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The II D exchange of a number of oxygen-containing heterocyclic compounds with vari- 
ous deuterating agents, viz., D20, C6D6, and C2DsOD, was investigated. Group VIII 
metals and their salts and oxides, as well as carbon, aluminum oxide, aluminum sil- 
icate, and a metal zeolite, were used as catalysts. The mechanism of H--D exchange 
and the effect of the nature of the catalyst on its activity in the reaction are 
discussed. 

It has been previously shown [I] that in the catalytic transformations of complex organ- 
ic molecules different structural fragments make different contributions to the interaction 
of the molecule with the surface of the metal catalysts. It seemed of interest to ascertain 
the effect of such factors as the nature of the deuterating agent, the method of preparation 
and activation of the catalysts, and the surface of the metals in the case of isotope-exchange 
reactions. 

In the present research we investigated the H--D exchange of a number of heterocyclic 
compounds with various deuterating agents (D20, CD~CD2OD, and C6D6) on platinum, activated 
birch charcoal, metal zeolites, aluminum silicate, and aluminum oxide. In addition, we stud- 
ied the effect of the compositions of the starting salts and the method of activation on the 
properties of platinum blacks. The results are presented in Table i, from which it is appar- 
ent that in the case of the platinum catalyst the most active deuterating agent is D20. This 
can be explained by different competitive adsorptions of the organic compounds. In [i] it 
was shown that the molecules of heterocycles such as benzofuran '~isplace" benzene from 
the metal surface, thereby hindering its exchange, whereas they themselves undergo active 
deuteration by heavy water in this case. Similarly, in our case also benzofuran displaces 
C6DG from the catalyst surface, and H--D exchange does not take place. At the same time, deu- 
terating agents that contain OD groups (D20 and C2D~OD) are more competitive agents as com- 
pared with benzene and participate in H D exchange with benzofuran to the extent of 67% and 
24%, respectively (Table i). Under the same conditions benzodioxane undergoes only slight 
exchange only with D20. This behavior of 1,4-benzodioxane can be explained by the strong 
interaction of the electrons of both heteroatoms with the metal surface, which leads to the 
formation of rather stable surface complexes and hinders active participation of the 1,4- 
benzodioxane molecules in the adsorption-{esorption process. The reasoning presented is con- 
firmed by the data in Table 1 on the H--D exchange of tetralin, which undergoes 96% exchange 
under the same conditions. 

Only the platinum catalysts displayed catalytic activity in H--D exchange, while activated 
birch charcoal, the metal zeolites, AI20~, and aluminum silicate were not active (Table 2), 
despite the fact that their specific areas exceeded the area of Pt by many times. At the 
same time, the platinum obtained from various complexes displayed different degrees of activ- 
ity in H-D exchange (Table 2). To obtain the platinum blacks we used complexes of various 
types, viz., potassium tetrachloroplatinite (complex i), dichloroethylenediaminetetraacetato- 

, dichloroethylenediamine(N,N )diacetatoplatinum(II) (complex 3), platinum(If) (complex 2) 
and dichloroethylenediamineplatinum (complex 4). The platinum obtained from complex 1 dis- 
played the highest activity. To ascertain the reasons for this behavior of the catalysts in 
H--D exchange we investigated their surfaces by the method described in [2]. We determined 
the number of active centers and the fraction of the active surface by EPR spectroscopy from 
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TABLE i. Isotope Exchange of Heterocyclic Compounds with Var- 

ious Deuterating Agents on Pt 

No. Substance 

1 [ Tetralin 
2 Benzofuran 
3 1,4-Benzodioxane 
4 1,4-Benzodioxane 
5 Benzofuran 
6 1,4-Benzodioxane 
7 Benzofuran 

Deuterat- 
ing agent 

D 2 0  
D~O 
D,~O 
C6D6 
C~D~ 
C2D6OD 
C2DsOD 

Deuterium distribution, % 

Do 

82 
100 
100 
100 
76 

DI D2 

4 

22 2 

Da I D4 

6 9 

3 3 

D~ D6 

15 20 

Dz I Ds 

18 12 

"PD i, % 

D9 

6 96 
67 
14 
0 
0 
0 

24 

TABLE 2. Properties of the Catalysts Used in This Research 

Catalyst . Specific area, 
m 2 / g  

Fraction of  
the active 
surface, % 

IS, %, deutera- 
tion of benzofum 

per m 2 

~, % (deutera- 
tion/aet, center)- 

1013 

Pt black obtained from 
complex 1 

from 2 
from 3 
from 4 

Activated birch charcoal 

NdNaX (0,98) 
Aluminum Oxide 
Aluminum silicate 

21 

43 
69 
30 

506 

295 
307 
405 

39 

13 
17 
12 
0 

48 

15 
8 
1 
0 

9,5 

8,8 
4,7 
0,4 
0 

the number of diphenylpicrylhydrazyl radicals formed in the reaction of diphenylpicrylhydra- 
zine with the oxygen chemisorbed on the surface of the catalyst, which poisons the active 
centers responsible for exchange [2]. It is apparent from Tables 2 and 3 that the active 
centers were present only on the platinum catalysts; the platinum catalysts obtained from 
various complexes differ not only with respect to their "overall" specific areas but also 
with respect to the number of active centers and their efficiency. 

It has been previously shown that the oxides and salts of platinum metals do not display 
catalytic activity in H-D exchange ~2], and prior reduction of these compounds to the metals 
is therefore required. However, catalytically active forms of the metal may be obtained as 
a result of reduction of the starting oxides or salts by the substrate during the reaction 
(the so-called "self-activation"). An interesting peculiarity of this method of activation 
is the fact that sulfur heterocycles, which poison previously reduced metals, can be thorough- 
ly deuterated [i]. The results of H--D exchange of heterocycles in the presence of compounds 
of platinum metals of various types, which are reduced to the metals during the reactions are 
presented in Table 4. It is apparent from Table 4 that the natures and compositions of the 
starting compounds have an appreciable effect on the isotope-exchange process. Upon the 
whole, the salts are more active than the oxides. This is associated with the fact that, 
first, in the case of soluble salts during "self-activation" the entire mass of the metal is 
reduced rather rapidly and begins to carry out exchange, while in the case of insoluble salts 
and oxides reduction occurs only on the surface, which affects the rate of exchange; second, 
HCI is formed in the reduction of metals from the chlorides, in connection with which, in 
addition to isotope exchange of the heterocycles on the metal surface, electrophilic replace- 
ment of hydrogen by deuterium may also occur. It is precisely owing to the second effect that 
such intensive deuteration of 3-methylbenzothiophene occurs in the presence of complex 1 (Ta- 
ble 4). It should be noted that the resistance of the starting complexes to reduction affects 
the H--D exchange. This is confirmed in the case of H-D exchange in the presence of compounds 
1-4 (Table 4), which are arranged in the order 1 > 2 ~ 3 > 4 with respect to solubilities and 
in the order 2 > 3 > 4 > 1 with respect to their resistances to reduction. 

One should note the fact of the exchange of 3-methylbenzothiophene with D20 on platinum- 
(II) dioxide (Table 4). As we have already noted, sulfur compounds, particularly benzothio- 
phenes [i], poison the surface of platinum and do not participate in II D exchange. It is 
evident that in the case of '~elf-activation" the reduced platinum is poisoned by 3-methyl- 
benzothiophene. In this ~case one may propose a scheme that reflects the simultaneous occuy- 
rence of two processes, viz., isotope exchange and oxidation--reduction: 
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TABLE 3. Isotope Exchange of Benzofuran 
with D20 on Platinum Blacks Obtained from 

Various Complexes (Texpt I 120~ * 

Pt o b t a i n e d  Time of 
No. from comple~ exper iment ,  h 

D e u t e r i u m  dis- 
tr ibut ion,  % ED i, % 

1 1 
2 1 
3 2 
4 3 
5 4 
6 1 

*D i00%. 

4 
8 

1,5 
15 
15 
'20 

89 
82 
68 
71 
99 
50 

28 

43 

11 
18 
32 
29 

1 
50 

TABLE 4. H--D Exchange of Organic Compounds on "Self-Activated" 
Catalysts* 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Catalys t  

C o m p l e x  1 
,, 2 

4 
3 

PdCI~' 
PhC13 �9 4H20  
PtO2 - 2H20 
P d O  
Ph203 �9 5H20 
PrO2 - 2H20  
K2PtCI4 

Subs tance  

Benzo furan  

3-Me'thylbenzothioy 
phone  ,, 

D e u t e r i u m  diatxibution,  % 

Do Di D2 D3 

42 46 12 1 
98 2 

100 
86 1~ 2 
92 
81 1~ 
95 
99 ~ 
97 
89 11 
26 62 12 

]~D i, % 

58 
2 
0 

14 
8 

19 
5 
1 
3 

11 
74 

*Experimental conditions; for Nos. 1-4: 120~ 12 h, on Lhe basis 
of 0.03 g of the metal; for Nos. 5-8: 130~ i0 h, on the basis 
of 0.03 g of the metal; for No. 9: 130~ 6 h, on the basis of 0.03 g 
of the metal; for No. i0: 130~ 20 h, on the basis of 0.038 g of 
the catalyst; for No. ii: 130~ 20 h, on the basis of 0.Ii g of the 
catalyst (D i00%). 

0 0 OD OD 0 
I1 I[ \ /  L~ 

- - O - - P t - - O - - P t - -  0 - - -  + D,20 ~ 0 -PI- -  - 0 -  -Pt 0 

OD OD 

r -- + - O--Pt--O-- ~z~- - 

s 
O - - P t - - O - -  

S / ~ T  LC" 

EXPERIHENTAL 

The chromatographic mass spectra were recorded with a Varian MAT-44S spectrometer at an 
ionizing-electron energy of 70 eV and an ionization-chamber temperature of i80~ A 25-m 
long glass capillary column with an inner diameter of 0.25 mm packed with FFAP as the sta- 
tionary phase was used for chromatographic separation. The chromatographic column made it 
possible to isolate the investigated substance and to record its mass spectrum three to five 
times at the chromatographic peak. The percentage of deuterium was calculated with a cor- 
rection for the monoisotope effect, which was calculated from the mass spectru~ of the unla- 
beled compound. 
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The catalyst surfaces were investigated by an exchange method and by EPR spectroscopy 
[2, 3]. 

The 1,4-benzodioxane, benzofuran, and 3-methylbenzothiophene were synthesized by the 
methods in [4-6]. Complexes 1-4 were prepared by the methods in [7-10]. The platinum black 
was obtained by the method in [ll]. The charcoal was prepared by the method in [12]. 

In our research we used an aluminum silicate catalyst (Ufimsk Plant) with the following 
composition: 11.0% A1203, 88.0% SiO2, 0.1% Fe~03, 0.3% Na20, 0.6% CaO, and traces of MgO. 
According to the results of emission spectroscopy, the industrial-grade aluminum oxide had 
the following impurities (in percent): 0.001-0.002 Fe, 0.003-0.005 Si, 0.01 Ga, 0.001 Mn, 
0.002-0.003 Cu, 0.1-0.5 Ca, and 0.05 Mg, and 0.i Na. Analysis for fluorine and chlorine 
showed that these elements were absent in the catalysts. The NdNaX (0.98)* was synthesized 
by ion exchange. 

Catalytic H-D Exchange. The reagents were placed in ampuls, and the ampuls were de- 
gassed by three freezing-thawing cycles at 77~ at a pressure of 5.10 -2 mm (mercury column), 
after which they were sealed. A typical experiment under heterogeneous conditions consisted 
in heating the catalyst with the organic compound (8.3 mmole) and D20 (50 mmole, isotopic 
purity 99.8%) in the evacuated ampuls with shaking in a thermostat at 140~ for 30 h. The 
percentages and positions of the deuterium in the exchange products were determined by chro- 
matographic mass spectrometry. 
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