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Abstract

The coupling reaction of 4-methylpyridine to form 4dimethyl-2,2-bipyridine using a carbon-supported palladium cata-
lyst was studied. Whereas previous research indicated that the reaction is catalyzed by palladium(0), we have found evidence
that the reaction is catalyzed by palladium(ll). Although oxygen can be used as the oxidative agent, the reaction is ultimately
limited by catalyst deactivation. The major source of deactivation is most likely depletion of the palladium(ll) oxide. The
catalyst is reduced during the reaction and in the case of the oxygen-treated catalyst a small amount of palladium appears to be
dissolved. In an investigation of the catalyst using X-ray photoelectron spectroscopy (XPS) and solid state nuclear magnetic
resonance (NMR) it was found that deactivation is also caused by poisoning, the poison being either the product and/or the
by-product. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction been used in catalysis. Iron and cobalt complexes of bi-
or ter-pyridine substrates have been shown to catalyze
Transition metal complexes of bipyridine deriva- the reduction of C@ and G [5] and palladium(ll)
tives are important due to their chemical reactivity Wwith bipyridine ligands can be used as a catalyst pre-
and photochemical properties [1,2]. For example, cursorinthe carbon monoxide and styrene copolymer-
photons can induce electron and energy transfer in ization reaction [6]. In addition, complexes of chiral
ruthenium(ll) complexes of bipyridines [3]. These bipyridine derivatives with rhodium, iron, zinc, and
complexes are, therefore, commonly used as photo- hickel have been used in asymmetric reductions [7].
sensitizers in artificial photosynthesis systems [4].  Several methods of synthesizing bipyridine deriva-
Several transition metals with bipyridine ligands have tives start with a substituted pyridine and require the
building of the second pyridine ring, while other meth-
ods involve the transition metal catalyzed coupling of
* Corresponding author. halogenated pyridines [8]. A simple one-step route to
E-mail addresseshagge@kth.se, hhagelin@che.ufl.edu bipyridine derivatives that eliminates the use of halo-
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1 Co-corresponding author. Present address: Department of gens, like the palladium catalyzed oxidative coupling

Chemical Engineering, University of Florida, Gainesville, FL Of aromatic compounds to biaryls or polycyclic sys-
32611, USA. tems [9-13], would be preferred. However, the cou-
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Scheme 1. Palladium-catalyzed coupling of 4-methylpyridine.

pling of heterocyclic aromatics differs from the cou- The ultimate goal in studying this reaction is to
pling of aromatic compounds that do not contain het- increase the yield and also to extend the reaction to
eroatoms [14]. For example, the coupling of electron include other heterocyclic systems. However, before
poor heterocyclic aromatics, like the pyridines, has this can be accomplished detailed knowledge about
been found to require low valent metal catalysts, such this reaction is required. Our objective in this study
as Raney nickel and palladium on activated carbon was therefore to obtain more information about the
[15,16], while the coupling of aromatics, e.g. ben- active catalyst and the reaction mechanism and also to
zenes, requires palladium(ll) [9-13]. Metals other than determine the cause of the catalyst deactivation, which
palladium and nickel have also been investigated, asleads to low conversions.

well as different supports, but Raney nickel and palla-
dium on activated carbon were shown to be the most
efficient catalyst systems for the pyridine coupling re-
action [17]. This reaction was first reported in 1967
and although several modifications of the reaction con-
ditions have been made, they have lead only to small
increases in yield [18-23].

The focus of this study is the palladium catalyzed
coupling of 4-methylpyridine to form 4,4dimethyl-
2,2-bipyridine @b of Scheme 1). This reaction has
been investigated in detail and it was shown that the re-

2. Experimental
2.1. Experimental reaction conditions

The catalyst, palladium 10% on carbon, and
4-methylpyridine were purchased from Lancaster
Synthesis Inc. The catalyst was used as received,
while the 4-methylpyridine was distilled over KOH
prior to use. In a typical reaction run 1g (0.94 mmol
Pd) of catalyst was weighed in a reaction flask and
10g (107.4mmol) of 4-methylpyridine was added.
®rhe system was evacuated three times while stirring,
introducing the new atmosphere, either argon, nitro-
gen, or oxygen at atmospheric pressure. The reaction
mixture was then heated to the boiling point and left
for 72 h under reflux. After complete reaction the cat-
alyst was filtered off and washed several times with
either ethyl acetate, chloroform, or both. The solvent
was rotary evaporated and the unreacted starting ma-
terial was removed under vacuum. The crude product
was recrystallized from ethyl acetate.

[24]. The reaction was not very sensitive to cata-
lyst loading and the only by-product observed was
4,4 ,4"-trimethyl-2,2:6',6"-terpyridine @b). Follow-

ing the reaction, the catalyst can be filtered off and the
starting material recovered by distillation. While the
remaining crude product is fairly pure, containing only
a small amount of terpyridine which can be removed
by sublimation, the 4/4dimethyl-2,2-bipyridine can

be further purified by recrystallization in ethyl ac-
etate. The yield based on consumed starting material
is good, up to about 90%. However, the yield cal- 2.2 XPS details

culated per gram of catalyst is poor due to catalyst

deactivation: the maximum vyield is approximately The X-ray photoelectron spectra were obtained
2 g/g catalyst. With a typical catalyst to starting mate- on a Surface Science Model 150 XPS spectrometer
rial ratio of 1:10 this corresponds to 20% conversion equipped with an Al & source, quartz monochroma-
of the starting material, but the yield was observed to tor, concentric hemispherical analyzer, and a multi-
be very dependent on catalyst preparation [25]. channel detector.
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2.3. NMR details

All NMR experiments were carried out at 9.40T
using a Chemagnetics console (Fort Collins, CO).
The staticl3C spin echo pulse experiments were car-
ried out with homebuilt probes with either a 5mm
diameter coil {3C = pulse of Qus) or a 10mm di-
ameter coil {3C w pulse of 184s). The CP/MAS
experiments were performed using a Chemagnetics
double resonance probe with a ceramic stator and
7.5mm outside-diameter zirconia rotors fitted with
boron nitride spacers and Kel-F drive and end caps.
Power levels!3C and'H, were set at 50 kHz during
CP contact with a proton decoupling of 60 kHz.

3. Results and discussion

Little is known about the nature of the active sites
of the catalyst. In general, the commercial palladium
on carbon catalysts are not well defined, particularly
with respect to the dispersion, the fraction of metal
atoms occupying surface sites. (We were unable to per-
form surface area measurements on our catalysts du
to the fine-powdered carbon support.) Furthermore, in
the initial stages of our work we found that there was a
large variation in the activities of catalysts from differ-

ent suppliers and even between batches from the same .

supplier and several attempts at modifying the reac-
tion conditions in order to increase the yield failed.
However, in these earlier experiments palladium metal
was believed to be the active catalyst whereas in the
present study we have found that the active catalyst is
probably palladium oxide.

3.1. Reaction conditions

The highest yields (2 g/g catalyst) were obtained at
reflux (145C) of 4-methylpyridine (no solvent was
used in the reactions). We observed no significant yield
at room temperature. The reaction could be run under
atmospheric pressure of argon, nitrogen, or oxygen
without affecting the yield to any appreciable extent,
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is believed to be a palladium(Il) complex of the prod-
uct or a complex with the by-product, the terpyridine.

One reaction was run at 180 and an increased
argon pressure of 2 atm, but this did not improve the
yield. In the case of oxygen under increased pressure
(2-4 atm) no 4,4dimethyl-2,2-pyridine could be ob-
served — instead an orange-brown colored product
was formed. SolutiodH NMR of this compound did
not allow a positive identification of the product.

The reaction worked well without solvent, espe-
cially if the catalyst to reactant ratio was kept low
(<0.10). At higher catalyst concentrations the amount
of terpyridine by-product formed was quite high, in-
creasing from a few percent to 40% if the catalyst to
reactant ratio was increased from 0.03 to 0.20. This
implies that the formation of by-product is limited by
the concentration of the product in the reactant mix-
ture. To reduce the amount of terpyridine formed we
have found that toluene is a good solvent for the re-
action [26]. The reaction in toluene is clean with no
detectable by-product formation. However, the yield
calculated based on starting material (using the same
amount of catalyst) is lower than for reactions run
without solvent. Using a 1:1 ratio of 4-methylpyridine

%o toluene, the yield was decreased by one-half, con-

sistent with a simple dilution effect.

Addition of up to 0.3 eq. (based on 4-methylpyridine)
of water to the reaction mixture did not reduce the
yield significantly, but the product from these re-
actions did contain a small amount of the orange
by-product. Heating the catalyst to Y45under slight
vacuum prior to reaction had a negative effect. During
this heat treatment, desorption of water was observed.
The presence of a small amount of water thus has a
positive effect on the reaction.

Catalyst pretreatment by reduction with hydrogen
and then degassing at 18 Torr and 1@Cor 3 h de-
creased the yield considerably. Only about a third of
the yield of an untreated catalyst was obtained for this
reduced catalyst.

An attempt with palladium black as catalyst gave
no measurable yield. The low metal surface area could
have been the limiting factor in this case.

To increase the amount of palladium oxide on the

though in some cases, oxygen gave inferior results, surface of the supported palladium catalyst, it was
particularly with catalysts obtained from suppliers heated under an oxygen atmosphere. The temperature
other than Lancaster. Running under oxygen also gavewas kept below 200 at all times, to avoid unwanted

a small amount of an orange colored by-product. This side effects, such as sintering of the metal particles



140 H. Hagelin et al./Journal of Molecular Catalysis A: Chemical 164 (2000) 137-146

and oxidation of the support. Using this oxidized cat-  2,4-, 2,5-, and 3,5-dimethylpyridine were also
alyst under an inert atmosphere gave the same yield astreated with pyridine- or 4-methylpyridind-oxide

an untreated catalyst. Running under oxygen instead,in the presence of palladium on activated carbon, but
keeping the other reaction conditions the same, led to only starting material together with some reduced
a significant increase in the yield when compared to N-oxide were recovered in these reactions. The ad-
the untreated catalyst under an inert atmosphere. Moreditional methyl group, especially in the 2-position,
of the orange colored by-product was formed in this probably resulted in severe steric interactions with
case, butitis a small amount of strongly colored prod- the catalyst surface.

uct that cannot be detected by solution NMR of the  4-Isopropyl pyridine gave about the same yield as
crude product. All attempts to isolate and identify the 4-methylpyridine, while the starting material was re-

by-product failed. covered in the reaction of #rt-butylpyridine. Steric
To probe the efficiency of palladium(ll) as catalyst, factors are thus clearly very important.
palladium(ll) acetate with 4-methylpyridind-oxide In the reaction of 4-methoxypyridine a palladium

as the oxidative agent was tested, but it turned out to mirror was formed on the reaction flask, resulting in
be ineffective as a catalyst. Palladium(ll) trifluoroace- an ineffective catalyst system.MN-Dimethylamino
tate under an oxygen atmosphere did not show any pyridine did not give any coupled product, which is

formation of the desired product either. probably due to coordination of the amino-nitrogen to
The catalyst can be reused, but not regeneratedpalladium instead of the pyridine-nitrogen.
to its original activity. Washing the catalyst with Platinum on carbon did not give any detectable

hot (close to the boiling point) pyridine and hot amount of product under the reaction conditions used
4-methylpyridine did dissolve additional products, in here and neither did homogeneous platinum(0) with
this case more 4,4-trimethyl-2,2:6',6"-terpyridine norbornene ligands.
than 4,4-dimethyl-2,2-bipyridine. The activity of this A few homogeneous palladium(0) catalysts were
regenerated catalyst was about a third of the original also studied, using ligands such as dibenzyli-
activity of the fresh catalyst. The inability to regener- dene acetone, bipyridine and fumaronitrile, and
ate the catalyst to the original activity indicates that 2,9-dimethyl-1,10-phenantroline and fumaronitrile,
either the catalyst is dissolved or the catalyst is poi- but rapid catalyst decomposition occurred without
soned by some species that cannot be washed away. product formation irrespective of the atmosphere,
oxygen or argon.
3.2. Different substrates and catalysts Copper(ll) acetate and nickel(ll) acetate were not
active catalysts for this reaction.

Pyridine could also be coupled to the2i#pyridine
using palladium on carbon, but the yield was about 3.3. XPS measurements
half of that for 4-methylpyridine.

Following the procedure of Haginawa and Higuchi, 3.3.1. Reference catalyst
which uses 4-methylpyridine and 4-methylpyridiNe- The XPS survey spectrum obtained from the ref-
oxide in a ratio of 1:1 [18], attempts to form erence catalyst, as used in the reactions, is shown in
cross-coupling products were carried out by mix- Fig. 1a. Only peaks due to carbon, oxygen, and palla-
ing pyridineN-oxide and 4-methylpyridine or dium are present. The high resolution XPS spectrum
4-methylpyridineN-oxide and pyridine. Mainly start-  of the palladium 8 peaks for the reference catalyst is
ing material was recovered in these reactions. In the shown in Fig. 2a. Two states of palladium can read-
case of pyridinedN-oxide and 4-methylpyridine, a ily be distinguished on the surface (see dashed lines
considerable amount of pyridine together with a small in Fig. 2). The higher binding energy peaks are con-
amount of the 4,4dimethyl-2,2-bipyridine was ob- sistent with a palladium(ll) oxide [27]. Based on peak
served. This together with results from a pyridine areas about 50% of the total amount of palladium is
treated catalyst indicates that pyridine coordinates palladium(ll). However, this percentage ranged from
more strongly to palladium than 4-methylpyridine 50 to 67% for different runs on reference catalysts
and acts as a poison for the coupling of the latter. obtained from the same batch. Since the XPS mea-



H. Hagelin et al./Journal of Molecular Catalysis A: Chemical 164 (2000) 137-146 141

x;s """" T s 3.3.2. Oxidized catalyst
Pd3p +Ols Cls . . .
The amount of the higher oxidation state of palla-
% dium could be increased (up to about 75%) by oxygen
? treatment (200C and oxygen at atmospheric pres-
E *____,__,,__—AJ\____,JU sure) as can be seen in Fig. 2b. The palladium to car-
& — bon ratio is attenuated after the catalyst is treated with
B ‘—’MA/M_A oxygen (cf. Fig. 1a and b), most likely due to sintering
< c of the palladium particles. Sintering results in larger
% ,\,_.—‘——A—/‘)L.__»JLJ palladium particles and consequently a reduction in
d the surface area of palladium. Since this catalyst
] runs better under an oxygen atmosphere, compared
Nls to untreated catalyst under an inert atmosphere, the
......... T W IR rrrrrvri rrerrrssreeeeecrs large variation in catalytic activity between catalyst
1000 900 800 700 600 500 400 300 200 100 O batches and suppliers may be the result of varying
Binding Energy (V) initial amounts of palladium oxide on the surface of

: these catalysts. The palladium oxide is, therefore,
Fig. 1. XPS survey spectra of (a) reference catalyst, (b) oxygen . . ) )
pretreated catalyst, (c) heat-treated catalyst, (d) deactivated catalyst, MOSt likely the_ active species rather than palladium
and (e) oxygen-treated deactivated catalyst. metal. The belief that palladium metal is the catalyst
may have impeded attempts to improve the yield in
earlier work. This could be the reason why only small

surements probe several atomic layers, the true oxide ! - )
content of the surface could be higher than this ratio Increases in the yield have been reported since 1967.
would imply. The surface, and the near surface region, 1he Smaller palladium to carbon ratio does not seem
of the palladium on carbon catalyst, therefore, consist © &ffect the catalytic activity.

of a considerable amount of oxidized palladium.
3.3.3. Heat-treated catalyst

——— ——r Heating the reference catalyst to 2&0under slight

PA(IT) Pd(0) vacuum removed almost all of the higher oxidation

. state. Only a small shoulder due to palladium(ll) can

be seen in the XPS spectrum (Fig. 2c). The lower
activity for this catalyst is consistent with the higher
oxidation state being the active state. The XPS sur-
vey spectrum from this heat-treated catalyst also
showed that the palladium to carbon ratio is reduced,
when compared to untreated catalyst (Fig. 1¢c and a,
respectively).

N(E) (arbitrary units)

3.3.4. Deactivated catalysts

XPS measurements were performed on the deacti-
vated catalysts that were filtered off after a complete
reaction, washed with hot ethyl acetate and dried in
vacuo at 20 mTorr overnight. The survey spectra of
the catalysts after the reaction (normal treatment:
L Fig. 1d and oxygen pretreated: Fig. 1e) showed the
presence of a small amount of nitrogen, most likely

Binding Energy [eV] adsorbed surface species. The nitrogen peak appears

Fig. 2. XPS palladium & peaks from (a) reference catalyst, (b) more pronounced on the deactivated catalyst that

oxygen pretreated catalyst, (c) heat-treated catalyst, (d) deactivated h&}d been exposed to oxygen at elevated temperature
catalyst, and (e) oxygen-treated deactivated catalyst. prior to reaction. No nitrogen could be detected on
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the fresh catalyst (Fig. 1a). As for the oxygen and surface species on supported metal catalysts in partic-
heat-treated catalysts, the palladium to carbon ratio ular [28]. There are several options as to which nu-
is lower on the deactivated catalysts than on the fresh clei in this system to observé®Pd, 1H, 15N, 14N,
catalyst (cf. Spectraa and d, or b and e of Fig. 1). This and 13C. Given that both the reactant and product
reduction could, as mentioned, be due to sintering contain nitrogen!°N NMR was initially considered.
of the palladium particles, to palladium being cov- However, the low natural abundance, 0.365%, and low
ered by adsorbed carbon species, to a small amountsensitivity of 1°N require the use of a reactant iso-
of palladium being dissolved from the surface, or topically enriched inl®N. Attempts at synthesizing
to a combination of these effects. The reduction in 4-methylpyridine from!°N-labeled starting materials
palladium to carbon ratio is larger for the oxygen pre- were unsuccessful. Our second option was to observe
treated catalyst run under oxygen when compared to 13C, which has a higher sensitivity and higher nat-
the reference catalyst run under an inert atmosphere,ural abundance (1.108%) — again attempts at syn-
which suggests that more palladium is dissolved from thesizing 4-methylpyridine from3C-labeled starting
the surface of the oxygen-treated catalyst, or that the materials were unsuccessful. We, therefore, focused
palladium is covered by a higher amount of carbon on natural abundanc®C NMR. The most signifi-
containing species, or both. There is evidence for both cant difficulty associated with this approach was the
effects in the current data. The removal of palladium large background signal from the carbon support. We
from the surface is corroborated by the observed or- used two methods for suppression of th#€ back-
ange by-product in the case of the catalyst treated ground signal. The first method exploits the large ob-
with oxygen, while a higher coverage of adsorbed served difference in the spin-lattice relaxation times:
molecules (either starting material or product) is con- the3C nuclei in the activated carbon have a very long
sistent with the higher intensity of the nitrogen peak spin-lattice relaxation tim&;, on the order of minutes,
when comparing the oxygen-treated and reference while the species adsorbed on the metal surface have
catalysts. More significant is that most of the palla- much shorter spin-lattice relaxation times, on the or-
dium(ll) oxide is removed from the surface regardless der of seconds. (This observation was not unexpected
of whether the catalyst had been pretreated in or run as previous NMR studies have shown that metal ef-
under oxygen (Fig. 2, spectra d and e). Nevertheless, fects often lead to shorter spin-lattice relaxation times
multiple states of palladium are still left on the sur- of adsorbed species [29].) We used short repetition
face. This can be seen as a shoulder on the palladiumrates of the spin echo pulse sequence to suppress sig-
3d peak in spectra d and e, Fig. 2 (see dotted line). nals from13C nuclei with longT,’s. Comparison of
The peak area of the higher energy state comprisesdata obtained for a deactivated catalyst with that for
about 30% of the total peak area and the binding the clean catalyst allowed further isolation of the sig-
energy of this state is in between that of palladium nal from surface species. The second approach relied
metal and palladium(ll) oxide. This could correspond on the expectation that the only hydrogen-containing
to a palladium species with a coordinated, bonded, or species in our sample were deposited as a result of
even decomposed 4-methylpyridine derivative. the reaction. We used standard cross-polarization com-
The depletion of palladium(ll) oxide is probably bined with magic angle sample spinning to selectively
the main reason for catalyst deactivation and explains observe those species containing hydrogen. To avoid
why the oxygen pretreated catalysts work better un- effects due to water adsorbed on the support, the cat-
der oxygen than under an inert atmosphere. However, alysts were dried under vacuum (20 mTorr, overnight)
the formed palladium metal is difficult to reoxidize to  prior to analysis. Finally, it should be noted that nei-
palladium(ll) and consequently, atmospheric pressure ther approach unambiguously allows for the separa-
of oxygen is not a sufficiently good oxidative agent. tion of signals from surface species on the metal and
surface species on the support, i.e. they do not identify
surface species spilled over onto the support itself.
3.4.1. Background There are additional difficulties associated with the
Solid state NMR has proven to be a useful tool NMR study of catalysts with activated carbon sup-
for studying heterogeneous catalysts in general and ports. The conductivity of the support due to unpaired

3.4. NMR measurements
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electrons (dangling bonds) leads to a lowering in the
quality factorQ of the probe coil, a reduction in the
maximum radiofrequency power levels and difficulties
in magic angle sample spinning. In these experiments,
the samples were diluted with nine parts of sulfur to
one part of catalyst by weight which, although spin-
ning and tuning then worked satisfactorily, reduced
the net amount of sample used in the measurements,
and lead to long acquisition times. The presence of un-
paired electrons also affects the NMR signals leading
to significant line broadening and short spin-lattice re-
laxation times for those carbon nuclei coupled to the
electrons [30]. In extreme situations no NMR signal
is observable. However, in our experimeft€ NMR

signals are clearly observed and we make the assump-

tion that the observed signals are representative of all
the carbon nuclei in the sample, i.e. that the unpaired
electrons and adsorbed surface species are uniformly
distributed.

3.4.2. Reference and deactivated catalysts
A 13C spectrum obtained for an untreated catalyst
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Intensity (arbitrary units)

300

200

500 400 100 -100 -200

ppm

0 -300

Fig. 3. 13C NMR spectra of fresh catalyst. The spectrum was
obtained using a homebuilt probe with a 10 mm coil. The dashed
curve is a broadened spectrum calculated using the chemical shift

as used in the reactions, using a spin echo pulse se-parameters from [31].

guence under non-spinning conditions is shown in
Fig. 3. The chemical shift anisotropy agrees qual-
itatively with previous work on pure carbon [31],
although clearly we have significant additional broad-
ening due to the conductivity of the sample.

A catalyst from a reaction with 4-methylpyridine
at reflux (145C) for 72h under a nitrogen atmo-

of the pyridine-nitrogen to palladium(ll). (The sig-
nal for this carbon would shift to higher ppm values
and it is thus possible that it is masked by the sup-
port signal). In an attempt at improving the overall
signal-to-noise ratio for the deactivated catalyst sam-

sphere was prepared as for the XPS measurementsle, the experiments were repeated at low temperature

(vide supra). The*3C spectrum for this deactivated
catalyst obtained using fast repetition rates reveals sev-
eral features not evident in the spectrum for the raw
catalyst (Fig. 4a).

The two most prominent new features occur at
approximately 20 and 125ppm corresponding to
methyl and protonated aromatic carbon nuclei, re-
spectively (The pure starting material and product,
run under the same experimental conditions, both
give features at 150, 125, 20 ppm. Signals from the
by-product, 4,44"-trimethyl-2,2:6',6"-terpyridine,

(77 K). However, this approach was unsuccessful as
no clearly resolvable signals other than from the sup-
port were observed. One possible explanation is that
the signals observed at room temperature were due to
mobile species and that this mobility was frozen out
at 77K, thus leading to broad features, which were
not resolvable from the background. Another possi-
ble explanation is that the difference in spin-lattice
relaxation times became significantly smaller at 77 K
and thus the background support signal overwhelmed
the signal from the adsorbed species.

are also expected close to these values.) The absence

of a clear feature at 150 ppm, which corresponds to
the carbon next to the pyridine nitrogen, suggests
significant broadening and/or shift for this carbon,
consistent with either direct coordination to palla-
dium (as a result of a C—H insertion) or coordination

3.4.3. Room temperature treated catalyst

A second catalyst was stirred for 72h with
4-methylpyridine at room temperature under a ni-
trogen atmosphere. Filtration, washing with ethyl
acetate, and drying at room temperature was done as
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pumping at 20 mTorr for 55h the signal from the
starting material was not reduced.

3.4.4. Heat-treated deactivated catalyst

In an attempt at catalyst regeneration, the deacti-
vated catalyst was heated under vacuum (85 mTorr) to
150°C and left at this temperature for 28 h. Carbon-13
NMR spectra obtained for this catalyst showed that
while some surface species have been removed by this
treatment, a significant fraction remains. The activity
of this catalyst was lower by a third when compared to
the original catalyst. Therefore, heating under vacuum
is a more efficient way of regeneration than washing
with hot pyridines, which lead to a two-thirds reduc-
tion in activity (vide supra). However, it may not be
. possible to completely regenerate the catalyst by in-
N T N creasing the temperature even further due to the risk

500 400 300 200 100 O -100 -200 -300 -400 of damaging the catalyst.
ppm

Intensity (arbitrary units)

Fig. 4. 13C NMR spectra of treated catalysts obtained using a 3.4.5. Picoline-treated support .
homehbuilt probe with a 10mm coil. (a) Spectrum of deactivated As a further reference sample, activated carbon

catalyst after 18h of signal averaging with a spin echo pulse was treated with 4-methylpyridine under the experi-
sequence repetiti_op rate of 10ms. (b) Spectrum 01_‘ catalys_t treated mental conditions (reflux under oxygen for 72h).
‘;":ge“;g:)‘ztggg]yrrgt'gf at room temperature obtained using the oy starting material was recovered after filtering
off the carbon. The NMR spectrum of the carbon
after normal catalyst treatment (washing with ethyl
for the deactivated catalysts. THEC spectrum ob-  acetate and drying overnight at 20 mTorr) did not
tained for this catalyst is shown in Fig. 4b. Again, a show any significant features due to 4-methylpyridine
sharp feature due to protonated aromatic carbon nu-or 4,4-dimethyl-2,2-bipyridine. The signals from the
clei is observed at roughly 125 ppm. The signal from deactivated catalysts should therefore not be due to
the methyl group of the 4-methylpyridine can be seen any reactant species that are adsorbed on the support.
at 20 ppm while the amino-carbon cannot be distin-
guished from the background signal. An additional 3.4.6. Cross-polarization and magic angle spinning
feature, most likely due to residual ethyl acetate, (CPMAS)
is observed at roughly 60 ppm. Additional pumping  Fig. 5a shows thé3C CPMAS spectrum obtained
significantly reduced the intensity of this peak. The for the deactivated catalyst after 55h of signal av-
observation of the 125 ppm feature suggests that theeraging. No background signal from the support is
starting material is strongly adsorbed and cannot be evident. For comparison, the spectrum obtained for
removed under vacuum (vide infra). The feature could 4,4-dimethyl-2,2-bipyridine, run at the same condi-
also be due to a small amount of formed product that tions, is shown in Fig. 5b. The similarities between
cannot desorb from the catalyst at this temperature. these two spectra are again consistent with the pres-
The product in this case would stay on the surface ence of either the reactant or one of the products.
and, consequently, cannot be detected after work-up Returning to the spectra shown in Fig. 4 which were
since it is filtered off with the catalyst. The strong o0btained using fast repetition rates under non-spinning
adsorption of 4-methylpyridine was confirmed by an conditions without proton decoupling suggests that
NMR measurement on a catalyst that was not washedthe relatively narrow feature observed at 125 ppm in
with ethyl acetate after reaction. Instead the catalyst the non-spinning experiments may be due to mobile
was washed with hot 4-methylpyridine. Even after surface species for which cross polarization is not
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Fig. 5. CP/MAS spectra of (a) deactivated catalyst and (b) product.
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better under oxygen if the catalyst is pretreated un-
der oxidative conditions. This reduces the dependence
of catalytic activity on catalyst preparation. The ac-
tive catalyst was consequently found to be a palla-
dium oxide rather than palladium metal, as believed
earlier. The coupling of pyridines therefore requires,
as is the case for other palladium-catalyzed aromatic
coupling reactions, a palladium(ll) rather than a palla-
dium(0) catalyst. Since pyridines are fairly unreactive
in electrophilic reactions, palladium trifluoroacetate is
not sufficiently active. However, the palladium oxide
surface, where the only ligand for palladium i$O
apparently has sufficient electrophilic activity.
Depletion of palladium(ll) together with poison-
ing are the most probable reasons for the decrease
in catalytic activity with time. The palladium(ll) is
reduced to palladium(0) during the reaction and the
formed palladium metal is difficult to reoxidize to
palladium(ll), which explains the presence of palla-
dium(0) even under oxidizing conditions. The for-

The spectrum in (a) was obtained with a pulse sequence repetition mation of the colored product in the reactions under

rate of 2s and a spinning speed of 3.3kHz. The asterisks mark

the positions of the centerbands (156, 150, 126, 123, and 21 ppm).

very efficient. However, results obtained for the pure
solid product under similar conditions suggest that
we may be observing a sharp discontinuity in the
full chemical shift anisotropy pattern which is further
distorted by the absence of proton decoupling and
anisotropic relaxation.

In summary the NMR results show that (i) the
reactant does not strongly interact with the support
alone; (ii) the reactant adsorbs strongly on the cata-
lyst; (iii) the deactivated catalyst gives NMR signals
in both non-spinning and CPMAS experiments con-
sistent with reactant, product, and/or by-product; (iv)
complete regeneration of the catalyst (i.e. removal of

surface species) is difficult under reasonable treatment

conditions.

4. Conclusions

The studies of the palladium catalyzed coupling
of 4-methylpyridine to 4,4dimethyl-2,2-bipyridine

showed some very interesting results. We discovered,

in contrast to earlier findings, that the reaction works

oxygen also indicates that at a small portion of the
palladium is dissolved from the surface by forming a
complex with the product (or the by-product). This
is consistent with the slightly smaller palladium to
carbon ratio in the XPS measurements. The XPS data
showed the presence of nitrogen containing surface
species on the deactivated catalyst and this poison
is most probably, as shown by the NMR data, either
the product or the by-product, which both bind very
strongly to palladium(ll). Using a different washing
procedure after the normal treatment did dissolve
more 4,44 -trimethyl 2,2:6',6"-terpyridine than
4,4-dimethyl-2,2-bipyridine, which may indicate
that the more severe poison is the by-product. From
studies in homogeneous phase, using palladium(ll)
as catalyst, it was shown that pyridine and bipyridine
inhibit the aromatic coupling of 4-methylpyridine.

With the information acquired in this work we will
try to modify the conditions to improve the yield for
future industrial synthesis and also try to develop a
more general procedure that will work for other similar
substrates. More insight into the reaction mechanism
is needed and solid state NMR methods will continue
to be used. The use 6PN and/orl3C labeled starting
materials will give enhanced signal-to-noise and lead
to further insights, particularly with respect to bind-
ing of the surface species. (A parallel series of ex-
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periments on'°N-enriched pyridine is underway to

probe the binding and subsequent reactions of this
molecule.) Work to synthesize the necessary com-

pounds is underway.
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