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Abstract: The palladium-catalyzed coupling of amines
and aryl halides or aryl alcohol derivatives has ma-
tured from an exotic small-scale transformation into
a very general, efficient and robust reaction during
the last ten years. This article reports several applica-
tions of this method from an industrial vantage point,
including ligand synthesis, synthesis of arylpipera-
zines, arylhydrazines and diarylamines. Much empha-
sis in placed on issues of scale-up and safety to under-
line the potential of C�N couplings as solutions for in-
dustrial-scale synthetic problems.
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1 Introduction

The development of a new, general methodology for the
formation of aromatic carbon-nitrogen bonds is of great
significance in many areas of organic synthesis. As the
Heck, Suzuki–Miyaura, Stille,Kumada andNegishi pro-
cedures have revolutionized thewaywe construct sp2C–
sp2C bonds,[1] the palladium-catalyzed aromatic amina-
tion has the potential to modify analogously our ap-
proach to the synthesis of aniline derivatives. Aromatic
carbon-nitrogen bonds are structural constituents for
the preparation of compounds of interest to those
in the pharmaceutical and agrochemical industries.
In addition, compounds with this motif are impor-
tant for the preparation of new ligands, electronic mate-

rials, polymers, liquid crystals and xerographic materi-
als.[2]

Over the first ten years since its development, small-
scale applications of the palladium-catalyzed aromatic
amination have appeared in publications from academ-
ic, medicinal and process chemistry laboratories. This
method is able to connect highly functionalized compo-
nents and is compatible with awide variety of functional
groups. This generality makes it well-suited for the con-
struction of a body of amine analogues from a common
intermediate. The versatility and applicability of the
method has been thoroughly documented in two recent
reviews.[3]
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tat” in 1982 in the field of
organometallic chemistry
and homogeneous cataly-
sis especially in steroid
chemistry (Rhône-Poulenc
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2 Motivation: Technology gives an Edge

With the increasing competition between custommanu-
facturers of chemicals, one way for a company to differ-
entiate itself is by quick reduction to practice of a new
and powerful technology. To focus on a process as new
as the palladium-catalyzed aromatic amination, the lev-
el of risk is high for one company to bear on its own.
Therefore a joint venture between two companies, Bay-
er Chemicals, now Lanxess, and Rhodia Pharma Solu-
tions, was undertaken. We decided to join efforts with
complete exchange of knowledge gained by both sides.
Since confidentiality plays a major role in custom man-
ufacturing, it was decided to set up specific goals inside
the collaboration, while all customer inquiries and proj-
ects remained outside of the collaboration and therefore

confidential. To further this endeavor, one of us (SLB)
was brought in as a consultant for this venture (Figure 1).
We first identified three key success factors: 1) Estab-

lishment of a quick method for the optimization of the
technology. 2) The scale-up of several model targets. 3)
A safe and reliable supply route to the dialkylphosphi-
nobiaryl ligands that are used for these reactions
(Scheme 1).
This model, in our opinion, has the potential to speed

the transfer of promising new technology fromacademic

polysiloxanes, new organometallic catalysis for orga-
nosilicon applications and the functionalization of
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Figure 1. Collaboration model: two companies, one universi-
ty.

Scheme 1. Important members of the dialkylphosphinobiaryl
ligand family.
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discovery into industrial application. Over the course of
two years, the participants have had a good chance to
scrutinize the chemistry and decide whether it is adapt-
able to industrial requirements. For the palladium-cata-
lyzed aromatic amination reaction, this strategy has
worked well. All three of the goals mentioned above
have been realized. In addition, several customer proj-
ects, not a part of the information exchange or collabo-
ration, have been carried out on a pilot scale.

3 The Synthesis of Arylhydrazones and
their use as Synthetic Intermediates

As an initial example of a class of compounds to be in-
vestigated during this collaboration, we studied the ap-
plication of this methodology to the synthesis of arylhy-
drazones. These are precursors to arylhydrazines and,
thus, to various heterocycles, including indoles via the
Fischer indole synthesis (Scheme 2).
Hydrazines are normally accessed via the intermedia-

cy of diazonium salts. For compounds that contain sensi-
tive functional groups, the palladium-catalyzed route
can be an important alternative.
Literally thousands of indoles have beenprepared and

evaluated as potential pharmaceuticals.[4]Afew clinical-
ly important examples are shown in Table 1.
The development of a viable, robust and safe industri-

al process is a challenging problemand aprerequisite for
large-scale applications of this reaction. We have stud-
ied, as amodel reaction, the coupling ofp-bromotoluene
or p-chlorotoluenewith benzophenone hydrazone in or-
der to examine the important parameters for the prepa-
ration of an N-arylbenzophenone hydrazone on an in-

dustrial scale. We first examined a modification of the
previously reported conditions[5] (Scheme 4).
Screening experiments showed that catalysts based on

dialkylphosphinobiaryl ligands gave the best perform-
ance. With A or B, the coupling reaction was achieved
in 94% and 93% yield, respectively, using 1 mol %

Scheme 2. Fischer indole synthesis.

Scheme 3. Potential applications of arylhydrazines.

Table 1. Selection of pharmaceutically important indoles.

Entry Name Company Use

1 Sumtriptan GSK Anti-Migraine
2 Odensetron GSK Anti-Emetic
3 Fluvastatin Novartis Anti-Cholesterol
4 Zafirlukast AstraZeneca Asthma
5 Indomethacin Merck Anti-Inflammatory
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Pd(OAc)2 in refluxing toluene with NaO-t-Bu as the
base.
We next examined the effect of changing the base, us-

ing Pd(OAc)2/2A in toluene or xylene at reflux.[6] With
potassium tert-butoxide, cesium carbonate or sodium
hydroxide in toluene, low conversion of starting materi-
al (<10%) was observed. In contrast, the use of NaO-t-
BuorNaO-t-Amprovided complete conversionof start-

ing material to product. Given these results, the use of
tert-butanol as the reaction solvent was investigated.
With this solvent, either NaO-t-Bu or NaOH as base
both led to quantitative yield of product.
In view of our results using NaOH in tert-butanol, we

examined the use of a variety of solvents (Table 3). Us-
ing refluxing tert-amyl alcohol, which has a higher boil-
ing point than tert-butanol, the standard reaction took
place even more rapidly than before. The use of other
solvents such as ethylene glycol, diethylene glycol,
N,N-dimethylethanolamine, n-butanol and 1,2-dime-
thoxybenzene resulted in low conversions (<30%) of
starting material.
Tohave an economically viable process itwas necessa-

ry to reduce the level of catalyst thatwas necessary.With
C/Pd(OAc)2 in xylene and NaO-t-Bu as base, the reac-
tion reached completion within one hour using 0.1 mol
% catalyst. In order to further improve the efficiency
of the coupling process, we next examined the use of
NaOH as the base. Unfortunately, when using finely
ground NaOH in refluxing toluene with or without a
phase-transfer catalyst, no reaction was observed.
When the reaction solvent was changed to tert-amyl al-
cohol, however, with A as supporting ligand, excellent
results were obtained with solid sodium hydroxide pel-
lets as the base. In xylene, the use of NaO-t-Bu as base
provided themost active system (Table 4). In both cases
the reaction was rapid and no by-products such as ben-
zophenone, benzophenone azine or compounds result-
ing from Wolff–Kishner reduction were detected. In
these procedures only 0.05 mol % of Pd(OAc)2 was
needed for full conversion of chloro- or bromotoluene
to the desired product. Also of note is that the process
was complete after twelve minutes with 0.25 mol % Pd.
Thus, both the combinations C/NaO-t-Bu/xylene and

A/NaOH/tert-amyl alcohol represent very good condi-
tions for the coupling reaction between aryl halides
and benzophenone hydrazone.
In fact, the coupling of benzophenone hydrazone with

p-tolyl chloride or bromide in refluxing tert-amyl alco-
hol using 0.05 mol % of Pd(OAc)2, 0.1 mol % of A

Scheme 4. Indole synthesis by palladium-catalyzed C�N cou-
pling.

Table 2. Variation of base and solvent in arylhydrazone for-
mation.

Entry[a] Base Solvent Time [h] GC Yield [%][b]

1 NaOH Toluene 20 0
2 Cs2CO3 Toluene 20 40
3 KO-t-Bu Toluene 20 <10
4 NaO-t-Am Toluene 6 100
5 NaO-t-Bu Toluene 6 100
6 NaO-t-Bu t-BuOH 6 100
7 KO-t-Bu t-BuOH 6 20
8 NaOH t-BuOH 5 100

[a] 0.5 mol % Pd(OAc)2, 1 mol % A, 1.4 equivs. base, 1.0
equiv. benzophenone hydrazone, solvent, reflux.

[b] GC Yields determined with dodecane as internal standard.

Table 3. Solvent screening for arylhydrazone formation.

Entry[a] Solvent Time [h] T [ 8C] GC Yield [%][b]

1 Toluene 6 110 0
2 Xylene 6 110 0
3 t-BuOH 5 90 100
4 t-AmOH 4 103 100
5 MeOCH2CH2OH 4 100 100
6 Glycol 20 100 ~30
7 Diethylene glycol 20 100 ~30
8 N,N-Dimethylethanolamine 20 100 ~30
9 Dimethoxybenzene 20 100 0

10 n-BuOH 20 100 15

[a] 0.5 mol % Pd(OAc)2, 1 mol % A, 1.4 equivs. NaOH, 1 equiv. benzophenone hydrazone, solvent, reflux.
[b] GC Yields determined with dodecane as internal standard.
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with 1.4 equivs. of sodium hydroxide as base was com-
plete in less than two hours.
Uponwork-up, the crude solutionwas directly treated

with water to remove inorganic salts. The layers were
separated and the aryl hydrazone crystallized from the
organic layer which had been cooled to 3 8C.This afford-
ed the p-tolylphenylhydrazone as a pale yellow powder
in 92% yield.
This protocol was applied to the coupling of other

halogenated aromatics in a 500-mL glass-jacketed ves-
sel; results are shown inTable 5. The yields reported cor-
respond to material isolated by crystallization. In each
case, the reaction proceeded in less than four hours. Al-
though 4-chlorotoluene is an excellent substrate, the re-
action is completely selective for substitution of the bro-
mine when using bromochlorobenzene as substrate (Ta-
ble 5, Entry 3). Using this procedure, unfortunately, aryl
triflates were not converted to product. In fact, using 4-
methylphenyl triflate, less than 5% product was ob-
served. In all likelihood, competitive cleavage to the
phenol occurs at a rapid rate.
Trifluoromethylphenylhydrazines are important in-

termediates for the preparation of pharmaceuticals.[7]

Thus, we queried whether we could apply our coupling
method to the preparation of these compounds.

Scheme 5 shows the results using p-CF3PhCl as starting
material.
Good results were obtained when the reaction was

performed in the presence of 0.5 mol % of Pd(OAc)2,
1 mol % of C in anisole at 110 8C using one equivalent
of benzophenone hydrazone and p-CF3PhCl; use of K3

PO4 (1.4 equivs.) as base gave the best results. After 24
hours of stirring, we observed a quantitative conversion
of aryl chloride to product. Upon crystallization from
ethanol, the N-(4-trifluoromethylphenyl)-benzophe-
none hydrazone was isolated in 88% yield. With a yield
of 93%, similar results were obtained using KOH or so-
dium tert-amylate.[8]

Before applying this protocol on scale, calorimetric
datawere collected using aMettlerRC1 apparatus in or-
der to assess safety issues. The coupling of 4-chloroto-
luene with benzophenone hydrazine was used as the
model reaction. The reaction is very exothermic
(DH¼409 kJ/mol), an amount that could potentially
evaporate 78% of the solvent if the reaction occurred
spontaneously. However, we found that the reaction is
not instantaneous, with only 43% of the reaction heat
generated by the end of the addition of the benzophe-
nonehydrazone.This observation indicates that it is nec-
essary to introduce the benzophenone hydrazone slowly
to prevent build-up of thermal potential.
The reaction protocol was then studied in an 18-liter

glass reactor and its progress was monitored by Raman
spectrometry.[9]

This apparatus can be used in the heterogeneousmedia
and the probe is stable to water. As shown below, benzo-
phenone hydrazone, 4-bromotoluene and the final aryl-
hydrazone each have characteristic bands appearing at
180 cm�1, 290 cm�1 and 1620 cm�1, respectively.
When the reaction was complete, water was added to

dissolve the salts that had formed. The layers were sep-
arated at a temperature of about 40 8C. Further cooling
of the tert-amyl alcohol solution afforded crystals of the
arylhydrazone that could be isolated in quantitative
yield as a pale yellow solid (Figure 3).
SinceN-arylhydrazones cannot be stored indefinitely,

it is more advantageous to isolate and store the corre-

Table 5. Yields of arylhydrazones from different starting ma-
terials.

Entry[a] Substrate GC Yield [%][b]

1 4-Bromotoluene 92
2 4-Bromobenzene 95
3 4-Bromochlorobenzene 97
4 4-Bromoanisole 87
5 2-Bromotoluene 85
6 4-Bromofluorobenzene 91
7 4-Chlorotoluene 93
8 4-Methylphenyl triflate 0

[a] 0.5 mol % Pd(OAc)2, 1 mol % A, aryl halide:benzophe-
none hydrazone¼1 : 1, 1.4 equivs. NaOH, p-MePhBr: 1.5
M in tert-amyl alcohol reflux.

[b] GC Yields determined with dodecane as internal standard.

Table 4. Time to reach completion of reaction of aryl halide
with benzopheone hydrazone under varying conditions.

Entry Conditions[a] Pd [mol %] Time[b] [h]

1 a 0.05 30
2 a 0.1 1
3 a 0.25 0.2
4 b 0.05 4
5 b 0.1 2
6 b 0.25 1

[a] Conditions a: Pd(OAc)2, ligand C, refluxing xylene, NaO-
t-Bu.

[b] Pd(OAc)2, ligand A, refluxing tert-amyl alcohol, NaOH.
Scheme 5. Arylhydrazone formation by palladium-catalyzed
C�N coupling.
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sponding hydrochloride of the arylhydrazine. The prep-
aration of p-tolylhydrazine ·HCl can be affected by
treatment of the arylhydrazone with acid. Different
sets of conditionswere screened and the results are sum-
marized in Table 6. For reactions performed at 80 8C,
several by-products were generated.
Treatment of N-p-tolylbenzophenone hydrazone in a

mixture of concentrated aqueous hydrochloric acid

and ethanol (90 :10) at room temperature led to the pre-
cipitation of the hydrazine salt, so that simple filtration
andwashing of the solid several times afforded the prod-
uct as a white powder in 92% yield. The reaction was
then examined in a 16-liter BVchi steel reactor with
2.5 kg of N-p-tolylbenzophenone hydrazone in 10 liters
of concentrated hydrochloric acid (Figure 4). The hy-
drazine salt could be isolated from the crude solution
in quantitative yield. The palladium contamination of
the sample was determined to be less than 10 ppm.[10]

Safety data were also obtained on the hydrazine salt
by differential thermal analysis (DTA), which showed
an endothermic behavior at 100 8C. This corresponds
to the melting point of the salt. Exothermic behavior
was again observed at 110 8C[11] which represents the
thermal decomposition of the salt. From these data we
can discern that the salt is stable at room temperature
and can be easily stored and handled for months. The
precipitation reaction itself is not very exothermic and
can also be regarded as safe.[12]

4 The Preparation of Arylpiperazines as a
Model Process for the Scale-Up of
Palladium-Catalyzed Aromatic
Amination

A second process selected to examine at scale was the
synthesis of arylpiperazines. The advantages of using
the palladium-catalyzedmethodology in lieu of the clas-

Figure 2. In situ continuous Raman analysis of final hydrazone formation.

Figure 3. Glass reactor (18 liters) for synthesis of arylhydra-
zones.

Table 6. Screening of acids for the conversion of the arylhy-
drazone to the arylhydrazine hydrochloride.

Acid T [ 8C] Time [h] Conversion [%]

HCl (10%) 80 2 20
HCl (37%) 80 2 100
HCl (37%) r.t. 20 100
Acetic acid 80 2 75
PTSA 80 2 100
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sical reaction of anilines with activated diethanolamines
include: 1) No toxic intermediates are required. 2) A
wide range of aryl halide starting materials, which are
available in bulk, can be used. 3) No side reactions other
than diarylation are observed. Compared to alternative
processes such as the nucleophilic aromatic substitution
of, for example, fluoroaromatics, copper- or nickel-cata-
lyzed processes, the palladium-catalyzed coupling al-
lows the use of milder reaction conditions, has a broader
substrate scope and generally results in higher chemical
yields.
As indicated in Table 7, the arylpiperazine structural

motif is common among pharmaceutical substances.
The list of pharmaceuticals already launched in themar-
ket containing an arylpiperazine subunit, while not dem-
onstrating the applicability of palladium-catalyzed aro-
matic amination, indicates the importance of molecules
with this substructure. Additionally, 39 substances are
currently in clinical or preclinical trials.[13] Thus, future
syntheses of these or structurally related molecules
might well be undertaken using a palladium-catalyzed
aromatic amination reaction.
Three arylpiperazine-containing molecules were ini-

tially selected as targets. These were chosen such that
the corresponding aniline derivatives either were not
available on scale or could only be purchased at a signif-
icantly higher cost than the corresponding aryl chloride.
The aromatic amination in these cases not only offers a
new set of starting materials in the making of arylpiper-
azines, it is also an approach with economic advantages
over traditional methodology.

Figure 4. Inox 16-liter BVchi reactor used for hydrolysis of
the arylhydrazone.

Table 7. Arylpiperazines launched in the pharmaceutical market.

Entry Name Company Use

1 Aripiprazole Otsuka Neuroleptic
2 Ciprofloxacin Bayer Antibacterial
3 Dapiprazole Angelini Antiglaucoma
4 Etoperidone Angelini Antidepressant
5 Fleroxacin Kyorin Antibacterial
6 Iomefloxacin Abbott Antibacterial
7 Itraconazole J&J Antifungal
8 Ketoconazole J&J Antifungal
9 Levodropropizin Dompe Antitussive

10 Levofloxacin Daiichi Antibacterial
11 Naftopidil Roche Antihypertensive
12 Nefazodone Bristol-Myers Squibb Antidepressant
13 Niaprazine Sanofi-Synthelabo Insomnia
14 Norfloxacin Kyorin Antibacterial
15 Ofloxacin Daiichi Antibacterial
16 Pefloxacin Aventis Antibacterial
17 Prulifloxacin Nippon Shinyaku Antibacterial
18 Rufloxacin Mediolanum Antibacterial
19 Terconazole J&J Antifungal
20 Trazodone Angelini Antidepressant
21 Urapidil Altana Antihypertensive
22 Vesnarinone Otsuka HIV
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As a representative example for arylpiperazine syn-
thesis, formation of p-trifluoromethylarylpiperazine by
the selective coupling of p-bromobenzotrifluoride with
piperazine was investigated (Scheme 6). Using 1 mol
% of Pd(OAc)2 in combination with a variety of ligands
and bases, good conversion of the starting materials to
product was observed. The results differed mainly in
the amount of bisarylated piperazine by-product that
was formed. The most promising ligand/base combina-
tions were then investigated on a larger scale and the re-
sults are summarized in Table 8.
As a general trend, it is necessary to use strong bases

like NaO-t-Bu to achieve high catalytic activity. The
use of P(t-Bu)3 and several of the dialkylphosphinobi-
phenyl ligands, especiallyC, gave good results. If weaker
bases such as cesium carbonate were used, similar re-
sults were seen, however, it was necessary to employ
higher amounts of catalyst.With P(t-Bu)3 and a large ex-
cess of piperazine and NaO-t-Bu as base, no detectable
product of double arylation was observed and a 97%
yield of the desired product was realized (Entry 1). De-
creasing the excess of piperazine to 2.5 equivs. caused a
slight diminution of the yield, largely due to double ary-
lation (Entry 2). With sterically encumbered ligand C, a

yield of 97% could be achieved even with this smaller
excess of piperazine (Entry 3). In tert-butanol, a 93%
yield of desired product was obtained (Entry 4). At-
tempts to reduce the catalyst loading in toluene resulted
in incomplete conversion of the starting material using
P(t-Bu)3 as ligand (Entry 5).
Since the aryl chloride, in this case, is available in bulk

quantities, and is therefore far better suited for use in an
industrial process, the coupling of chlorobenzotrifluor-
ide with piperazine was also investigated (Table 9).
Using the same conditions that workedwell for the re-

action of the aryl bromide, only moderate yields of the
arylpiperazine were observed with P(t-Bu)3 as ligand
(entry 1). On changing to D in a mixture of toluene
and THF and NaO-t-Bu as base, a 93% yield was ob-
tained evenwhen using only a slight excess of piperazine
(Entry 2). It is interesting to note that with half of the
quantity of catalyst approximately the same yield of
product was found (Entry 3). Use ofD in amine solvents
like tributylamine also provided excellent results (Entry
4). The nature of the base is very important both for the
substrate scope of a reaction and also for economic rea-
sons. Using ligand C in a mixture of toluene/methanol
gave good results with solid sodiumhydroxide (Entry 5).
Summarizing this work, the dialkylphosphinobiaryl li-

gands C and D proved to be especially valuable for the
coupling of 4-chlorobenzotrifluoridewith piperazine us-
ing a strong base and this avoids the need to use a large
excess of piperazine to minimize the formation of dou-
ble arylated product.
Different stages of the coupling of chlorobenzotri-

fluoride with piperazine in a jacketed glass vessel are
shown in Figure 5.
It is important to note, froman industrial point of view,

that addition of the catalyst in four equal portions yields

Scheme 6. Synthesis of arylpiperazines by palladium-cata-
lyzed aromatic amination.

Table 8. Synthesis of 4-trifluoromethylarylpiperazine from bromobenzotrifluoride.

Entry Piperazine (equivs.) Solvent T [ 8C] Catalyst Pd [mol %] L:Pd Base GC Yield [%][a]

1 6 Xylene/DMF 120 Pd(OAc)2/P(t-Bu)3 0.1 4 NaO-t-Bu 97
2 2.5 Toluene/DMF 110 Pd(OAc)2/P(t-Bu)3 0.1 4 NaO-t-Bu 92
3 2.5 Toluene 110 Pd(OAc)2/C 0.1 3 NaO-t-Bu 97
4 2.5 tert-Butanol 90 Pd(OAc)2/C 0.1 3 NaO-t-Bu 93
5 2.5 Toluene 110 Pd(OAc)2/P(t-Bu)3 0.05 4 NaO-t-Bu 85[b]

[a] GC yields determined with dodecane as internal standard.
[b] Reaction did not go to completion.

Table 9. Synthesis of 4-trifluoromethylarylpiperazine from chlorobenzotrifluoride.

Entry Piperazine (equivs.) Solvent T [ 8C] Catalyst Pd [mol %] L:Pd Base GC Yield [%][a]

1 6 Xylene/DMF 120 Pd(OAc)2/P(t-Bu)3 0.1 4 NaO-t-Bu 54
2 1.5 Toluene/THF 90 Pd2dba3/D 0.1 2 NaO-t-Bu 93
3 1.5 Toluene/THF 90 Pd2dba3/D 0.05 2 NaO-t-Bu 92
4 1.5 Tributylamine 110 Pd2dba3/D 0.1 2 NaO-t-Bu 97
5 1.5 Toluene/MeOH 78 Pd2dba3/C 0.1 2 NaOH 93

[a] GC yields determined with dodecane as internal standard.
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very similar results to those obtained when all the cata-
lyst is added at one time. Each portion of added catalyst
converts about one quarter of the starting material to
product. Therefore, if during a manufacturing run, in-
process analytical data indicate that significant catalyst
deactivation has occurred, more catalyst can be added
to complete the reaction. This is a situation that is not al-
ways the case when using homogeneous catalysts.
Toobtain a clean, palladium-free product, after the re-

action, a pH-controlled work-up was utilized that also
allowed for the selective removal of any excess pipera-
zine. After complete consumption of the starting mate-
rial, the reaction medium was allowed to cool to room
temperature and the inorganic saltswere removedby fil-
tration. The organic phase was then mixed with water
and the pH was adjusted to 3. At this pH, product and
the excess piperazine were selectively extracted into
the aqueous layer. Phase separation and adjustment of
the pH to 10 caused the selective precipitation of the fi-
nal product in high yield and in a purity of about 99%.[14]

ICP analysis indicated that there was no detectable con-
tamination of the product by residual palladium. An ad-
ditional attribute of this method of work-up is that it
yielded very clean product even if the conversionwas in-
complete (Table 8, Entry 5), since residual aryl halide
starting material stayed in the organic phase during
the acid extraction and excess piperazine does not pre-
cipitate from the water layer at a pH of 10.
For the amination of very activated aryl chlorides,

even simpler catalyst combinations can be applied. In
the example shown in Scheme 7, use of a mixture of pal-
ladium acetylacetonate and triphenylphosphine with
K2CO3 as base led to formation of the desired product
in high yield. Since triphenylphosphine is one of the
cheapest of all phosphines, it may be, in certain cases,
the ligand of choice.

5 Synthesis of Industrially Important
Diarylamines by C�N Coupling

Diarylamines are not only used as pharmaceutical inter-
mediates, but also in applications such as electronic ma-
terials and as antioxidants. Their usual mode of manu-
facture includes high temperature Ullmann coupling[15]

or, for example, by various nucleophilic aromatic substi-
tution methods.[16]

The palladium-catalyzed aromatic amination reaction
adds to these known methods and significantly extends
the scope of readily available substrates.
We again began our work in this area by screening the

important reaction parameters for the transformation
shown in Scheme 8. We chose a simple reaction set-up
and used one mmol of starting material per reaction to
investigate the effect of eight bases and eight ligands

Scheme 7. Alternative ligands for the formation of arylpiper-
azines.

Figure 5. Arylpiperazine formation conducted in jacketed reaction vessels, from left to right: (a) at room temperature before
reaction; (b) after heating at reflux for one hour; (c) after completion of the reaction (2 h).

REVIEW Stephen L. Buchwald et al.

32 asc.wiley-vch.de H 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Adv. Synth. Catal. 2006, 348, 23 – 39



with toluene as the solvent. A set of these 64 reactions
can be run in a laboratory in one day, giving rapid infor-
mation on changes brought upon by the different reac-
tion parameters. Once the best combination of base
and catalyst has been identified, other parameters such
as solvent, additives or the ratio of the different reaction
components can be investigated, either in a similar
screening manner or using a serial optimization ap-
proach.
As an example, forN-2,6-dichlorodiphenylamine, the

retrosynthetic disconnection can be made on either side
of the nitrogen (Scheme 8).
This yields two catalyst/base combinations as shown,

one for approach 1, and one for approach 2[17]. For ap-
proach 1, starting with 2,6-dichloroaniline, F as ligand
and NaO-t-Bu as base resulted in almost complete for-
mation of the desired product. For approach 2, with K3

PO4 as base, B was the most efficient ligand. Only a
very moderate yield, however, was realized. Thus, we
chose to pursue approach 1 for further studies.
We next carried out the reaction on a 0.5-mol scale

with a concentration of 10% w/w of starting material
to solvent, 0.25 mol % of Pd2dba3 and a ratio of Pd:L
of 1 :2. We found it advantageous to first charge the re-
action flask with Pd2dba3 and the ligand dissolved in tol-
uene at room temperature, this was stirred for 10 mi-
nutes.Next bromobenzenewas added, followed sequen-
tially by 2,6-dichloroaniline and the base. The addition
of base caused the solution to warm noticeably. The re-
action mixture was then quickly heated to reflux. After
one hour, analysis indicated that full conversion of the
starting material to product had occurred. Water was
added to the reaction mixture at 50 8C, the phases
were separated and the organic layer was washed once
with brine. The crude solution was then distilled under
vacuum to give the final product in 94% yield.
When the reactionwas repeated on the same scale but

with 0.1 mol%of catalyst, a level typical for an econom-
ically viable application of such catalytic processes, full
conversion of the starting material was not observed.
Additional portions of catalyst (0.05 mol % Pd2dba3,
0.2 mol%F)were added to the reactionmixture, to a to-
tal of 0.15 mol % Pd2dba3, 0.6 mol % F and full conver-
sion of the starting material to product was observed.

In this case purification of the product can be achieved
by distillation and no palladiumwas detected in the final
product.[18]

Another application in the synthesis of diarylamines
was a Lanxess in-house product, 4-nitrodiphenyla-
mine[19] (Scheme 9), a precursor of the antioxidant com-
ponent 4-aminodiphenylamine. These diarylamines and
their derivatives are ofwidespread use in car tyres today.
The current process at Lanxess uses a copper-cata-

lyzed Ullmann coupling. The palladium-catalyzed
method offered the chance to avoid the formation of un-
wanted triarylamine by-product, which considerably re-
duces the overall yield of the current process (Table 10).
Obviously, the economic constraints for the manufac-
ture of such commodity products are quite severe.
In this case quantitative formation of 4-nitrodiphenyl-

amine could be observed even using 0.005 mol % of the
combination of (þ /� )-BINAP and PdCl2. Moreover,
the subsequent reduction of the nitro group could be ac-
complished by the addition of palladium on charcoal to
the crude reaction solution under hydrogen pressure.
This makes for a more efficient use of the palladium as
well as facilitating its recycling. Following the procedure
described in Entry 2, analysis of the aqueous phase after
work-up of the palladium coupling process showed no
detectable amount of palladium.[18] The organic phase,
however, showed a concentration that summed to over
95% of the palladium originally added as catalyst. After
hydrogenation with palladium on charcoal, the metal
cleanly precipitated on the support and a total of 85%

Scheme 8. Synthesis of 2,6-dichlorodiphenylamine.

Scheme 9. Lanxess process for the synthesis of antioxidant
component 4-aminodiphenylamine.
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of the palladium used in the coupling reaction could be
recovered.[20]

To summarize this work, an alternative to the copper-
catalyzedmethod for the large-scale production of a low
value-added substance was identified. Even with the
strict economic restrictions for the preparation of a com-
modity intermediate like 4-aminodiphenylamine, the
palladium-catalyzed technology was competitive with
the established route that uses a copper catalyst.

With these results in hand we saw the possibility of
preparing anewclass of antioxidant additiveswith a sub-
stituent on the diarylamine that could be vulcanized into
a rubber for tyres, therefore rendering longer protection
from oxidation. 4-Isopropyleneaniline, which is readily
available by ammonolysis of bisphenol A,[21] a common
polymer building block, could be cleanly coupledwith 4-
chloronitrobenzene (Scheme 10); no competitive by-
product of Heck arylation could be detected.[22] In this
instance, use of ligandB provided a 96% yield of the de-
sired product.
The versatility of the palladium-catalyzed aromatic

amination can further be demonstrated by the synthesis
ofN-2-methyl-4-methoxyphenylaniline, another impor-
tant intermediate in the fine chemical industry
(Scheme 11).
Classically, thismolecule canbepreparedbya transfer

hydrogenation between phenol and 2-methyl-4-me-
thoxyaniline using catalytic amounts of cyclohexa-
none.[23]While the aromatic aminationapproach is prob-
ably not economically competitive, it offers the chance
to choose from a wider pool of starting materials.
As 2-methyl-4-methoxyaniline is available inexpen-

sively on scale, approach I is a realistic alternative to

Table 10. Formation of 4-nitrodiphenylamine.

Entry Conditions Yield [%][a]

1 5 mol % CuO, K2CO3, CsHCO3, refluxing aniline (184 8C) 60–70
2 0.1 mol % Pd(acac)2, 0.4 mol % PPh3, K2CO3, refluxing aniline 99
3 0.03 mol % PdCl2, 0.13 mol % PPh3, 5 mol % AcOH, K2CO3, refluxing aniline 99
4 0.005 mol % PdCl2, 0.005 mol % (þ / – )-BINAP, K2CO3, refluxing aniline 99

[a] Yields were determined by calibrated HPLC after work-up.

Scheme 10. Synthesis of alkenyl-diarylamines.

Scheme 11. Synthesis of 2-methyl-4-methoxy-diarylamine by palladium catalysis.
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the current synthesis. Our usual screening method di-
rectly yielded a protocol that could be scaled to themul-
tigram level. Product purification could be achieved by
distillation with no detectable amount of palladium re-
maining in the final product (Entry 1). However the
amount of catalyst necessary would have to be signifi-
cantly decreased to render this an economically compet-
itive process.
Approach II, which is slightly less attractive due to the

use of bromo- rather than chlorobenzene, provides a
nearly quantitative yield of the product (Entry 2).
When looking at other alternatives, approach III, in

refluxing toluene as solvent, gave only a moderate yield
of the product. However, on changing the solvent to ani-
line and raising the reaction temperature to 184 8C (re-
flux), the desired product is obtained in nearly quantita-
tive yield (Entry 3).
The last possible combination of starting materials is

represented by approach IV. On first inspection, an eco-
nomically attractive catalyst could be identified to per-
form this reaction, consisting of a palladium precatalyst
with triphenylphosphine as the ligand. Unfortunately, it
is necessary to employCs2CO3 as base, which is quite ex-
pensive. Last, the use of aryl-4-bromo-3-methylanisole
as starting material in approach IV, a compound that
for the time being is available in laboratory quantities
only, compromises this route (Entry 4).
Unfortunately our attempts to use Pd/C with triphe-

nylphosphine as ligand gave a poor yield of 2-methyl-
4-methoxy-diarylamine (Entry 5).
To summarize the results for the synthesis of 2-methyl-

4-methoxy-diarylamine, the palladium-catalyzed aro-
matic amination probably will not supersede the classi-
cal synthesis, via transfer hydrogenation, from an eco-
nomic point of view.All four approaches (I�IV) showed
almost complete formation of the desired product. This
is an indication of the flexibility of this technology and
bodes well for future synthetic endeavors. Of special in-
terest to the custom manufacturer is that the choice of
the synthetic disconnection can be determined by the
availability of the startingmaterial, enhancing the versa-
tility of this method even further.

6 Synthesis of the Dialkylphosphinobiaryl
Ligands

Dialkylphosphinobiaryls are, in our view, the most gen-
eral ligands for palladium-catalyzed C�Nbond-forming
processes. Six members of this ligand family whose use
usually provided excellent results are shown in
Scheme 1. Studies at MIT have indicated that substitu-
tion on the bottom (non-phosphorus-containing) ring
is important.[24] It is believed that this lessens the tenden-
cy for the formation of palladacycles, while favoring the
formation of monoligated palladium. While it is not yet
possible to identify one ligand for all amination process-
es, this small set of ligands available from a single proc-
ess covers a range of possibilities for a custommanufac-
turer to flexibly scale-up todayPs demanding targets
from pharmaceutical companies.
Despite the apparent complexity of these ligands, A

through C are available in a one-pot procedure as de-
picted in Scheme 12,[24a] while D can be synthesized by
an equally attractive, but slightly different route.[25]

With twometallation steps, one C�C bond formation,
one C�P bond formation and a potentially complex
work-up, their scale-up is challenging.

Table 11. Approaches to 2-methyl-4-methoxy-diarylamine.

Entry Approach Conditions Yield [%][a]

1 I 2 mol % B, 0.5 mol % Pd2dba3, K3PO4, refluxing toluene 95
2 II 1 mol % BINAP, 0.5 mol % Pd2dba3, Cs2CO3, refluxing toluene 95
3 III 2 mol % B, 0.5 mol % Pd2dba3, K3PO4, refluxing aniline (184 8C) 96
4 IV 4 mol % PPh3, 0.5 mol % Pd2dba3, Cs2CO3, refluxing aniline (184 8C) 93
5 II 5 mol % PPh3, 5 mol % Pd/C, Cs2CO3, refluxing toluene 12

[a] Isolated yield after distillation.

Scheme 12. Synthesis of dialkylphosphinobiaryl ligands.
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7 Synthesis of
Chlorodicyclohexylphosphine

One of the key issues for the synthesis of the dialkyl-
phosphinobiaryl class of ligands is the availability of
chlorodicyclohexylphosphine. With a very limited num-
ber of manufacturers of chlorodicyclohexylphosphine,
usually producing only on a kilogram scale, we consid-
ered its in-house synthesis by the controlled addition
of a Grignard reagent to phosphorus trichloride in sol-
vents such as THF (Scheme 13).
Companies specialized in the handling of pyrophoric

and highly toxic phosphorus intermediates might prefer
a route involving the chlorination of dicyclohexylphos-
phine. TheGrignard approach, however, is away to han-
dle this chemistry without specialized expertise.
For the synthesis, the reaction temperature needs to

be kept at 0 8C in order to avoid the formation of tricy-
clohexylphosphine. It was even more important that a
strict stoichiometry of 2 :1 of cyclohexylmagnesium
chloride to PCl3 be ensured. Strict exclusion of moisture
and oxygen was necessary to prevent formation of im-
purities that poisoned the subsequent C�P bond-form-
ing step. During the reaction, several equivalents of
magnesiumchloride are formed. Since thesemagnesium
salts show considerable solubility inTHF, itwas necessa-
ry to change the reaction solvent from THF to toluene.
Running the reaction in toluene provides a reaction sol-
ution that, after filtration, can be used directly. Howev-
er,more reliable results in terms of product quality were
realized if the crude solution of chlorodicyclohexylphos-
phine was concentrated and distilled under a high vac-
uum. Interestingly, if the mixture contained more than
3% w/w of tricyclohexylphosphine, the distillation was
unsuccessful. Dicylohexylphosphinous oxide, a white
solid, deposited throughout the distillation apparatus
when the heating reached a temperature of 170 8C.
This is probably due to a phosphine-catalyzed dispro-
portionation reaction. Even distillation techniques
used for the purification of sensitive materials such as
short-path distillation or thin-film distillation did not
solve this problem.

8 Synthesis of Ligands A and C

A reliable protocol for the lab-scale synthesis of A has
been published by the MIT group[24a] and was subse-
quently used to prepare C, as well, on a 20-gram scale.
For industrial purposes, the scale of the synthesis needed
to be increased to the multi-kilogram level.

RhodiaPs work resulted in two procedures that, inter-
estingly, only differ from theMITprotocol in theway the
work-up was performed.
In the original procedure, the reaction was carried out

in anhydrous THF using two equivalents of magnesium
powder and an aryl bromide (2-bromotoluene or 1-bro-
mo-2,4,6-triisopropylbenzene). The intermediate
Grignard reagent is then coupledwith benzyne, generat-
ed in situ from 1,2-chlorobromobenzene and magnesi-
um. The carbon-phosphorus bond is formed by the
CuCl-catalyzed reaction between the newly formed
Grignard reagent and chlorodicyclohexylphosphine.
For safety reasons, magnesium powder had to be

avoided and we chose to replace it by magnesium turn-
ings,which are easier to handle andmanipulate.Weused
technical grade THF as the solvent.[26] The chlorodicy-
clohexylphosphine was provided by Rhodia PPD and
was at least 92% pure.[27]

In the course of our studies, we found that the addition
of magnesium turnings in two batches provides a higher
yield of product. In this way, formation of Wurtz-type
by-products was avoided. Generation of the first
Grignard species, the following C�C coupling and C�P
coupling are fast reactions and occurred to a large extent
during the addition of the reactants; one hour after their
introduction the reactions are complete. A new proce-
dure for product isolation was developed. This involved
the addition of aqueous sodium sulfite (37%) to the reac-
tion mixture to hydrolyze any excess Grignard reagents
and to dissolve the magnesium salts that had formed.
Through the use of this reducing solution, phosphine ox-
idation was also avoided. At this point the layers were
separated and, in case of C, THF was replaced by n-bu-
tanol via solvent exchange. Crystallization affordedC as
a white powder in 65% yield.[28] The procedure was
slightly different for the preparation of A. In that case,
at the end of the reaction procedure, after cooling the re-
action mixture to room temperature, ethyl acetate was
added. The resulting organic layer was washed several
times with hot water to remove the THF. Ligand A
then crystallizes directly from the ethyl acetate solution
upon cooling and is obtained, after filtration, as a white
powder in a 50% yield.[29]

The development of a safe industrial procedure re-
quires the determination of all the thermal characteris-
tics of the process that occur or could occur during the
reaction protocol.[30] We first investigated the synthesis
of A. We found that the formation of 2-methylphenyl-
magnesium bromide is exothermic (DH¼285 kJ/mol)
which translates into an adiabatic temperature rise of
245 8C. This heat is potentially sufficient to evaporate
93% of the initial THF charge. The reaction is quite
fast and the conversion, measured at the end of the ad-
dition, to theGrignard reagent is 96%.Thus, the slow in-
troduction of the aryl bromide to the magnesium turn-
ings was required to control any exotherm and to ensure
a safe process. The second step, the formation of 2-(2’-

Scheme 13. Two possible routes for the synthesis of chlorodi-
cyclohexylphosphine.
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methylphenyl)-phenylmagnesium bromide, is also exo-
thermic (DH¼872 kJ/mol, DTadiabatic¼97 8C) and this
quantity of heat is able to potentially evaporate the en-
tire initial charge of THF. Nevertheless, this exotherm
can again be easily controlled by the slow addition of
the 1,2-bromochlorobenzene. Finally, the copper-cata-
lyzed C�P coupling is also quite exothermic (DH¼

236 kJ/mol) and rapid (about 98% of the chlorodicyclo-
hexylphosphine has been consumed at the end of its ad-
dition).All these data confirm the necessity to slowly in-
troduce the reagents over the course of at least one hour.
Finally the work-up protocol has also been studied. The
energy of the neutralization of the reaction solution us-
ing dilute NaHSO3 is 214 kJ/mol, which is dissipated by
dilution. No corrosion effect of copper or bromide onto
the steel surface of the reaction vessel was observed.[31]

In summary, a safe reaction protocol was devised for
the preparation ofA andC inwhich potential exotherms
were controlled by the rate of addition of the reagents. It
was also necessary to change the nature of the work-up
to adapt this protocol from an academic realm to an in-
dustrial one. The procedure for ligandsA andC could be
carried out in a 250-L apparatus (Figure 6) on a scale of
10 kg of product isolated per batch.

9 Synthesis of Ligand B

For the synthesis of the last of the three ligands prepared
on a larger scale, o-chloroaniline (produced on a multi-
ton scale at Lanxess) was employed as starting material.
Methylation of o-chloroaniline could be achieved by
several methods. The reaction of the aniline with form-
aldehydeunder reductive amination conditionswith for-
mic acid provided a good yield of product on a small
scale. On a larger scale, however, we observed the for-
mation of polymeric by-products. Methylation with di-

methyl sulfate in alkaline solution worked well on
both small and large scales. However, even if only small
amounts of overmethylated products were formed,
aqueous work-up proved to be very difficult, since the
trimethylammonium by-products formed strongly in-
hibited phase separation. To solve this problem, we add-
ed an excess of o-chloroaniline to the reaction mixture
(up to 3% of monomethylated aniline was seen in the
crude material) and the problems observed during
work-up disappeared. However, the monomethylated
product could not be removed by simple distillation,
since the boiling point differs only by one degree from
that of the N,N-dimethyl-2-chloroaniline. The solution,
in this case, was the addition of acetic anhydride to the
distillation vessel, thereby transforming the monome-
thylated aniline to the acetanilide, which allowed N,N-
dimethyl-2-chloroaniline to be separated by distillation.
This procedure was successfully applied to produce
~100 kg ofN,N-dimethyl-2-chloroaniline as startingma-
terial for the synthesis of B in an overall yield of 44–
48%.
The conversion of N,N-dimethyl-2-chloroaniline into

the corresponding Grignard reagent is challenging. To
safely conduct this transformation on a moderate scale
requires its simultaneous addition, along with dibromo-
ethane (10 mol %), to a suspension of activated magne-
sium turnings in a minimal quantity of refluxing THF.
With an adiabatic temperature rise of 170 8C this first re-
action demanded special care. To avoid build-up of heat
potential, the addition of the aryl halide had to be done
in small portions with analytical checks made to deter-
mine if the reaction had started. Compared with the
preparation of other dialkylbiphenylphosphines start-
ing from aryl bromides rather than aryl chlorides, this
first step took considerably longer, usually eight to
twelve hours, to reach completion.
The addition of 1,2-bromochlorobenzene behaved as

for thepreparationof theother two ligands andwas easi-
ly controlled by adjusting the rate of its addition. Ex-
tending the reaction time of this step, however, leads
to the formation of several Wurtz-type coupling prod-
ucts, which could be avoided by keeping the reaction
time as short as possible. If an excess of bromochloro-
benzenewas used in this step, the incorporation of a sec-
ond and third phenyl ring into the system was observed
and work-up became more difficult.
The catalyst for the C�P coupling in this case was a

mixture of CuI and LiBr instead of CuCl.[32] In this
way the reaction solution was more homogeneous and
the work-up was easier; the rate of the C�P coupling
was similar in both cases.
Analysis of the work-upmethod described in the orig-

inal procedure indicated that the addition ofwater to the
reactionmixturewould involve tripling of its volume. To
achieve better volumetric productivity, the addition of a
small amount of methanol was used not only to quench
any excessGrignard reagent, but also to destroymagne-

Figure 6. Vessel (250 liters) for the pilot-scale production of
A and C.
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sium complexes still in solution. To achieve complete
precipitation of the magnesium salts, a solvent change
from THF to toluene was again necessary, giving rise
to an easily filtered suspension and with a filter cake
which contained no product.
The toluene solution containing the product was con-

centrated, mixed with methanol, and, upon cooling,
white crystals formed that were isolated by filtration
and showed a purity of>98%.[33] Analysis of this mate-
rial showed that it contained up to 400 ppm of magnesi-
um-containing impurities, while the copper content was
about 20 ppm. Further purification of the material was
possible by recrystallization fromacetone,where copper
and magnesium impurities dropped below 10 ppm, and
the overall yield of the process ranged between 55 and
63%.The reactionwas performed in the 150-Lvessel de-
picted in Figure 7.

10 Removal/Recycling of Palladium after
the Reaction

According to economic estimates, recovery of the palla-
dium might become an important factor to reduce the
overall material cost of palladium-catalyzed C�N

bond-forming processes. Several methods can be inves-
tigated to remove the palladium from either the organic
or aqueous layer. To our knowledge, for this kind of
chemistry the oxidation state of the palladium is un-
known. However, we determined that in our process
the majority of the metal is in the Pd(0) oxidation state
and is therefore soluble in the organic layer. Thus, we
concentrated our efforts on recovery from this phase.
A screening of different charcoals and resins as adsorb-
ents was carried out by the chemists at Rhodia. The best
results were obtained with three types of charcoal:
CECA Acticarbon BGX, CECA Acticarbon CXVand
NORIT C Grand removed all but 5 ppm of palladium
from the organic layer when it was stirred with the ad-
sorbent at 80 8C. The ability to remove palladium de-
creased slightly at room temperature; 10–14 ppmof pal-
ladium remained.
ESCA studies of the charcoal from the reaction mix-

ture indicated the presence of carbon, oxygen, palladi-
um, sodium and traces of bromides. The palladium was
found to only be in the zero oxidative state.

11 Conclusions and Prospects for Future
Work

In this paperwehave describedhow the implementation
of a unique three-way collaboration between two com-
panies and one academic institution has led to the
scale-up and commercial utilization (several hundreds
of kg/product so far) of a new technology. While the
original chemistry emanated from MIT, the technical
skills available from those in Rhodia and Lanxess were
essential for overcoming issues of safety and scale.
Moreover, the latter were responsible for bringing to
fruition the production of over 100 kg of ligands, osten-
sibly, via the original academic route. Of importance to
the success of this project was that all participants real-
ized that they hadmuch to gain by listening to the points
of view of the others. In this way not only was the project
more successful, but valuable information and lessons

Figure 7. Vessel (150 liters) for the pilot-scale production of
B.

Table 12. Results of adsorption studies, shown is the contam-
ination level of palladium in the organic layer

Adsorbent Trade name Pd (ppm)

Charcoal NORIT GAC 62–67
Charcoal NORIT SX 75
Charcoal NORIT CNI 34
Charcoal NORIT C GRAND <5
Charcoal CECA Acticarbon CXV <5
Charcoal CECA Acticarbon BGX <5
Charcoal IRC 50 (CO2H) 114
Charcoal IRC 48 (aminodiacetate) 116
Resin Lewatit SP 112 105
Resin Amberlyst A21 104
Resin Amberlyst 36 DRY 32
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were learned by all involved that will be instrumental in
future endeavors.
The palladium-catalyzed formation of aromatic car-

bon-heteroatom bonds is increasingly becoming a daily
tool for those in the discovery laboratories of pharma-
ceutical companies.More recently, a number of projects
have made it to process groups and scale-ups of the
transformations have occurred. Clearly, much work is
still necessary to overcome a variety of practical limita-
tions. As the chemistry is more widely practiced and the
methodology matures, we are optimistic that it will be
practiced on increasingly large scale.
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