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Abstract
A novel trinuclear copper(I) complex with a chelating tricarbene ligand is shown to be an efficient catalyst for the arylation of different clas-
ses of compounds containing NeH or OeH functions. Different kinds of azole rings (pyrazole, imidazole, 1,2,4-triazole) can be arylated with
comparable efficiencies at relatively mild temperatures (100 �C). The catalyst activates aryl iodides, bromides and even chlorides for the
reaction. An unusually strong influence of the nature of the aryl substituent on the reaction yield is observed. The synthetic protocol can be
extended to other substrate classes, such as phenols and amides, although the catalytic efficiency with amides is significantly reduced.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Palladium-catalyzed carbonecarbon and carbonehetero-
atom cross-coupling reactions have become one of the most
important reaction classes in chemical synthesis.1 Some of
these reactions, most notably the Heck reaction,2 the Suzukie
Miyaura reaction,3 and the CeN coupling of organic halides
with nitrogen-containing compounds (the so-called Buch-
waldeHartwig coupling)4 have been developed to a high degree
of synthetic utility. However, since all these reactions need a
palladium catalyst (albeit in extremely low amount in some
cases5), the cost of the metal catalyst may become an issue
for their technological application. Therefore, a flourishing
area of research is the quest for catalysts made out of non-noble
metals, which exhibit comparable catalytic efficiency. Interest-
ing results have been obtained with nickel catalysts,6 but in the
last few years copper catalysts have undoubtedly taken the
lead.7

Copper is a very well known catalyst for cross-coupling
reactions, since Ullmann and Goldberg discovered at the
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beginning of the last century, the reactions later named after
them, namely the CeN coupling of aryl halides with amines
or amides.8,9 The scope of these reactions was later extended
to include the coupling of aryl halides with other compounds
containing an NeH or OeH function.10 However, despite ex-
tensive research in that area, the classical Ullmann, Goldberg
and related reactions were invariably plagued by the need for
large amounts of copper (in the form of salts, oxides or finely
divided metal) and for very harsh reaction conditions, most
notably for a high reaction temperature. Therefore, as palla-
dium complexes much later emerged as extremely versatile
catalysts also for many CeN cross-coupling reactions,4

research on copper catalysts almost subsided.
More or less at the turn of the century, however, two novel

approaches have made it clear that copper-catalyzed cross-
coupling reactions can be run under much milder, technologi-
cally attractive reaction conditions. On the one hand, it was
demonstrated that copper(II) acetate can promote7d,11 or even
catalyze7d,12 the coupling of organometallic reagents, most
notably aryl- and vinylboronic acids, with many different com-
pounds containing an NeH or OeH function, at room temper-
ature; simple copper(I) salts were later also found to be active,
albeit at higher temperature.13 On the other hand, it was also
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shown that simple copper(I) complexes formed in situ with
chelating nitrogen- and/or oxygen-containing ligands could
effect N- and O-arylations of many different organic com-
pounds with aryl halides in good yields at temperatures in the
range 80e150 �C.7aec This approach has been pioneered
by the groups of Buchwald,14 Ma,15 Taillefer,16 as well as
others,7aec,17 and it is currently regarded as a more promising
synthetic strategy, given the low cost and wide availability of
the aryl halide substrates as opposed to the organometallic
reagents needed for the previous approach. The range of
employed ligands is continuously increasing,7aec,14e17 and
other kinds of copper-containing catalysts, such as Cu2O-coated
soluble copper nanoparticles,18 copper-exchanged apatites,19

and copper-containing perovskites20 have been successfully
tested as well.

We have recently started a research project aimed at the
catalytic application of novel transition metal complexes with
N-heterocyclic carbene (NHC) ligands.21 Such complexes
have gained considerable reputation as homogeneous catalysts
in the course of the last ten years,22 applications ranging from
second-generation olefin metathesis23 to CeC and CeN
coupling reactions,24 hydrosilylations,25 telomerizations,26

and selective alcohol oxidations with molecular oxygen.27

Remarkably, the vast majority of these highly successful appli-
cations involve monocarbene complexes, i.e., complexes con-
taining only one NHC ligand. There are also several examples
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Scheme 1. Cu6-octahedral complex (1).
of metal complexes with dicarbene ligands,28 but only very
few ones involving tricarbene ligands.28e32 In the frame of
our research project, we became interested in the tricarbene
ligands originally developed by Fehlhammer and co-workers.29

Such ligands are close analogues of the more popular hydrido-
tris(pyrazolyl) borates and proved to be efficient chelating
ligands toward first-row transition metal centers such as chro-
mium(III), iron(III) or cobalt(III) as well as toward rhenium-
(VII). A Cu6-octahedral complex (1),33 in which every Cu
atom is coordinated to an imidazolin-2-ylidene moiety of a tri-
carbene hydrotris(3-methyl-imidazolin-2-ylidene-1-yl)borate
unit (Scheme 1) was also reportedly isolated as a byproduct in
the reaction of the corresponding dicarbene ligand, dihydro-
bis(3-methyl-imidazolin-2-ylidene-1-yl)borate, with CuCl to
give a dinuclear complex with two bridging dicarbene units.34

Consequently, we set out to evaluate the coordination
chemistry of this tricarbene ligand by direct reaction with cop-
per complexes, in the hope of developing a novel well-defined
catalyst for cross-coupling reactions.
2. Results and discussion

The tricarbene ligand was synthesized following the proce-
dure described in the literature by Fehlhammer et al., i.e., by
reaction of 1 equiv of hydrotris(3-methyl-imidazolium-1-yl)-
borate bis(tetrafluoroborate) with 3 equiv of n-BuLi;29 the in
situ produced monoanionic tricarbene was then reacted with
the complex [CuBr(PPh3)3] without prior isolation (Scheme
2). We have obtained in this way in good yield a well-defined
product as a white solid, which can be safely handled in air,
although a prolonged air and light exposition causes a certain
degree of copper(I) oxidation, as indicated by the appearance
of a blue/green color in the solid. We have attributed to the
product, hereafter named complex (2), the structure reported
in Scheme 2, that is, a monocationic trinuclear structure of
the type [Cu3(BH{N(H)C]C(H)N(Me)C}3)2]þ, in which ev-
ery copper atom is coordinated to two imidazolin-2-ylidene
O
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rings, belonging to two different tricarbene units, each one
therefore coordinating in a m3-h1:h1:h1 fashion. This attribu-
tion is supported by many different experimental observations,
which are reported in the following.

First of all, the 1H NMR spectra of the copper complex sup-
ports the proposed structure. The product appears spectroscop-
ically pure, and exhibits signals slightly upfield in comparison
with the parent tris-azolium salt; as expected, the C2-H signal
is absent. Correspondingly, the 13C NMR spectrum shows the
characteristic coordinated C2 signal at d ca. 176.2 ppm, well
downfield from the corresponding signal of the tris-azolium
salt (d ca. 139.9). Furthermore, there is only a single set of sig-
nals for the imidazolin-2-ylidene rings in both the 1H and 13C
NMR spectra, which indicates a highly symmetric structure.

Although we tried to further purify the product by different
means, we were unable to obtain complex (2) in pure form as
it turned out to be invariably contaminated by lithium salts. If
the presence of inorganic material was taken into account,
however, the elemental analysis could be fitted with the
Figure 1. ESI-MS spectra of complex (2) and simulation of the isotopi

Figure 2. XPS spectra of complex (2): XP peak o
proposed structure (see Section 4); this problem has already
been reported for a similar complex of Au(I).34 Moreover,
the ESI-MS spectrum of (2) gives a unique ion at m/z 701.4;
this confirms that (2) indeed possesses an oligomeric structure,
with two tricarbene ligands and three metal centers; further
support to this hypothesis is also given by the simulation of
the isotopic pattern of the mass ion, which perfectly matches
the experimental one (Fig. 1).

We have also run an XPS characterization of the product. In
Figure 2 the photoelectronic peak of Cu 2p is reported; the
shape and the position of the two components, 2p3/2 and 2p1/2

(933.0 and 953.0 eV, respectively), are comparable with those
reported in the literature for Cu(0) or Cu(I) species;35 further-
more the absence of the shake-up signals excludes the presence
of Cu(II) species. Finally the position of the Auger peak allows
to distinguish between Cu(0) and Cu(I), its position being
expected around 919.0 eV for metal copper and 916.0 eV for
Cu2O;35a the Auger contribution in our sample (Fig. 2) shows
that the copper is present in the oxidation state þI.
c pattern for the fragment [Cu3(BH{N(H)C]C(H)N(Me)C}3)2]þ.

f Cu 2p (left); Auger Cu LMM peak (right).



Table 1

N-Arylation of pyrazole with 4-haloacetophenone: influence of the solvent

Entry X Solvent Base Yielda (%)

1 I DMF K2CO3 80

2 I DMA K2CO3 46

3 I DMSO K2CO3 90

4 I NMP K2CO3 56

5 I MeCNb K2CO3 1

6 I Dioxane K2CO3 1

7 Cl DMSO Cs2CO3 44

8 Cl DMF Cs2CO3 30
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Unfortunately, complex (2) undergoes slow decomposition
in solution leading to formation of copper(II) species, which
prevented the growth of crystals suitable for further confirma-
tion of the assumed structure by, e.g., X-ray structure determi-
nation. Nevertheless, it should be remarked that similar
structures have already been proposed in the literature for
copper complexes with trispyrazolylborate ligand (3)36 or
tricarbene ligand (4)30c (Scheme 3); in the latter case the
proposed structure was also experimentally verified by X-ray
structure analysis.
9 Cl BMIM-BF4
c Cs2CO3 12

Reaction conditions: see Section 4.
a Yields determined by 1H NMR spectroscopy.
b Reaction temperature 82 �C.
c BMIM-BF4¼1-butyl-3-methylimidazolium tetrafluoroborate.

Table 2

N-Arylation of pyrazole with 4-haloacetophenone: influence of the base

Entry X Solvent Base Yielda (%)

1 I DMF K2CO3 80

2 I DMSO K2CO3 90

3 I DMF Cs2CO3 95

4 I DMSO Cs2CO3 93

5 I DMF K3PO4 71

6 I DMSO K3PO4 97

7 Br DMSO Cs2CO3 73

8 Br DMSO K3PO4 35

9 Br DMSO K2CO3 54

Reaction conditions: see Section 4.
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ture similar to (2).
Complex (2) has been employed as catalyst for the aryla-
tion of azoles, amides, and phenols with aryl halides. Initially,
we took the N-arylation of pyrazole with 4-iodoacetophenone
as a standard test reaction (Scheme 4, X¼I) with K2CO3 as the
base.
a Yields determined by 1H NMR spectroscopy.
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Scheme 4. N-Arylation of pyrazole with 4-haloacetophenone.
The amount of copper catalyst (1 mol %, i.e., 3 mol %
[Cu]) and the reaction time (24 h) were the same for all exper-
iments and were not further optimized. The reaction tempera-
ture (100 �C) was also set constant for all reaction tests, since
we wanted to evaluate the catalytic performance of (2) at
a comparatively low temperature.

First of all, the optimal reaction solvent was investigated.
We were somewhat limited by the poor solubility of (2) in
nonpolar aprotic solvents; nevertheless, the results reported
in Table 1, entries 1e6 clearly show the superiority of dime-
thylsulfoxide (DMSO) and N,N-dimethylformamide (DMF)
as reaction solvents for this reaction; other dialkylamide
solvents such as N,N-dimethylacetamide (DMA), or N-methyl-
pyrrolidinone (NMP) performed worse than DMF, whereas in
acetonitrile and 1,4-dioxane the complex was almost inactive.

We then used DMSO and DMF as reaction solvents to
screen for the best base. As can be seen from Table 2, entries
1e6, DMSO gave consistently better results than DMF with
all the three bases employed. Furthermore, Cs2CO3 emerged
as the best base among those tested by us. The superiority
of Cs2CO3 as the base was more clearly seen in the reaction
with the less reactive 4-bromoacetophenone in DMSO (Table
2, entries 7e9). By running the reaction in DMSO with cesium
carbonate as the base it was even possible to activate 4-chloro-
acetophenone (Table 1, entry 7); the reaction gave the desired
product in 44% yield.

Thus, complex (2) appears to be able to activate an aryl
chloride for the coupling reaction with pyrazole at 100 �C,
which is a remarkably low temperature for such a reaction;
to the best of our knowledge, the only other catalytic systems,
which effect the coupling of aryl chlorides with azoles at
comparable temperatures were reported by the group of Chou-
dary19 and of Liu.17f The reactivity of 4-chloroacetophenone
in this reaction was also tested in other solvents, such as
DMF and the ionic liquid 1-butyl-3-methylimidazolium tetra-
fluoroborate (Table 1, entries 8 and 9); however, DMSO re-
mained the most effective solvent for the reaction.

Finally, in order to rule out the possibility that an uncatalyzed
nucleophilic substitution reaction contributes to the reaction
outcome,17h we performed the reaction between iodoacetophe-
none and pyrazole without catalyst. While the conversion of the
aryl halide was quantitative, the coupling product was produced
in very low yield (Table 3, entry 1); we observed instead the
dehalogenation product (acetophenone), the homocoupling
product (4,40-diacetylbiphenyl), and another unidentified
product not containing the pyrazole ring.

Having optimized the reaction solvent and the employed
base we set out to check the generality of the method by run-
ning test reactions with differently substituted aryl halides.
The results are reported in Table 3.



Table 3

N-Arylation of pyrazole with substituted aryl halides

N
N
H

R X R N
N[Cu]   3 mol%

Cs2CO3, DMSO
T = 100 °C, 24h

+

Entry Aryl halide Azole Yielda (%)

1 I
O

Me
N

N H <5b

2 I
O

Me
N

N H 93

3 Me I N
N H 21

4 MeO I N
N H 50

5 Br
O

Me
N

N H 73

6 MeO Br N
N H 16

7 Cl
O

Me
N

N H 44

Reaction conditions: see Section 4.
a Yields determined by 1H NMR spectroscopy.
b Reaction performed without catalyst.
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Figure 3. Conversion curve of the reaction between pyrazole and 4-iodoaceto-

phenone using 0.1 mol % catalyst (2); for the other reaction conditions, see

Table 3.
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It is very well known that aryl substitution may influence
the kinetics of oxidative addition processes involving an aryl
halide, such as the one, which according to the currently
most widely accepted mechanism activates the aryl halide
for the present reaction.7a,b Electron-withdrawing substituents
are expected to promote oxidative addition and electron-donat-
ing substituents to hinder it. Remarkably, the performance of
most copper-based catalysts reported in the literature appears
to be only marginally dependent on the substituents on the
aryl halide: substrates with the same halide atom usually
give comparable yields, with the partial exception of substrates
substituted in the ortho position, where steric effects come into
play. By contrast with this, the electronic properties of the sub-
stituent on the aryl halide were found to play a very important
role in determining its reactivity with catalyst (2), both with
aryl iodides and bromides.

Moreover, the reactivity trend was apparently not directly
related to the electron-withdrawing ability of the substituent
(acetyl>methyl>methoxy), since 4-iodotoluene turned out to
be the least reactive iodide substrate. Remarkably, ‘anoma-
lous’ reaction trends with differently substituted aryl bromides
or chlorides were very recently reported also for some Pd-cata-
lyzed reactions (aminations, Suzuki couplings), but no ratio-
nale was proposed for the observed results.37 We are
currently looking for an acceptable explanation of our obser-
vations, which could be possibly found in differences in the
reaction mechanism due to the polynuclear nature of (2). In-
deed, it has already been shown that polynuclear copper
complexes exhibit peculiar catalytic properties in Ullmann-
type reactions.10
It needs here to be once more remarked that the reported
reaction yields were not optimized with respect to the amount
of catalyst and the reaction time, which were set constant for
all experiments. Optimization of these parameters could result
in significantly improved yields and/or shorter reaction times.
In order to demonstrate this, we have determined the conver-
sion curve of the reaction between pyrazole and 4-iodoaceto-
phenone using 0.1 mol % catalyst. The experimental curve
reported in Figure 3 shows that, although the reaction was
obviously slower than that with 1 mol %, the catalyst was
remarkably stable under the employed reaction conditions
and allowed to reach about 80% yield after 48 h.

We continued to evaluate the generality of the method by
checking the reactivity of different azoles. The results are re-
ported in Table 4. Quite interestingly, the yields obtained with
imidazole were very similar to those obtained with pyrazole,
irrespective of the aryl halide used. In the case of 1,2,4-tri-
azole, the reactivity of aryl bromides and chlorides was found
to be slightly lower than that with the other azoles, whereas
aryl iodides gave comparable or even higher yields.

The reactivity exhibited by imidazole and 1,2,4-triazole
with catalyst (2) is remarkably high, and it contrasts with
the results obtained by the group of Taillefer with copper(I)
diamine complexes, for which a clear decrease in reactivity
in the order pyrazole>imidazole>1,2,4-triazole was observ-
ed.16a Furthermore, the reactivity trend observed with pyrazole
and differently substituted aryl halides was fully confirmed
also with the other azoles: acetyl-substituted substrates were
the most reactive, followed by methoxy- and finally by
methyl-substituted substrates.

We then turned our attention to coupling partners other than
azoles and took amides into consideration. The results are
reported in Table 5. It can be clearly seen that catalyst (2) is
less efficient in coupling amides than azoles: yields are consis-
tently lower with activated acetyl-substituted aryl halides and
almost no reaction is observed already in the case of 4-iodo-
anisole. Benzamide appears to be somewhat more reactive than
pyrrolidinone, for which iodoacetophenone appears to be the



Table 4

N-Arylation of other azoles with substituted aryl halides

Y
HN NR X R N

Y
N

[Cu]   3 mol%
Cs2CO3, DMSO
T = 100 °C, 24h

+

Entry Aryl halide Azole Yielda (%)

1 I
O

Me
NN H

>99

2 Me I NN H
20

3 MeO I NN H
50

4 Br
O

Me
NN H

70

5 Cl
O

Me
NN H

50

6 I
O

Me

N
NN H

>99

7 Me I
N
NN H

22

8 MeO I
N
NN H

84

9 Br
O

Me

N
NN H

54

10 Cl
O

Me

N
NN H

14

Reaction conditions: see Section 4.
a Yields determined by 1H NMR spectroscopy.

Table 5

N-Arylation of amides with substituted aryl halides

R'
HN OR X R N

O

[Cu]   3 mol%

Cs2CO3, DMSO
T = 100 °C, 24h

+
R'

R''R''

Entry Aryl halide Amide Yielda (%)

1 I
O

Me O

NH2

73

2 Br
O

Me O

NH2

31

3 Cl
O

Me O

NH2

10

4 MeO I
O

NH2

<1

5 I
O

Me

N H

O
100

6 Br
O

Me

N H

O
<1

Reaction conditions: see Section 4.
a Yields determined by 1H NMR spectroscopy.
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only possible coupling partner. Such a lower activity could be
due to partial catalyst deactivation under the employed reac-
tion conditions. In fact, it has been proved that the cross-cou-
pling between aryl iodides and amides catalyzed by copper(I)
complexes with chelating diamine ligands is suppressed by
multiple coordination to the catalyst of amidate anions, which
are formed under reaction conditions; formation of such a
catalytically inactive complex can be avoided by working
with excess ligand (>5 equiv with respect to copper), which
promotes partial dissociation of the amidate anions thereby in-
creasing the reaction rate.38 Since we work with a preformed
copper complex catalyst and therefore with a stoichiometric
amount of ligand, it is plausible that such a deactivation
mechanism may be operating in our case as well.

The last substrate class, which was investigated in the pres-
ent study were phenols. The results are reported in Table 6.
The reactivity of phenols with catalyst (2) appears to be com-
parable with that of azoles. As expected, the more sterically
hindered 5-isopropyl-3-methylphenol was found to be slightly
less reactive than the less sterically hindered p-cresol, giving
somewhat lower yields with the more activated aryl halide
partners.
Table 6

O-Arylation of phenols with substituted aryl halides

R X R O
[Cu]   3 mol%

Cs2CO3, DMSO
T = 100 °C, 24h

+ OH
R' R'

Entry Aryl halide Phenol Yielda (%)

1 I
O

Me
Me OH >99

2 Br
O

Me
Me OH 70

3 Cl
O

Me
Me OH 50

4 MeO I Me OH 15

5 I
O

Me
OH

Me

iPr

82

6 Br
O

Me
OH

Me

iPr

58

7 Cl
O

Me
OH

Me

iPr

54

8 MeO I OH

Me

iPr

21

Reaction conditions: see Section 4.
a Yields determined by 1H NMR spectroscopy.
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3. Conclusions

In conclusion we have developed a trinuclear copper(I)
carbene complex that displays good catalytic efficiency in
the Ullmann-type arylation reaction of azoles and phenols.
The catalyst is capable of converting aryl iodides, bromides
or even activated chlorides at a comparatively low reaction
temperature (100 �C). Furthermore, different azoles such as
pyrazole, imidazole or 1,2,4-triazole are converted with com-
parable efficiency. We are currently engaged in further extend-
ing the field of application of our catalyst, as well as in gaining
insight into its mechanism of action, in order to find a rational
explanation of its peculiar features, first of all the unexpected
sensitivity to the nature of the aryl substituent.

4. Experimental section

4.1. General comments

All manipulations were carried out using standard Schlenk
techniques under an atmosphere of dry argon or dinitrogen.
The reagents were purchased by Aldrich or Merck as high-
purity products and generally used as received. All solvents
were dried by standard procedures and distilled under dinitro-
gen immediately prior to use. Complex [CuBr(PPh3)3]39 was
prepared according to literature procedures. NMR spectra
were recorded on a Bruker Avance 300 MHz (300.1 MHz
for 1H and 75.5 MHz for 13C); chemical shifts (d) are reported
in units of parts per million relative to the residual solvent sig-
nals. IR spectra were run on a Bruker Tensor27; mass spectra
were obtained with a Finningan LCQ, using the ESI-MS
technique.

XPS spectra were recorded using a PerkineElmer PHI 5600
ci spectrometer with a standard Al Ka source (1486.6 eV) work-
ing at 350 W. The working pressure was less than 1�10�8 Pa.
The spectrometer was calibrated by assuming the binding
energy (BE) of the Au 4f7/2 line to lie at 84.0 eV with respect
to the Fermi level. Extended spectra (survey) were collected
in the range 0e1350 eV (187.85 eV pass energy, 0.4 eV step,
0.05 s step�1). Detailed spectra were recorded for the following
regions: C 1s, O 1s, F 1s, Cu 2p and Cu LMM (11.75 eV pass
energy, 0.1 eV step, 0.1 s step�1). The standard deviation in
the BE values of the XPS line is 0.10 eV. To take into consider-
ation charging problems the C 1s peak at 285.0 eV was consid-
ered and the peak’s BE differences were evaluated. The sample
for the XPS analysis was processed as a pellet by pressing the
catalyst powder at ca. 7�106 Pa for 10 min; the pellet was
then evacuated for 12 h at ca. 1�103 Pa before measurement.

4.2. Synthesis of hydrotris(3-methyl-imidazolium-1-yl)borate
bis(tetrafluoroborate)

The salt was prepared following a literature procedure,29

modified in the purification step. A suspension of trimethyloxo-
nium tetrafluoroborate (9.60 mmol, 20% excess) in 30 ml of dry
CH2Cl2 was added in small portions to a suspension of hydro-
tris(1-imidazolyl)borate (2.0 g, 7.93 mmol) in 20 ml of dry
CH2Cl2. The resulting mixture was left under stirring overnight,
then the solvent was decanted, giving a white slurry. The crude
product was washed with dry EtOH (2�10 mL), dry diethyl
ether (2�10 mL), and finally dried under vacuo. The residue
was treated with boiling methanol and the mixture was filtered
to remove KBF4 salts; the solution was concentrated to small
volume and treated with diethyl ether (20 mL), yielding the
analytically pure tris(imidazolin)borate as a white precipitate,
which was filtered and dried in vacuo. Anal. Calcd for
C12H19B3F8N6: C, 33.36; H, 4.43; N, 19.46. Found: C, 33.33;
H, 4.40; N, 19.46. 1H NMR (DMSO-d6): d 3.82 (s, 3H, CH3),
7.51 (s, 1H, CH]CH), 7.73 (s, 1H, CH]CH), 8.81 (s, 1H,
NCHN).

4.3. Synthesis of bis[hydrotris(3-methyl-imidazolin-2-ylidene-
1-yl)borate]tricopper(I) tetrafluoroborate (2)

A solution of n-BuLi in hexane (2 mL, 3.2 mmol) was added
with stirring to a suspension of hydrotris(3-methyl-imidazo-
lium-1-yl)borate bis(tetrafluoroborate) (460 mg, 1.06 mmol)
in 15 mL of dry diethyl ether at �78 �C. The suspension was
stirred overnight and allowed to warm to room temperature to
give a light yellow suspension, which was added in portions
to a solution of [CuBr(PPh3)3] (1.48 g, 1.60 mmol) in dry
THF (20 mL) at �78 �C. The mixture was allowed to warm
to room temperature overnight to give a light blue/green
suspension, which was filtered. The resulting solid was washed
several times with dry THF (5�10 mL), dry diethyl ether
(5�5 mL), and dried in vacuo, giving 483 mg of (2) as a white
solid. 1H NMR (DMSO-d6): d 3.38 (s, 3H, CH3), 7.16 (s, 1H,
CH]CH), 7.26 (s, 1H, CH]CH). 13C NMR (DMSO-d6):
d 37.2 (CH3), 121.0 and 126.1 (CH]CH), 176.7 (NCN). MS
(ESI, (m/z, rel intensity)): 701.4 (100, Mþ). FTIR (KBr,
cm�1): 1642, 1442, 1197, 1058.

Although the NMR and ESI-MS data for various catalyst
batches indicated a spectroscopically pure product, only occa-
sionally contaminated with some residual triphenylphosphine,
we were unable to obtain satisfactory elemental analysis for
(2). Anal. Calcd C, 45.23; H, 5.06; N, 26.37. Found: C,
31.69; H, 3.37; N, 14.54. The observed values were found to
fit roughly with a sample containing approximately 0.25 mol
PPh3, 0.5 mol LiBF4, and 3 mol LiBr per mol of (2). Anal.
Calcd for the mixture: C, 29.47; H, 3.10; N, 14.47.

4.4. General procedure for CeN and CeO coupling reaction

The required amount of complex (2) (1 mol %, 3 mol % [Cu]
determined on the real amount of copper present in each
sample), the aryl halide (1.0 mmol), the base (2.0 mmol), the
nitrogen- or oxygen-containing substrate (1.5 mmol), and
3 mL of solvent were placed in a Schlenk tube, previously evac-
uated and filled with argon. The resulting mixture was heated
under stirring to 100 �C for 24 h and subsequently cooled to
room temperature, diluted with dichloromethane (10 mL), and
filtered. The filtrate was washed with a 5% w/w aqueous
KHCO3 solution (2�10 mL) and water (2�10 mL), and finally
dried over MgSO4. The solvent was removed in vacuo to yield
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the crude product, which was analyzed by NMR to determine
the yield. The products were identified by comparison with
characterization data found in literature.14b,d,17k
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