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Preface

As stated in its preface, the major motivation for our
undertaking the publication of the Encyclopedia of Reagents
for Organic Synthesis was “‘to incorporate into a single work a
genuinely authoritative and systematic description of the
utility of all reagents used in organic chemistry.” By all
accounts, this reference compendium succeeded admirably in
approaching this objective. Experts from around the globe
contributed many relevant facts that define the various uses
characteristic of each reagent. The choice of a masthead
format for providing relevant information about each entry, the
highlighting of key transformations with illustrative equations,
and the incorporation of detailed indexes serve in tandem to
facilitate the retrieval of desired information.

Notwithstanding these accomplishments, the editors came
to recognize that the large size of this eight-volume work and
prohibitive cost often deterred the placement of copies of the
Encyclopedia in or near laboratories where the need for this
type of information is most critical. In an effort to meet this
demand in a cost-effective manner, the decision was made to
cull from the major work that information with the highest
probability for repeated consultation and to incorporate the
same into a set of handbooks. The latter would also be
purchasable on a single unit basis.

The ultimate result of these deliberations was the
publication of the Handbook of Reagents for Organic
Synthesis, the first four volumes of which appeared in 1999:

Reagents, Auxiliaries and Catalysts for C-C Bond
Formation
Edited by Robert M. Coates and Scott E. Denmark

Oxidizing and Reducing Agents
Edited by Steven D. Burke and Rick L. Danheiser

Acidic and Basic Reagents
Edited by Hans J. Reich and James H. Rigby

Activating Agents and Protecting Groups
Edited by Anthony J. Pearson and William R. Roush

Since then, the fifth, sixth, seventh, eighth, and ninth members
of this series listed below have made their appearance:

Chiral Reagents for Asymmetric Synthesis
Edited by Leo A. Paquette

Reagents for High-Throughput Solid-Phase and
Solution-Phase Organic Synthesis
Edited by Peter Wipf

Reagents for Glycoside, Nucleotide, and Peptide
Synthesis
Edited by David Crich

Reagents for Direct Functionalization of C-H Bonds
Edited by Philip L. Fuchs

Fluorine-Containing Reagents
Edited by Leo A. Paquette

Each of the volumes contains a selected compilation of those
entries from the original Encyclopedia that bear on the
specific topic. The coverage of the last five handbooks also
extends to the electronic sequel e-EROS. Ample listings can
be found to functionally related reagents contained in the
original work. For the sake of current awareness, references to
recent reviews and monographs have been included, as have
relevant new procedures from Organic Syntheses.

The present volume, entitled Catalyst Components for
Coupling Reactions, constitutes the tenth entry in a
continuing series of utilitarian reference works. As with its
predecessors, this handbook is intended to be an affordable,
enlightening compilation that will hopefully find its way into
the laboratories of all practicing synthetic chemists. Every
attempt has been made to be of the broadest possible relevance
and it is hoped that our colleagues will share this opinion.

Leo A. Paquette
Department of Chemistry
The Ohio State University
Columbus, OH, USA






Introduction

Among the myriad new methodological strategies devel-
oped over the past 50 years, none has impacted the
construction of organic molecules as much as those
transformations categorized as cross-coupling reactions.
From the synthesis of pharmacologically active agents and
natural products to all manner of new materials, the various
synthetic methods established under the cross-coupling
umbrella have revolutionized the manner in which novel
molecular architectures are assembled. Recognizing the
well-known limitations of classical Sy1 and Sy2 reactions,
in the 1970s chemists began their search for catalyzed
reactions that were able to overcome the energy barriers to
substitution at sp- and sp*-hybridized centers. Most of the
processes derived from these investigations rapidly assumed
their current status as ‘‘name reactions,” including the
Suzuki-Miyaura, Negishi, Kumada-Tamao/Corriu, Stille/
Migita—Kosugi, Tamao—Kumada/Hiyama—Hatanaka, and
Sonogashira cross-couplings, as well as the Mizoroki—Heck,
Tsuji—Trost, and Buchwald—Hartwig reactions.

Each of these cross-coupling processes is associated with a
different set of reagents (e.g., organoborons, organozincs, etc.)
that are vast in their scope and thus difficult to assemble in
reasonable encyclopedic form. However, all cross-couplings are
inextricably linked by one common theme—they employ catalyst
systems comprised of various metal complexes and ligands that
promote the reactions through catalytic cycles in which many of
the individual steps are identical or related by analogy. As a
consequence, familiarity with the properties and capabilities of
the various catalyst components in one regime often opens diverse
opportunities for application across the entire spectrum of cross-
coupling transformations. For this reason, the current volume
serves as a departure from its progenitors in that it focuses not on
specific reagents, but rather on the individual components of
catalyst systems.

The various precatalysts, catalysts, and ligands highlighted
herein were selected from three different sources. The first set of
these ‘“‘reagents” appeared in the original Encyclopedia of
Reagents for Organic Synthesis (EROS), which was published

in 1995. Importantly, the vast majority of these have been
subsequently updated by leading experts and appear in the
continually expanding online encyclopedia eEROS. This supple-
mental information, so critical in the rapidly developing field of
cross-coupling, is found herein in the form of extensions to the
original article. Finally, entirely new compounds to EROS, again
contributed by skilled practitioners in the art who have outlined
the latest developments, comprise nearly 20% of the entries.

Readers will recognize that among the thousands of new ligand
systems that have been developed during the past few decades,
many may be organized into ‘‘superfamilies’” of compounds
that are constituted from similar molecular platforms. An
attempt has been made to group these under a single, parent
compound, but this effort in some cases has been thwarted by
the historical, organic manner in which EROS has evolved, and
it has not always been possible to accomplish this ideal.

A list of recent review articles and monographs concerning
various aspects of cross-coupling reactions has been included,
which appears directly after this Introduction. These articles and
authoritative books detail both synthetic and mechanistic aspects
of these important transformations. The list is divided into several
sections. The firstincludes articles and books on general aspects of
cross-coupling, broadly defined. The remainder of the reviews are
organized according to the specific type of cross-coupling reaction
involved, arranged by their now-familiar monikers. Subsequently,
the various catalyst components are listed in alphabetical order in
keeping with the EROS and eEROS format.

Because cross-coupling reactions play such an integral role in
virtually all aspects of modern synthetic organic chemistry, we
hope that this compilation will prove useful as a first reference
source to those seeking a comprehensive, authoritative single
volume for information on the catalyst components for various
cross-coupling protocols.

Gary A. Molander
Department of Chemistry
University of Pennsylvania
Philadelphia, PA, USA
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1-Adamantyl-di-tert-butylphosphine

jan>

)V

CigHas3P

[338799-92-1] (MW 280.83)

(ligand used for palladium-catalyzed cross-coupling reactions)

Physical Data: not reported.

Solubility: soluble in ether, benzene, toluene, THF.

Form Supplied in: white solid.

Analysis of Reagent Purity: 3P NMR (CgDg): & 63.0.

Preparative Methods. prepared from the cuprate-mediated addi-
tion of 1-adamantyl Grignard reagent to Bu',PCI.

Purification: distillation at 159-165 °C at 1 Torr under nitrogen
atmosphere.

Handling, Sorage, and Precautions. it is prone to oxidation in
air and should be kept under inert atmosphere.

Overview. 1-Adamantyl di-tert-butylphosphine is a slightly
more hindered variant of tri-tert-butylphosphine that emerged
from the synthesis of a library of phosphines, work on catalytic
coupling, and work on synthesis of organometallic intermediates
in cross-coupling processes. Certain coupling processes have oc-
curred in higher yields or under milder conditions with this lig-
and than with t-BugP. In addition, some palladium catalyst pre-
cursors containing this ligand are significantly more stable to air
and moisture than those containing t-BugP, and arylpalladium(l1)
halide complexes of this ligand are more thermally stable than
those containing t-BuzP.

Ligand Synthesis. 1-Adamantyl di-tert-butylphosphine is
prepared from the cuprate-mediated addition of 1-adamantyl Grig-

nard reagent to But,PCl as shown in eq 1.1
. cul, LiBr O
+ Bu,PCl —( >
MgBr 2 Et0 PBuU,
85%

Preparation of 1-AdMgBr from 1-bromoadamantane is some-
what challenging on large scale because of competing radical cou-
pling of the adamantyl groups®~* and is best conducted without
stirring.#> 1-Adamanty! di-tert-butylphosphine was first prepared
as part of a library of sterically hindered monophosphines tested
using a qualitative fluorescence assay for room-temperature Heck
reactions of bromoarenes? (eq 2) and later a fluorescence reso-

nance energy transfer system for the coupling of aryl halides with
cyanoesters (eq 3).%

5% (LADPE: R
ArBr ﬁR .1.2 equiv NEts 2 /=/ @
DMF, it Ar
88-99%
| 0]
Ozg \/\OJK/CN
NMe, Strong fluorescence
il BocN

96

NMe,

Weak fluorescence

Catalysis with Palladium Complexes of 1-Adamantyl-di-
tert-butylphosphine. The combination of adamantyl di-tert-
butylphosphine and a palladium precursor typically reacts with
similar rates and yields to those of tri-tert-butylphosphine.5~8
However, the precatalyst with the general formula (LPdBr), was
more active when L = 1-adamantyl di-tert-butylphosphine than
when L = P(t-Bu)3.2 Table 1 provides a series of aminations of aryl
halides using the dimeric Pd(I) species containing t-BugP and 1-
adamanty| di-tert-butylphosphine as ligand. On the practical side,
the dinuclear complex {[(1-Ad)P(t-Bu),]PdBr},was stable to air
indefinitely as a solid, whereas [(t-Bu)sPPdBr],can be weighed
in air, but should be stored under nitrogen.

Organometallic Complexes of 1-Adamantyl-di-tert-butyl-
phosphine. Differences in the stability of palladium com-
plexes of 1-adamantyl di-tert-butylphosphine and tri-tert-
butylphosphine were observed when conducting the synthesis
of arylpalladium(Il) complexes. As shown in egs 4 and 5, the
unusual three-coordinate arylpalladium halide complexes ligated
by 1-adamantyl di-tert-butylphosphine are formed in good yield,
whereas the analogous reaction with Pd(Pt-Bug), occurs in yields
less than 50%. In addition, the arylpalladium halide complexes
ligated by 1-adamantyl di-tert-butylphosphine complex are more
thermally stable and crystallize more readily, due to stabilization
by an agostic interaction of a methylene hydrogen with the Pd(11)
center,10.11
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PA[1-AdP'BU,] PhBr LAd'BUP-Pd-Br  (4)
neat
5 Ph
70°C 81%

Table 1  Amination of aryl halides with {[(1-Ad)P(t-Bu)o]PdBr}, as
catalyst®

Entry Aryl halide ~ Amine Product Yield®
Cl — —\
/O/ HN O Me—@—N 0 88%
1 Me _/ _/
~ cl — Me
(j[ HN (0] /N
2 X Me n_/ N 0] 68%
NBU2
HNBuU, /©/ 87%
eO

Cl
1T
MeO M
/O/CI /©/NBUZ
HNBU, o\ 97%
NBu;
tBuCOz/©/ >99%

Br /O/ NBu,
HNBu, t-Bu 96%

NMePh
98%

HNBuU,

Br Z NPhZ
| 96%
HNPh, Bu” X

oy 4
7 t-BU HNMePh t-Bu X

9 t-Bu

t_
Br NHPh
H,NPh t_Bu/©/ 82%

@Reaction were conducted on 1 mmol scale in THF (1 mL) at room temper-
ature for 15 min or 1 h (entry 8). The relative amounts of arly halide, amine,
NaOt-Bu, and [(R3P)PdBr], was 200:210:300:1.

bYields of isolated products are an average of two runs.

Alist of General Abbreviations appears on the front Endpapers

10.

11

Phli
Pd[1-AdP'Bus], — 1-Ad'Bu,P —Pld—l (5)
70 OC Ph

87%
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Benzylchlorobis(triphenylphosphine)-
palladium(11)*

[22784-59-4]

C43H37CIP,Pd

(MW 757.59)

(catalyst for the cross coupling! of alkyl-, vinyl-, alkynyl-, and
allylstannane groups with acyl chlorides,? allyl halides,® vinyl
triflates, and iodides4)

Physical Data: mp 166-170°C.

Solubility: sol THF, benzene, and other organic solvents.

Form Supplied in: crystalline; commercially available.

Preparative Methods. may be prepared from benzyl chloride and
(Ph3P)4Pd in benzene at room temperature, washed with Et; O,
and dried under vacuum.®

Handling, Storage, and Precautions: is an air-stable solid and
remains stable in solution. Irritant.

Cross Coupling Reactions with Organostannane Com-
pounds. Palladium catalysis of cross coupling reactions is well
established in organic chemistry.! Benzylchlorobis(triphenyl-
phosphine)palladium(II) (1), first reported in 1969,2 is used ex-
tensively for these reactions. Other palladium complexes, such
as dichlorobis(triphenylphosphine)palladium(II) and tetrakis-
(triphenylphosphine)palladium(0), catalyze cross coupling reac-
tions; however, the title compound generally provides higher
yields in shorter reaction times. Most common is the coupling
of an organotin compound with an acyl halide to produce ke-
tone products (eq 1), which has many advantages over existing
methods of preparing ketones from acyl chlorides. The yields are
high, and in many cases, nearly quantitative. Both the organotin
compound and the catalyst are air stable. The reaction tolerates a
wide variety of functional groups; ester, alkene, nitro, nitrile, halo,
methoxy, silyloxy, vinyl ether, and even aldehyde remain intact
during the reaction. Sterically hindered acid chlorides will react,
and conjugate addition with o,B-unsaturated acid chlorides does
not occur. Further, if a vinyl-, aryl-, or alkynyl-trialkylstannane is

o R%Sn (1) (0.1-5 mol %) 0] R?;SnCl 0
+  or P —————— + or
1 THF or HMPA, 65 °C 1 2
R Cl R33SnR2 1 min — hours R R R33an1

R! = alkyl, aryl, vinyl, alkynyl, allyl, -OR, -NR,
R? = alkyl, aryl, vinyl, alkynyl, allyl
R3=Bu, Me

used, only the vinyl, aryl, or alkynyl group is transferred. With
stannanes as substituents on a stereogenic center, the reaction stan-
nanes as substituents on a stereogenic center, the reaction proceeds
with stereochemical inversion of the stereogenic center.® Acyl-
stannanes can be prepared by the coupling of acyl halides and
distannyl species.’

Aldehydes can be prepared from acid chlorides and
tri-n-butyltin hydride in the presence of (1).2 While this
reduction can be performed by mixing the substrate and Bu3SnH,
ester byproducts and other products resulting from radical
reactions occur without the palladium catalyst. 1,2-Diketones can
be made easily by the reaction of a 1-methoxyvinylstannane and
an acid chloride, followed by hydrolysis (eq 2).2 A similar 2-
methoxyvinylstannane was employed in the synthesis of agglom-
erin A and (&)-carolinic acid.'% Vinylstannanes and acyl chlorides
have been coupled intramolecularly to provide 11-, 12-, 14-, 16-,
and 20-membered macrocycles in 32-72% yields.!!

OMe

+ RCOCI
SnMes

(1) (1 mol %)

CeHe
reflux 1 h

R =alkyl, aryl ~ 73-86%

0 0
oMe Me
R)HT S .
0

Allylic halides can be coupled with organostannanes without
allylic transposition.3? The reaction takes place with inversion of
stereochemistry at the allylic carbon, and double bond geometry
remains intact for acyclic substrates (eq 3).%¢ In addition, car-
bon monoxide can be inserted during the course of the reaction
to provide ketone products.3®12 Vinyl iodides couple in a simi-
lar fashion,*? and the coupling of vinyl triflates was used in the
synthesis of pleraplysﬂlin.4b

CO,Me
1) (0.5 mol %)
COMe RUAL LN N
THF, 40°C
| 3)
* BusSnR CO,Me
(1) (0.5 mol %) -
‘Cl CO atmos
atmosphere
THF, 40°C
R = Ph, CH=CH, ’ COR

Ether Cleavage and Formation Reactions. While the cross
coupling reactions of organotin compounds in the presence of
(1) tolerate a great deal of functionality, cyclic (5-membered or
less), allylic and benzylic ethers can be cleaved upon reaction with
an acid chloride catalyzed by the presence of trialkyltin chloride
(eq 4)13 Aliphatic and phenolic ethers are not consumed. Com-
plementary to this method of ether substrate cleavage, epoxides,
oxetanes, and tetrahydrofurans can be formed by the reaction of
bromo ketones and allylic stannanes or a-ketostannanes (eq 5).14
Other alkylstannanes fail to give cyclic ethers.

(1) (0.4 mol %)

{ E 0 Bu3SnCl (15 mol %) O @
+ _ >
THF, 63°C, 48 h A~ _~_-Cl
0 )I\Cl 85% Y
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O Br @O @5mol% Ri_ O

BuSRn i e gy o KR
Rl)J\@n/LRz THF, 63°C, 3-48h /

55-90%
n=0,1,2 )

1. For reviews on metal catalyzed cross coupling reactions see: (a) Stille,
J. K., Angew. Chem,, Int. Ed. Engl. 1986, 25, 508. (b) Stille, J. K., Pure
Appl. Chem. 1985, 57, 1771. (c) Negishi, E.-I., Acc. Chem. Res. 1982,
15, 340.

2. (a) Milstein, D.; Stille, J. K., J. Am. Chem. Soc. 1978, 100, 3636. (b)
Milstein, D.; Stille, J. K., J. Org. Chem. 1979, 44, 1613. (c) Logue, M.
W.; Teng, K., J. Org. Chem. 1982, 47, 2549. (d) Labadie, J. W.; Tueting,
D.; Stille, J. K., J. Org. Chem. 1983, 48, 4634. (e) Verlhac, J.-B.; Pereyre,
M., Tetrahedron 1990, 46, 6399. (f) Blanchot, V.; Fétizon, M.; Hanna, 1.,
Synthesis 1990, 755. (g) Kang, K.-T.; Kim, S. S.; Lee, J. C., Tetrahedron
Lett. 1991, 32, 4341. (h) Degl’Innocenti, A.; Dembech, P.; Mordini, A.;
Ricci, A.; Seconi, G., Synthesis 1991, 267. (i) Balas, L.; Jousseaume, B.;
Shin, H.; Verlhac, J.-B.; Wallian, F., Organometallics 1991, 10, 366.

3. (a) Milstein, D.; Stille, J. K., J. Am. Chem. Soc. 1979, 101, 4992. (b)
Godschalx, J.; Stille, J. K., Tetrahedron Lett. 1980, 21, 2599. (c) Sheffy,
F. K,; Stille, J. K., J. Am. Chem. Soc. 1983, 105, 7173. (d) Liebeskind,
L. S.; Wang, J., Tetrahedron 1993, 49, 5461.

4. (a)Stille, J. K.; Groh, B. L., J. Am. Chem. Soc. 1987, 109, 813. (b) Scott,
W. J.; Stille, J. K., J. Am. Chem. Soc. 1986, 108, 3033. (¢) Hinkle, R. J;
Poulter, G. T.; Stang, P. J., J. Am. Chem. Soc. 1993, 115, 11626.

5. (a) Fitton, P.; McKeon, J. E.; Ream, B. C., J. Chem. Soc. (C) 1969, 370.
(b) Lau, K. S. Y.; Wong, P. K.; Stille, J. K., J. Am. Chem. Soc. 1976, 98,
5832. (c) Lau, K. S. Y,; Stille, J. K., J. Am. Chem. Soc. 1976, 98, 5841.

6. Labadie, J. W,; Stille, J. K., J. Am. Chem. Soc. 1983, 105, 669.

7. Mitchell, T. N.; Kwetkat, K., Synthesis 1990, 1001.

8. Four, P; Guibe, F., J. Org. Chem. 1981, 46, 4439.

9. Soderquist, J. A.; Leong, W. W.-H., Tetrahedron Lett. 1983, 24, 2361.
10. Ley, S. V.; Trudell, M. L.; Wadsworth, D. J., Tetrahedron 1991, 47, 8285.

11. Baldwin, J. E.; Adlington, R. M.; Ramcharitar, S. H., J. Chem. Soc.,
Chem. Commun. 1991, 940.

12. Liebeskind, L. S.; Yu, M. S.; Fengl, R. W., J. Org. Chem. 1993, 58, 3543.
13. Pri-Bar, L; Stille, J. K., J. Org. Chem. 1982, 47, 1215.
14. Pri-Bar, L.; Pearlman, P. S.; Stille, J. K., J. Org. Chem. 1983, 48, 4629.

Gregory R. Cook & John R. Stille
Michigan Sate University, East Lansing, MI, USA

[1,2-Biphenyl]-2-yldicyclohexylphosphine

g PCy,

Co4H31P

[247940-06-3] (MW 350.48)

(reagent used as a ligand for a variety of palladium-catalyzed
reactions)

Alternate Name: 2-(dicyclohexylphosphino)biphenyl.
Physical Data: mp 103 °C.

Solubility: soluble in most organic solvents.

Form Suppliedin:  white crystalline solid.

Alist of General Abbreviations appears on the front Endpapers

Purification: recrystallized from hot methanol.
Handling, Storage, and Precautions: stable to air and moisture.

Introduction. 2-(Dicyclohexylphosphino)biphenyl) (1) is a
monodentate phosphine ligand that is prepared via lithiation of
2-bromobiphenyl followed by phosphinylation with dicyclohexyl-
chlorophosphine.! Ligand 1 was developed by Buchwald and first
described in 1999 for use in Pd-catalyzed Suzuki—Miyaura coup-
lings and N-arylation reactions of aryl bromides and chlorides.
The high activity of catalysts supported by ligand 1 is believed
to be due to a combination of steric and electronic properties.
The ligand is electron rich, which facilitates oxidative addition
of aryl halides to Pd(0), and is sterically bulky, which promotes
carbon—carbon and carbon—heteroatom bond-forming reductive
elimination. Unlike many electron-rich phosphines, 1 is air-stable
at room temperature in crystalline form and in solution.? Ligand
1 has been used extensively in various palladium-catalyzed cross-
coupling reactions,® which are described in this article.

Suzuki-Miyaura Couplings. The palladium-catalyzed cross
coupling of organoboron reagents with aryl/alkenyl halides
(Suzuki coupling) is one of the most common methods used for the
formation of Csp?>~Csp? bonds.*~" Ligand 1 has been frequently
employed in these transformations.

The high activity of catalysts supported by 1 allows Suzuki
coupling reactions to be conducted with relatively low catalyst
loadings. For example, the coupling of 4-bromo-tert-butyl
benzene with phenylboronic acid was achieved using only
0.001 mol % palladium (eq 1).1 The Suzuki coupling of un-
activated aryl chlorides can also be effected, although slightly
higher catalyst loadings are typically required (0.05-1 mol %
Pd).18 High turnover numbers have also been obtained using a
palladéum(O) monophosphine complex composed of diallyl ether
and 1.

Br
SO
t-Bu

B(OH), 0.001% Pd(OAc),
0.002% 1

K3PO4
toluene, 100 °C

Ph
jouk
t-Bu

92%

The Pd(OAc);/1 catalyst system has also been employed for
the Suzuki coupling of sensitive substrates. For example, the cross
coupling of unstable 1-azulenyl triflate 2 with triethylborane was
achieved using this catalyst (eq 2). The product of this transfor-
mation (3) is a key intermediate in Danheiser’s synthesis of the
antiulcer drug egualen sodium (KT1-32).1%11 This catalyst
operates efficiently under sufficiently mild conditions such that
a broad array of functional groups are tolerated.*2~1°

Catalysts supported by 1 are often used for cross-coupling
reactions of heteroaryl halides. In a representative example,
C-6 arylpurine 2'-deoxyriboside analog 5 was prepared from the
corresponding C-6 bromopurine substrate 4 (eq 3).16 A similar
strategy allowed the construction of C-6 aryl 2’-deoxyguanosine
derivatives from the corresponding O°®-aryl sulfonates.!” A broad
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array of heterocycles can be generated using this chemistry, in-
cluding arylpyridines, arquuinolines,18 and C-4 aryl coumarins.®
Resin-bound chlorotriazines have also been used as coupling
partners in these transformations.?°

0 B OTY |
Br —N, ‘<'n
1. 1% Rhy(OPiv),
2. PhNTf,, DMAP
. i-Pr
1-Pr 2
Et
5% Pd(OAc), ‘
7.5% 1
()
Et;B, KF
THF, 65 °C
i-Pr
42% over two steps
Br
N SN 10% Pd(OAc),
¢ | J 15% 1
TBDMSO N N/ PhB(OH),
0 K;PO,
dioxane, 100 °C
OTBDMS
4 Ph
N N
<T )
TBDMSO NN 3)
(0]
OTBDMS
5
91%

Although most Suzuki coupling reactions use boronic acids as
the nucleophilic coupling partner, these reagents can be difficult
to purify, and the boronic acid moiety is usually too sensitive to
tolerate multistep sequences of reactions. In contrast aryl, alkyl,
and alkenyl potassium trifluoroborates have much better physical
and chemical properties and are finding many applications in Pd-
catalyzed cross-coupling reactions.?! These reagents can be pre-
pared in highly pure form through recrystallization, and the triflu-
oroborate moiety is tolerant of conditions used in many common
organic transformations. As shown below (eq 4), the Pd(OAc),/1
catalyst system provides good results in Suzuki coupling reactions
of cyclopropyl potassium trifluoroborates with aryl bromides.??
However, in many cross-coupling reactions of organotrifluorobo-
rate reagents, superior results are obtained with other ligands.?!

Although 1 provides excellent results in a number of Pd-
catalyzed Suzuki coupling reactions, related biaryl(dialkyl)-
phosphine derivatives bearing substituents at the 2’- and
6'-positions often show higher reactivity and are effective with
a broader array of substrates.’>~> These ligands have found
applications in transformations that were not efficiently catalyzed
by Pd/1.

BF;K

3% Pd(OAc),
6% 1

K;3POy, toluene, HO
100°C

H
OH OBn

@

89%

Other Pd-catalyzed Cross-coupling Reactions. In addition
to the Suzuki coupling reactions described above, Pd/1 catalysts
have been used in several other Pd-catalyzed cross-coupling reac-
tions of aryl halides with main-group organometallic reagents. For
example, a catalyst composed of Pd(OAc);/1 was shown to be
optimal in Negishi coupling?®-2” reactions of aryl triflates with
arylzinc phenoxides that afford biaryl phenols (eq 5).28 This
method can be employed for the synthesis of oligoarene products
via an iterative sequence of cross coupling followed by triflation
of the resulting phenol product.

N e
| ClZn OLi  !%PdOAcy
A 1.2% 1
OTf * THF, 60 °C

)

OH

76%

Several examples of Pda(dba)s/1-catalyzed Hiyama coupling
reactions of organosilicon reagents with aryl, alkenyl, or alkynyl
halides have been reported.29 As shown below (eq 6), this catalyst
provided excellent results in couplings of phenyltrimethoxysilane
with aryl halides® and triflates.3!

al 10% Pd,(dba); Ph
PhSi(OM el | D 6
+ PhSiOMe)s — oo A ©

MeO

DMF, 85°c MeO
71%

The methylation of aryl and vinyl halides with an air stable
DABCO adduct of trimethylaluminum was achieved using a Pd/1
catalyst.3? As shown in eq 7, the methylation of 4-bromobenzo-
nitrile with (AlMe3)2(DABCO) provided 4-cyanotoluene in 92%
yield. These conditions are sufficiently mild that substrates bear-
ing nitriles, hydroxyl groups, esters, aldehydes, and nitro groups
are efficiently transformed without degradation of the functional
group.

A few examples of the use of ligand 1 in Pd-catalyzed
a-arylation of ketones have been described. For example, the
coupling of cycloheptanone with aryl bromide 6 proceeded in
80% yield with the Pd(OAc),/1 catalyst system (eq 8),3 and
ligand 1 was also optimal for Pd-catalyzed a-arylations of ethyl

Avoid Skin Contact with All Reagents
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N-diphenylmethylideneglycinate with iodopurines under mildly
basic conditions (K3 PO4).34 However, other biaryl-derived phos-
phine ligands typically provide superior results in the majority of

Pd-catalyzed ketone a-arylation reactions.®
Me
ok
NC

AlMe3
1.5% Pd,(dba);

% 3%
THF, 65 °C

AlMe3 92%
0.1% Pd(OAc),
0 2% 1
NaO t-Bu
toluene, 45 °C

2 equiv

o
0_7 ®

80%

The C-2 arylation of pyrrole anions with aryl bromides can be
accomplished under relatively mild conditions with the use of a
Pd/1 catalyst and stoichiometric amounts of zinc chloride (eq 9).%°
Ligand 1 was also shown to facilitate regioselective phenyla-
tion of 4-oxazolecarboxylate with iodobenzene in the presence

of Cs,CO3.36
Br

Na 0.5% Pd(OAC),
NS ZnCl L1
n
N /T 2t THE, 80°C
FiC CF,
FiC
H
N (©)]
\ /)
F;C
90%

A single example of use of ligand 1 in a stereoselective
palladium-catalyzed tandem Heck arylation/carbonylation reac-
tion has been reported in the total synthesis of perophoramidine.
As shown in eq 10, 7 was converted to 8 in 71% yield as a single
diastereomer.3’

Palladium-catalyzed Carbon-Heteroatom Bond Forma-
tion. The palladium-catalyzed amination of aryl halides is a
powerful method for the synthesis of substituted or functionalized
arylamines,%’39 which are of particular importance in the pharma-
ceutical industry.*®4! Ligand 1 is highly effective for palladium-
catalyzed N-arylation reactions of aryl bromides,*? chlorides,*
and iodides (eq 11).*3 Other related biaryl(dialkylphosphine)
ligands also provide excellent results in these transformations,
and ligands bearing substituents at the 2’ and 6-positions are
frequently more active than 1.4 The catalytic activity of 1
diminishes as reactions progress, which results from the formation
of catalytically inactive palladacycles via competing intramolecu-
lar C-H activation of a 2’-aromatic hydrogen atom on the proximal

Alist of General Abbreviations appears on the front Endpapers

ring.*>#6 In contrast, biaryl bearing substituents that block these
positions do not undergo this side reaction and are more effective
at low catalyst loadings.*®

BnO

Iy OPMP 49 pd0AC),
30% 1

N = NaOAc, CO

| DMA, McOH
85°C

OTBS
7

1%

1% Pd(OAc),

cl
/ \ 2% 1

FHN 0
MeO,C — S 50

DME, 80°C

o
MeO,C

90%

Ligand 1 has been employed in a variety of other Pd-catalyzed
N-arylation or N-alkenylation reactions of aliphatic or aromatic
amines. For example, use of 1 allows selective monoarylation of
dichloropyridines with aniline derivatives,*’ and has been used in
N-arylation reactions of bromoporphyrin derivatives.*8 Primary
anilines can be easily obtained from reactions of aryl halides with
ammonia equivalents (LiIHMDS or Ph3 SiNHz),49’50 and enamines
have been prepared via Pd/1-catalyzed reactions of vinyl triflates
with secondary amines.>! The Pd/1 catalyst system has also been
used in microwave-promoted coupling reactions of azaheteroaryl
chlorides with various amines.%?53

Although a number of different phosphine ligands are suitable
for Pd-catalyzed N-arylation reactions involving aliphatic or aro-
matic amine substrates,3*1 the N-arylation of heterocycles is
much more difficult, and relatively few palladium catalysts effec-
tively promote this transformation.>* As shown below, ligand 1 is
a useful ligand for the N-arylation of indoles.?® For example, aryl
bromide 6 was coupled with 2-methylindole to afford N-aryl in-
dole product 9in 67% yield (eq 12). Despite the utility of 1 in these
transformations, the Pd-catalyzed N-arylation of heterocycles
remains challenging. However, highly effective copper catalysts
have been developed for heterocycle N-arylation reactions that
function well with a broad array of substrate combinations.?6-57

Palladium-catalyzed aryl carbon—boron bond forming reactions
are useful methods for the synthesis of organoboron reagents un-
der mild conditions. The selective borylation of aryl bromides in
the presence of a primary amine functionality has been achieved
using a catalyst composed of Pd(OAc),/1. As shown in eq 13,
2-bromoaniline was coupled with pinacolborane to afford 10 in
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81% yield.%® Borylation of bromoindoles with pinacolborane was
effected using similar reaction conditions.>®
Br

-
N
O\_/O ’
oy
6
N

9
67%

3% Pd(OAc),
45%1

NaO-t-Bu
toluene, 100 °C

12
(0]

o]

5% Pd(OAc),

Br
0, 20% 1
* BH EGN, di
3N, dioxane
NH, o

80°C

Z > NH,

10
81%

Tandem reactions or one-pot sequences of reactions involv-
ing Pd-catalyzed N-arylation are useful ways to build complex
and functionalized products rapidly. Ligand 1 is effective in
several transformations of this type. For example, the tandem
one-pot borylation/amination reaction of dichlorobenzene pro-
vided a 19:1 mixture of borylated chloroaniline derivatives 11
and 12 (eq 14).50 The Pd/1 catalyst has been employed in one-
pot borylation/Suzuki coupling reactions of aryl halides,%® which
have been utilized for the synthesis of biologically active biaryl
lactams,®! B-benzo[b]thienyldehydrophenylalanine derivatives,5?
and the natural products hippadine and pratosine.63 Ligand 1
has also been used in the synthesis of carbazole natural prod-
uct murrastifoline-A via tandem intermolecular/intramolecular N-
arylation of a 2,2’-dibromobiphenyl precursor.54-6°

al 1. 2% (Ind)Ir(COD)

j@ 2% dmpe, HBPin
Cl

2. 1% Pdy(dba)s, 4% 1
PhNH,, K3PO,

DME, 100 °C
cl BPin  Ph(H)N BPin
o
Ph(H)N cl
11 12
46%, 19:1

Enyne Cyclizations. Catalysts supported by ligand 1 have
shown utility in several cyclization/addition reactions of enyne
substrates. For example, silylstannation—cyclization of 1,6-enyne
13 was effected by treatment with tributyl(trimethylsilyl)stan-
nane and catalytic amounts of Pd,(dba)z and ligand 1. This reac-
tion provided a five-membered carbocyclic product (14) bearing

(tributylstannyl)methyl- and alkylidenesilane moieties in 71%
yield (eq 15).56 A related enyne cyclization/addition reaction of
15 was achieved using a Au(L)CI/AgSbFg catalyst (L = 1). This
transformation occurs with net 1,7-addition of methanol to afford
16 in 97% yield (eq 16).87-%8 Under similar reaction conditions,
alkyne substrates bearing aromatic substituents were transformed
to tricyclic products. Ligand 1 also provides satisfactory results in
Pd-catalyzed cycloisomerization reactions of functionalized 1,6-
dienes; although PCys or P(cyclopentyl)s are more frequently em-
ployed as ligands in these transformations.

1% Pdy(dba);  EtO,C

EtO,C 4.8% 1 =
EtO,C SIMC:;
EtO,C MesSiSnBus
toluene, 60 °C SnBuj
EtO,C —
EtO,C
N\
15

Oxidation. The oxidation of alcohols to ketones or aldehy-
des under mild and environmentally sound conditions has been
achieved using catalytic amounts of Pd(dba); and ligand 1, with
chlorobenzene serving as the stoichiometric oxidant.”%"1 For
example, alcohol 17 was converted to ketone 18 in 98% yield
under these conditions (eq 17).

17

71%
2% AuLCl EtO,C
2% AgSbFq
MeOH, rt

ﬁ 1)

97%

1.5 equiv chlorobenzene
1% Pd(dba),, 3% 1

K,COj3, toluene
105°C

(0}

SRS
F F

18
98%
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Bis(acetonitrile)[(1,2,5,6-p)-1,5-cyclo-
octadiene]-rhodium(1+),tetrafluoro-
borate(1-)

[32679-02-0]

Ci12H1sBF4N>Rh

(MW 379.99)

(catalyst for the formation of C—C bonds between various organic
electrophiles and organometallic reagents. Also used as a catalyst
for hydroformylation and hydrogenation reactions)

Physical Data: mp 188190 °C (dec).?

Solubility: soluble in most organic solvents; insoluble in H>O.

Form Supplied in: yellow crystals, commercially available from
Aldrich (cat. #640360).

Analysis of Reagent Purity: melting point, IR.2

Preparative Methods. can be prepared by reaction of
[RhCl(cod)], and AgBF4 in CH,Cl, and CH3CN, followed
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by filtration, concentration of the reaction solution, and precip-
itation of the product using Et,0.3 A similar synthesis has also
been performed using Ph3CBF; instead of AgBFy.2

Purification: recrystallization can be done from acetonitrile with
slow addition of diethyl ether.

Handling, Sorage, and Precautions: store in a cool, dry place
in a tightly sealed container. Handle and store under an inert
atmosphere of nitrogen or argon. May cause mild to severe irri-
tation of the eyes, skin, nose, mucous membrane, or respiratory
tract. Avoid ingestion, inhalation, or direct contact with skin or
clothing. The toxicological effects of this reagent have not been
thoroughly tested; unknown hazards may be present. Chemical-
safety goggles and appropriate gloves are highly recommended.
Use only in a chemical fume hood and near safety shower and
eye bath. Do not breathe dust. Compound is incompatible with
oxidizing agents and active metals and decomposes to carbon
dioxide, carbon monoxide, boron oxides, hydrogen fluoride,
and rhodium salts.

1,2-Additions to Carbonyls. Bis(acetonitrile) (*-1,5-cyclo-
octadiene) rhodium(I) tetrafluoroborate has been shown by Oi to
catalyze addition of organometallic reagents to aldehydes. Un-
der mild conditions, aromatic organostannanes undergo reaction
with aromatic and aliphatic aldehydes in the presence of 2 mol %
catalyst to generate secondary alcohols in excellent yields (eq 1).*

[Rh(cod)(MeCN),|BF,
R H (2 mol %) Ar R
Ar—sSnMe; + [ 0o \( (1)
0 : OH

34-96%

Despite the fact that this reaction is not compatible with
ketones, a-dicarbonyl compounds also prove to be viable electro-
philes.> For example, under the same conditions as those
employed above, benzil treated with aryltrimethylstannanes in the
presence of [Rh(cod)(MeCN),]BF, provides the monoaddition
product (eq 2). Glyoxylic acid esters as well as a-ketoesters are
also compatible under the reaction conditions.

0 [Rh(cod)(MeCN),]BE, o
Ar—SnMe; + Ph\[HJ\ —>(2 mel %) Arw
3 Ph THF, 60°C Ph
(0] OH ()
51-99%

As well as organostannanes, phenylmethyldifluorosilane has
been shown to add to aryl-, heteroaryl-, and alkyl-aldehydes in the
presence of KF using [Rh(cod)(MeCN),]BF, as catalyst (eq 3).5

[Rh(cod)(MeCN),|BF,
(2 mol %) Ph
Y0

KF (3 equiv), THF, 60°C OH

18-99%

R
Ph—SiMeF, + [
0

1,2-Additions to Imines. The addition of organometallic
reagents to imines is a useful method of synthesizing amines.
[Rh(cod)(MeCN),]BF4 has been employed in the arylation of
aldimines with N-electron-withdrawing groups. It was initially

shown that addition of organostannanes, providing the corres-
ponding sulfonamines in good to excellent yields (eq 4)367 1n
almost concurrent reports Oi and Miyaura demonstrated that aryl
organostannanes and sodium tetraphenylborate’ are viable coup-
ling partners in additions to N-tosylimines. Also, arylmethyldiflu-
orosilanes react in the presence of [Rh(cod)(MeCN), |BF4 and KF
to provide N-tosylamines.?

[Rh(cod)(MeCN),]|BF,

R! H (2 mol %) Ar R!
— 4
Ar—SnMe; + ﬁ|/ THF, 60°C Y G}
N, HN. ,
R R
48-98%

R! = aryl, heteroaryl, COOEt
R? = tosyl, PO(OEt),, COPh, COO'Bu

Subsequent reports have shown that boron-based coupling
agents other than sodium tetraphenylborate can be employed in
rhodium-catalyzed addition to imines.® Miyaura has shown that
the coupling of aryl boronic acids with N-sulfonylimines in the
presence of [Rh(cod)(MeCN),]BF, provides N-protected amines
in excellent yields (eq 5).

1. [Rh(cod)(MeCN),]BF,

(2 mol %) A R
R \( H dioxanes, 95°C rY
Ar—B(OH), + I 5)
N 2. H,0 HN_
SO,Ph SO,Ph
68-99%

Of particular note is the diastereoselective addition of aryl
boronic acids to sulfinimines in dioxanes and water.' Batey has
shown that a range of aryl-, heteroaryl-, and alkyl-sulfinimines
will react with arylboronic acids with high diastereoselectivities
under rhodium(I) catalysis, which, following acidic hydrolysis,
generate a-chiral primary amine salts (eq 6).

R H 1. [Rh(cod)(MeCN),]|BF,4
(5 mol %) R Ar
Ar—B(OH), + T J ®

N. .-O Et3N (2 equiv)
h ? dioxanes/H,0, rt NH;Cl
AP PO 44009 yield
up to 98% de

1,4-Additions to Carbonyl-containing Compounds. When
contrasted to the number of reports involving rhodium(I)-
catalyzed 1,4-additions to carbonyl-containing compounds,!? the
use of [Rh(cod)(MeCN),]BF, as either the catalyst or as a pre-
catalyst for generation of a chiral complex is somewhat limited.
However, there remain selected examples where this catalyst is the
rhodium source of choice for conjugate addition to enones and re-
lated species. For example, Miyaura has shown that phenylboronic
acid will react with «,B-unsaturated aldehydes and esters
in the presence of [Rh(cod)(MeCN),]BF,, providing the 1,4-
addition product in excellent yield (eq 7).1%® This reaction can
be performed in the presence of (S)-BINAP, generating enantioen-
riched products. However, neutral rhodium complexes were more
effective catalysts in this reaction.

Aryl- and alkenylstannanes are also effective coupling part-
ners in 1,4-additions to a,B-unsaturated carbonyl compounds with
[Rh(cod)(MeCN),|BFy as catalyst.}415 Oi has shown that a wide

Avoid Skin Contact with All Reagents
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range of unsaturated aldehydes, ketones, and esters are compatible
under the mild reaction conditions (eq 8).

[Rh(cod)(MeCN),|BF4

0 (3 mol %)
Ph—B(OH), + ph/\)J\OMe McOH/H,0
Ph O
PhMOMe @
87%

[Rh(cod)(MeCN),]BF,
(2 mol %)

THF, 60°C

3

R2 =~ R
R!—SnMe; + W

o

R! = aryl, alkenyl; R? = alkyl, aryl, H; R3 = alkyl, O-alkyl, H

R2 R3
®)
R!' O

23-98%

The same group has also demonstrated that organosiloxanes
will perform conjugate addition to a number of «,B-unsaturated
carbonyl compounds. While the initial studies generated racemic
products,’® subsequent investigations have shown that using
4 mol % [Rh(cod)(MeCN),]BF,4 with 6 mol % (S)-BINAP, aryl-
and alkenylsiloxanes will perform highly asymmetric 1,4-addition
to o, B-unsaturated ketones, esters, and amides (eq 9).17'18 Unsat-
urated aldehydes and nitriles are compatible in the racemic ary-
lation and alkenylation chemistry, but have not been shown to be
compatible under asymmetric catalysis.

[Rh(cod)(MeCN),]BF,
(4 mol %)

2 (S)-BINAP (6 mol %)

R\/\Iglﬁ

R! = aryl, alkenyl; R? = alkyl, aryl, H; R3 = alkyl, O-alkyl, H

R'—Si(OEt); +
. dioxanes/H,0, 90 °C

R? R3
b GC
R' O
23-98% yield
up to 99% ee

Additionally, alkenylzirconium reagents will undergo catalytic,
asymmetric 1,4-addition to «,B-unsaturated ketones, catalyzed
by [Rh(cod)(MeCN),]BF;, in the presence of (S)—BINAP.19 Both
cyclic and acyclic ketones provide the substituted enone products,
though enantioselectivities tend to be higher with cyclic species
(eq 10).

This work has been elegantly exploited by Nicolaou in the syn-
thesis of the spirocyclic system of Vannusal A.2% By trapping the
in situ-generated rhodium(I) enolate with an aldehyde, the result
is an asymmetric three-component reaction of «,B-unsaturated
ketones, alkenylzirconium reagents, and aldehydes through a
1,4-addition/aldol reaction sequence (eq 11).

Alist of General Abbreviations appears on the front Endpapers

[Rh(cod)(MeCN),]BF,
(5 mol %)

2 3
Rl = R \/\n/ R (S-BINAP (6 mol %)
\/\ZGCzCl + I THF. 1t

R! = aryl, alkenyl; R? = alkyl, aryl, H; R? = alkyl

3

RI R’
\/\(\[( (10)

R? O
52-99% yield
up to 99% ee

Ce¢H
6 13\/\ZGC2C]

[Rh(cod)MeCNLIBFs o OH
+ o) (5 mol %) %\)/
-BINAP (6 mol % o
TBSO\/\)J\ 4>(S) ©mol 7o
H THF, rt
+

Synthesis of Organosilanes. [Rh(cod)(MeCN);]BF;4 has also
been employed as a catalyst in the synthesis of silane organometa-
llics from aryl halides and triethoxysilane.21 Organosilanes pro-
vide a useful alternative to organoboron or organotin reagents
in cross-coupling reactions. Thus, the rhodium(I)-catalyzed
reaction of triethoxysilane and aromatic iodides and bromides
provides a useful route to prepare aryltriethoxysilanes (eq 12),
which were previously shown to be viable substrates in asym-
metric 1,4-addition to a,B-unsaturated carbonyl compounds. This
method has also been employed in the synthesis of 3,6-bis(trietho-
xysilyl)carbazoles, toward the generation of mesoporous
materials.??

H—Si(OEt); + x@
/,
R

[Rh(cod)(MeCN),]BF4
(3 mol %)

Et;N (3 equiv), DMF, 80°C

N (12)
N\

70-90 %

(Bt0);Si

Hydrogenation. [Rh(cod)(MeCN),]BF, has not been exten-
sively used as a hydrogenation catalyst. In the original communi-
cation of its synthesis, Green and co-workers demonstrated that
when 1,5-cyclooctadiene is employed as a hydrogenation sub-
strate, it is monohydrogenated to generate cyclooctene. They also
demonstrated that 1,3-cyclooctadiene is not hydrogenated at all
by this catalyst.2 This metal complex, though, has been used as
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a precursor for asymmetric hydrogenation in combination with
chiral phosphines.24 For example, using silica gel-immobilized
(9)-i-Pr-phox as a ligand in combination with [Rh(cod)(MeCN),]-
BFy4, the hydrogenation of methyl (Z)-a-(acetamido)cinnamate is
accomplished in 97% yield with 93% enantioselectivity (eq 13).

H, (2 atm)
Ph  NHAc [Rh(cod)MeCN)IBFs - p, — NHAc
_ (1 mol %) \ ( 13)
CO,Me (9-i-Pr-phox (1.2 mol %) CO,Me
MeOH
97% yield
93% ee

Hydroformylation. [Rh(cod)(MeCN),]BF, itself has not
been employed as a catalyst for hydroformylation. However,
in combination with phosphine ligands, it has been shown to
be effective in the hydroformylation of styrene using a solid-
supported catalyst.?> For example, a silica-supported diphe-
nylphosphinoethane-derived phosphine in combination with
[Rh(cod)(MeCN),]BF4 catalyzes the hydroformylation of styrene
and has been employed in mechanistic studies thereof.

Cycloisomerization. Interestingly, [Rh(cod)(MeCN),]BF4
enables cycloisomerization of allyl propargyl ethers directly into
substituted furans in one step (eq 14).2% This reaction was found
to be enhanced in the presence of catalytic quantities of carboxylic
acids, for example, acetic acid. While the report reveals little func-
tional group compatibility, it demonstrates a potential for use of
related cycloisomerizations to other heterocyclic targets, such as
pyrroles.

Rl [Rh(cod)(MeCN),|BE, R!
— 2 (2 mol %)
dppp (6 mol %) = R2
o A 0 (14)
R\ dioxanes, 100°C —
20-64%

R! = alkyl; R? = alkyl, aryl

Related Reagents. Other related rhodium compounds [usu-
ally Rh{)] include [Rh(cod);]BFs4, [RhCl(cod)],, Rh/C,
RhCl3, [Rh(OAc),],, Rh(acac)(CH,CHj);, Rh(CO);(acac),
[RhCl(cod)],, RhH(CO)(PPh3)3, RhCl(CO)(PPhs),, RhI(PPh3)s,
RhBr(PPh3)3, RhCI(PPh3)3, Rh(acac)(coe),, Rhy(OAc);.
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Bis(acetonitrile)dichloropalladium(ll)

[14592-56-4]
Main Applications:

C4HgCILN,yPd

(MW 259.43)

+ Pd'-catalyzed oxidative functionalization of alkenes,
alkynes, and related unsaturated compounds.

« Pd'-catalyzed sigmatropic rearrangements.

« Precursor of Pd® catalyst in a wide array of cross-coupling
reactions.

* Precursor of other Pd" dichloride complexes by acetonitrile
ligand exchange.

Physical Data: mp 129-131 °C (decomp).

Solubility: sol CH,Cl,, THF, acetone, CH,Cl,/CH3CN. Insol
water and aqueous solutions.

Form Supplied in: orange solid; commercially available.

Preparation and Purification: PdCl,(CH3CN); is easily prepared
by stirring PdCl, in CH3CN at room temperature for 24 h
(or 18 h at reflux) under nitrogen. The resulting orange solid
is filtered, washed with Et;O, and dried. The dried product
can be used without further purification. Recrystallization
from CH3CN/CH,Cly/hexane or CH3CN/Et;O gives PdCl,
(CH3CN); as bright yellow crystals.

Avoid Skin Contact with All Reagents
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Handling, Storage, and Precautions: This complex, kept in a
closed vessel is stable for months at room temperature. PdCl,
(CH3CN); is harmful by inhalation, in contact with skin and
if swallowed.

General Considerations. The ability of palladium to act both
as a nucleophilic (Pd°) and electrophilic (Pd") catalyst has made
palladium chemistry an indispensable tool for synthetic organic
chemists.! Pd’-catalysis has dominated the landscape of cata-
lyst development for the past several decades. In particular, Pd-
catalyzed cross-coupling reactions are among the most efficient
carbon—carbon and carbon-heteroatom bond-forming reactions
in organic synthesis.? Although to a lesser extent, Pd'! oxidation
catalysis has also experienced great development, leading to syn-
thetically useful protocols and providing organometallic chemists
with a platform to investigate fundamental processes.3 In con-
trast to Pd-catalysis, in Pd-catalyzed oxidation reactions the
functionalization of the organic substrate occurs with concomitant
reduction of Pd! to Pd°, which requires the in situ oxidation of
Pd° back to Pd" to make the reaction catalytic with respect to Pd'.
Inorganic oxidants (such as Cull salts, HNO3, H,0,) or MnO,,
and organic compounds (such as benzoquinone or alkyl hydroper-
oxides) are typically used for regenerating the active Pd"! species.
More recently efficient reoxidation of Pd° with molecular oxygen,
the most practical oxidant, has been achieved in DMSO.# It was
found that DMSO, which is a favorable ligand for Pd°, promotes
direct oxidation to Pd™ with O,. This and other recent achieve-
ments in this field have led to a re-emergence of Pd-catalyzed
oxidation chemistry.

Palladium(II) compounds such as PdCl;, Pd(OAc),, or
Pd(acac); are stable and commercially available. PdCl, has low
solubility in water and organic solvents, but it becomes soluble
in organic solvents by forming solvates such as PdCl,(CH3CN);
or PdCl, (PhCN);. They can be used in two important ways: as
unique oxidizing agents and as sources of Pd? catalysts. Stable
Pd"" salts are easily reduced to Pd’ complexes with several reduc-
ing agents such as phosphines, metal hydrides, or organometallic
reagents. In contrast to Pd°-chemistry, which is dominated by the

1
R L PdX,
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palladation

use of phosphanes and other soft donor ligands to stabilize Pd”
species, most of these ligands decompose rapidly under oxidizing
reaction conditions required in most Pd"-catalyzed processes, and
therefore palladium oxidation chemistry has been dominated by
the use of simple palladium salts.

Palladium(11)-Catalyzed/Promoted Addition of Nucleo-
philes across the C=C Bond of Alkenes. Fast and reversible
coordination of electrophilic Pd" complexes to alkenes produces
w-complexes that are activated toward addition of heteroatom-
and carbon-nucleophiles. The nucleophilic attack on the m-olefin
species is called palladation and generally occurs anti to the metal
(trans-heteropalladation or carbopalladation) at the more substi-
tuted vinylic carbon, to give a o-alkylpalladium(II) complex that
is usually unstable and may then undergo a variety of processes
(eq 1). Depending on the reaction conditions this Pd™l interme-
diate can evolve by a palladium B-hydride elimination (path a),
resulting in nucleophilic substitution of the olefinic proton, or
displacement of the Pd by another nucleophile (path b) to give
formally the nucleophilic addition product. Another possibility is
transmetallation with other organometallic reagents followed by
reductive elimination (path c), or various insertion processes to
the o-alkylpalladium species, such as carbon monoxide insertion
followed by alcoholysis of the resulting acylpalladium interme-
diate (path d). In all these transformations, the oxidation of the
organic substrate occurs with concomitant reduction of Pd!! to
Pd®, therefore consuming a stoichiometric amount of expensive
Pd" salts. Sometimes, but not always, the reduced Pd° can be re-
oxidized in situ to Pd"!, making feasible the development of a truly
useful synthetic method catalytic with regard to PdY. Typical Pd!!
salts known to promote Lewis acid activation of alkenes, allowing
the nucleophilic addition, are PdCl,, Pd(OAc);, PdCl,(CH3CN),,
PdCI, (PhCN),, and M,PdCly (M =Li, Na), the latter used espe-
cially for aqueous or alcohol reaction media.

After palladation of the alkene, the o-alkylpalladium(II) com-
plex intermediate may also evolve to form other Pd!! species. In
such a case, no reoxidant is required for efficient catalytic
reaction. An important Pd-generation step in Pd"-catalyzed
reactions is the elimination of heteroatom groups such as Cl, Br,
OAc, and OH at the B-position to palladium (eq 2), which is faster

Rl
= + Pd
o R B
1 >—/ + Pd

Be \~~_,’
R! H Pd-X )

(a) Nu '
\,‘ RZ-M

\ N o RLOPAR? g

COJ(d) w
Rl COPAX L3y Rl COR?

( — > + PdO )
Nu ' Nu )



