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hydroamination of olefins*
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Abstract: Studies on the development of palladium, nickel, and rhodium catalysts for the
hydroamination of dienes and vinylarenes are described. Enantioselective catalysts based on
palladium have been developed for the addition of arylamines to dienes and for Markovnikov
addition of arylamines to vinylarenes. In addition, nickel catalysts for the addition of
aliphatic amines to dienes have been developed and rhodium catalysts for the first transition
metal-catalyzed aminations of vinylarenes that generate terminal amines as the major prod-
uct are described. Mechanistic data on the hydroamination of vinylarenes with palladium and
rhodium is also provided.

INTRODUCTION

My group has been developing metal-catalyzed versions of fundamental organic transformations. For a
number of years, much of our effort has been focused on metal-catalyzed aromatic substitution reac-
tions that form carbon—nitrogen bonds in aromatic amines [1-3]. This paper will present recent devel-
opments on a new topic in my laboratory: the formation of carbon-—nitrogen bonds in allylic,
B-phenethyl, and o-phenethyl amines by hydroamination of dienes and vinylarenes. The hydro-
amination chemistry raises new mechanistic questions, creates issues of stereocontrol, and reveals the
need to develop new elementary organometallic reactions.

A brief survey of the contributions of several groups to hydroamination processes is presented in
Chart 1. The group of Tobin Marks has developed some highly active catalysts for intramolecular cy-
clizations [4-8], but intermolecular reactions have been slow [9]. Livinghouse [10] and Eisen [11] have
also reported olefin amination with lanthanide and actinide complexes. One might prefer a late metal
catalyst for these reactions because of the greater functional group tolerance of these metal complexes.
In 1971, Coulson at Dupont [12] showed that rhodium trichloride catalyzed the addition of secondary
amines to ethylene. Thus, the origins of homogeneous hydroamination chemistry can be traced to late
metals. However, Coulson’s report included reactions with only ethylene. Several hydroaminations of
activated olefins have been reported. Casalnuovo at Dupont reported the addition of aniline to nor-
bornene about 15 years after the Coulson paper [13], and Antonio Togni [14] reported about a decade
after the Casalnuovo paper that fluoride accelerated the rate of these reactions and that the reactions
could be conducted enantioselectively. Beller has reported the hydroamination of vinyl pyridine with
morpholine [15], but the related reaction with styrene forms predominantly enamines from oxidative
amination [16]. Finally, Bergman has reported the hydroamination of allenes to form imines, but sim-
ple olefins do not yet react [17,18]. Thus, progress on hydroamination is needed from the standpoint of
activity as well as stereoselectivity.

*Plenary and invited lectures presented at the 12 JUPAC International Symposium on Organometallic Chemistry Directed
Towards Organic Synthesis (OMCOS-12), Toronto, Ontario, Canada, 6—10 July 2003. Other presentations are published in this
issue, pp. 453-695.
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Chart 1 Summary of previous hydroamination of C=C bonds.

RESULTS AND DISCUSSION
Palladium- and nickel-catalyzed hydroamination of dienes

Several years ago, during the early stages of our search for catalysts for hydroamination, we began to
investigate the addition of amines to dienes. Work on the telomerization of dienes with amines has been
published over the past 20 years [19-27]. For example, the reaction of butadiene with a secondary
amine and a nickel catalyst generates isomeric octenylamines. For complex molecule synthesis one
would prefer to catalyze a 1:1 addition of an amine to a diene to generate an allylic amine [28]. If one
could control the absolute stereochemistry, then a convenient route to nonracemic, chiral amines would
result.

One experiment that we conducted during the early stages of this project was designed to scan a
variety of different combinations of metals and ligands in a high-throughput manner. These experiments
would reveal if a broad or narrow range of soluble complexes would catalyze the addition of aromatic
and aliphatic amines to dienes to form allylic amines by a 1:1 addition process [29]. A variety of metal
precursors were combined with a set of phosphines, many of which were commercially available, and
an acid cocatalyst often used in telomerization processes [21,22,25]. These catalysts were tested for the
addition of aniline to cyclohexadiene and piperidine to cyclohexadiene. The combination of furfural and
acid provides a highly sensitive colorimetric assay for aromatic amines [30]. Thus, addition of these
components to the reaction wells, followed by dilution to distinguish colors, showed the wells in which
reactions of aniline occurred to fully consume the amine. The catalysts in these wells are then likely to
be active for the addition process. GC analysis showed that the reaction formed the desired allylic
amine. The simple combination of PPh; and the Pd(0) precursor [Pd(allyl)Cl], was the most active of
the catalysts tested for the addition of aniline to cyclohexadiene. A similar experiment that tested cata-
lysts for the addition of piperidine to cyclohexadiene with basic ferricyanide as indicator showed that
the combination of DPPF and (COD),Ni was an active catalyst [31].

These additions of amines to dienes occurred with broad scope of aromatic and aliphatic amine
as summarized in Scheme 1. Electron-neutral, -poor, and -rich anilines, as well as N-methylaniline, all
added to cyclohexadiene in the presence of the palladium catalyst in good yield [29]. Primary and sec-
ondary aliphatic and benzylic amines that are both cyclic and acyclic as well as primary and secondary
benzylic amines added to cyclohexadiene in the presence of DPPF and (COD),Ni as catalyst [31]. In
addition, palladium catalysts containing one of Trost’s ligands developed for allylic substitution [32]
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Scheme 1

catalyzed the addition of anilines to cyclohexadienes in high yields and enantioselectivitites in the ab-
sence of acid cocatalayst. However, reaction times were long in the absence of this acid cocatalyst.
Mechanistic studies [31] showed that the product underwent racemization in the presence of palladium
and acid; thus, reactions in the presence of acid cocatalyst occurred faster, but they gave nearly racemic
product.

Palladium-catalyzed Markovnikov hydroamination of vinylarenes

As shown in Table 1, complexes similar to those that catalyze the addition of amine to cyclohexadiene
catalyzed the addition of aromatic amines to vinylarenes [33]. Motoi Kawatsura, the postdoctoral asso-
ciate who discovered a majority of the hydroamination processes described in this manuscript, simply
evaluated for the addition of aniline to vinyarene the best catalyst and cocatalyst for the addition of ani-
line to cyclohexadiene. With the simple catalyst Pd(PPhs), or the combination of commercially avail-
able palladium trifluoroacetate and PPh; in the presence of an acid cocatalyst, the yields for the addi-
tion of aniline to styrene were high. In the absence of acid, the yields for reactions catalyzed by either
Pd(PPh;), or the mixture of palladium trifluoroacetate and PPh; were low. In addition to palladium
complexes of monophosphines, complexes of bisphosphines, such as DPPF, catalyzed the addition of
aniline to styrene. In particular, (DPPF)Pd(OTT), catalyzed this reaction in the absence of acid cocata-
lyst.

Table 1 Catalysts for the hydroamination of
vinylarenes.

NHPh
2 % Pd-catalyst

©/\ PhNH 20 mol % acid
* 2 foluene, 100 °C 12-18h

91-100 % isolated

Palladium / Ligand Acid Yield
2% [Pd(PPhg),] 0%
2% [Pd(PPhg),] 20% TfOH 91%

2% Pd(TFA), /8% PPhy  20% TfOH 68%
2% [(DPPF)Pd(OT),] 100 %

The combination of Pd(PPh;), and triflic acid cocatalyst or the combination of DPPF, palladium
trifluoroacetate and triflic acid catalyzed the additions of a variety of anilines to several types of vinyl-
arenes. As outlined by the products in Chart 2, the reaction occurred with electron-rich anilines in high
yields, but the reaction with an electron-poor aniline occurred in lower yield. The reaction of aniline oc-
curred with vinylarenes containing ortho substituents on the aryl ring and with both electron-donating
and -withdrawing groups on the vinylarene. Reactions with the electron-poor vinylarenes, such as tri-
fluoromethylstyrene and vinylnaphthalene, occurred with the fastest rates and in the highest yields.
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Chart 2

We have sought enantioselective versions of these C—N bond-forming reactions. In large part, our
selectivities have been limited by temperature. Thus, we focused on the reactions in Scheme 2 of vinyl-
naphthalene and trifluoromethylstryene that occurred at or near room temperature. BINAP-ligated pal-
ladium is not as active as for these reactions as the PPh3 or DPPF complexes, but the combination of
resolved BINAP, palladium trifluoroacetate and triflic acid cocatalyst did lead to the addition of aniline
to vinyl naphthalene and to trifluoromethylstyrene at modest temperatures. Under these conditions, the
reaction yields were good, and enantioselectivities were significant for a new type of reaction. The re-
action of aniline with trifluoromethylstyrene occurred in 81 % yield and 81 % enantioselectivity, and
this combination of yield and enantioselectivity is the highest to date for a hydroamination reaction
[34].

NHAr
HaN _[(ABINAPIP(OTI),]
* \© "toluene, 45 °C, 36h
97 % yield

64%ee NHAr

\ HzN _[((A-BINAP)PA(OTH),] /“)\
MeO \©\ toluene 45°C,36h Me0 QO

78 % yield
73% ee
NHAr
O/\ HoN _[(RA-BINAP)PA(OTf),] _ BINAP)Pd(OTf);] /@/K
toluene, 25 °C 72h FsC
81% yield

81% ee
Scheme 2

We have been particularly interested in determining the mechanism of these reactions to provide
a basis for the selection and design of improved catalysts. The current data supports a mechanism that
is distinct from the mechanisms of the reactions in Chart 1. One might expect that coordination of
styrene and nucleophilic attack on the coordinated vinylarene would comprise a catalytic amination
with palladium [35,36]. However, this sequence would lead to an aminoalkyl intermediate that should
undergo B-hydrogen elimination to form an enamine by an oxidative amination reaction that would re-
semble the Wacker process [36]. Instead, the reactions summarized in Chart 1 and Table 1 provide the
products of hydroamination.

Our data shows that the reaction occurs by generation of an n3-phenethy1 palladium complex as
a reaction intermediate [37]. Reaction of BINAP- or DPPF-ligated palladium triflate complexes with
the combination of vinylarene and arylamine generate palladium complexes of the general structure
LZPd(n3-CH(Me)Ar), as outlined in Scheme 3. These compounds are formed by insertion of olefin into
a palladium hydride, most likely generated from the palladium(II) precatalysts by the attack of aniline
on a coordinated vinylarene and B-hydrogen elimination from the resulting aminoalkyl intermediate.
The Tol-BINAP version of this complex formed by insertion of vinylnaphthalene was obtained as sin-
gle crystals, and a structure of this material is shown in Scheme 3. The crystalline sample consists of a
pure stereoisomer. Monitoring of catalytic reactions by 3Ip NMR spectroscopy show that this
n3-phenethyl complex is the major palladium phosphine complex present in the catalytic solution.
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The presence of this complex in the catalytic system, of course, does not require that it is an in-
termediate. Thus, we tested the chemical and kinetic competence of this complex to be an intermediate
in the catalytic reaction by treating it with aniline and evaluating for the formation of the hydroamina-
tion product. Indeed, this complex formed the N-arylphenethylamine with yields and rates that were
comparable to those of the overall catalytic process (eq. 1). Although these data provide strong evidence
for the intermediacy of the n3—phenethyl complex, generation of free vinylarene from this complex by
deinsertion and subsequent reaction of this vinylarene with aniline catalyzed by the resulting palladium
complex could form the hydroamination product by a pathway that begins with the n3—phenethyl com-
plex but forms the C-N bond with a different palladium species.

—J+oTt- , Q
(R)-Tol-Binap Pd — __78%C.2n N

Q CeDs w (1)
+50 ©\ % Vi
NH, ' 83% vyield

To test whether the product of the hydroamination process is formed directly from the
n3-phenethyl complex we evaluated the reaction chemistry of a related n3-benzyl complex that cannot
deinsert olefin. Consistent with the intermediacy of the n3-phenethy1 complexes, the n3-benzyl com-
plex ligated by BINAP reacted with aniline to form N-benzylaniline in high yield (eq. 2).

AT
. —+OTt 75°C, 2h Q\/H
(R)-Tol-Binap Pd —) T
5 ©\ e [ J 2
+
NH2

>87% yield (N\MR)

In addition, we tested the reaction of the n3-phenethy1 complex in the presence of a second vinyl-
arene. If deinsertion of the vinylarene occurs on the reaction path, then reaction in the presence of an
excess of vinylarene would form the amine containing the second vinylarene as the major product at
low conversions. If the hydroamination product forms directly from the n3—phenethyl complex, then re-
action in the presence of an excess of vinylarene would form the amine containing the vinylarene unit
of the n3-phenethy1 complex as the major product at low conversions. We evaluated the products from
the reaction of aniline with a BINAP-ligated n3-phenethy1 complex containing a 6-methoxy substituent
on the naphthyl ring in the presence of added free vinylnaphthalene. The major product at short reac-
tion times was that containing the 6-methoxy substituent. Thus, the n3—phenethyl complex reacts with
aniline to form the hydroamination product without initial deinsertion to form free vinylarene.
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Two mechanisms shown in Scheme 1 could form the phenethylamine product from reaction of
the n3—phenethyl complex. One mechanism would occur by external attack of the amine on the benzylic
carbon and the second would occur by internal attack of the amine at the metal and then C—N bond for-
mation by reductive elimination after deprotonation of the coordinated amine. External attack would
lead to inversion of configuration at the benzylic carbon, and internal attack would lead to retention of
configuration. Because we had crystallized the enantiomerically pure Tol-BINAP-ligated n3-phenethyl
complex, the reaction of this complex with aniline can distinguish between these two mechanisms. Our
experiments showed that this reaction occurred predominantly by inversion of configuration.

The catalytic mechanism in Scheme 5 is consistent with our mechanistic data. During a catalyst
initiation phase, attack of aniline on coordinated styrene likely produces a palladium hydride and imine.
Indeed, 1 equiv of imine per catalyst has been observed during catalytic reactions. Insertion of the olefin
into this palladium hydride would lead to an n3—phenethyl complex that reacts with amine by an exter-
nal attack. Release of the coordinated product and proton transfer would regenerate the palladium hy-
dride. This mechanism is distinct from that of the Casalnuovo and Milstein [13] or Togni [14] systems
for the addition of aniline to norbornene catalyzed by iridium. It is also distinct from the mechanism by
which Marks’ lanthanide catalysts [5] or Bergman’s zirconium catalysts undergo hydroamination
[17,38]. Moreover, this mechanism departs from the stoichiometric amination chemistry of platinum
and palladium n2-oleﬁn complexes [35].

(BINAP)Pd/OT' xs. P+ HNPh PhN
ott N\ PH

NHPh

Pd H | OTf

NHzPh

Me
Lde—

Lfd@
\/_<

NH,Ph
Scheme 5

Rhodium-catalyzed anti-Markovnikov hydroamination of vinylarenes

In addition to control of stereochemistry, control of regiochemistry is an important problem in hydro-
amination. Recently, a visiting scholar in my group, Masaru Utsunomiya, developed some preliminary
observations of previous postdoctorates into a process for the anti-Markovnikov addition of alkylamines
to vinyl arenes [39]. The reaction scope and yields must be improved before the reaction is suitable for
complex synthesis, but this process constitutes the first amination of an olefin to form the terminal
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amine as the major product. Bis-diphenylphosphinobiphenyl ether, a ligand developed by Van Leeuwen
for hydroformylation [40], is thus far unique for forming this anti-Markovnikov hydroamination prod-
uct in good yield. Structurally related ligands, shown in Table 2, provide essentially no hydroamination
product. As shown in Chart 3, a variety of combinations of aliphatic amines and vinylarenes generate
terminal amines as the major reaction product. In all cases, the product from hydroamination is the
major product, and the product from oxidative amination is the predominant nitrogen-containing side
product. The ratios of hydroamination to oxidative amination product are provided in the Chart.
Reactions of the electron-neutral or the electron-rich vinylarenes occurred with high ratios for forma-
tion of the hydroamination vs. oxidative amination product, although these reactions were slower than
those with electron-poor vinylarenes. Reactions of electron-poor vinylarenes occurred to form lower ra-
tios of hydroamination to oxidative amination products, but the B-phenethylamine remained the major
product under optimized conditions.

Table 2 Effect of ligand on the rhodium-catalyzed anti-
Markovnikov hydroamination of vinylarenes.

Entry Ligand Amine yield Enamine yield
1 DPEphos 62 % 20 %
2 PPh, 17 % 78 %
3 DPPE 0 % 1 %
4 DPPB 0 % 0 %
5 DPPPent 1 % 1 %
6 Xantphos (1) trace 9 %
7 DBFphos (2) 3% 40 %
8 BIPHEphos (3) 0 % 0%

PP PP PhP PP, PhP  PPhy

N 5.0 % [Rh(cod)(DPEphos)]BF 4 NR,
+HNR2 toluene, 70 °C, 48 h R'©/\/

N\) MeO. 0
m;d 2% oo ne. 70% % O/\/ 48%
 amine/ 79: 21 78:21 57:43 10% Rh
~- A
OO O N C/\/N\) ©/\/N\) ::©/\/
@ng "8 & C'D/;;?;A N %4 C% %m Me SR

Chart 3

The amine product could form by hydrogenation of the oxidative amination product. To test for
this scenario, we conducted the reaction of morpholine with styrene in the presence of the enamine
bearing a p-tolyl group at the vinylarene, as outlined in eq. 3. If hydrogenation of an enamine product
forms the amine, then the reaction with the added enamine would generate the amine bearing a p-tolyl
group. Consistent with direct formation of the amine without a free enamine intermediate, the added
enamine with a p-tolyl group remained unchanged during the reaction of aniline with styrene.
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We have not obtained the structural detail about intermediates in the rhodium-catalyzed hydro-
amination process that we obtained on the palladium-catalyzed reaction. However, some mechanistic
data has been obtained. The ratio of the hydroamination and oxidative amination product is constant
throughout the reaction. Thus, a series of active catalysts do not seem to be generated during the cat-
alytic process. Most interesting, our data suggests that two vinylarenes are present as part of the transi-
tion-state structure that forms the amine or the enamine or both. The ratio of amine to imine depended
on the concentration of styrene. At high concentrations of styrene, the ratio of hydroamination to ox-
idative amination product decreased relative to the ratio formed at lower concentrations of styrene. In
addition, the ratio of the two products from one type of vinylarene was altered by the presence of a sec-
ond type of vinylarene. A comparison of product selectivities from three reactions with equal total con-
centrations of vinylarene is shown in Table 3. These data show that the ratio of amine to enamine from
reaction of styrene alone was higher than the ratio generated from reaction of styrene in the presence of
the electron-poor trifluoromethyl styrene. In addition, the ratio of products from reaction of trifluoro-
methylstyrene alone was lower than the ratio from reaction of this vinylarene in the presence of styrene.
Thus, it appears two vinylarenes are present in the species that controls selectivity.

Table 3 Effect of one vinylarene on the hydroamination of
another vinylarene.

~ P 5mol% pho~NR2 o AU NRe
HN S [Rh(cod)LIBF,
0. 2 mmol _L=DPEphos NR, U NR2
toluene 02ml Q/\/ ©/\/
70°C, 48h 3 4
CF3 CF3
FaC N
PR amine 1: enamine 2% amine 3 : enamine 4*
0.8 mmol - 72:28 -
- 0.8 mmol - 38:62
0.4 mmol 0.4 mmol 50:50 47 :53

Scheme 6 provides a potential mechanism, which involves two vinylarenes. A complex contain-
ing an o-phenyl B-aminoalkyl intermediate may form by either N-H activation and olefin insertion or
by external attack on a coordinated vinylarene. In this species, the B-hydrogens are positioned away

reductive B-hydrogen
elimination favored elimination only
M A
®| H @ )‘Me
RK

. L0 )C““

(_o (o
reducti
l/\ 4”’""3”0” and
I

B-hydrogen elimination
K/ N \/\Ar
+ ArCH,CH,

Scheme 6
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from the metal, and this geometry makes -hydrogen elimination slow. Reductive elimination from this
complex would generate the hydroamination product. However, a high concentration of styrene could
favor the generation of an acyclic aminoalkyl species formed by coordination of vinylarene and cleav-
age of the dative metal-nitrogen bond. If so, then B-hydrogen elimination to form an enamine product
could become rapid and compete with reductive elimination to form amine. Alternatively, this second
vinylarene could insert into the rhodium hydride. The resulting dialkylpalladium complex would then
be unable to form amine. Instead, this species would undergo B-hydrogen elimination to form imine and
subsequent reductive elimination to form the alkylarene.

SUMMARY

Our recent efforts to develop new hydroamination processes have led to a series of reactions that pro-
vide a broader reaction scope than previously observed for intermolecular hydroaminations and have
begun to provide control over regio- and stereoselectivity. Studies on palladium-catalyzed reactions of
alkylamines and other substrates with N—H bonds, additions of OH bonds across C=C bonds, and fur-
ther mechanistic work on both palladium- and rhodium-catalyzed reactions are in progress.

ACKNOWLEDGMENTS

We thank the NIH-NIGMS (GM-55382) and DOE for support of our studies on hydroamination. I also
thank DuPont for some early seed funding on this topic. I thank Motoi Kawatsura, Masaru Utsunomiya,
Ulrike Nettekoven, Oliver Lober, Yoshiaki Nakao, Ryoichi Kuwano, and Jan Pawlas for their discover-
ies from hard work and clever ideas. I also thank Carole Velleca for assistance in preparing this manu-
script.

REFERENCES
1. J. FE Hartwig. In Modern Arene Chemistry, C. Astruc (Ed.), p. 107, Wiley-VCH, Weinheim
(2002).
2. J. F. Hartwig. In Handbook of Organopalladium Chemistry for Organic Synthesis, Vol. 1, E. L.

Negishi (Ed.), p. 1051, Wiley-Interscience, New York (2002).

A. R. Muci and S. L. Buchwald. Top. Curr. Chem. 219, 131 (2002).

M. R. Gagné and T. J. Marks. J. Am. Chem. Soc. 111, 4108 (1989).

M. R. Gagne, C. L. Stern, T. J. Marks. J. Am. Chem. Soc. 114, 275 (1992).

V. M. Arredondo, S. Tian, F. E. McDonald, T. J. Marks. J. Am. Chem. Soc. 121, 3633 (1999).

S. Hong and T. J. Marks. J. Am. Chem. Soc. 124, 7886 (2002).

S. Tian, V. M. Arrendondo, C. L. Stern, T. J. Marks. Organometallics 18, 2568 (1999).

Y. Li and T. J. Marks. Organometallics 15, 3770 (1996).

Y. K. Kim and T. Livinghouse. Angew. Chem., Int. Ed. 41, 3645 (2002).

T. Straub, A. Haskel, T. G. Neyroud, M. Kapon, M. Botoshansky, M. S. Eisen. Organometallics

20, 5017 (2001).

12. D. R. Coulson. Tetrahedron Lett. 429 (1971).

13. A. L. Casalnuovo, J. C. Calabrese, D. Milstein. J. Am. Chem. Soc. 110, 6738 (1988).

14. R. Dorta, P. Egli, F. Zurcher, A. Togni. J. Am. Chem. Soc. 119, 10857 (1997).

15. M. Beller, H. Trauthwein, M. Eichberger, C. Breindl, T. Miiller. Eur. J. Inorg. Chem. 1121 (1999).

16. M. Beller, H. Trauthwein, M. Eichberger, C. Breindl, J. Herwig, T. E. Muller, O. R. Thiel.
Chem.—Eur. J. 5, 1306 (1999).

17. P.J. Walsh, A. M. Baranger, R. G. Bergman. J. Am. Chem. Soc. 114, 1708 (1992).

18. J. S. Johnson and R. G. Bergman. J. Am. Chem. Soc. 123, 2923 (2001).

19. T. Mitsuyasu, M. Hara, J. Tsuji. Chem. Commun. 345 (1970).

N R

—_

© 2004 IUPAC, Pure and Applied Chemistry 76, 507-516



516

20.
21.
22.
23.
24.
25.
26.
217.
28.
29.
30.
31.
32.
33.
34.
35.

36.
37.
38.
39.
40.

J. . HARTWIG

R. Baker, A. H. Cook, D. E. Halliday, T. N. Smith. J. Chem. Soc., Perkin Trans. I 1511 (1974).
J. Beger and F. Meier. J. Prakt. Chem. Band 322, 69 (1980).

W. Keim, M. Roper, M. Schieren. J. Mol. Catal. 20, 139 (1983).

L. I. Zakharkin, E. A. Petrushkina, L. S. Podvisotskaya. Bull. Acad. Sci. USSR 805 (1983).

L. I. Zakharkin and E. A. Petrushkina. Bull. Acad. Sci. USSR 1219 (1986).

E. A. Petrushkina and L. I. Zakharkin. Izv. Akad. Nauk. Ser. Khim. 1799 (1992).

T. Prinz, W. Keim, B. Driessen-Holscher. Angew. Chem., Int. Ed. Engl. 35, 1708 (1996).

S. M. Maddock and M. G. Finn. Organometallics 19, 2684 (2000).

0. S. Andell, J. E. Backvall, C. Moberg. Acta Chem. Scand. B 40, 184 (1986).

O. Lober, M. Kawatsura, J. F. Hartwig. J. Am. Chem. Soc. 123, 4366 (2001).

F. Feigl. In Qualitative Analysis by Spot Tests, p. 371, Elsevier, New York (1946).

J. Pawlas, Y. Nakao, M. Kawatsura, J. F. Hartwig. J. Am. Chem. Soc. 124, 3669 (2002).

B. M. Trost and D. L. Van Vranken. Angew. Chem., Int. Ed. Engl. 31, 228 (1992).

M. Kawatsura and J. F. Hartwig. J. Am. Chem. Soc. 122, 9546 (2000).

P. W. Roesky and T. E. Miiller. Angew. Chem., Int. Ed. 42, 2708 (2003).

B. Ackermark, J. E. Backvall, L. S. Hegedus, K. Siirala-Hansen, K. Sjoberg, K. Zetterberg. J.
Organomet. Chem. 72, 127 (1974).

J. E. Bickvall, B. Akermark, S. O. Ljunggren. J. Am. Chem. Soc. 101, 2411 (1979).

U. Nettekoven and J. F. Hartwig. J. Am. Chem. Soc. 124, 1166 (2002).

B. F. Straub and R. G. Bergman. Angew. Chem., Int. Ed. Engl. 40, 4632 (2001).

M. Utsunomiya, R. Kuwano, M. Kawatsura, J. F. Hartwig. J. Am. Chem. Soc. 125, 5608 (2003).
M. Kranenburg, Y. E. M. van der Burgt, P. C. J. Kamer, P. W. N. M. van Leeuwen, K. Goubitz, J.
Fraanje. Organometallics 14, 3081 (1995).

© 2004 IUPAC, Pure and Applied Chemistry 76, 507-516



