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The hydrogen exchange reaction between pyridinc and molecular deuterium has 
been investigated using films of Mn (62”(Z), Co (54&84”C), Ni (42-95”C), W 

OWC), and powdered Ir (-14-101”) and Pt (1OOOC) as catalysis. The activities 
of these metals fall in the sequence Co - Ni - Ir - Pt > Mn > R, tungsten show- 
ing very low activity under the conditions used. All of these metals catalyzed the 
exchange of the hydrogen atoms at positions 2 and 6 in pyridine (pair exchange). 
Exchange of hydrogen atoms at all positions (extensive exchange) occurred over 
freshly prepared Ni at 60”, Ir at 48”: and Pt at 100°C. Activity diminished when 
catalysts were repeatedly used; for an iridium powder the activity for the rxchange 
of hydrogen atoms at the 3-, 4-. and S-positions was poisonrd more rapidly than the 
activity for exchange at the 2- and 6-positions. 

Nickel film at 95°C and platinum powder at 100°C c,ach catalyzed the hydrogenn- 
tion of pyridine to piperidine. 

The nickel-catalyzed exchange of 2- and of 3-mcxthylpyridine with deuterium is 
reported briefly. 

A mechanism for the exchange reaction is proposrd. 

IKTRODUCTION 

The metal-catalyzed hydrogenation of 
pyridine, quinoline, and related heterocyclic 
compounds has been extensively studied 
from the stand-point of product character- 
ization, and the subject has been reviewed 
(1, 2). However, there have been very few 
studies of the elementary processes occur- 
ring during the chemisorption of even the 
simplest heterocyclic compounds on metal 
surfaces. Consequently, the situation differs 
significantly from that in the field of the 
benzenoid aromatic hydrocarbons, where 
mechanisms of hydrogenation can be based 
on information about’ chemisorption ob- 
tained by the usual direct and indirect 
methods. For example, hydrogen exchange 
reactions between C,;H,-& (R = alkyl or 
H) and molecular deu’erium (3, 41 or deu- 
terium oxide (5) have provided a wealth 
of information (and controversy) about the 
nature of chemisorbed benzcncs and their 
interaction with hydrogen. 

In the heterocyclic field, Garnctt et al. 

have studied hydrogen exchange between a 
range of nitrogen heterocycles and deu- 
terium oxide catalyzed by all of the Group 
VIII metals (6) ; nickel-catalyzed pyridine 
exchange has also been studied by hlac- 
donald and Shannon (7). Ultraviolet rpec- 
troscopy has been used recently by Kishi 
and Ikeda to study pyridine chemisorption 
on titanium, iron, and nickel (8). 

Exchange in the liquid phase, using 
water as the source of the isotopic tracer 
has both advantages and disadvantages. 
The prime advantage is that it makes pos- 
sible an examination of the exchange of 
involatile substances, and consequently a 
wide range of heterocyclics can be ex- 
amined. However, reactions are often so 
slow that temperatures in the region of 
100°C are normally required, and even 
under t,heue conditions low conversions are 
sometimes reported after reaction periods 
of many hours or days. Furthermore, effects 
of the variation of temperature have not 
been observable. 

For thccr reasons we considered that a 
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study of the metal-catalyzed hydrogen ex- 
change reaction between pyridine and 
molecular deuterium using gaseous reac- 
tants would be valuable. 

EXPERIMENTAL 

Materials 

Cobalt wire, nickel wire, iridium tri- 
chloride, and hexachloroplatinic acid were 
supplied by Johnson Matthey and Co. 
Ltd.; the wires were “Specpure” grade. 
Tungsten wire was supplied by the Tung- 
sten Manufacturing Company. Manganese 
flake was obtained from Koch Light Ltd. 
Pyridine was purified by preparative glc 
and deuterium by diffusion through a 
heated palladium thimble. 

Apparatus 

Reactions were carried out in a grease- 
free high vacuum system employing mer- 
cury diffusion pumps. The Pyrex reaction 
vessel (250 ml) was sealed to the vacuum 
system by compressing an indium wire 
gasket between two ground glass flanges. 
MS3 and MS902 mass spectrometers 
(A.E.I. Ltd.) were used for the isotopic 
analysis of products. 

Catalysts 

Metal films were prepared according to 
the methods described by Kemball (9) in- 
volving careful outgassing of the metal and 
of the glass surfaces. Stocks of platinum 
and iridium powders were prepared by the 
reduction in a hydrogen stream of hexa- 
chloroplatinic acid at 274°C and of iridium 
trichloride at 200°C. Individual samples 
taken from the stocks were reduced again 
at 100°C for 2 hr under deuterium (100 mm 
Hg) and were then pumped for 30 min. 

The surface areas of nickel films were 
measured by the deuterium chemisorption 
technique; typical values were about 
9 m2g-l. Surface areas of iridium and 
platinum powders were measured by carbon 
monoxide chemisorption and by the oxida- 
tion of diphenylpicrylhydrazine in benzene 
solution (IO) ; values of 7 m*g-l for iridium 
and of 4 m2g-l for platinum were obtained 
on the assumption that 50% of the carbon 

monoxide chemisorbed in the linear form 
and 50% in the bridged form. 

Procedure 

Reactants were mixed in the pressure 
ratio C&NH,: D, = 1: 10 before admission 
to the vessel. The pressure of pyridine in 
the vessel was normally 1 or 2 mm Hg. 
Reactions were analyzed by one of two 
methods. When the powders Ir-1 and Ir-2 
were investigated, the vessel was removed 
from the vacuum system immediately after 
admission of reactants and was connected 
to the heated inlet system of the MS902 
mass spectrometer so that the reaction 
could be followed continuously. When the 
other catalysts were investigated, one anal- 
ysis was made at an appropriate time 
during each run, usually after 30 min, using 
the MS3 mass spectrometer (cold inlet sys- 
tem). Great care was taken to ensure that 
the MS3 was clean before samples were 
examined, otherwise traces of previous 
pyridine samples were displaced from the 
walls of the cold inlet system, and con- 
stituted an intolerable contamination. 
Spectra were obtained at 12 eV; no ap- 
preciable fragmentation of pyridine oc- 
curred. Corrections were applied to take 
account of naturally occurring carbon-13 
and deuterium. 

RESULTS 

Hydrogen exchange between pyridine 
and deuterium occurred at the surfaces of 
all of the metals studied, whereas hydro- 
genation to piperidine was observed only 
over nickel and platinum at about 100°C. 

The course of the exchange reaction P-as 
investigated in detail over iridium powder 
aC, -14°C (sample Ir-1) and at 19’C 
(sample Ir-2). The results are shown in 
Figs. 1 (a) and 2(a), respectively. At the 
lower temperature two hydrogen atoms 
are rapidly exchanged for deuterium, 
whereas at the higher temperature all the 
hydrogen atoms exchanged at a measurable 
rate. 

Some 50 exchange reactions were carried 
out for each of which one analysis only 
was made; a selection of typical results is 
shown in Table 1. The exchange of two 
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FIG. 1. (a) The variation of the composit’ion of the reaction mixture with time over Ir-1 (an iridium 
powder weighing 49.6 mg.) at - 14°C. (b) The function plots for reaction over Ir-1, where 4 = TZ~,~+ i[&] 
where di is the percentage of pyridine containing i deuterium at,oms. 

hydrogen atoms for deuterium was the NMR analysis of products obtained over 
major process over nickel films at 42”C, nickel showed that exchange had occurred 
cobalt films in the range 54-84”C, and in the 2- and 6-positions, i.e., at the posi- 
manganese and tungsten films at 62°C. tions ortho to the nitrogen atom. However, 

REACTION TIME (minutes) 

FIG. 2. (a) The variation of the composition of the reaction mixture with time over Ir-2 (an iridium pow- 
der weighing 49.0 mg.) at 19°C. (b) The function plot for reaction over Ir-2. 
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TABLE 1 
PRODUCTS OF THE HYDROGEN EXCHANGE REACTION BETWEEN PYRIDINE AND DEUTERIUM 

CATALYZED BY VARIOUS METAL FILMS AND POWDERS 

Reac- 
tion Products (%) 

Weight Temp. time 
Catalyst bug) (“C) (min) CsNHs GNHdD GNHJh C&NH& CsNHDd C6NDs 4 

Ni-film 4.7 42 30 11 9 79 1 0 0 167 
Ni-film 11.7 60 30 10 9 71 6 3 1 151 
Ni-film 10.3 95 30 2.5 15 25 24 11 0 181 
Co-film 11.8 65 3;) 23 8 68 1 0 0 144 
Mn-film 46.8 62 30 53 4 43 c 0 0 90 
W-film 12.1 58 30 96 0 4 0 0 0 8 
Ir-3-pwdr 19.8 0 15 55 27 17 1 Tra 0 64 
Ir-4-pw dr 20.0 25 15 18 28 51 3 Tra Tra 139 
Ir-5-pwdr 20.2 48 30 7 4 30 35 19 5 270 
Pt-pwdr 1oc 100 30 7 11 58 19 4 1 205 

a Tr = trace (0.1 to 0.4Y0,). 

as the temperature of the nickel-catalyzed 
reaction was raised, the exchange of three 
and of four hydrogen atoms was observed. 
Furthermore, analysis by mass and NMR 
spectrometry revealed that considerable 
hydrogenation to piperidine had taken 
place at 95°C. 

Results obtained using the iridium 
powders Ir-3, 4, and 5 confirm those re- 
ported in Figs. 1 (a) and Z(a). Again the 
extent of the exchange clearly increases 
with increasing temperature. Platinum pow- 
der at 100°C catalyzed the exchange of up 
to five hydrogen atoms but the exchange of 
a set of two was again the most rapid 
process taking place. Exchange was accom- 
panied by hydrogenation to piperidine. 

A series of ten exchange reactions was 
carried out using the powder Ir-5, to ex- 
amine whether the exchange pattern 

changed as the catalyst was used. A selec- 
tion of the results is shown in Table 2. 
Clearly, activity for the exchange of five 
hydrogen atoms diminished rapidly so that, 
by the ninth reaction, exchange was con- 
fined to a set of two hydrogen atoms even 
at 101°C. Furthermore, comparison of Ir-5 
run 3 with Ir-4 run 1, or of Ir-5 run 7 with 
Ir-3 run 1 shows that the activity for the 
exchange of two hydrogen atoms in pyri- 
dine also diminished as the catalyst was 
used. 

The exchange of 2- and of 3-methylpyri- 
dine with deuterium was examined briefly 
using nickel films (3-20 mg) at 42°C. After 
30 min, the 2-methylpyridine had attained 
the composition C,NH, = 14”/0, C,NH,D = 
64%, C,NH,D, = 12%, C,NH,D, = 50/o, 
C,NH,D, = 5%. More highly exchanged 
products were not observed. The exchange 

TABLE 2 
PRODUCT COMPOSITIONS OBSERVED IN A SERIES OF REACTIONS CATALYZED BY IRIDIUM-~ POWDERY 

Reaction Products (70) 
Experiment. time 

number Temp. (“C) (min) GNHb CbNH4D C;NHsD2 C&NHzDa GNHD4 CsNDs 

1 48 30 7 4 30 35 19 6 
3 28 15 46 24 22 3 2 3 
7 0 15 85 10 4 1 Tl.b Ti 
9 101 15 53 24 22 1 Trb 0 

a Catalyst weight = 20.2 mg. 
b trace = 0.3 %. 
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of 3-methylpyridine was confined to the 
formation of C,NH,,D. 

DISCUSSION 

The Multiplicity of the Exchange 

Inspection of Fig. la shows that ex- 
change was stepwise over Ir-1 at -14°C. 
The results have been evaluaLed using 
Kemball’s procedure (II, 12). The appro- 
priate function plots (Fig. lb) are linear, 
and the ratio of the gradients gives a value 
of M (the mean number of hydrogen atoms 
replaced by deuterium in each molecule of 
pyridine undergoing exchange in the initial 
stages of reaction) of 1.0 & 0.1. This con- 
firms that exchange is stepwise. A reliable 
value of M cannot be obtained for the re- 
action over Ir-2 at 19°C because too large 
a proportion of the &NH, was consumed 
before analysis commenced. 

The intercept of Fig. 1 (b) gives a value 
of & that is close to the expected value of 
388. However, the intercept of Fig. 2(b) 
has a much lower value, indicating that 
the reaction was proceeding in two stages, 
the first being exchange at the 2- and 6- 
positions (which was almost complete by 
the time the analyses commenced) and the 
second being the incorporation of deuterium 
into the remaining positions. The rate 
constant of the latter process is obtainable 
from the gradient of the line in Fig. 2(b). 

The linearity of Figs. 1 (b) and 2 (b) 
also demonstrates that poisoning did not 
occur during the course of a reaction. 

Rate constants and values of M based 
on single analyses are inherently unre- 
liable. However, for the reactions reported 
in Tables 1 and 2, the values were in the 
range 1.0-1.3 for reactions over nickel at 
42 and 6O”C, cobalt at 65”C, fresh iridium 
powders at 0 and 25”C, and platinum 
powder at 100°C. Higher values, in the 
range 1.7-2.0 were recorded for fresh 
iridium powder at 48°C and for the man- 
ganese and tungsten films at about 60°C. 

Definitions 

In the discussion of mechanism that fol- 
lows the term pair exchange will hc used t,o 

denote the process whereby the hydrogen 
atoms at the 2- and B-positions are ex- 
changed for deutcrium atoms, and the 
term extensive exchange will denote the 
processes which enable all five hydrogen 
atoms in pyridine to undergo exchange. 

Mechanism of the reaction. The chemi- 
sorption of pyridine on nickel films at 
ambient’ temperatures has been examined 
using ultraviolet spectroscopy by Kishi and 
Ikeda (8). This investigation shows that 
chemisorption is achieved by t’he forma- 
tion of a coordinate bond between the 
nitrogen atom of pyridine and a meLa 
atom (or site) at the surface. The observa- 
tion of fine structure in the spectrum of 
the chemisorbed pyridine led to the con- 
clusion that there is little or no n-inter- 
action between the delocalized electrons of 
the aromatic ring and t’he surface. This 
species is shown as (I) in Fig. 3. (I) is 
among the chemisorbed species proposed 
by Garnett et al. to account for the hy- 
drogen exchange reaction between pyridine 
and heavy water (6). 

Chemisorption of pyridinc as (Ij allow:: 
a ready understanding of hydrogen ex- 
change at positions 2 and 6, since the hy- 
drogen atoms in question are those most 
closely situated to the surface. Such an 
exchange may proceed by an addition-ab- 
straction mechanism as shown in Fig. 4, 
or by an abstraction-addition mechanism 
involving species (I) and (II) shown in 
Fig. 3. In either case, M = 1 if pyridinc 
desorption is rapid in comparison with the 
rate of the exchange process, and M = 2 if 
the reverse is the case. 

A choice between these mechanisms may 
bc made by considering the exchange of 
2- and of 3-methylpyridine with deuterium. 
The substitution of the hydrogen atom at 
the 2-position for a methyl group should 
confine the exchange to that in the 6-posi- 
tion only if the addition-abstraction 
mechanism is operative. However, the hy- 
drogen atoms of this methyl group are in 
very close proximity to the surface, and 
hence the abstraction-addition mechanism 
may accomplish the exchange of the hy- 
drogen atoms of the methyl group as well 
as the hydrogen atom at the 6-position. 
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FIG. 3. An abstraction-addition mechanism for pair exchange, and a mechanism for extensive exchange. 

The experimental observation, using a 
nickel film under pair-exchange-only con- 
ditions, is that up to four hydrogen atoms 
exchanged; this is consistent with reaction 
by the abstraction-addition process. Con- 
sequently, the mechanism in Fig. 3 for pair 
exchange in pyridine is the more likely of 
the two alternatives. 

On this basis, pair exchange was ex- 
pected in the reaction of 3-methylpyridine. 

FIG. 4. An addition-abstra&on mechanism for 
pair exchange. 

The observation that only one hydrogen 
atom was exchanged may indicate that ex- 
change of the other was sterically hindered 
by the methyl group. 

The extensive exchange observed over 
nickel at 95”C, Ir-2 at 19”C, Ir-5 at 48°C 
and platinum at 1OO’C shows that further 
chemisorbed species are formed at these 
surfaces at sufficiently high temperatures. 
Garnett et al. (6) have proposed that, when 
extensive exchange occurs, the chemisorp- 
tion of pyridine involves not only chem- 

ical bonding as in (I) but also an inter- 
action between the a-electrons of the 
aromatic ring and the surface that is 
sufficiently strong to bring the hydrogen 
atoms at positions 3, 4, and 5 into close 
proximity with the surface. The present 
work has shown that nickel and iridium 
give extensive exchange at temperatures 
only thirty degrees or so higher than those 
at which reaction is almost entirely limited 
to pair-exchange. Consequently, the differ- 
ence between pair-exchange and extensive 
exchange in these cases is unlikely to be 
due to anything as fundamental as the 
mode of the initial chemisorption of pyri- 
dine. It is more likely that the critical in- 
crease in temperature alters the reactivity 
of some intermediate. Consider species (II) 
of Fig. 3 in this context. An increase in 
temperature is expected to enhance the 
rate of rupture of the metal-nitrogen bond, 
just as it is expected to increase the rate 
of pyridine desorption. Consequently, the 
rate of conversion of (II) to (III) will 
increase with increasing temperature. 
Species (III) is admirably suited to init,iate 
extensive exchange on several counts. First, 
it is analogous to o-adsorbed phenyl which 
is a proposed species in the dissociative 
x-complex substitution mechanism for ben- 
zene exchange (6’). Secondly, by conversion 
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to (IV) it becorned analogous to n-adsorbed 
benzene, and exLensive exchange could 
occur by processes analogous to the asso- 
ciative r-complex substitution mechanism 
for benzene exchange (4). Thesc processes 
(which are discussed in detail in reference 
6) are represented by box A in Fig. 3. 
Thirdly, extensive exchange could occur 
involving the two possible a-/3 di-o-ad- 
sorbed species; this process is represented 
by box B in Fig. 3. Xo choice between 
these alternatives can be made at present. 
Nevertheless, there is a pri~za facie case for 
supposing that the conversion of (II) to 
(III) is the critical step in the initiation of 
extensive exchange. 

Organic nitrogen bases such as pyridine 
and quinoline are noted poisons for metal- 
catalyzed hydrogenation reactions (13) and 
it is commonly supposed that the base is 
chemisorbed irreversibly at a proportion 
of the surface sites. Consequently, the 
progressive deactivation observed when 
ten pyridine exchange react’ions were 
carried out over Ir-5 is not remarkable. It 
is surprising, however, that activity for 
extensive exchange is poisoned more rapidly 
t’han activity for pair exchange. This may 
be analogous to Crawford and Kcmball’s 
reports (12, 14) of the disproportionate 
effect of sintering and of carbon monoxide 
chemisorption on the ra!c of ring exchange 
in toluene over nickel films in comparison 
with its effect on the rate of side-chain 
exchange. The poisoning is not progressive 
with extent of reaction (see linearity of 
Figs. 1 b and 2b). This shows that a slowly 
accumulating quantity of pyridine is ir- 
reversibly chemisorbed and that it is not 
the reaction itself that produces the poison. 

Finally, we compare briefly the present 
work with the results of liquid phase re- 
actions at 130°C reported by Garnett et al. 
(6) in which deuterium oxide was the source 
of the isotope. These workers also observed 
extensive exchange of pyridine over nickel 
and platinum, but only with a proportion 
of their catalysts, the remainder of which 
gave pair exchange. Cobalt was found to 
be very selective for pair exchange, as we 
have observed. There is a substantial point 

of difference in that thetie workers report 
iridium to possess low pair exchange ac- 
tivity, whereas the iridium catalysts used 
in this work were highly active for exten- 
sive exchange even at room temperature. 
These disparities merely emphasize the 
need for further examination of this reac- 
tion; indeed, it may well be that the ma- 
jority of these metals will exhibit pair 
exchange at low temperatures and extensive 
exchange at higher temperatures provided 
their surfaces are substantially free of 
poisons. 
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