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Synthesis of heteropolynuclear Cu! and Pd™! complexes with polymeric
2,2 -biquinoline-containing ligands and investigation
of their catalytic activity in the Sonogashira couplings
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A method for electrosynthesis of heteropolynuclear biquinoline-containing Cu! and Pd!!
complexes using sacrificial Cu and Pd anodes was developed. The sequence of anode dissolution
(first Pd and then Cu) was important for the synthesis of the complex. The opposite sequence of
dissolution resulted in oxidation of the initially formed Cu! ions to Cu!l. The obtained Cu! and
Pd!"" complexes with polymer ligands had high catalytic activity in the reaction of aryl halides
with phenylacetylene giving rise to a C(sp2)—C(sp) bond. The yield of arylphenylacetylene in
the presence of 0.1 mol.% of Pd catalyst in relation to the starting halide was 50—90% depend-

ing on the nature of the aryl halide.

Key words: Cu!- and Pd!!-containing polymers, biquinoline complexes, sacrificial anodes,
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The development of effective catalytic systems in which
several catalytic sites of different nature are immobilized
on the same support is quite topical nowadays. The inter-
est in these systems is due to a number of reasons, in
particular, the ability to perform one-pot successive trans-
formations (tandem or cascade reactions!—5), the possi-
bility of catalytic processes that require both a catalyst and
a co-catalyst (for example, Sonogashira and Stille reac-
tions, efc.)—8 and some other. Catalyst regeneration by
filtration and its low consumption are important parame-
ters determining the compliance of catalytic processes to
the requirements of "green chemistry". Currently, only a
few examples of "multifunctional” catalysts are known.
The catalytic sites can be supported on graphite materials,
polymer substrates, polydentate ligands, efc.

Recently,? novel polymer systems containing biquino-
line (biQ) or quinolyl-pyridine (QPy) fragments located
in the backbone or side chain and able to coordinate tran-
sition metal ions were synthesized. Using these polymeric
macroligands, polynuclear Cu! complexes were synthe-
sized;10 they showed high catalytic activities in oxidative
processes involving molecular O, (see Refs 11, 12). The
coordination of Pd!T ions to the biQ fragments of the poly-
mers gave rise to effective catalysts for the Suzuki reac-
tion.13 As a continuation of these studies, it is reasonable
to study the electrosynthesis of heteropolynuclear com-
plexes with polymer macroligands and their use in catalysis.

The purpose of this work is to develop and optimize
the electrosynthesis of heteropolynuclear Cul- and Pd!l-
containing complexes with polyamide ligands (PA) and to
study the catalytic activities of the obtained polymeric
complexes in the Sonogashira reaction, i.e., coupling of
aryl halides with terminal alkynes. This reaction is widely
used in the synthetic practice, as it is a convenient method
for the C(sp?)—C(sp) bond formation in the synthesis of
some pharmaceuticals, polyconjugated systems, and or-
ganic materials.14—16 The experimental knowledge of syn-
thetic applications of the Sonogashira reaction is fully re-
flected in a number of reviews.%17 However, the search for
new catalysts of this reaction that are effective at minor
loads (<0.1 mol.% of catalyst) and suitable for recycling is
still a topical task.

Electrosynthesis with sacrificial anodes is widely used
for preparing transition metal chelates (see Ref. 18 and
references cited therein). A considerable advantage of this
method is the absence of additional anions in solution
(which cannot be avoided in the syntheses with transition
metal salts). The presence of some anions is often undesir-
able, as they can function as extra ligands in the metal
coordination sphere. This is especially topical for the syn-
thesis of catalytic systems, as the presence of a vacant
coordination site (or a ligand that is easily eliminated,
e.g., a solvent molecule) is often a necessary condition for
the catalytic process to occur.
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m:n=8:2(PAI PAI)
PAIl: R=R', PAI": R=R"or R2, R': R2=80: 20,

HooC COOH
Ri = JR2= —HN— )—NH-
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The interest in the complexes with polydentate steri-
cally crowded macroligands is related to their ability to
stabilize non-equilibrium coordinatively unsaturated states
(which are normally most active in catalysis). In addition,
polymers are less expensive and generally more process-
able than inorganic crystalline materials.

Experimental

N-Methylpyrrolidone (NMP) (Aldrich) was dehydrated with
calcium hydride and distilled, the fraction boiling at 80 °C
(7 Torr) being collected.

The electrochemical oxidation and reduction potentials were
measured using an [PC-Win digital potentiostat/galvanostat con-
nected to a personal computer. The cyclic voltammetry (CV)
curves were recorded on a stationary platinum electrode at dif-
ferent potential sweep rates in the presence of 0.05 M Bu,”NBF,
in N-methylpyrrolidone at 20 °C in a 10-mL electrochemical
cell. Oxygen was removed by purging the cell with dry argon.
Electrolysis was carried out using a P-5827 M potentiostat in a
10-ml undivided cell. A Pd wire 1 mm in diameter or a copper
plate with an area of 2.4 cm? served as the working electrode
(anode). A Pt wire functioned as the auxiliary electrode. The
reference electrode was represented by a saturated silver chlo-
ride electrode (—0.48 V vs. Fc/Fc™ in NMP). The measured
potentials were corrected for ohmic losses.

The reaction mixtures obtained after the Sonogashira reac-
tion were analyzed on a Finigan MAT SSQ 7000 GC/MS spec-
trometer (ionization energy 70 eV, a DV-5 quartz capillary col-
umn (30 m), temperature mode: 70 °C (2 min): —280 °C (10 min),
heating rate 20 deg min~—!.

Electrosynthesis of the complexes [Pd"PA][BF,], in solu-
tion. The Pd-wire was dissolved under galvanostatic conditions
(I=1-10"3A) in 10 mL of a 103 M solution of PA (in relation
to biQ fragments) in NMP in the presence of 0.05 M BuyNBF,.

[ Hooc COOH
1T L
—NH N—CO oc—
A =z
| — NS
N N

PAII, PATI

The process was stopped after passage of a specified quantity of
electricity (2.1 F per mole of biQ fragments). The composition
of the obtained polymeric complexes was determined by CV
based on the characteristic peak13:1? of the Pd!!/? redox transi-
tion accompanying the formation of the biQPdL, coordination
units (—0.45 V vs. Ag/AgCl/KCl, L = NMP) whose concentra-
tion was 10~3 mol L1

Electrosynthesis of the complex [Cu'Pd"PA][BF,]; in solu-
tion. First, the Pd wire was dissolved under galvanostatic condi-
tions (/= 1-10"3 A) in 10 mL of a 2- 10~3 M solution of PA in
NMP in the presence of 0.05 M BuyNBF,. The process was
terminated after passage of a specified quantity of electricity
(0.55 F per mole of biQ fragments of the starting polymer). After
that, the Pd wire was replaced by a Cu plate, which was also
dissolved under galvanostatic conditions (/ = 1-1073 A) in the
same solution that contained the dissolved polymer and Pd!!
ions. The process was terminated after passage of a specified
quantity of electricity (0.25 F per mole of biQ fragments of the
initial polymer). The composition of the obtained polymeric
complexes was determined by CV based on the characteris-
tic peaks!! corresponding to the Pd!/0 and Cu/! redox transi-
tions accompanying the formation of the biQPdL, (—0.45 V),
biQCuL, (0.44 V), L = NMP, and (biQ),Cu (0.69 V) coor-
dination units.

Sonogashira reaction (general procedure). Aryl halide
(1.9-10~* mol) was dissolved in NMP (5 mL), and phenyalacet-
ylene (3.9 - 10~* mol) and Bu;N (5.8 - 10~*mol) were added. A dry
argon flow was passed through the reaction mixture for 15 min to
remove oxygen. Then a specified amount of a 10-3 M solution of
a Pd (or Pd and Cu) catalyst in NMP was added. The reaction
mixture was heated under argon at a specified temperature for a
definite period of time. Then NaCl- and NaHCOj3-saturated
water (100 mL) was added to the reaction mixture, and the reac-
tion products were extracted with diethyl ether. The yield of
arylphenylacetylene was determined by GC/MS (with naph-
thalene as the internal standard).
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Results and Discussion

Electrosynthesis of Cul- and Pd!-containing polymers
with sacrificial anodes

One of the goals of this work was to employ metal
anodic dissolution for the synthesis of biquinoline (biQ)
containing polymers coordinated to Cu! and Pd! ions.
This method is widely used for the synthesis of metal com-
plexes; however, only few publications deal with the prep-
aration of heterobimetallic complexes and clusters (see,
for example, Ref. 20). In order to optimize the conditions
of synthesis of the Cul- and Pd!-containing polymeric
complexes, it was necessary to (1) determine the order of
dissolution of metallic anodes of different nature; (2) se-
lect the relative amounts of Cu! and Pd! ions coordinated
to the polymeric ligands; and (3) study the effect of the
nature of the polymeric ligand on the stability and the
catalytic activity of heteropolymetallic complexes.

The complexes were synthesized in an undivided cell
under either potentiostatic or galvanostatic conditions. The
resulting polynuclear complexes were studied by CV. Pre-
viously, it was found!3 that Pd!l coordination to the biQ
fragments of a polymer chain gives rise to an intense peak
at —0.45 V (vs. Ag/AgCl/KCl) in the voltammogram,
which corresponds to the Pd/Pd® transition, indicating
the formation of biQPdL, (L is the solvent molecule, for
example, NMP). The complexation with Cu! ions was
detected by appearance of peaks at 0.44 and 0.69 V
(vs. Ag/AgCl/KCl) corresponding to the Cul/Cu!! redox
transition accompanying the formation of coordination
units with one or two biQ ligands in the copper coordina-
tion sphere, biQCu'L, and (biQ),Cul, respectively (see
Refs 10, 11, 12). Figure 1 shows the CV curve recorded for
the heteropolynuclear complex containing Cu! and Pd!!
ions coordinated to the polymeric ligand PA!! in the molar
ratio Cu: Pd : biQ=1:1: 4.* This shows two redox tran-
sitions corresponding to the biQPdL, and (biQ)ZCuI
complexes.

The variation of electrolysis conditions (polymer con-
centration, potential, current) provides complexes with
different Cu! to Pd!! ratios, which can be estimated from
the relative current values corresponding to redox transi-
tions involving these ions. However, an increase in the
amount of generated Cu! ions with respect to the biQ
fragments remaining vacant does not entail a considerable
increase in the number of active coordination units such
as biQCulL,, as excessive copper ions can replace Pd!l
ions in the polymeric ligand. Meanwhile, an increase in
the conformational rigidity of the polymer (replacement

* The required ratio was attained by selecting the concentration
of the polymer (and biQ fragments) and conditions of galvano-
static electrolysis (the current and the process duration, which
determine the number of generated metal ions).

of PAT by PA! containing rigid para-phenylenediamine
units in the polymer chain) favors the formation of coor-
dination active sites biQCu'L,, as indicated by the feebly
defined additional peak for Cul/Cu!! oxidation appearing
in the CV curve at 0.44 V (Fig. 2).11 The variation of the
Pd!': Cu!: biQ molar ratio showed that approximately
equal amounts of Pd!T and Cu! ions and a three- to four-
fold excess of the total number of biQ fragments of the
initial polymer are optimal for catalytic reactions.

Variation of the sequence of dissolution of Cu and Pd
anodes indicates that the initial generation of Pd!l ions
followed by replacement of the Pd anode by the Cu anode
after which the biQ units that remain vacant are coordi-
nated to the Cu! ions is optimal. The opposite sequence
of metal dissolution results in Cu! oxidation to Cull
and the subsequent electrogeneration of Pd!! jons. Fig-
ure 3 shows the voltammogram of the heteropolynuclear
complex with the PA! polymer measured for successive
dissolution of the Cu anode and Pd anode. It follows from
the Figure that the potential of the Pd/0 redox cou-
ple remains unchanged and that the redox transition
in the anodic region corresponds to Cull/!!! oxidation (cf.
Refs 11, 21).

The heteropolymetallic system [Cu'Pd!'PA] is the first
example of polynuclear Cu- and Pd-containing polymeric
system obtained by electrosynthesis.

Catalytic activity of Cu'- and Pd'I-containing polymers
in the Sonogashira reaction

The catalytic properties of the synthesized heteropoly-
nuclear complexes were estimated in the Sonogashira re-
action, i.e., coupling of aryl halides 1 with terminal alkynes.
It is known® that implementation of the catalytic cycle
requires the presence of a co-catalyst, Cul salt, which

I/mA
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Cul/Cul!
0.005 -
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Fig. 1. Voltammogram of the heteropolynuclear complex con-
taining Cu! and Pd" ions coordinated to the PA! polymeric
ligand (Pt, NMP, 0.05 M BuyNBF,, molar ratio Cu : Pd : biQ =
=1:1:4).
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L'=NMPorL'—L'=

activates the alkyne giving rise to copper acetylenide, which
then participates in transmetallation. Examples of Sono-
gashira reaction carried out without the copper co-cata-
lyst were reported. However, according to a publication,?2
palladium salts (PdCl,, Pd(OAc),) used most often to pre-
pare catalysts always contain minor copper impurities.

As the model reaction, we chose the reaction of aryl
halides with phenylacetylene in the presence of Bu;N as
the base (Scheme 1). The reaction was carried out in NMP
as this is the most suitable solvent for these polymeric
systems. Both palladium and heteropolynuclear Cu!/Pd!!
complexes with various polymeric ligands (PA!, PAIT, PAITT)
were used as catalysts. The amount of the catalyst relative
to the initial halide was varied from 7% to 0.1 mol.%. The
results are summarized in Table 1.

The use of a large amount of the catalyst (7 mol. %)
results in a quantitative yield of diphenylacetylene (see
Table 1). The decrease in the amount of the catalyst to
1 mol.% and the decrease in the reaction time and tempera-
ture reduces the product yield to 64%. However, the intro-
duction of Cul-containing coordination units into the
polymeric ligand markedly increases the yield of diphenyl-

I/uA

20 + Cu/1(biQ),

10 F Cul/MbiQL,

— l() L
Pd!/%iQL,

-20 F

—500 0 500 1000 E/mV

Fig. 2. Voltammogram of the heteropolynuclear complex con-
taining Cu! and Pd! ions coordinated to the PA!l polymeric
ligand (Pt, NMP, 0.05 M BuyNBF,, molar ratio Cu : Pd : biQ =
=1:1:4).

Scheme 1

Pd—Cu—PAlI (0.1%
RO—X + PhC=CH ~&—<U I, 0.1%)

1

— ROCECPh + XH

2
i. NMP, 100 °C, 5 h.

acetylene. A tenfold decrease in the amount of the catalyst
(to 0.1 mol. %) sharply decreases the efficiency of the
process carried out with the catalytic system based on PAL

In order to study the effect of the nature of the poly-
meric ligand on the efficiency of the catalytic process,
heteropolynuclear Cul/Pdl complexes with the ligands
PAL PAI and PA™! were synthesized and added to the
reaction mixture under identical conditions. The complex
based on PAIIl was most active, giving diphenylacetylene
in 56% yield even with the use of 0.1 mol. % of the cata-

I/mA
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Cull/culll
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0.000
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Pdll/pdo
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Fig. 3. Voltammogram of the heteropolynuclear complex con-
taining Cu! and Pd! ions coordinated to the PA! polymeric ligand
(Pt, NMP, 0.05 M BuyNBF,, molar ratio Cu: Pd : biQ=1:1:4).
The Cu-polymer complex was obtained first, and the Pd anode
was dissolved in the presence of this complex.
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Table 1. Yields of ArC=CPh in the coupling of ArX
(1.9-10~% mol) with PhnC=CH (3.9 - 10~* mol)?

Run ArX T ¢ Catalyst® Yield
/°C /h ArC=CPh (%)

1 Phl 130 4 PdPA! (7%) >99

2 Phl 130 4 PdPAU (7%) >99

3 Phl 110 2.5 PdPAl(1%) 64

4 Phl 110 2.5 PdCuPA! 76
(1:1:3)°(1%)

5 PhIl 100 2.5 PdCuPA! 19
(1:1:3)¢(0.1%)

6 Phl 100 2.5 PdCuPAll 22
(1:1:3)¢(0.1%)

7 Phl 100 2.5 PdCuPAlll 56
(1:1:3)°(0.1%)

s PhIl 100 5 PdCuPAlll 88
(1:1:3)¢(0.1%)

9 4-0,NCgH, 100 5 PdCuPAll 86
(1:1:3)¢(0.1%)

10 4-O,NCgH,Br 100 5 PdCuPAll 68
(1:1:3)°(0.1%)

11 4-CH;0C(H,Br 100 5 PdCuPAll 58

(1:1:3)°(0.1%)
Pd(BF,),(0.1%), 2
Cu(BF,) (0.1%)

12 Phl 100 5

@ Reaction conditions: NMP, Bu;N 5.8 - 10~* mol, heating.

5 Amount of the catalyst relative the starting halide.

¢ The molar ratio of the Pd, Cu ions and biQ fragments in the
polymer is indicated.

lyst. An increase in the reaction time with the PAI-based
catalytic system resulted in the cross-coupling product in
an about 90% yield at a low concentration of the Pd cata-
lyst (0.1%). A control experiment with palladium and cop-
per salts used without the polymeric ligand confirmed the
key role of the ligand for implementation of the catalyt-
ic process.

It follows from the Table that the efficiency of the po-
lymeric ligand changes in the sequence PAT < PAIl < PATIL,
The change in the catalytic activity is apparently related to
the nature of the coordination Pd!! and Cu! sites in the
polymer. In our earlier studies, 13 the highest activity in the
cross-coupling (Suzuki reaction) was found for palladium
complexes (biQPd!'L,) with the PA! ligand containing
biQ fragments in all monomer units of the chain; this may
be related to the lack of additional units in the copolymer
that would hamper the approach of the substrate to the
catalytic site. In turn, the activity of the copper sites in the
oxidation of organic substrates with O, proved to be the
highest when PA!l was used as the ligand (see Ref. 12).
This is caused by the fact that this polymer, which has the
highest conformational rigidity, promotes the formation
of the biQCu'Lz coordination units, which are most active
in catalysis. These coordination sites contain solvent mol-
ecules that are easily eliminated, thus providing vacant

coordination sites for introduction of reagents into the
coordination sphere of a metal ion (unlike the [(biQ)ZCuI]
coordination units, which are much more stable).1? The
obtained activity sequence of the polymeric ligands indi-
cates that the ability to form biQCu(I)L, active sites, which
depends most appreciably on the nature of the polymeric
ligand and is maximum for PA"T, is more important for
the cross-coupling reaction.

Thus, an electrochemical route to heteropolynuclear
biquinoline-containing Cu!and Pd! complexes, which al-
lows combining catalytic sites of different nature on the
same polymeric ligand, was developed using sacrificial Cu
and Pd anodes. The order of anode dissolution (first Pd
and then Cu) was found to be important for the synthesis
of the target complexes. When the anodes are used in the
opposite order, the initially formed Cu! ions are oxidized
to Cull. The resulting Cu! and Pd!! complexes with poly-
meric ligands had high catalytic activities in the coupling
of aryl halides with phenylacetylene. The catalytic system
based on the more conformationally rigid PA polymer
was most efficient.

This work was supported by the Russian Foundation
for the Basic Research (Projects No. 08-03-00142 and
No. 09-03-90714).
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