutyl-p-toluidine (Table 1, entry 5).*'
The procedure afforded 207 mg (95%) of the title
compound.

3.4.1.6. N-Phenzyl-N-(pyridin-2-yl)pyridin-2-amine
(Table 1, entry 6).>* The procedure with 2-chloropyridine
(2.1 mmol, 200 pL), aniline (1.0 mmol, 93 pL), KOrBu
(2.2 mmol, 248 mg), (IPr)Pd(acac)Cl (1.0 mol%, 12.6 mg)
and DME (2 mL) afforded 230 mg (93%) of the title
compound as a white solid. 'H NMR (400 MHz,
(CD5),CO): 6 8.22 (d, J=4 Hz, 2H), 7.61 (m, 2H), 7.38
(t, J=8.1 Hz, 2H), 7.24-7.16 (m, 3H), 7.00 (d, /J=8.4 Hz,
2H), 6.97-6.94 (m, 2H). '*C NMR (100 MHz, ((CD5),CO)):
159.5 (C), 149.4 (CH), 146.6 (C), 138.6 (CH), 130.7 (CH),
128.9 (CH), 126.6 (CH), 119.3 (CH), 118.0 (CH). Elemental
analysis: Anal. Calcd for C1gH3N3 (Mw 247.29): C, 77.71;
H, 5.30; N, 16.99. Found: C, 77.79; H, 5.57; N, 16.93.

3.4.2. a-Ketone arylation of alkyl or aryl ketones

General procedure: In a glovebox, 2 (1 mol%, 6 mg),
sodium tert-butoxide (1.5 mmol, 144 mg) and toluene
(1 mL) were added in turn to a vial equipped with a
magnetic bar, and sealed with a screw cap fitted with a
septum. Outside the glovebox, the ketone (1.1 mmol) and
the aryl chloride (1.0 mmol) were injected in turn through
the septum. The vial was then placed in an oil bath at 60 °C
and the mixture stirred on a stirring plate. The reaction was
monitored by gas chromatography. When reaction reached
completion, or no further conversion could be observed, the
vial was allowed to cool to room temperature. Water was
added to the reaction mixture; the organic layer was
extracted with diethyl ether and dried over magnesium
sulfate. The solvent was then evaporated in vacuo. When
necessary the product was purified by flash chromatography
on silica gel (pentane/ethyl acetate: 9:1). The reported yields
are the average of two runs:

34.2.1. 2-(4- Methg'lphenyl)-l-phenyl-1-pr0panone
(Table 2, entry 1).>° The procedure afforded 216 mg
97%) of the title compound.

3. 4 2 2. 1-(Naphthyl)-2-phenylethanone (Table 2, entry
2).3* The procedure afforded 173 mg (70%) of the title
compound.

3.4.2.3. a-Phenylcyclohexanone (Table 2, entry 3).>° The
procedure afforded 150 mg (86%) of the title compound.

3.4.2.4. 2-(2,6-Dimethylphenyl)-1-phenylethanone
(Table 2, entry 4). The procedure afforded 212 mg (95%)
of the title compound as a white compound. 'H NMR
(400 MHz, CD,Cl,): 6 8.09 (d, J/=7.2 Hz, 2H), 7.64 (t, J=
7.2 Hz, 1H), 7.54 (t, J=8.0 Hz, 2H), 7.14-7.06 (m, 3H),
4.40 (s, 2H), 2.21 (s, 6H). ">*C NMR (100 MHz, CD,Cl,):
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197.5 (C), 137.7 (C), 133.7 (CH), 133.4 (C), 129.2 (CH),
128.5 (CH), 128.3 (CH), 127.3 (CH), 114.0 (C), 40.2 (CH,),
20.6 (CH3). Elemental analysis: Anal. Calcd for C;¢H;cO
(Myy, 224.30): C, 85.68; H, 7.19. Found: C, 85.36; H, 7.23.

3.4.2.5. 2-(p-Methoxyphenyl)-acetophenone (Table 2,
entry 5).3'6 The procedure afforded 208 mg (92%) of the
title compound.

3.4.2.6. 1-Phenyl-2-(3-pyridinyl)-1-propanone (Table 2,
entry 6).%7 The procedure afforded 188 mg (89%) of the
title compound.
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Abstract—A combined experimental and computational approach towards the development of Pd-NHC catalysts is described. A range of
benzimidazolylidinium ligands incorporating electron-rich and electron-poor substituents were prepared and evaluated in the Suzuki
reaction. The most electron-rich ligand showed the highest catalytic activity. Based on this information, the first alkyl-alkyl Negishi cross-
coupling reaction protocol was developed. Evaluation of N,N'-diaryl-(4,5-dihydro)imidazolylilidinium ligands showed a strong dependence
on the steric topography around the metal centre. A computational study of the most active ligand in the Negishi reaction, its Pd(0)
and PdCl,-complexes and related structures were modelled at the B3LYP/DZVP and HF/3-21G levels of theory. The potential
energy hypersurfaces flattened with increase in ligand size. Binding energies were computed for carbene/Pd(0) adducts (in the range
~31-40 kcal mol "), roughly double that for PH; (~ 16 kcal mol ~ ). Weak intramolecular interactions were found using AIM analyses.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction Pd + nL
catalyst precursor

The coupling of organohalides or pseudohalides with ;mff;gin l
organometallic reagents utilising Pd catalysts represents PadL,
one of the corner stones in modern organic chemistry. The a ctwe catalyst
applications of various cross-coupling methodologies are
numerous and far ranging, from total synthesis to materials R ~pdiL, oxidative
to industrial-scale drug production." The established R? sdditon
mechanism (Scheme 1) is believed to proceed through
three discrete steps: oxidative addition, transmetalation, and M_x f’a"S’"EfE’afw" SPd'L,
finally, reductive elimination concomitant with regeneration
of the Pd(0) species. Oxidative addition is believed to be RZM

enhanced by an electron-rich palladium centre, which is
facilitated by careful choice of the supporting ligand. The
reductive elimination step is primarily affected by the steric
topography surrounding the transition metal centre.” The
linking transmetalation step is unique in its role of delivery
of the second coupling partner into the catalytic cycle. The
judicious choice of solvents, temperature and transmetala-

Scheme 1. General mechanism of Pd-catalysed cross-coupling reactions.

tion promoters (e.g., bases, additives) can have a profound
effect on the success of the overall cross-coupling process.
The continuing quest to improve catalyst performance in
recent years has led to significant advancements. The groups
of Beller’ and Buchwald* introduced a series of bulky
— o . . o biaryldialkylphosphine derivatives 1-11 for Suzuki and
Key.wfords: Alkylfal].(yl. N?glshl cross-coupling reaction; Oxidative Negishi reactions. Similarly, bulky trialkyl phosphiness
addition; Reductive elimination.

* Corresponding author. Tel.: +1 416 736 5313; fax: +1 416 736 5936; have proven very effective in these processes (Fig. 1). In
e-mail: organ@yorku.ca addition, numerous palladacycles have been prepared and

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.07.101
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Figure 1. Bulky phosphines used as ligands in Pd-catalysed cross-coupling
reactions.

employed as catalysts or pre-catalysts in a variety of Pd-
catalysed processes, including cross-coupling reactions.’

Arguably, the most challenging cross-coupling is that of an
alkyl halide with an alkyl organometallic reagent. The first
example of a coupling of alkyl halides (RI) possessing
B-hydrogens with alkyl-9-BBN derivatives used Pd(PPh;),
as catalyst and appeared in 1992. By changing the
phosphine ligand to 14, Fu and co-workers extended this
protocol to alkyl halides (RBr, RCI),* while alkyl tosylates
required 15.° The latter ligand was also effective in a
single example of coupling of an alkyl chloride with
n-hexylboronic acid.'® Capretta et al. recently developed a
novel phosphine (12) for Pd-catalysed cross-coupling of
alkyl bromides (primary and secondary), chlorides and
tosylates with a range of alkyl-9-BBN derivatives, as well as
alkylboronic acids.'' Building on the pioneering studies by
Knochel and co-workers on the Ni-catalysed alkyl-alkyl
Negishi cross-coupling reaction,'” Fu et al demonstrated
that 13 formed a competent catalyst for the cross-coupling
reaction of primary alkylzinc reagents with primary alkyl
chlorides, bromides and tosylates 3 in THF-NMP (2/1) at
75 °C.

Phosphines however, have significant drawbacks particu-
larly the more useful trialkyl derivatives, which are oxygen
sensitive, some even pyrophoric, thus requiring special
handling. Fu and co-workers employed phosphonium
tetrafluoroborate salts as a way to circumvent these issues.'
Under mild conditions, an exchange of alkyl- and aryl
groups from the ghosphine to palladium and vice-versa has
been observed.'> Additionally, the fact that phosphines
readily dissociate from the metal limits their use in

supported synthesis as the metal leaches off the support.
In recent years N-heterocyclic carbenes (NHCs), previously
referred to as ‘phosphine mimics’, have emerged as
effective supporting ligands for palladium catalysed cross-
coupling reactions.'® Efficient protocols for Pd—NHC
catalysed reactions have been developed recently that
have allowed NHCs protocols to approach the levels of
activity attainable with phosphines. Herrmann et al.
disclosed a very catalytically active Pd-NHC complex
related to 19 for the conversion of aryl chlorides to
biaryls in Suzuki reactions.'” Due to the size of the
adamantyl groups, o-substituents in both the aryl
chloride and the boronic acid were not tolerated.
Subsequently, Glorius developed pentacyclic carbenes
(e.g., 20) that overcame this barrier.'"® The authors
proposed that the ‘flexible steric bulk’ of the penta-
cyclic NHC ligand is largely responsible for the high
activity of Pd catalysts based on 20 in the coupling of
sterically demanding substrates. Nolan and co-workers
have made significant contributions to the field of Pd-
NHC catalysis. While their early efforts focused on
catalysts prepared in situ based on ligands 17 and 18,"
subsequently, isolated Pd complexes (21, 22,20 23, 247!
and 25, 26*%) were synthesized and shown to be active
in Suzuki cross-couplings of a wide range of aryl
chlorides. Beller and co-workers developed a series of
dimeric Pd-NHC naphthoquinone complexes (27, 28),
which proved to be active in a variety of cross-coupling
reactions (Fig. 2). 2

While phosphines are used in catalysis ‘as is’, N-hetero-
cyclic carbenes are often generated from the corresponding
azolium salts by treatment with a strong base.** When alkali
metal alkoxides are used as bases, an addition—elimination
mechanism dominates over direct deprotonation (Fig. 3).%
Owing to the intrinsic instability and moisture sensitivity of
many NHCs, PA-NHC catalysts are prepared in situ from Pd
precursors and azolium salts. The result is that the exact
amount and chemical composition of the catalysts is
unknown and this is a serious impediment to the
interpretation of results. To deal with this problem, well-
defined Pd-NHC complexes (e.g., 21-26) have been studied
more recently in the context of catalysis.

One area of phosphine based methodology, which hitherto
has not been accomplished successfully (in high yield)
with NHC protocols are alkyl-alkyl coupling reactions.*®
Beller et al.”’” obtained high yields in the cross-coupling
of aryl magnesium bromides with alkyl halides utilising
the preformed catalysts 27 and 28. Fu et al. developed a
Pd—NHC/Cul-catalysed Sonogashira coupling of alkyl
bromides and iodides.?® Recently, Caddick, Cloke et al.
published the first PA-NHC (ligand 18) catalysed alkyl-
alkyl Suzuki reaction in low to moderate yields.”> These
examples demonstrate that Pd-NHC complexes are capable
of inserting into alkyl-halide bonds.

With all of the above in mind, we initiated a program to
develop a high-yielding, practical and efficient protocol(s)
for cross-coupling reactions in general, and alkyl-alkyl
coupling in particular, utilising Pd-NHC catalyst(s) com-
bining experimental and computational studies in a unified,
rational approach.
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Figure 2. Highly catalytically active NHC ligands and Pd-NHC
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Figure 3. Common ways for preparation of Pd-NHC complexes and
catalysts.

2. NHC-Pd catalyst development program overview

Traditionally, catalyst development was based on seren-
dipitous discovery followed by trial and error optimisation.
Parallel or combinatorial synthesis of catalyst candidates
and subsequent high-throughput screening for activity has
improved discovery.'" A different approach would be the
rational design of the catalyst.>* For this there needs to be at

least partial understanding of a number of issues. First and
foremost, detailed mechanistic information regarding the
steps in the catalytic cycle is necessary as a basis for the
design of the ligand. The current accepted cross-coupling
mechanism details three distinct steps (Scheme 1): oxidative
addition, transmetalation and reductive elimination. These
steps pose distinct, and sometimes, even contradictory steric
and electronic demands on the catalyst.'® Although there is a
significant body of literature pertaining to computational
studies on Pd-catalysed reactions with phosphmes "there is
little data available for PA-NHC complexes.*” In an attempt
to clarify the issues raised above we embarked on
computational studies to answer four fundamental ques-
tions: (1) what is the ‘true’ steric and electronic nature of the
NHC ligand; (2) how does the NHC ligand’s steric and
electronic environment affect the Pd metal centre; (3) how
do the combined properties of the Pd metal and NHC ligand
transmit into the ‘catalytic cycle’; (4) how do Pd-NHC and
Pd—phosphine catalysts differ with respect of catalytic
activity? Nevertheless, computation at present can only
provide part of the answer. Therefore, we are putting serious
efforts into the synthesis and systematic evaluation of NHC
ligands with carefully tuned electronic and steric properties,
the structure-activity relationship (SAR) of the NHC ligand
platform being the ultimate goal. We assumed this would be
led initially by experimental results guided by current
literature data and intuition. However, a computation model
being developed in parallel will take an ever increasing role
in ligand design by elucidating the SAR of the NHC ligand
platform. To that end we envisioned preparing transition
metal-NHC complexes (e.g., Pd, Ag, Ni or Fe) and
characterising the nature of the metal-ligand bond. This
will be done by studying the effect of the ligand on the
electronic properties of the metal centre using multinuclear
NMR. As an additional benefit, such studies will allow the
validation of our computational model, bridging the gap
between computation and experiment. This paper presents
our efforts and places them in context with the current state-
of-the-art in the cross-coupling reaction field. First, we will
present our experimental findings with respect to ligand
design and evaluation, cross-coupling protocol development
and its application in synthesis. Computationally we will
discuss the steric and electronic nature of NHC ligands 17
and 18 (the most widely employed) and their Pd complexes.

3. Experimental
3.1. Ligand design

Initially, we focused on designing new NHC ligands of
varying electronic and steric nature. We hoped to use these
ligands to identify cross-coupling reactivity trends to aid
further ligand design. We chose the well established,
operationally simpler aryl-aryl Suzuki reaction as a tool
to elucidate the effects of the electronic and steric features of
NHC ligands on the cross-coupling reaction.*® Even though
benzimidazolylilidenes have received limited attention as
NHC ligands,** they provide a suitable platform for tuning
the electron density on the carbene carbon. By introducing
electronically different substituents at positions 5 and 6
(Fig. 4) we hoped to remotely alter the electronic character
of the palladium metal centre without altering the steric
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Figure 4. Tuneable benzimidazolylilidinium ligands.

environment at the metal. At the same time, altering the
N-substituent would allow the topography around the metal
to be tuned to ensure the required steric bulk for reductive
elimination is in place.

The first step in the benzimidazolium salt synthesis® was a
Buchwald-Hartwig amination of the required 1,2-dibromo-
arene (29-31) with excess 1-adamantylamine and sodium
tert-butoxide (Scheme 2). This was followed by cyclisation
of 32-34 with ethyl orthoformate/HCl producing the
benzimidazolium chlorides 35-37 in good yields. Unfortu-
nately, we were unable to cyclise any of the corresponding
aniline derived analogues.

5 equiv. AdNH,, --BuONa
Pd,(dba)s, rac-BINAP

g X QNHA(’
Toluene, 135 °C X NHAd

32, X=0Me 47 %
33, X=H 78 %
34, X=F 89 %

Ad
X N - ]
conc. HCI (€] 35, X=OMe 96 %
Iji@,}m 36,X=H 76%
(E10)sCH X N 37, X=F 77%
rtto 80 °C Ad

Scheme 2. Synthesis of N,N-diadamantylbenzimidazolium salts.

We submitted NHC precursors 35-37 to the Suzuki reaction
conditions.*® Using an electron-rich (Reaction 1, Graph 1)
and an electron-poor (Reaction 2, Graph 1) chloroarene with
p-tolylboronic acid (an electronically neutral substrate)
would allow us to probe the electronic influence of the
ligands on oxidative addition. Alternatively, coupling
p-chlorotoluene (an electronically neutral substrate) with
an electron-rich (Reaction 3, Graph 1) and an electron-
deficient (Reaction 4, Graph 1) phenylboronic acid would
allow us to probe the electronic influence of the ligands on
reductive elimination.

Results suggest that the transmetalation and reductive
elimination steps are unaffected by the electronic nature of
the carbene ligand. However, reactions conducted with the
most electron deficient ligand 37 consistently yielded the
lowest amount of product whilst the most electron rich
ligand 35 was found to give the highest yields. These results

Reaction 1

/@,C* B(OH),
AT
e0

e

Reaction 2

~ )
Cl B(OH),
o~ — O
F
Reaction 3
Cl B(OH),
T O — O om
MeO
Reaction 4
~ )~

SO
F

mmmm Reaction 1
mm Reaction 2
= Reaction 3
[0 Reaction 4 100 100

100
100 L T 91 g4
83
8 76
20

0o

d’N N“Ad Ad’N N‘Ad Ad’N N“Ad

Yield (%)
@
S o

o
o

37 36 35

Graph 1. Suzuki cross-coupling reaction of a range of electron-rich and
electron-deficient chloroarenes and phenylboronic acids. The most electron
rich ligand (35) was found to give the highest coupling yields, whilst the
most electron-poor (37) the lowest, with the electronically neutral ligand
(36) in-between. The reaction was more sensitive towards electronic
perturbance in the chloroarene than in the phenylboronic acid, suggesting
that the oxidative addition is affected mostly by electronic effects, while
steric bulk played the dominant role during the reductive elimination.
Reaction conditions: 4 mol% Pd(OAc),, 8§ mol% 35-37, 0.5 mmol of
4-chlorotoluene, 0.75 mmol of arylboronic acid, 1 mmol Cs,COj3, dioxane
(1.5 mL), 80 °C, 24 h, in duplicate. The yields were determined by GC/MS
against calibrated internal standard (undecane).

indirectly corroborate the theory that the reductive
elimination step in Pd-NHC catalysed reactions is primarily
governed by the steric nature of the NHC ligand.>? If
oxidative addition is the rate-determining step and its rate is
increased by an electron rich metal centre,37 these results
can be explained by assuming that rate of oxidative addition
of the palladium complexes is in the order 35>36>37,
which is in agreement with the current mechanistic theory.'®
Also, insightful work by Fairlamb et al. showed that
electron rich trans, trans-dibenzoylacetone (dba) analogues
led to an increase in catalyst efficiency of Pd-NHC (ligand
17) catalysts when used as co-ligands.”® These results imply
that NHC ligand design should focus on creating an electron
rich carbene ligand with a carefully selected steric
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environment around the metal centre. While the topography
created by the neighbouring N-substituents must not retard
the oxidative addition, it must be sufficient to ensure rapid
elimination of the product and thus, turn-over of the catalyst
while avoiding B-hydride elimination.

3.2. Alkyl-alkyl cross-coupling protocol development

Armed with this information we set about the development
of an alkyl-alkyl cross-coupling protocol.* Since we were
unable to synthesize the originally intended ligand set of
N,N'-disubstituted benzimidazolium salts (Fig. 3), we did
not have the whole spectrum of ligand topology available.
Therefore, 35-37 were not employed in our initial
investigations. Also, we had reached an opinion that once
a certain ‘level’ of o-donating power had been reached by
the NHC ligand the steric environment imparted by the
ligand was then the most important factor in the
development of a successful protocol. Hence, we submitted
the bulky imidazolium salt 40 (Fig. 2) to Negishi
conditions,"® assuming that the alkylzinc reagent would
facilitate the formation of active catalyst. We were
delighted to find that cross-coupling occurred in high
yield (Scheme 3, Table 1, entry 1). An earlier report
indicated that the addition of N-methylimidazole (NMI) in
alkyl-alkyl Negishi cross-coupling reactions catalysed by
Pd/13 leads to higher yields. This was attributed to

Zs
CI@

40 (8 mol %)
Pd,(dba)z (2 mol %)

o

+

i

41

THF-NMP(2:1)
75°C,18h
standard conditions

NS znBr
(1.3 equiv) 39

Scheme 3. Alkyl-alkyl Negishi cross-coupling reaction—initial
optimization.

Table 1. Effect of reaction conditions on the yield of alkyl-alkyl Negishi
coupling

Entry Change from standard conditions Yield (%)*
1 None 75
2 No ligand (1) 0.3
3 No Pd,(dba); 0.0
4 Add NMI (1.2 equiv) 75
5 55°C 70
6 Room temperature, 24 h 77

# GC yield against a calibrated internal standard (undecane); reactions were
performed in duplicate and the average yield reported.

activation of the organozinc reagent.'’ In contrast, we
found that NMI is not beneficial for achieving a high cross-
coupling yield in the Pd-NHC protocol (Scheme 3, Table 1,
entry 4). Furthermore, the reaction proceeded with equal
efficiency at 55°C and room temperature (Scheme 3,
Table 1, entries 6 and 7). Further evaluation of palladium
precatalysts at room temperature demonstrated that
Pd,(dba);, Pd(OAc), and PdBr, were equally successful,
while other Pd precursors were less effective (Scheme 4,
Graph 2a). Finally, a solvent study revealed a dependence
on polar amide solvents (DMA, DMI, NMP, but not DMF)

40 (8 mol %)
"Pd "(4 mol %)

o

+

oy

41

THF-solvent (2:1)
" 7nBr r,24 h

(1.3 equiv) 39

Scheme 4. Alkyl-alkyl Negishi cross-coupling reaction—source of Pd and
temperature study.
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Graph 2. Optimisation of catalyst composition: (a) assessment of
commercially available Pd-precatalysts; (b) assessment of co-solvents.
We determined that Pd,(dba)z, Pd(OAc), and PdBr, were optimal (74-77%
yield), as were amide solvents (NMP, DMI, DMA, but not DMF, 71-77%
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Figure 5. Imidazolium and 4,5-dihydroimidazolium NHC ligand
precursors.
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to achieve high yields (Graph 2b), similar to earlier
reports.'>'? However, ether solvents (THF, DME) proved
ineffective (Scheme 4, Graph 2b).

Following our initial success, we conducted a detailed
evaluation of a series of imidazolium and 4,5-dihydro-
imidazolium salts (Fig. 5, Scheme 4, Graph 3). We observed
a very strong dependence on the steric bulk of the
substituents on the nitrogen atoms of the five-membered
ring (Graph 3) (Scheme 5). The 2,6-diisopropylphenyl
substituent was required for high coupling yields, irre-
spective of the nature of the carbene, imidazolium (40)
versus 4,5-dihydroimidazolium (42). The corresponding
ethyl analogues 43*° and 44 were much less active and the
mesityl carbenes derived from 47 and 48 were ineffective.**'?
The most sterically demanding adamantyl carbenes derived
from 51 and 36 did not yield any cross-coupling product.
Whether this failure was due to the different topology
imparted by adamantyl groups (compared to the 2,6-
dialkylphenyl) or lack of Pd—-NHC complex formation
remains unclear at this point. Intrigued by the effect of the
bulky 2,6-diisopropylphenyl substituent, we decided to
evaluate a range of unsymmetrical 4,5-dihydroimidazolium
salts. One 2,6-diisopropylphenyl substituent was retained
and either a 2,6-disubstituted or 2,4,6-trisubstituted aryl
moiety bearing a range of alkyl groups, electron-donating

5
AN N-ar
x©
mBr 36,40,42-51 (8 mol %)
. Pd,(dba); (2 mol %) ©/\ﬁ/
5
THF-NMP(2:1)
SN znBr it, 24 h
(1.3 equiv) 39

41

Scheme 5. Alkyl-alkyl Negishi cross-coupling reaction—ligand
evaluation.
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Graph 3. Evaluation of ligand structure (Fig. 5). The symmetrical 2,6-
diisopropylphenyl substituted salts (40, 42) yielded the most cross-coupling
product (76 and 85%), irrespectively of the nature of the carbene backbone
(unsaturated vs saturated). We also observed slight dependency on Pd-IPr
ratio, inferring that a monoligated Pd—IPr species is the active catalyst. We
observed a direct correlation between the size of the flanking aryl
substituents and cross-coupling yield. Electron-withdrawing (49) or
electron-donating (50) substituents were detrimental regardless of
substituents size. Similarly, the adamantyl-substituted ligands 51 and 36
were not effective.

(OMe) or electron-withdrawing substituents (F) was
introduced on the other nitrogen. We observed that ligand
precursor 43, possessing the most sterically hindered arene
substituents (2,6-diisopropylphenyl and 2,6-diethylphenyl)
yielded 47% of product compared to 11% for the
symmetrical diethyl analogue (46). An analogous yield
increase was observed for the 2,6-diisopropylphenyl-
mesityl derivative (44) compared to the symmetrical mesityl
NHC precursor (47). In contrast, even though the o-methoxy
groups in 50 are similar in size to the ethyl groups in 45,
very little product was observed. Similarly, the 2,4,6-
trifluoroanalogue 49 was ineffective. Finally, an investi-
gation of the Pd:NHC (precursor 40) ratio confirmed that a
1:2 ratio was optimal (Graph 3). Only slight variations in
yield were observed when the Pd:40 ratio was increased
from 1:1 to 1:3. This suggests that only one catalytically
active species was formed and the variation in yield was due
to differing amounts of the active catalyst being produced
in situ. We propose this to be a monoligated Pd-NHC
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Figure 6. Room temperature Negishi cross-coupling reactions of
unactivated alkyl bromides with alkyl zinc reagents. The alkyl fragment
from the organozinc reagent is shown in bold. Conditions: Pd,(dba)s;
(2 mol%), IPr-HCl (8 mol%), n-butylzinc bromide (0.5M in THF,
12 mol%) stirred for 1h, alkyl bromide (0.5 mmol), alkylzinc reagent
(0.5 M in THF, 0.65 mmol) in THF-NMP (2/1), room temperature, 24 h, in
duplicate. Average isolated yield at room temperature; isolated yield at
75 °C in parentheses.
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3.3. Synthetic applications of the alkyl-alkyl Negishi
cross-coupling protocol

Under optimised conditions, a variety of substrates were
coupled in good to excellent yields at room temperature
(Fig. 6). The results indicate that a number of functional
groups (esters, nitriles, amides, alkynes and acetals) were
tolerated. It is noteworthy that the yields at room
temperature were generally higher than when performed
at 75 °C. The addition of a small amount (12 mol%) of n-
butylzinc bromide ensured reproducible catalyst formation.
Of particular interest is the coupling of B-substituted alkyl
bromides and alkylzinc reagents to produce products such as
62. Moreover, we observed that alkyl chlorides were
unreactive under these conditions as we were able to
activate selectively an alkyl bromide in the presence of an
alkyl chloride (product 61).

4. Computation and models

4.1. General computational methods

The GAUSSIAN 98 (G98) program package** was used for
all computations in this work. Common convergence
criteria of 3.0X107% 4.5X107% 1.2X1077 and 1.8X
10~ were used for the gradients of the root mean square
(RMS) force, maximum force, RMS displacement and
maximum displacement vectors, respectively. Model
carbene and saturated-carbene structures were constructed
from existing and pre-computed molecular structures. In
order to meet the ‘design criteria’ for a scalable ab initio
‘building block’ approach, a modular construct was
employed that allowed for addition and/or removal of any
portion of the model, without gross perturbation to the
remainder. This was achieved via a numerical definition of
the relative spatial orientation of all constituent atoms,
affording explicit control over all degrees of freedom,
allowing for perturbation of the existing precomputed
data.** Although all assemblies of pre-computed building
blocks must still be geometry optimised, the use of pre-
optimised portions allow for an overall increase in
computational efficiency as well as theoretical accuracy
and precision.** Utilising existing Unix-shell and practical
extraction and report language (PERL) scripts,45 compu-
tation, data and networking management were optimised.
Computations were performed on distributed and algorithm-
specific hardware arrays. All results were housed in a
growin% database of computed structures.***® The rsync
option®’” was used to continually and accurately update the
database. Each structure was initially geometry optimised
using the ab initio*® Hartree-Fock (HF) method,*’ emPloy—
ing the STO-3G”" and split-valence 3-21G basis sets.”’ The
results of the HF/3-21G computations were used as input in
a theoretical refinement, using the B3LYP density
functional theory (DFT) method.”> Mathematical amelio-
ration of the models was subsequently achieved through
the use of the DZVP basis set.” The structural results of the
B3LYP/3-21G level were used as starting structures in the
B3LYP/DZVP computations. All structures were confirmed
as residing at minima on their respective potential energy
hypersurfaces (PEHS) using frequency calculations. Struc-
tures were visualised using the Molekel software package.>*

4.2. Atoms in molecules (AIM) method

For the weak interactions including hydrogen-bond inter-
action, studies that use the theory of atoms in molecules
(AIM),55 based on both theoretical®® and experimental”’58
electron densities have drawn considerable interest recently.
Different types of hydrogen bonding and weak interactions
have been studied to describe the nature of these
interactions. The topological properties of electron density
distribution of a molecular system are based on the gradient
vector field of the electron density p(r) and on the Laplacian
distribution of the electron density V p(r).>>® In the light
of the AIM approach, critical points (CPs) of rank 3 were
identified in the electron densities, both theoretical and
experimental. There are bond critical points (BCPs), ring
critical points (RCPs) and cage critical points (CCPs). The
existence of a BCP between two atoms in an equilibrium
molecula