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Many active pharmaceuticals, herbicides, conducting polymers, and components of organic light-emitting diodes con-
tain arylamines. For many years, this dass of compound was prepared via classical methods, such as nitration, reduc-
tion and reductive alkylation, copper-mediated chemistry at high temperatures, addition to benzyne intermediates, or direct
nucleophilic substitution on particularly electron-poor aromatic or heteroaromatic halides. However, during the past decade,
palladium-catalyzed coupling reactions of amines with aryl halides have largely supplanted these earlier methods. Succes-
sive generations of catalysts have gradually improved the scope and efficiency of the palladium-catalyzed reaction.

This Account describes the conceptual basis and utility of our latest, “fourth-generation” palladium catalyst for the cou-
pling of amines and related reagents with aryl halides. In the past five years, we have developed these catalysts using the
lessons learned from previous generations of catalysts developed in our group and in other laboratories. The ligands on
the fourth-generation catalyst combine the chelating properties of the aromatic bisphosphines of the second-generation sys-
tems with the steric properties and strong electron donation of the hindered alkylphosphines of the third-generation systems.

The currently most reactive catalyst in this class is generated from palladium and a sterically hindered version of the
Josiphos family of ligands that possesses a ferrocenyl-1-ethyl backbone, a hindered di-tert-butylphosphino group, and a hin-
dered dicyclohexylphosphino group. This system catalyzes the coupling of aryl chlorides, bromides, and iodides with pri-
mary amines, N—H imines, and hydrazones in high yield. The reaction has broad scope, high functional group tolerance,
and nearly perfect selectivity for monoarylation. It also requires the lowest levels of palladium that have been used for C—N
coupling. In addition, this latest catalyst has dramatically improved the coupling of thiols with haloarenes to form C—S bonds.

Using ligands that lacked one or more of the structural elements of the most active catalyst, we examined the effects
of individual structural elements of the Josiphos ligand on catalyst activity. This set of studies showed that each one of these
elements contributes to the high reactivity and selectivity of the catalyst containing the hindered, bidentate Josiphos ligand.

Finally, we examined the effect of electronic properties on the rates of reductive elimination to distinguish between the
effect of the properties of the M—N o-bond and the nitrogen electron pair. We have found that the effects of electronic prop-
erties on C—C and C—N bond-forming reductive elimination are similar. Because the amido ligands contain an electron pair,
while the alkyl ligands do not, we have concluded that the major electronic effect is transmitted through the o-bond.

Introduction later with enolate nucleophiles to form sp?—sp?

carbon—carbon bonds.*> These efforts, along with
For many years, the development of cross-cou-  those of other groups contributing to this issue of
pling reactions focused on C—C bond formation."  Accounts, have led to practical synthetic methods
My group has sought to extend the reach of cross-  to generate aryl amines, ethers, and sulfides, as
coupling chemistry to reactions of aromatic elec-  well as a-aryl carbonyl compounds and o-aryl
trophiles with heteroatom nucleophiles*? and nitriles. This chemistry has been widely utilized in
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medicinal chemistry groups as well as the synthesis of clini-
cal candidates on kilogram scale. Several review articles have
appeared recently on cross-couplings that form amines, ethers,
and sulfides.°~® An Account from our group® has summarized
the coupling of enolates with aryl halides. Therefore, this
Account will focus on our recent development of a new class
of catalyst for the coupling of aryl halides with amines and thi-
ols. This catalyst couples primary amines, N—H imines, hydra-
zones, and thiols with aryl chlorides, bromides, and iodides
with broad scope and with remarkably low loadings of
palladium.

While developing this synthetic methodology, we sought to
address several fundamental questions about the factors that
control carbon—heteroatom bond cleavage and formation.
When we began to develop the coupling of amines with aryl
halides, reductive eliminations that form the C—N bonds in
amines were rare.'® Since that time, this reaction has been
shown to occur with a variety of anionic nitrogen ligands and
a variety of ancillary dative ligands on palladium.’" A por-
tion of our mechanistic work has focused on understanding
the role of the electronic properties of the heteroatom on the
rates of these reductive eliminations. A comparison of the
electronic effects on reductive elimination to form C—N bonds
from amido complexes and C—C bonds from alkyl complexes
has helped to dissect the role of bond polarity and the elec-
tron pair on nitrogen. These electronic effects will be
addressed at the conclusion of this Account.

Background on Palladium-Catalyzed
Amination of Aryl Halides

The first modern studies of palladium-catalyzed coupling
chemistry to form amines® were stimulated by a report by
Kosugi, Kameyama, and Migita'? on the coupling of tin
amides with aryl halides catalyzed by palladium and the hin-
dered tri-ortho-tolylphosphine (eq 1). Practical protocols for the
coupling of amines with aryl halides in the presence of a base
using the same “first generation” catalyst as in the previous
work (eq 2) were published in 1995 by Buchwald’s laborato-
ry'? and the authors’ laboratory.'* This new procedure elim-
inated the need for toxic and relatively unstable
aminostannane reagents. This chemistry began to encompass
reactions of primary amines through work by Buchwald’s lab-
oratory and the author’s laboratory with “second generation”
catalysts containing aromatic bisphosphines (eq 3).">~'” Buch-
wald’s laboratory focused on reactions catalyzed by palladium
complexes of BINAP,">'7 and our group focused on the fun-
damental organometallic chemistry and coupling reactions
catalyzed by palladium complexes of DPPF."®
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More recent work on this process has focused on develop-
ing systems that couple aryl chlorides under mild conditions.
Mild aminations of aryl chlorides were conducted in our lab-
oratory by a postdoctoral associate, Blake Hamann,'® using a
member of the Josiphos class of ligands originally developed
at Ciba-Geigy for asymmetric hydrogenation (eq 4)."® With a
Josiphos ligand containing one diphenylphosphino and one
di-tert-butylphosphino group (PPFtBu), reactions of primary
amines with several chloroarenes occurred at 85 °C (eq 4).
More than 5 years later, we returned to studying this class of
ligand, and this more recent work on C—N couplings using
Josiphos ligands is the focus of the majority of this Account.
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In the mean time, our efforts and those of many other
groups began to focus on reactions catalyzed by “third-gen-
eration” systems containing hindered monodentate
ligands.®2° Researchers at Tosoh Company reported the cou-
pling of aryl bromides with secondary amines catalyzed by
Pd(OAQ), and tri-tert-butylphosphine with 800—900 turnovers,
the highest obtained at that time.?" The Tosoh group also
reported the coupling of phenyl chloride with piperazine using
0.5 mol % palladium at 140 °C to form the coupled product
with 88% conversion.

Our work with hindered alkylphosphines began with mech-
anistic studies on these catalysts containing PtBus. Our stud-
ies showed that catalysts generated from a 1:1 ratio of this
phosphine to palladium coupled aryl bromides and chlorides
at room temperature or slightly above.>? This finding later led
us to initiate reactions with the palladium(l) dimers [Pd-
(PtBus)Br], and {Pd[PtBu,(1-Ad)|Br}, containing one PtBus or
PtBu,(1-Ad) (1-Ad = T-adamantyl) ligand on the palladium cat-
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alyst precursor.>® The rates of these reactions (eq 5) were
spectacularly fast for the coupling of secondary alkylamines
with aryl chlorides.

0.5 mol% Br
Vans
R(t-BU),P—PG—Pd—P(-Bu);R
R— + HNRR"
NaO-+Bu

cl Br
- NRR" R.R" = alkyl,
1 o
R—- R'R"=H, aryl
7 = R',R"= aryl
R=donating or room temperature, 15 min

= R=t-Bu, 1-Ad
withdrawing; o, mor p (5)

In parallel, through a series of mechanistic studies on a cat-
alyst generated from Pd(dba), and 1,1'-bis(di-tert-butylphos-
phino)ferrocene, we discovered that this bisphosphine
underwent P—C bond cleavage and arylation of one cyclo-
pentadienyl group to generate the sterically hindered pen-
taphenylferrocenyl di-tert-butylphosphine ligand.** The
palladium catalyst containing this modified ligand was
remarkably active for C—N coupling. Both secondary amines
(cyclic and acyclic) and primary amines coupled under mild
conditions with aryl bromides and chlorides (eq 6).>> Reac-
tions of primary amines occurred with high selectivity for for-
mation of the monoarylation product. In separate work, we
have used catalysts containing a 1:1 ratio of palladium to
P(tBu); and catalysts containing the Q-phos ligand to develop
the coupling of enolate nucleophiles with aryl halides into a
process that occurs with broad scope, with enolates contain-
ing different main group metals, and with much higher turn-
over numbers than had been achieved previously.?2°~3°

HNRR'
O

cl 1 mol% Pd(dba),

R
;' 2mol% PhgFcP(t-Bu
v— ahoN 2ol PhFOREBU);
‘R NaO-+Bu, Toluene
70-100 °C
PhsFcP(+-Bu),=

"Q-phos” )

In parallel, other groups have developed particularly valu-
able catalysts for the coupling of heteroatom nucleophiles with
aryl halides based on monophosphines or N-heterocyclic car-
benes that are strongly electron donating and sterically hin-
dered. Buchwald and co-workers have developed a family of
biaryl dialkylphosphine ligands that has expanded the scope
of the C—N coupling of aryl chlorides with weak nitrogen
nucleophiles, such as amides, sulfonamides, and electron-poor
arylamines.® This class of catalyst has also increased the abil-
ity of palladium complexes to catalyze the etherification of
aryl halides with alcohol and phenol nucleophiles. Beller and
co-workers developed heteroaryl dialkylphosphines that are
related to the biaryldialkylphosphine ligands and can be pre-
pared by simple syntheses.?! Finally, Nolan and co-workers

Me

=7 ey,

Fe "PCy,

FIGURE 1. Josiphos ligand CyPFtBu in the fourth-generation
catalyst.

developed catalysts based on hindered N-heterocyclic carbene
ligands, including single-site versions of these catalysts, that
catalyze the coupling of amines with aryl bromides and chlo-
rides.??

A Fourth-Generation Catalyst for the
Amination of Aryl Halides

Although the catalysts we developed containing P(tBu); and
the Q-phos ligand, as well as the hindered alkyl monophos-
phine and carbene catalysts described in the previous sec-
tion developed by other groups, are highly reactive toward the
coupling of secondary amines with haloarenes, they are less
reactive toward couplings of primary amines, often generate
mixtures of monoarylation and diarylation products, and typ-
ically require high loadings of palladium for the coupling of
heteroaromatic halides. Thus, our recent work on the coupling
of amines with aryl halides has focused most intensively on
developing a fourth generation system that would improve the
activity and selectivity for couplings of primary amines and thi-
ols, as well as the coupling of heteroaromatic halides.

To do so, we returned to studies on catalysts derived from
the Josiphos class of ligands.'® Because these ligands were
developed for enantioselective catalysis, principally asymmet-
ric hydrogenation, they have typically been used in combina-
tion with iridium, rhodium, and ruthenium catalyst
precursors.>33% Moreover, the use of a ligand developed for
enantioselective catalysis to prepare achiral products was
unconventional. However, an exceptionally hindered and elec-
tron-donating version of the Josiphos ligands containing one
dicyclohexylphosphino group and one di-tert-butylphosphino
group on the ferrocenyl-1-ethyl backbone (CyPFtBu)'® became
commercially available (Figure 1), and is air stable in solu-
tion and as a solid. We envisioned that the steric and elec-
tronic properties of this ligand were particularly well suited to
address some of the current limitations on catalyst scope and
activity.

For example, we envisioned that the steric property of this
ligand could improve the selectivity for monoarylation of pri-
mary amines.?>2> We also considered that its chelation could
create a catalyst that would be more stable toward displace-
ment of the ancillary ligand by primary amines and improve
turnover numbers. Finally, we considered that chelation
would prevent displacement of the phosphine by basic
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CHART 1
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heterocycles®>3° and thereby improve the coupling of halopy-
ridines. If the bidentate ligand possessed a backbone that pre-
organized the two phosphines toward metal binding, then it
might stay bound to palladium despite severe steric demands;
the ferrocenyl-1-ethyl backbone of the Josiphos ligands cre-
ates this preorganization.

With these ligands, we sought to improve four aspects of
the scope of the aminations of aryl halides. First, we sought to
conduct the coupling of aryl chlorides with high turnover num-
bers. By doing so, we would take advantage of the lower cost
of these haloarenes without offsetting their cost advantage by
using large amounts of catalyst. Second, we sought to cou-
ple primary amines with high turnover numbers and high
selectivity for monoarylation. Third, we sought to conduct the
coupling of heteroaromatic halides with high turnover num-
bers. Finally, we sought to exploit the chelation and steric hin-
drance of the ligand for the coupling aryl halides with
ammonia to form monoarylamines. Each of these goals was
met by using the combination of a palladium precursor and
the Josiphos ligand CyPFtBu.

Our first studies confronted three of these challenges simul-
taneously. We investigated the coupling of primary amines
with heteroaromatic chlorides containing a basic nitrogen
atom.373® As shown in Chart 1, the reaction of 2-chloropyri-
dine with octylamine occurred to completion and in high yield
using only 10 ppm of palladium. Although this reaction can
be conducted at higher temperatures in more polar solvents
without a catalyst, only a few percent of the heteroarylamine
product formed under the mild conditions of the catalytic reac-
tions. Perhaps more striking, the reaction of the unactivated
3-chloropyridine occurred in high yield with only 50 ppm of
the catalyst. The analogous reaction of 4-chloropyridine
occurred to completion with only 0.01 mol % of the catalyst.
Other examples of the coupling of primary amines with het-
eroaryl halides in Chart 1 show that the reaction occurs with
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halopyridines containing a substituent ortho to the halogen
despite the steric hindrance of the ligand. Moreover, reactions
of primary amines that are branched o to nitrogen, as well as
benzyl amines, occurred in high yield with low loadings of cat-
alyst. Because the cost of the ligands used for most palladium-
catalyzed aminations of aryl halides is similar to or greater
than the cost of palladium, the 1:1 ratio of metal to ligand in
this catalyst system is noteworthy.

If the poisoning of the catalyst by pyridine is avoided by
using a chelating ligand, then the coupling of halopyridines is
most similar to the coupling of electron-poor chloroarenes,
which are typically more reactive than electron-rich chloroare-
nes. Therefore, we were particularly pleased that the same
conditions that we used for the coupling of chloropyridines led
to the coupling of electron-rich or electron-poor chloroare-
nes using quantities of palladium that were orders of magni-
tude lower than required previously for the coupling of these
substrates with primary amines.?>3° As shown by the selected
examples in Chart 2, several of these reactions occurred with
50—100 ppm of palladium, and the particularly challenging
reaction of an a-branched, acyclic primary amine'” occurred
in quantitative yields.

The tolerance of coupling chemistry for ancillary function-
ality is a hallmark of palladium-catalyzed coupling. We
showed that the coupling of aryl and heteroaryl chlorides pos-
sessing protic functionality occurs when the reactions are con-
ducted with 2 equiv of lithium hexamethyldisilazide as
base,*®4 the first equivalent to deprotonate the protic func-
tionality and the second to be used during the actual cou-
pling process. By this method, reactions of primary amines
with aryl halides possessing hydroxyalkyl groups, phenolic
hydroxyl groups, enolizable keto groups, primary and second-
ary amides, and even a carboxylate occurred in high yield
(Chart 3). Examples of couplings of these types of aryl halides
with primary amines had not been demonstrated previously.
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CHART 3
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The combination of palladium and the hindered Josiphos
ligand also efficiently catalyzed couplings of other primary
nitrogen nucleophiles (Chart 4). For example, reactions of chlo-
ropyridines and chloroarenes with benzophenone imine
occurred with loadings as low as 0.005 mol % of the combi-
nation of palladium and the Josiphos ligand,?”*® and reac-
tions of several aryl halides occurred with 50 ppm to 0.1 mol
%. Reactions of benzophenone hydrazone also occurred with
loadings of this catalyst ranging from 0.1% to 1.0%.

A comparison of several catalysts for two prototypical cou-
plings of primary amines revealed the unusual reactivity of the
combination of palladium and the Josiphos ligand. Table 1
summarizes reactions of 3-chloropyridine with octylamine cat-
alyzed by palladium complexes of CyPFtBu, the biaryl dialky-
Iphosphine X-phos,*' and the hindered N-heterocyclic carbene
SIPr.#2 Reactions conducted with low loadings of the mono-
phosphine and the carbene occurred with low conversion.
Even reactions with 100 times more catalyst than is needed
with CyPFtBu did not run to completion.® Moreover, when run
with more catalyst, these reactions generated mixtures of
mono- and diarylation products. Likewise, the reaction of
4-chlorotoluene with octylamine occurred with low conver-
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TABLE 1. Comparison of the Activity of CyPFtBu, XPhos, and SIPr
for the Reactions of a Heteroaryl Chloride with a Primary

Alkylamine“
S X mol % Pd/ L Sy NHocty!
‘ _ + OctylNH, | _ + ArpNoctyl
) NaOfB
N 1.2equiv  pyE gr Tollfjene L\: B
conversion
entry Pd/L mol % Pd TI°q t[h] (vield, %) A/B

1 Pd(0Aq),/1 0.005 90 24 100 (92) 100:0
2 Pd(0Aq),/2 0.05 90 24 40 5.4:1
3 Pd(0Aq),/2 0.1 90 24 85 (80) 2.4:1
4 Pd(0Aq),/2 0.5 90 12 88 (81) 2.6:1
5 3 0.005 110 24 <10
6 3 0.05 110 48 58 >25:1
7 3 0.5 110 12 100 (71) 7.6:1

Fe PCy;

Me R\N
@QP,BW O PCys g_Pd):R

= iPr iPr c RR= —%
CyPF-t-Bu (1) ‘ Ph
Pr SIPr Complex (3)
XPhos (2)

TABLE 2. Comparison of the Activity of CyPFtBu, XPhos, and SIPr
for the Reactions of 4-Chlorotoluene with a Primary Alkylamine?

Cl NHoctyl
)©/+ OctylNH, /©/ + ArpNoctyl

X mol % Pd/ L

NaOfBu
1.2 equiv DME or Toluene A B
conversion
entry ligand mol % Pd/L  TI[°C tlh (vield, %) A/B
1 Pd(0Aq),/1 0.01 100 48 100 (95) 100:0
2 Pd(0Aq),/2 0.05 100 48 13 18:1
3 Pd(dba),/2 0.1 100 48 25 10:1
4 Pd(dba),/2 0.5 100 12 100 (93) 2.3:1
5 3 0.005 110 48 40 >50:1
6 3 0.05 110 48 76 15.3:1
7 3 0.5 110 12 100 4.3:1

= T S,
\N/§

PiB

Fe uz' Fl‘CY2 "/—Pd)\

PCy, N
VESSIN iPr iPr é cl R R= —§
CyPF-t-Bu (1) O Fh
Pr SIPr Complex (3)
XPhos (2)

sion when using low loadings of the catalysts derived from the
monodentate ligands, and reactions conducted with more cat-
alyst formed mixtures of mono- and diarylation products
(Table 2).38

A similar comparison of catalysts for the coupling of the
particularly electron-rich, deprotonated 4-chlorophenol was
published by Buchwald and co-workers.*? In this case, the
reactions with the X-phos ligand occurred under milder con-
ditions (40 °C) than with CyPFtBu,** although a closely related
reaction at 100 °C occurred in 72% isolated yield.?° These
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CHART 5
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comparisons illustrate that some classes of coupling reactions
benefit from the properties of the Josiphos ligands, while oth-
ers benefit from the properties of the biaryl dialkylphosphines.

Couplings of Aryl Bromides and lodides
Catalyzed by the Pd-Josiphos System
Aryl bromides tend to react faster than aryl chlorides in pal-
ladium-catalyzed amination processes. Consistent with this
trend, aryl bromides reacted with primary amines when
extremely low quantities of the palladium-Josiphos catalyst are
used (Chart 5).8 Reactions of electron-poor bromoarenes
occurred with 5—50 ppm of palladium, and the reactions of
electron-neutral to electron-rich bromoarenes occurred with
0.005—0.1 mol % of palladium. These reactions occurred with
linear and a-branched primary amines, as well as benzylic
amines. Reactions of ortho-substituted bromoarenes also
occurred using relatively low loadings of palladium. These
bromoarenes included those containing electron-donating sub-
stituents in the ortho position, those containing a large ortho-
isopropyl group, and those containing 2,6-disubstitution.
Although iodoarenes are more reactive than bromoarenes
for many cross-coupling processes, the coupling of amines
with iodoarenes has occurred more slowly and in lower yields
than the coupling of bromoarenes.**#> Thus, we conducted
studies to determine whether the Josiphos ligand would
improve the scope and efficiency of the coupling of iodoare-
es.3® These data are summarized in Chart 6. The reaction of
the unactivated 3-iodopyridine occurred in good yield with a
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CHART 6
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primary amine using just 0.05 mol % of palladium. Likewise
the reaction of 4-iodotoluene with an a-branched primary
amine occurred in good yield with the same loading of pal-
ladium. Although these reactions require a larger amount of
palladium to run to completion than do the reactions of
chloro- and bromoarenes, the amount of catalyst required is
orders of magnitude lower than was needed for the coupling
of iodoarenes using other catalysts, particularly for the cou-
pling of primary amines.***> Studies on reactions of bro-
moarenes and iodoarenes together have shown that the
presence of the iodoarene retards the rate of the reaction.
Although speculative at this point, we have proposed that the
alkali metal iodide byproduct deactivates the catalyst.

The First Palladium-Catalyzed Couplings of
Ammonia with Aryl Halides To Form
Primary Arylamines

The combination of palladium and the hindered Josiphos
ligand also led to the first coupling of ammonia with aryl
halides to form primary aromatic amines (Chart 7).*® The reac-
tion of the sterically unbiased bromoarene with an excess of
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ammonia in DME formed the primary aromatic amine in 86%
yield with a 17:1 selectivity for the primary amine over the
secondary amine. For reasons we do not yet fully understand,
the selectivity of reactions with unhindered haloarenes was
higher at lower concentrations (0.05 M) than at higher con-
centrations. However reactions of ortho-substituted bromoare-
nes occurred selectively at higher concentrations. For example,
the reaction of 2-bromo-1-isopropylbenzene and 1-bro-
monaphthalene occurred at 0.25 M in high yield with greater
than 50:1 selectivity for the primary amine. Heteroaryl bro-
mides, such as 4-bromo- and 5-bromoisoquinoline, also
reacted with ammonia to form the aminoisoquinolines in high
yield, and reactions of chloro- and iodoarenes occurred in
good yield.

In parallel, we reported similar reactions of haloarenes with
lithium amide to form primary aromatic and heteroaromatic
amines.*® The selectivity of these reactions with unhindered
aryl halides was not as high as for reactions of ammonia, but
was still acceptable. For example, the reaction of the steri-
cally unbiased 1-bromo-4-tert-butylbenzene occurred in 72%
isolated yield with 9.5:1 selectivity for formation of the pri-
mary amine. Like reactions of ammonia, the reactions of lith-
ium amide with ortho-substituted haloarenes, bromo-
naphthalenes, and isoquinolines also occurred with essen-
tially complete selectivity for the primary amine. Reactions of
ammonia with haloarenes using catalysts derived from biaryl
dialkylphosphines were recently reported by Buchwald.*”

Coupling of Aryl Halides with Thiols
Catalyzed by the Fourth-Generation
Catalyst

Many catalysts are poisoned by thiols. Although the forma-
tion of palladium thiolates and the reductive elimination from
arylpalladium thiolate complexes is fast,*®“° the scope and
efficiency of catalytic coupling of aryl halides with thiols has
been limited.”>° Until recently, no catalyst had been devel-
oped that couples 1) aryl halides with thiols possessing a sig-
nificant range of ancillary functional groups, 2) arene thiols
with high selectivity for the mixed diaryl sulfide, 3) aryl chlo-
rides with thiols, or 4) any aryl halide with a thiol with high
turnover numbers. We considered that the chelating property
of the Josiphos ligand would minimize catalyst deactivation by
thiols. Indeed, the palladium—Josiphos catalyst coupled a wide
range of aryl chlorides and thiols with turnover numbers far
exceeding those of previous systems.>'

Chart 8 shows selected examples of the coupling of chlo-
roarenes with alkane thiols catalyzed by palladium and
CyPFtBu.>>>3 The coupling of chlorobenzene with 1-oc-

Me

0.01-3 mol% Pd{OAc), or Pd,(dba)s
e 0.01-3 mol% CyPFfBu NSRSy B,
R—- + HS R— L= Fe “PCy,
> NaOBu / DME or toluene >
mosc CyPFtBu
©/SOctyl Q/SOctyl /©/80ctyl ©/
0.1%, 91% 0.1%, 96% 0.1%, 98% 0.05%, 95%

0.05%, 91% 0.05%, 97%

0.01%, 85%

o O * &5 som

0.05%, 91% 0.1%, 82% 0.05%, 94% 0.05%, 96%

JOACICQCR OGN G C

0.05%, 97% 0.25%, 90% 0.25%, 97% 0.5%, 86%

Meo/@%SPh ﬁ?LSPh @ESPh \@\@\

0.1%, 98% 0.1%, 95%

QES\Q\ /@EsPh MeO Es%:g—
Me rc

0.25%, 97% 0.25%, 89% 0.25%, 94%

0.05%, 86% 1%, 92%

tanethiol using just 0.01 mol % of this catalyst formed the
thioether in high yield. A range of more substituted chloro-
arenes reacted with similar efficiencies. Even the electron-rich
4-chloroanisole coupled when just 0.1 mol % of palladium
was used. Aliphatic thiols with branching a or § to sulfur also
coupled efficiently. Some of these reactions were conducted
with Pd(OAq), as precursor and others with Pd,(dba)s. The
effect of the precatalyst on the rates of these reactions is cur-
rently under investigation.

The reactions of chloroarenes with arenethiols can be more
challenging because of competing formation of symmetrical
thioethers®* from reversible C—S bond formation. However,
with the palladium—Josiphos system, high vyields of the
unsymmetrical diarylsulfides were obtained without recourse
to special solvents.>>>' These reactions were somewhat
slower than those of aliphatic thiols, but the product was
formed in high yield with 0.05—1 mol % of palladium and
CyPFtBu. Like the C—N coupling, the C—S coupling of chloro-
arenes occurred with high functional group tolerance. For the
C—S coupling, it was unnecessary to conduct reactions with
silylamide base. Reactions conducted with NaOtBu or KOtBu
as base occurred in high yield for haloarenes containing a
variety of protic and electrophilic functional groups (Chart 9).

As part of this work, we demonstrated a method to form
diaryl sulfides without the need to use aromatic thiols as
reagents or to isolate aromatic thiol intermediates.>* The reac-
tion of triisopropylsilane thiol>® with a haloarene generated
the TIPS-protected arenethiol. Reaction of this intermediate
with a second haloarene in the presence of CsF and the
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CHART 9
Me
0.05-2 mol% PA(OAC); or Pdy(dbals
NI 0.05-2 mol% L SR L_@‘pmz
R + HSR R = Fe “PCy,
L~ NaOfBu or KOfBu F >

DME or toluene 110 °C CyPFBu

NC StBu Ph{O)C Sig HzN(O)C\©/SPh H020©/8\©\
Y

0.05%, 90% 0.05%, 86% 0.25%, 70% 0.26%, 95%
S

OHC StBu HO. S\)\/ HoN SPh

0.25%, 91% 0.5%, 85% 0.25%, 91% 2%, 91%

S. StBu SOctyl
@[ Octyl @[ AcHN Svk/

2%, 97% 0.5%, 93% 0.1%, 78% 0.25%, 99%

palladium—CyPFtBu catalyst formed the unsymmetrical biaryl
thioether in high yield.>2

Ligand Structure—Reactivity Relationships

Having shown that the Josiphos ligand CyPFtBu generates a
palladium catalyst that is highly active, but long-lived, for a
wide range of C—N and C—S couplings, we sought to deter-
mine which features of this ligand led to this favorable reac-
tivity. To do so, we compared the reactivity (Table 3) of the
catalyst generated from CyPF{Bu to catalysts containing the
ligand lacking the methyl group on the benzylic position of
the backbone (A), ligands with propyl groups on the backbone
(B, €), a ligand containing a phosphinoethylbenzene back-
bone (D), a ligand possessing an arene—chromium carbonyl
unit in place of the ferrocene unit (E), a ligand based on a xan-
thene backbone (F), a ligand (PPF-t-Bu) possessing a diphe-
nylphosphino group in place of the dicyclohexylphosphino
group, and ligands containing less sterically demanding
groups on phosphorus.®

The lifetime of the desmethyl catalyst is long, but not as
long as that for the catalyst containing CyPF{Bu. However,
ligands based on the xanthene and arene—chromium tricar-
bonyl backbones generated much less reactive catalysts. We
assume that the metal—ligand bonds in the complex gener-
ated from the hindered Xantphos analog are unstable under
the conditions of the catalytic process and that the ligand con-
taining the chromium carbonyl fragment is deactivated by
nucleophilic attack onto the carbonyl units. The catalyst gen-
erated from PPFtBu was also less reactive than that gener-
ated from CyPFtBu, and the less hindered analogs of CyPFtBu
containing dimethyl and diethylphosphino groups in place of
the dicyclohexylphosphino group of CyPFtBu were much less
reactive. These data imply that the preorganization imparted
by the relative stereochemistry of the methyl group and the
ferrocenyl unit, the steric properties of the dialkylphosphino
groups in CyPFtBu, the strong electron donation of the alky-

TABLE 3. Effect of Bidentate Ligand Structural Properties of on C—N
Coupling with a Heteroaryl Chloride®

X Cl Pd(OAc),/ L x NHoctyl
| + OctylNH, |
NZ NaOfBu N7

DME
entry ligand loading T(°Q t () vield (%)
1 CyPF-t-Bu 0.005 90 24 93
2 PPF-t-Bu 1.0 90 24 67
3 MePF-+-Bu 0.005 90 24 <5
4 EtPF-tBu 0.005 90 24 <5
5 CyPF-Cy 1.0 90 24 46
6 CyPF-Ph 1.0 90 24 48
7 BUPF-Cy 0.005 90 24 62
8 A 0.005 90 24 50
9 B 0.001 100 48 16
10 B 0.005 90 24 93
11 C 0.005 90 24 <5
12 D 0.005 90 24 <5
13 E 0.005 90 24 <5
14 F 0.005 90 24 <5
Me PBu, "Pr
@ Sore @ @ "PfBu
e PRy 2 Fe PCy2 fe PR :
< <X <X
R R A R=Cy B
Cy Bu CyPF-tBu Et C

Ph Bu PPF-+Bu
Me Bu MePF-t-Bu .y
Et Bu EtPF-tBu 2 T PBu,

PCy;
Cy Cy CyPF-Cy oc Cr
Cy Ph CyPF-Ph PCy2 ¢ ©o
Bu Cy BuPF-Cy D E
CL 0
PCy, E PBu,

Iphosphino groups, and the high stability of the ferrocenyla-
Ikyl backbone contribute to creating a catalyst that reacts with
such high turnover numbers.

Mechanistic Considerations

The basic steps of the palladium-catalyzed amination and thio-
etherification have been discussed in review articles
previously.®>7-°8 The reaction is initiated by oxidative addi-
tion of a haloarene to an unsaturated palladium(0) fragment.
Early studies with Pd(0) complexes of CyPF{Bu showed that
{Pd(CyPFtBu)[P(o-tol)5]} undergoes remarkably fast oxidative
addition of typically unreactive aryl electrophiles.>® The result-
ing aryl halide complex then reacts with amine or thiol and
base to generate an aryl palladium amide or thiolate interme-
diate. This intermediate then undergoes reductive elimina-
tion to form the carbon—nitrogen or carbon—sulfur bond in
the final product and regenerates the palladium(0)
species.' 7

A series of studies from our laboratory and others have
shown that reductive elimination to form a carbon—
heteroatom bond occurs more rapidly from complexes con-
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{ faster for more electron-donating R

\
faster for more electron-withdrawing R

FIGURE 2. Electronic effects on C—X and C—C bond-forming
reductive eliminations.

taining the more basic heteroatom."" Reductive elimination
from an alkylamido complex is faster than reductive elimina-
tion from an arylamido complex, which is faster than reduc-
tive elimination from a diarylamido complex.®® Recent studies
on aryl palladium amidate complexes®’ have shown that they
undergo reductive elimination even more slowly than the dia-
rylamido complexes. We have also shown recently that reduc-
tive elimination from an unsaturated, three-coordinate
arylpalladium(ll) diarylamido complex®* occurs more rapidly
than reductive elimination from a related arylpalladium
alkoxo complex.®?

One could attribute the faster rate of reductive elimination
from the complex containing the more basic heteroatom to
more favorable attack of the electron pair on the ipso carbon
of the aryl group in the transition state.°* Alternatively, one
could attribute this faster rate to a decrease in the polarity, and
thereby strength, of the metal—heteroatom bond. (Increasing
polarity of a metal—heteroatom bond tends to lead to increas-
ing strength, in the absence of steric or mesomeric effects.) A
comparison between the electronic effects on the rate of
reductive elimination from arylpalladium amido and amidate
complexes with those on the rate of reductive elimination
from arylpalladium alkyl complexes® helps dissect these
potential contributions to the electronic effect (Figure 2).

Studies on the rates of reductive eliminations from arylpal-
ladium alkyl complexes containing varying functional groups
on the o carbon have shown that the C—C bond-forming
reductive elimination is influenced by the electronic proper-
ties of the alkyl group in a fashion similar to the C—X bond-
forming reductive elimination from amido and alkoxo
complexes. Reductive elimination from the arylpalladium alkyl
complexes occurs more slowly from the alkyl complexes con-
taining an electron-withdrawing group on the o-carbon.
Because the arylpalladium alkyl complexes lack an electron
pair on the atom bound to the metal, we have concluded that
the electronic effects are imparted more strongly through the
metal—ligand ¢ bond than through the lone electron pair on
the anionic heteroatom ligand.

{ faster for more electron-donating R
XR L\ ,LCH.R CHzR
+ L.Pd d ©/+ L.Pd

faster for more electron-withdrawing R

Summary

During the past several years, we have demonstrated that pal-
ladium catalysts containing sterically hindered alkylmono-

phosphines and catalysts containing sterically hindered
alkylbisphosphines can significantly improve both the amina-
tion and thioetherification of aryl halides. In particular, the
reactions of primary alkylamines, benzophenone imine, ben-
zophenone hydrazone, and even ammonia occur with high
selectivities for monoarylation, and reactions of primary nitro-
gen nucleophiles occur with high turnover numbers using a
very sterically hindered member of the Josiphos family of
ligands. In parallel, we have shown that the reactions of thi-
ols with haloarenes can now be conducted with high turn-
over numbers, including reactions to form unsymmetrical
diaryl sulfides. Although no catalyst is optimal for all combi-
nations of substrates, we anticipate that the high selectivity
and efficiency of these catalysts for reactions of these classes
of nucleophiles, in parallel with the high tolerance of the sys-
tem for ancillary functional groups, will enable the efficient
synthesis of alkyl arylamines, primary arylamines, N-aryl
hydrazine derivatives, and aryl thioethers on both small and
large scale.
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