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Elementary transition metal-mediated reactions that form
and cleave the bonds of organic molecules are the
foundation of homogeneous catalysis. Such bond cleav-
age and formation often occurs by oxidative addition and
reductive elimination. As shown in Scheme 1, these two
reactions are essentially the same process in opposite
directions: oxidative addition increases the oxidation state
of the metal by two, decreases the d-electron count by
two, and increases the overall number of valence electrons
by two, while reductive elimination inflicts the opposite
two-electron changes. Thermodynamic factors dictate
whether a complex will undergo elimination or addition.

The formation of carbon—hydrogen and carbon-—
carbon bonds by reductive elimination is now common.
Catalytic hydrogenation of alkenes, hydroformylation,
alkene arylation (Heck reaction), and cross-coupling
processes all involve C—H and C—C bond-forming reduc-
tive eliminations. The formation of carbon—heteroatom
bonds by reductive elimination is less common, and just
five years ago reductive elimination reactions that form
C—0, C—N, and C—S bonds in ethers, amines, and sulfides
had not been observed directly. It was unclear whether
a kinetic barrier prevented these classes of reductive
elimination, whether these eliminations were disfavored
thermodynamically, or whether appropriate compounds
to observe these reactions simply had not been prepared.

During the past five years, palladium-catalyzed chem-
istry that produces arylamines from aryl halides and either
primary or secondary amines has been developed,’~* and
a catalytic cycle that is supported by detailed mechanistic
studies® is provided in Scheme 2. It seemed likely that
the amination process, first reported with tin amides by
Kosugi and Migita over 10 years ago,®” involved reductive
elimination of amine. It, therefore, seemed to the mem-
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bers of my research group that the generation of stable
palladium amido aryl complexes would allow for the direct
observation of C—N bond-forming reductive elimination
of amines.

In addition, similar palladium- and nickel-catalyzed
reactions that form aryl sulfides have been reported,8—14
and again, generation of stable thiolato aryl complexes
would allow for the direct observation of C—S bond-
forming reductive elimination of sulfides. Information on
how these reactions occur might lead to improvements
upon the catalytic formation of amines and sulfides.
Finally, these studies may reveal systems that would
undergo reductive elimination chemistry to form the C—0O
bonds in aryl ethers. As a result of this work, palladium-
and nickel-catalyzed amination of aryl halides has become
a general process'~4 and new chemistry that forms aryl
ethers has been developed recently.1>=19 Reviews of the
catalytic carbon—heteroatom bond-forming coupling pro-
cesses have been published recently.20—-22

This Account describes work in my laboratory, along
with related work from other groups, on the discovery of
complexes that reductively eliminate amines, ethers, and
sulfides and on the detailed mechanism of these reactions.
In doing so | hope to provide correlations between C—N,
C—0, and C—S bond-forming reductive eliminations that
provide a coherent description of the factors that control
the rates and mechanisms of these classes of reactions.

|. Reductive Elimination of Amines

My group chose palladium(ll) amido complexes as can-
didates for reductive elimination because palladium aryl
alkyl complexes were known to undergo C—C bond-
forming reductive elimination?3—27 and because Kosugi
had published a palladium-catalyzed conversion of aryl
halides to arylamines that might have involved arylamine
reductive elimination as the final elementary step.® Ini-
tially, we sought routes to tri-o-tolylphosphine-ligated
palladium amido aryl complexes that would be the
intermediate in the catalysis that underwent this reductive
elimination. As shown in Scheme 3, experiments that
formed these complexes indicated that tri-o-tolylphos-
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phine-ligated amido aryl complexes, such as 1, were too
reactive to isolate, but did undergo reductive elimination
of amine.5>28

Thus, we sought more stable amido aryl complexes,
and found that complexes containing PPh; as the dative
ligand were stable enough to isolate.?2%:30 The synthesis
and reactivity of these complexes is shown in Scheme 4.
Most important, each class of amido aryl complex under-
went reductive elimination of arylamine in high yields and
at temperatures that were convenient for mechanistic
analysis. Monomeric diarylamide 2, as well as dimeric
aryl- and alkylamido complexes 3 and 4 gave the coupled
product in high yield, as long as PPhs as trap for the
palladium(0) product was present in solution.

Boncella’s group reported the synthesis of PMes-ligated
palladium anilido complexes shown in Scheme 5 that
could be isolated as monomers.3* These complexes slowly
dissociated phosphine to form dimers. Concurrent with
this dimerization process, diarylamine was formed by
reductive elimination. One complex contained an imino-
substituted aryl group, and this complex underwent more
facile elimination than did the simple phenyl complex.

This effect could be attributed to the electron-withdrawing
nature of the imine group (vide infra), or its ability to
accelerate cleavage of the dimers to monomers by an
associative mechanism.

Important mechanistic information was gained from
kinetic studies on complexes 2—4 prepared in our labora-
tory.2930 Reductive elimination reactions of palladium
and nickel complexes to form C—C bonds occur by
preliminary association32 or dissociation?324 of dative
ligand, or by direct reductive elimination.?” The same
pathways are available for C—N bond-forming elimination
and can be distinguished by the reaction order in added
ligand.

Reactions of 2 in the presence of PPh; were consistently
first order in [2]. Reactions of 2 containing varied
concentrations of added PPh; showed that a pathway
involving initial dissociation of phosphine and reductive
elimination from a three-coordinate complex occurred
simultaneously with a pathway involving elimination from
a four-coordinate complex, which is presumably the cis
isomer of the trans starting complex. This information
was deduced from a linear plot of kops Vs 1/[PPhg]. This
plot displayed a positive slope corresponding to the
observed rate constant for reductive elimination from a
three-coordinate intermediate formed by phosphine dis-
sociation. However, the plot also displayed a nonzero
y-intercept corresponding to the observed rate constant
for reductive elimination from a four-coordinate complex
that is presumably the cis isomer of 2.

Mechanistic studies on the reductive elimination from
dimeric complexes 3 and 4 showed that reductive elimi-
nation occurred after cleavage of the monomer to form a
three-coordinate, monophosphine amido complex. The
dimer cleavage of 4 was irreversible. Reaction of a mixture
of 4 and the analogue of 4 with p-tolyl groups bound to
palladium showed no crossover during the course of
thermolysis. Thus, reductive elimination from the three-
coordinate intermediate was faster than recombination
to re-form bridging amido complexes. In contrast to the
irreversible dimer cleavage of 4, the cleavage of 3 was
reversible. Kinetic studies on the thermal chemistry of 3
showed a half-order dependence of reaction rate on the
concentration of 3, indicating that reversible formation
of the three-coordinate anilido complex occurred before
reductive elimination. Thus, re-formation of the bridging
anilido complex was faster than reductive elimination.

The conclusion that two mechanisms for reductive
elimination can occur simultaneously rested solely upon
the nonzero y-intercept in the kqps Vs 1/[PPhs] plot. Thus,
we sought independent confirmation that reductive elimi-
nation could occur from a four-coordinate bisphosphine
complex. To this end, we prepared amido aryl complexes
with chelating phosphines that would strongly disfavor
reductive elimination from a three-coordinate intermedi-
ate.230 Scheme 6 shows three such complexes, and each
complex does reductively eliminate under mild conditions.
Not all chelating phosphines provided complexes that
underwent reductive elimination. For example, the DPPE
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It is important for organic synthesis and interesting
from a fundamental standpoint to determine the scope
of anionic nitrogen ligands that will participate in C—N
bond-forming reductive eliminations. For example, com-
plexes that reductively eliminate N-aryl heterocycles and
N-aryl imines would be analogous to those that form
biaryls and styrenes by C—C bond formation. Studies on
these types of reductive eliminations would provide
fundamental information on the relative rates for different
types of carbon—heteroatom bond-forming reductive
elimination processes. N-Aryl heterocycles display a
variety of biological activity, and both the heterocycles and
imines can serve as protected anilines. In addition,
reductive elimination of N-arylhydrazines and N-aryl-
hydrazones would be the key bond-forming step of
catalysis that could produce building blocks for the
synthesis of N-arylpyrazole, -benzopyrazole, and -indole
heterocycles.

We found that reductive elimination of N-aryl hetero-
cycles and N-arylhydrazones from palladium(ll) phos-
phine complexes can occur. However, this reaction
occurred in higher yields for complexes containing chelat-
ing ligands.3334 For example, Scheme 7 shows that
reductive elimination of N-arylpyrrole from PPh; com-
plexes occurred in modest yield and at high temperatures,
while reductive elimination from DPPF-ligated palladium
complexes occurred in high yields.

The importance of the chelating ligand for these
couplings is not well understood. Although a chelating
ligand forces the two groups undergoing reductive elimi-
nation to be located cis to each other, our results on the
formation of N-arylamines by reductive elimination showed
that phosphine dissociation leads to a three-coordinate
amido complex with stereochemistry that allows elimina-
tion of arylamine to be faster than elimination from four-
coordinate complexes, perhaps the equilibrium between
cis and trans T-shaped three-coordinate3® complexes. The
low concentration of the cis geometry would reduce the
concentration of the species that forms the C—N bond,
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reduce the rate of the overall reaction, and consequently
allow alternative reactions to dominate.

Reductive elimination to form N-aryl imines would also
form a product with sp2?-hybridized nitrogen, and this
reaction would be the analogue of coupling reactions that
create the C—C bond in styrenes. In contrast to the
eliminations that formed N-aryl azoles, the reactions that
yielded N-aryl imines were fast.33 We generated the aryl
methylenimido complex 6 as shown in Scheme 8 and
characterized this complex by low-temperature solution
NMR and IR techniques. This complex eliminated N-aryl
imine in quantitative yield after 30 min at room temper-
ature.

Initial attempts to prepare palladium hydrazido com-
plexes in our laboratory were unsuccessful, but our
subsequent efforts to prepare n'-hydrazonato complexes
were successful. Scheme 9 shows the synthesis of this
complex by both proton transfer and metathesis with
alkali metal hydrazonato reagents. Scheme 9 also shows
that these complexes undergo reductive elimination in
yields and at rates comparable to those of the related
DPPF-ligated palladium aryl- or diarylamido complexes.
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Hillhouse has prepared nickel complexes that undergo
reductive elimination of N-alkylamines.36:37 These com-
plexes contain bipyridine ligands and were prepared as
shown in Scheme 10 by insertion of “NR” groups from
organoazides. Unlike the phosphine-ligated palladium
arylamides, these complexes did not undergo thermal
reductive elimination. From these results, it is unclear if
the dative ligand prevents reductive elimination, if nickel
complexes undergo reductive elimination of amines more
slowly than palladium complexes, or if amido alkyl
complexes will not thermally eliminate alkylamines. Buch-
wald has reported bipyridine-ligated nickel-catalyzed ami-
nation of aryl halides,® and Hillhouse has reported
thermal elimination of alkylamines from phosphine-
ligated nickel complexes after consumption of phos-
phine.3® Thus, it appears at this time that the combination
of bipyridine ligand and alkyl groups prevents thermal
reductive elimination.

Interestingly, these metallacyclic amido alkyl complexes
do undergo reductive elimination after oxidation to Ni-
(1), as shown in Scheme 10. The order of events after
oxidation is unclear, but it was proposed that an alkyl
radical is generated. This proposal explained the low
yields of alkylamine products for acyclic nickel complexes.
These results raise the possibility that the reductive
elimination reaction in nickel-catalyzed aryl halide ami-
nation occurs from nickel(111) amido aryl complexes rather
than the nickel(ll) amido complexes that would be the
direct analogues of the palladium(ll) amides that reduc-
tively eliminate amine.

[I. Reductive Elimination of Sulfides

Palladium thiolate complexes that are closely related to
the amido complexes discussed above have also been
prepared, and they undergo reductive elimination of
sulfides in high yields in many cases.*® The synthesis and
reductive elimination chemistry of these complexes is
shown in Scheme 11. The PPhs-ligated systems form
stable dimeric complexes with bridging thiolates that
undergo reductive elimination in modest yields at 120 °C.
In contrast, the DPPE-ligated complexes are stable at room
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temperature in most cases and undergo reductive elimi-
nation of sulfide in high yields under mild conditions. The
ease of synthesis and generality of this reaction allowed
for detailed analysis of steric and electronic factors that
affect the rates of these reactions, as well as analysis of
the relative rates for sulfide elimination involving different
palladium-bound R-groups.#* Important for interpreta-
tion of these results, reductive elimination occurred
directly from the four-coordinate complex in all cases.
Thus, electronic and steric perturbations alter the reduc-
tive elimination rate in the absence of phosphine dis-
sociation or geometric rearrangements.

Scheme 12 shows the relative rates for formation of
sulfides from thiolatopalladium alkyl, vinyl, aryl, and
alkynyl complexes. The relative reactivity of these com-
plexes was vinyl > aryl > alkynyl > alkyl. It is likely that
coordination of the w-system of the unsaturated ligands
accelerates the reductive elimination of the vinyl, aryl, and
alkynyl complexes relative to that of the alkyl complex,
as has been proposed previously for C—C bond-forming
reductive eliminations.*? The alkynyl complex may elimi-
nate more slowly than the vinyl or aryl complexes because
a large distortion would be necessary for this z-coordina-
tion to occur in the transition state. Alternatively, the
slower rate could be explained in terms of thermodynamic
driving forces; the AG for elimination of alkynyl sulfide is
smaller than that for elimination of vinyl or aryl sulfide;
an equilibrium mixture of the alkynylpalladium thiolate
complex (ca. 5%) and the combination of Pd(0) and
alkynyl sulfide was observed.

The top of Scheme 13 shows the effect of altering the
palladium-bound aryl group steric properties on the
sulfide elimination. Charge buildup at the aryl group in
the transition state has been deduced by studies of
substituent effects (see section 1V). Perhaps alleviation
of this charge buildup by coordination of the aryl group
to the metal center accelerates the reaction. Consistent
with this proposal, the presence of two o-methyl groups
on the palladium-bound aryl group greatly decelerates the
reductive elimination. As shown in Figure 1, coordination
to the metal center would be greatly disfavored in the case
of the complexes containing a palladium-bound 2,6-
dimethylphenyl group.

The bottom of Scheme 13 also shows the unusual
effects of the thiolate steric properties on reductive
elimination. As one might expect, an increase in size of
an alkyl thiolate group led to increasing reaction rates.
This trend would result from decreasing steric effects as
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the sulfide product is eliminated. However, we were
surprised to find that an increase in size of an aryl thiolate
group led to decreasing reaction rates. This unexpected
result may originate from a stereoelectronic effect wherein
the geometry required for overlap of the thiolate aryl
m-system with the sulfur electron pair leads to an in-
creased steric interaction with the metal center or the
palladium-bound aryl group (Figure 2).
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[1l. Reductive Elimination of Ethers

My group has prepared alkoxo aryl complexes to inves-
tigate their ability to undergo reductive elimination of
ethers.’> We prepared and fully characterized, including
X-ray diffraction, an alkoxo aryl complex with an electron
neutral aryl group. This complex did react under mild
thermal conditions, but did not produce any aryl ether.
Instead, a series of biaryls derived from the phosphine-
and palladium-bound aryl groups were observed. Appar-
ently the reductive elimination of ether from this complex
was slower than competing, undesired aryl exchange
chemistry. In fact, results on electronic properties of
amine and sulfide eliminations discussed in section IV
below suggest that the weaker the nucleophilicity of the
heteroatom involved in the reductive elimination, the less
favored is the reductive elimination process.

However, these electronic studies also showed that
reductive eliminations of amines and sulfides are acceler-
ated by electron-withdrawing substituents on the pal-
ladium-bound aryl group. In particular, electron-with-
drawing substituents with large pr values had the greatest
accelerating effect. Thus, we prepared the p-CH(O) aryl
alkoxo complex in Scheme 14. This complex, indeed,
underwent reductive elimination of ether in high yield.
This reaction was the first reductive elimination that
formed the C—0 bond in an aryl ether and was the first
C—0 bond-forming reductive elimination of any ether in
high yield.

Buchwald and Widenhoefer studied the mechanism of
the reductive elimination of aryl ethers from DPPF- and
BINAP-ligated palladium complexes generated in situ with
electron poor, palladium-bound aryl groups.*® They
found that BINAP arylpalladium alkoxo complexes un-
derwent reductive elimination faster than analogous DPPF
complexes and that more sterically hindered alkoxo
groups led to faster elimination. The acceleration of
reductive elimination by sterically hindered alkoxo groups
is similar to the faster elimination of sulfide from S—t-Bu
complexes than from S—Me complexes.*° They also found
a perplexing dependence of the reaction rate on alkali
alkoxide concentration. Rate acceleration and higher
yields were observed with excess of alkoxide. They
attributed this effect to an alkoxide dependent pathway
in which reductive elimination occurs from an electron
rich anionic palladium bisalkoxide complex.

Hillhouse has also reported examples of reductive
elimination of ether.#4=46 In his examples, the reactions
form cyclic dialkyl ethers, or cyclic alkyl aryl ethers as
shown in Scheme 15. These reactions occurred in low
yields, even after oxidation to Ni(lll). The mechanism that
forms the dialkyl ethers is likely to be similar to the one
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that formed alkylamines after oxidation of Ni(ll) to
Ni(ll1). Although these reactions were proposed to occur
by a radical mechanism, which is distinct from the
mechanism for reductive elimination of ethers from
palladium, the fact that elimination of ether is more
difficult than elimination of amine from nickel parallels
reactivity trends for eliminations from palladium.

IV. Electronic Effects on Amine, Sulfide, and
Ether Eliminations

The electronic effects on reductive elimination rates have
been studied quantitatively for examples that form amines,
sulfides, and ethers.304041.47 The electronic effects on
sulfide reductive elimination are the most thoroughly
studied case.*® Ten complexes with varying electronic
properties of the palladium-bound aryl group were pre-
pared, and the rates for their reductive elimination were
measured. These results showed that reductive elimina-
tion was accelerated by electron-withdrawing groups, but
that the relationship between log kops and o was poorly
correlated. However, the relationship between log Kops
and o, a synthetic o-value created from the resonance and
inductive parameters og- and ¢,,*8:4° was linear, as shown
at the top of Figure 3. This analysis generates pg-, which
reflects the correlation between log kons and ogr-, and p,
which reflects the correlation between log ks and . In

the case of sulfide reductive elimination, pr- and p, were
both positive and pr- was larger than p,.

A similar electronic effect on reductive elimination rate
was observed for amine elimination.’® Again, a poor
correlation between kq,s and o was observed, but a good
correlation was observed between kq,s and a ¢ created
from or and ¢, as shown at the bottom of Figure 3. Again,
pr Was larger than p,. Because both amine and sulfide
eliminations showed a pr > p), this unusual electronic
effect appears to be a meaningful characteristic of these
reductive eliminations. In fact, analysis of data from
Yamamoto’s laboratory on reductive elimination from
alkyl aryl complexes shows a similar trend, although the
number of complexes studied was small.?”

Finally, Widenhoefer and Buchwald studied the elec-
tronics of ether elimination.4” Again, electron-withdraw-
ing substituents on the aryl group accelerated reductive
elimination. In this case, only aryl groups with strong
electron-withdrawing substituents gave any ether product,
limiting the number of examples that could be included
in a Hammett plot. The slope of a Hammett plot for ether
elimination was much larger than in the sulfide and amine
cases, and the authors concluded that the positive slope
was purely due to resonance effects.

Scheme 6 had shown that alkylamido complexes re-
acted faster than arylamido complexes, which reacted
faster than diarylamido complexes. Further, pyrrolyl
complexes reductively eliminated more slowly than any
of the amido complexes. This information suggests that
more nucleophilic anionic ligands bound to palladium
through a heteroatom react faster than do more weakly
nucleophilic groups. Further consistent with this hypoth-
esis, alkyl thiolate complexes eliminated sulfides faster
than did aryl thiolate complexes, and the more basic the
alkoxide the faster was elimination of ether. A careful
analysis of diaryl sulfide elimination from aryl thiolate aryl
complexes containing electronically varied S-bound aryl
groups verified this hypothesis.#t A linear correlation
between kos and o was observed. The p-value was
negative, indicating that increasing electron density on the
thiolate led to increasing reaction rates.

It is commonly believed that decreasing electron
density at the metal accelerates reductive elimination.5t
This hypothesis, which is clearly true in many cases
involving variation in dative ligand electron donation,
would predict that more donating aryl and amido or
thiolato groups would lead to decreasing rates for reduc-
tive elimination because they would increase electron
density at the metal. In contrast, theoretical work has
shown that more weakly donating dative ligands, but more
donating covalent ligands, accelerate reductive elimination
from Pd(ll) by destabilizing the metal d-orbitals on the
starting metal complex.?> Thus, the result that more
nucleophilic amido ligands and more electrophilic aryl
ligands led to the fastest elimination rates cannot be
explained by simple arguments focusing on overall metal
electron density, or more complex arguments based on
metal d-orbital energies. These results suggest that the
complementary pairing of a nucleophilic heteroatom-
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containing ligand and an electrophilic aryl ligand domi-
nates any perturbations in metal electron density. In fact,
a similar effect on the stability of platinum diaryl com-
plexes has been observed qualitatively. Pt(Il) complexes
with two electron rich or two electron poor aryl groups
were stable, but complexes with one electron rich and one
electron poor aryl group could not be isolated.5!

Of course, ground state energetics can influence the
reaction rates, and one might attempt to explain the
observed trends in the context of thermodynamics. One
could argue that the more exothermic reductive elimina-
tions will occur faster than the less exothermic ones.
However, reductive elimination of aryl sulfides is signifi-
cantly less favorable thermodynamically than is the
reductive elimination of arylamines. The C—N bond in
an arylamine is 15—20 kcal/mol stronger than a C—S bond
in an aryl sulfide. For example, the C—N bond in aniline
is 104.3 kcal/mol,52 while the C—S bond in thiophenol is
86.5 kcal/mol.53 Platinum and ruthenium M-S bonds are
stronger than the corresponding M—N bonds, and Pd—S
bonds are, therefore, almost certainly stronger than
analogous Pd—N bonds.>* Yet, sulfide reductive elimina-
tion is faster. Thus, the favorable matching of an elec-
trophilic aryl group with a nucleophilic anionic nitrogen,
sulfur, or oxygen ligand is a more valid rationalization for
the reactivity trends than is a thermochemical argument.

It should be noted, however, that the influence of
electronics on amine or sulfide reductive elimination rates
is much less pronounced than electronic effects on direct
nucleophilic aromatic substitution reactions.#9:5556 Nu-
cleophilic aromatic substitution rates are strongly influ-
enced by the electrophilicity of the aryl halide. Mild
nucleophilic aromatic substitutions require polar solvents
and aromatic systems containing nitro activating
groups.57:58 The electronic effects on direct nucleophilic
aromatic substitution reaction rates involving thiolate and
amine nucleophiles have been evaluated, and these show
linear free energy relationships with p-values that are
significantly larger than those seen for the reductive
eliminations of ethers or sulfides.#® The smaller, albeit
measurable, electronic influence on the reaction rates for
the palladium chemistry allows this reaction to be general
and to encompass electron poor and electron rich aryl
halides and amines. The large p-value for the reductive
elimination of ethers has limited the generality of this type
of carbon—heteroatom bond-forming reductive elimina-
tion.

V. Summary

The discovery of a new class of chemical reaction is
uncommon and often leads to new applications and new
chemical principles. The formation of amines, ethers, and
sulfides by carbon—heteroatom bond-forming reductive
elimination has been instrumental in developing practical
new routes to aromatic amines, ethers, and sulfides. This
reaction is the final step of catalytic processes that can
be used to form new pharmaceuticals, new ligands, new
chemical libraries, as well as new conductive and magnetic
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materials. The beginning of a mechanistic understanding
of this reaction has emerged, and these mechanistic
studies have revealed the coordination number of the
species undergoing reductive elimination, the types of
covalent ligands that will participate in this reaction, and
the effects of electronic and steric perturbations on
reaction rate. Studies involving alterations of the dative
ligands are required to generate improved catalysts for
C—X bond formation, as are examples of high-yielding
thermal reductive eliminations from metals other than
palladium. These studies will be a part of our future work.

The studies in my laboratory have been supported by a number
of agencies, foundations, and companies including the NIH, the
DOE, a National Science Foundation Young Investigator Award,
DuPont, Union Carbide, Boehringer Ingelheim, Eli Lilly, Rohm
and Haas, the Exxon Education Foundation, a Camille Dreyfus
Teacher Scholar Award, and a fellowship from the Sloan Founda-
tion. | greatly appreciate this support, as well as the tremendous
effort and talent of the students in my group who have conducted
a majority of this work.

References

(1) Louie, J.; Hartwig, J. F. Palladium-Catalyzed Syn-
thesis of Arylamines from Aryl Halides. Mechanistic
Studies Lead to Coupling in the Absence of Tin
Reagents. Tetrahedron Lett. 1995, 36, 3609—3612.

(2) Driver, M. S.; Hartwig, J. F. A Second Generation
Catalyst for Aryl Halide Amination: Mixed Second-
ary Amines from Aryl Halides and Primary Amines
Catalyzed by (DPPF)PdCl,. J. Am. Chem. Soc. 1996,
118, 7217-7218.

(3) Guram, A. S.; Rennels, R. A.; Buchwald, S. L. A
Simple Catalytic Method for the Conversion of Aryl
Bromides to Arylamines. Angew. Chem., Int. Ed.
Engl. 1995, 34, 1348—1350.

(4) Wolfe, J. P.; Wagaw, S.; Buchwald, S. L. An Improved
Catalyst System for Aromatic Carbon—Nitrogen
Bond Formation: The Possible Involvement of Bis
(Phosphine) Palladium Complexes as Key Interme-
diates. J. Am. Chem. Soc. 1996, 118, 7215—7216.

(5) Louie, J.; Paul, F.; Hartwig, J. F. Catalysis with
Platinum-Group Alkylamido Complexes. Identifica-
tion of the Active Palladium Amide in Catalytic Aryl
Halide Aminations. Organometallics 1996, 15, 2794—
3005.

(6) Kosugi, M.; Kameyama, M.; Migita, T. Palladium-
catalyzed aromatic amination of aryl bromides with
diethylamino-tributyltin. Chem. Lett. 1983, 927—
928.

(7) Kosugi, M.; Kameyama, M.; Sano, H.; Migita, T.
Palladium-catalyzed Aromatic Amination of Aryl
Halides by Means of Amino Tin Compounds. Nip-
pon Kagaku Kaishi 1985, 3, 547—551.

(8) Carpita, A.; Rossi, R.; Scamuzzi, B. Palladium-
Catalyzed Reactions of Trialkylstannylphenyl Sul-
fides with Alkenyl Bromides. A New Diastereo-
selective Synthesis of (E)-1-Alkenylphenylsulfides.
Tetrahedron Lett. 1989, 30, 2699—2702.

(9) Cristau, H. J.; Chabaud, B.; Chéne, A.; Christol, H.
Synthesis of Diaryl Sulfides by Nickel(ll)-Catalyzed
Arylation of Arenethiolates. Synthesis 1981, 892—
894.

(10) Cristau, H. J.; Chabaud, B.; Labaudiniere, R.; Chris-
tol, H. Synthesis of Vinyl Selenides or Sulfides and
Ketene Selenoacetals or Thioacetals by Nickel(Il)
Vinylation of Sodium Benzeneselenolate or Ben-
zenethiolate. J. Org. Chem. 1986, 51, 875—878.



11)

(12)

(13)

(14)

(15)

(16)

n

(18)

(19)

(20)

(1)

(22)

(23)

(24)

(25)

(26)

@7)

Reductive Eliminations of Amines, Ethers, and Sulfides Hartwig

Ishiyama, T.; Mori, M.; Suzuki, A.; Miyaura, N. The
Palladium-Catalyzed Cross-Coupling Reaction of
9-organothio-9-borabicyclo[3.3.1]Jnonanes with Or-
ganic Electrophiles: Synthesis of Unsymmetrical
Sulfides. J. Organomet. Chem. 1996, 525, 225—231.
Kosugi, M.; Ogata, T.; Terada, M.; Sano, H.; Migita,
T. Palladium-catalyzed Reaction of Stannyl Sulfide
with Aryl Bomide. Preparation of Aryl Sulfide. Bull.
Chem. Soc. Jpn. 1985, 58, 3657—3658.

Murahashi, S. I.; Yamamura, M.; Yanagisawa, K.;
Mita, N.; Kondo, K. Stereoselective Synthesis of
Alkenes and Alkenyl Sulfides from Alkenyl Halides
Using Palladium and Ruthenium Catalysts. J. Org.
Chem. 1979, 44, 2408—2417.

Takagi, K. Nickel(0)-Catalyzed Synthesis of Diaryl
Sulfides from Aryl Halides and Aromatic Thiols.
Chem. Lett. 1987, 2221—2224.

Mann, G.; Hartwig, J. Palladium Alkoxides: Potential
Intermediacy in Catalytic Amination, Reductive
Elimination of Ethers, and Catalytic Etheration.
Comments on Alcohol Elimination from Ir(l11). J.
Am. Chem. Soc. 1996, 118, 13109—13110.

Mann, G.; Hartwig, J. F. Nickel- vs. Palladium-
Catalyzed Synthesis of Protected Phenols from Aryl
Halides. J. Org. Chem. 1997, 62, 5413—5418.
Mann, G.; Hartwig, J. F. Palladium-Catalyzed For-
mation of Diaryl Ethers from Aryl Halides. Electron
Poor Phosphines Enhance Reaction Yields. Tetra-
hedron Lett. 1997, 38, 8005—8008.

Palucki, M.; Wolfe, J. P.; Buchwald, S. L. Synthesis
of Oxygen Heterocycles via a Palladium-Catalyzed
C-O Bond-Forming Reaction. J. Am. Chem. Soc.
1996, 118, 10333—10334.

Palucki, M.; Wolfe, J. P.; Buchwald, S. L. Palladium-
Catalyzed Intermolecular Carbon—Oxygen Bond
Formation: A New Synthesis of Aryl Ethers. J. Am.
Chem. Soc. 1997, 119, 3395—3396.

Barafiano, D.; Mann, G.; Hartwig, J. F. Nickel and
Palladium-Catalyzed Cross-Coupling Processes that
Form Carbon-Heteroatom and Carbon-Element
Bonds. Curr. Org. Chem. 1997, 1, 287—305.

For a review see: Hartwig, J. F. Palladium-Catalyzed
Amination of Aryl Halides: Mechanism and Ratio-
nal Catalyst Design. Synlett 1996, 329—340.
Hartwig, J. F. Palladium-Catalyzed Synthesis of Aryl
Amines and Aryl Ethers from Aryl Halides or Tri-
flates. Angew. Chem., Int. Ed. Engl. 1998, 37, 2046—
2067.

Gillie, A.; Stille, J. K. Mechanism of 1,1 Reductive
Elimination from Palladium. J. Am. Chem. Soc. 1980,
102, 4933—4941.

Moraviskiy, A.; Stille, J. K. Mechanisms of 1,1-
Reductive Elimination from Palladium: Elimination
of Ethane from Dimethylpalladium(ll) and Tri-
methylpalladium(lV). J. Am. Chem. Soc. 1981, 103,
4182—4186.

Tatsumi, K.; Hoffmann, R.; Yamamoto, A.; Stille, J.
K. Reductive Elimination of d® Organotransition
Metal Complexes. Bull. Chem. Soc. Jpn. 1981, 54,
7—1867.

Ozawa, F.; Yamamoto, A. Reductive Elimination of
trans- and cis-Diorganobis(tertiary phosphine)pal-
ladium(ll) Complexes. Nippon Kagaku Kaishi 1987,
5, 773—784.

Ozawa, F.; Kurihara, K.; Fujimori, M.; Hidaka, T.;
Toyoshima, T.; Yamamoto, A. Mechanism of the
Cross-Coupling Reaction of Phenyl lodide and
Methylmagnesium lodide Catalyzed by trans-Pd-
Ph(I)(PEt,Ph),. Organometallics 1989, 8, 180—188.

(28)

(29)

(30)

(1)

(32)

(33)

(34)

(35)

(36)

@7

(38)

(39)

(40)

(41)
(42)

(43)

Paul, F.; Patt, J.; Hartwig, J. F. Palladium-Catalyzed
Formation of Carbon—Nitrogen Bonds. Reaction
Intermediates and Catalyst Improvements in the
Hetero Cross-Coupling of Arylhalides and Tin
Amides. J. Am. Chem. Soc. 1994, 116, 5969—5970.
Driver, M. S.; Hartwig, J. F. A Rare, Low-Valent
Alkylamido Complex, a Diphenylamido Complex,
and Their Reductive Elimination of Amines by
Three-Coordinate Intermediates. J. Am. Chem. Soc.
1995, 117, 4708—4709.

Driver, M. S.; Hartwig, J. F. Reductive Elimination
of Arylamines from Pd(ll). J. Am. Chem. Soc. 1997,
119, 8232—8245.

Villanueva, L. A.; Abboud, K. A.; Boncella, J. M.
Synthesis, Characterization, and Crystal Structures
of Monomeric and Dimeric Palladium(ll) Amide
Complexes. Organometallics 1994, 13, 3921—-3931.
Tatsumi, K.; Nakamura, A.; Komiya, S.; Yamamoto,
A.; Yamamoto, T. An Associative mechanism for
Reductive Elimination of d& NiR,(PRs).. J. Am. Chem.
Soc. 1984, 106, 8181—8188 and references therein.
Mann, G.; Driver, M. S.; Hartwig, J. F. Palladium-
Catalyzed C—N(sp?) Bond Formation. A New Cata-
lytic Synthesis of N-Aryl Azoles, N-Aryl Imines, and
a New Stoichiometric Reductive Elimination that
forms C—N(sp?) Bonds. J. Am. Chem. Soc. 1998, 120,
827—-828.

Hartwig, J. F. Synthesis, Structure and Reactions of
a Palladium Hydrazonato Complex. A New Class of
C—N Bond-Forming Reductive Elimination and the
Catalytic Arylation of Benzophenone Hydrazone.
Angew. Chem., Int. Ed. Engl. 1998, 37, 2090—2093.
Komiya, S.; Albright, T. A.; Hoffmann, R.; Kochi, J.
K. Reductive Elimination and Isomerization of Or-
ganogold Complexes. Theoretical Studies of Tri-
alkylgold Species as Reactive Intermediates. J. Am.
Chem. Soc. 1976, 98, 7255—7265.

Matsunaga, P. T.; Hess, C. R.; Hillhouse, G. L.
Reactions of Organoazides with Nickel Alkyls. Syn-
theses and Reactions of Nickel(ll) Amido Com-
plexes. J. Am. Chem. Soc. 1994, 116, 3665—3666.
Koo, K.; Hillhouse, G. L. Carbon—Nitrogen Bond
Formation by Reductive Elimination from Nickel-
(11) Amido Alkyl Complexes. Organometallics 1995,
14, 4421—-4423.

Wolfe, J. P.; Buchwald, S. L. Nickel-Catalyzed Ami-
nations of Aryl Chlorides. J. Am. Chem. Soc. 1997,
119, 6054—6058.

Koo, K.; Hillhouse, G. L. Indoline Synthesis via
Coupling of Phenethyl Grignard Reagents with
Organoazides Mediated by (Alkylphosphine)-nickel-
(1) Complexes. Organometallics 1996, 15, 2669—
2671.

Barafiano, D.; Hartwig, J. F. Carbon-Heteroatom
Bond Forming Reductive Elimination. Importance
of Trapping Reagents and Unusual Electronic Ef-
fects in the Formation of Arylsulfides. J. Am. Chem.
Soc. 1995, 117, 2937—2938.

Mann, G.; Hartwig, J. F. J. Am. Chem. Soc., in press.
Evitt, E. R.; Bergman, R. G. Substitution, Alkyl-
Transfer, and Thermal-Decomposition Reactions of
n®-cyclopentadienyl(triphenylphosphine)dimethyl-
cobalt(l1). J. Am. Chem. Soc. 1980, 102, 7003—7011.
Widenhoefer, R. A.; Zhong, H. A.; Buchwald, S. L.
Direct Observation of C-O Reductive Elimination
from Palladium Aryl Alkoxide Complexes To Form
Aryl Ethers. J. Am. Chem. Soc. 1997, 119, 6787—6795.

VOL. 31, NO. 12, 1998 / ACCOUNTS OF CHEMICAL RESEARCH 859



(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

Reductive Eliminations of Amines, Ethers, and Sulfides Hartwig

Matsunaga, P. T.; Hillhouse, G. L.; Rheingold, A. L.
Oxygen-Atom Transfer from Nitrous Oxide to a
Nickel Metallacycle. Synthesis, Structure, and Reac-
tions of (2, 2'-Bipyridine)Ni(OCH,CH,CH,CH,). J.
Am. Chem. Soc. 1993, 115, 2075—2077.
Matsunaga, P. T.; Mavropoulos, J. C.; Hillhouse, G.
L. Oxygen-atom Transfer from Nitrous Oxide (N=
N=0) to Nickel Alkyls. Syntheses and Reactions of
Nickel(11) Alkoxides. Polyhedron 1995, 14, 175—185.
Han, R.; Hillhouse, G. L. Carbon—0Oxygen Reductive-
Elimination from Nickel(Il) Oxametallacycles and
Factors That Control Formation of Ether, Aldehyde,
Alcohol, or Ester Products. J. Am. Chem. Soc. 1997,
119, 8135—8136.

Widenhoefer, R. A.; Buchwald, S. L. Electronic
Dependence of C—O Reductive Eliminatin from
Palladium(Aryl)Neopentoxide Complexes. J. Am.
Chem. Soc. 1998, 120, 6504—6511.

Wells, P. R.; Ehrenson, S.; Taft, R. W. Substituent
Effects in the Naphthalene Series. An Analysis of
Polar and Pi Delocalization Effects. Prog. Phys. Org.
Chem. 1968, 6, 147.

Ehrenson, S.; Brownlee, R. T. C.; Taft, R. W. A
Generalized Treatment of Substituent Effects in the
Benzene Series. A Statistical Analysis by the Dual
Substitutent Parameter Equation (1). Prog. Phys.
Org. Chem. 1973, 10, 1.

Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke,
R. G. Principles and Applications of Organotransi-
tion Metal Chemistry, 2nd ed.; University Science
Books: Mill Valley, 1987; pp 279—354.

Brune, H. A.; Stapp, B.; Schmidtberg, G. Synthesen
Nitro-Substituierter cis-Bis(Phenyl)Platin(l1)-Verbin-
dungen. J. Organomet. Chem. 1986, 307, 129—137.

860 ACCOUNTS OF CHEMICAL RESEARCH [ VOL. 31, NO. 12, 1998

(52)

(53)

(54)

(55)

(56)

(67)

(58)

Batt, L.; Robinson, G. N. Thermochemistry of ni-
troso, amino, and nitro compounds. In Chemistry
of Amine, Nitroso, and Nitro Compounds and Their
Derivatives; Patai, S., Ed.; John Wiley and Co.: New
York, 1982; Vol. Supplement F; p 1035.

Benson, S. W. Thermochemistry and Kinetics of
Sulfur-Containing Molecules and Radicals. Chem.
Rev. 1978, 78, 23—35.

Bryndza, H. E.; Fong, L. K.; Paciello, R. A.; Tam, W.;
Bercaw, J. E. Relative Metal—Hydrogen, —Oxygen,
—Nitrogen, and —Carbon Bond Strengths for Orga-
noruthenium and Organoplatinum Compounds;
Equilibrium Studies of Cp*(PMes),RuX and (DPPE)-
MePtX Systems. J. Am. Chem. Soc. 1987, 109, 1444—
1456.

Berliner, E.; Monack, L. C. Nucleophilic Displace-
ment in the Benzene Series. J. Am. Chem. Soc. 1952,
74, 1574—1579.

Miller, J. Electrophilic and Nucleophilic Substitution
in the Benzene ring and the Hammett Equation.
Aust. J. Chem. 1956, 9, 61—73.

Bunnett, J. F.; Zahler, R. E. Aromatic Nucleophilic
Substitution Reactions. Chem. Rev. 1951, 49, 273—
412,

Rossi, R.; de Rossi, R. H. Aromatic Substitution by
the Sgn1 Mechanism; American Chemical Society:
Washington, DC, 1983; Vol. 178.

AR970282G



