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Previous Work 

We are continuing our studies of the reactions of various organic compounds with 

D,. These now include reactions catalyzed by silica. Preprints of two papers which we 

plan to present at the Aug. 1995 American Chemical Society Meeting are included with 

this report. One of these which will be presented as part of a symposium on "Catalytic 

Conversion of Aromatic Hydrocarbons" is titled "Catalysis of Alkene and Arene 

Hydrogenation by Thermally Activated Silica". I have agreed to submit a manuscript 

covering this material for a special issue of Catalysk Tuday. The other which will be part 

of a symposium on "Direct Coal Liquefaction" is titled "A New Approach to Immobilization 

of Coal-Model Compounds on Silica Using a Calcium Carboxylate Linkage". This latter 

paper will also be presented as a poster in the Sci-Mix session. The manuscript attached 

to my last proposal, titled "The Reaction of 2,2,5,5-Tetramethyl-3,4-diphenylhexane with 

D;, has been accepted by J. Org. Chem. and is in press. A new manuscript titled 

"Hydrothermolysis of a Diphenylethane-Type Substrate Attached to Silica" was included 

with my last report. A revised version of this manuscript which has been submitted to 

Energy and Fuels is included with this report. 

Current Research Support Situation 

As mentioned in my last report, we have no external funding for the corning year 
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to continue this work. The proposal submitted to the BES division of DOE was returned 

without review, because it apparently did not seem suitable for any existing program. In 

subsequent negotiations with the Chemical Sciences Division, they have agreed to see 

that a new proposal which I am writing will receive a review. 1 am at work writing this and 

hope to submit before September. I plan that this will emphasize reactions at the solid- 

gas interface involving organic models compounds in one or both phases. 

- 

Work in Progress 

The Thermal Reactions of Unsaturated Compounds with D2 and H,. Mr. 

Venkat Rajagopal and a new student, Mr. Todd Fields, are trying to extend our previous 

work on the stilbene + H, reaction by running the reaction at different stilbene 

concentrations. We have been trying to improve our kinetic data for this reaction by 

comparing it directly to the thermolysis of a sample of diphenylethane sealed in a capillary 

tube and placed next to the open glass bulb in which the reaction between stilbene and 

H, takes place. We plan to compare our data with results simulated using the ACUCHEM 

program, assuming literature rate constants for the various reactions suggested as 

mechanistic components. 

Silica-Catalyzed Hydrogenations of AI kenes. As discussed earlier, we have 

adapted the activation procedure of Bittner, Bockrath and Solar (320 "C for 16 hours 

under argon flow)' to the larger scale of our glass-walled reactors. Our procedure is to 

pack Cab-0-Si1 in a reactor tube open at both ends, at one end through a capillary 

extension. The Cab-0-Si1 is then activated using the Bittner argon-flow procedure. When 
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activation is complete, the Cab-0-Si1 is maintained in an argon atmosphere and the 

unsaturated organic compound added. The glass-walled vessel is then placed in a steel- 

tube reactor and heated under D, pressure. 

Some results of this procedure have been presented in our last two reports and 

some additional details are given in the attached preprint. What is clear so far is that 

thermally activated silica can catalyze the hydrogenation of alkenes. Silica, whether 

activated or not will undergo exchange of surface OH groups with D, at temperatures as 

low as 250 "C. The activated material may be somewhat more reactive in the exchange 

reaction, but not by a great margin. It should be noted that 0, pressures employed for 

these exchange reactions are rather high (ca. 2000 psi) as contrasted with the 

atmospheric pressure conditions involved for Bittner's pulsed microreactor experiments. 

The most remarkable aspect of these studies has been the effect of naphthalene. 

- 

When naphthalene is heated with D, and thermally activated Cab-0-Sil, we can detect 

a small amount of tetralin-d' showing that naphthalene can be hydrogenated. However, 

we cannot seem to increase the yield of hydrogenated material by increasing reaction 

times or temperatures. Diphenylethane (DPE) on the other hand can be made to give 

a mixture of 1 -cyclohexyl-2-phenylethane and 1,2dicyclohexylethane in moderate yield 

on heating under H,. The same experiment under D, shows extensive deuteration of both 

products and starting DPE. However, when naphthalene is included along with DPE in 

the reaction vessel, the DPE is not only not hydrogenated, but it does not even undergo 

significant H-D exchange. It should be noted that the temperature at which the reactions 

with D, (HJ are run is too low (350 "C) for any homolytic cleavage of the DPE to be 
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involved. Moreover, diphenylmethane (DPM) hydrogenation and deuteration is also 

inhibited by naphthalene in the same way. Naphthalene does not inhibit the 

hydrogenation of stilbene, but it would appear that stilbene inhibits the hydrogenation of 

diphenylethane, as we can detect no ring-hydrogenated products when stilbene is 

hydrogenated under conditions which would have converted a significant amount of the 

diphenylethane produced to cyclohexyl derivatives in the absence of stilbene. Even after 

conversion of 95% of stilbene to DPE, the DPE is not hydrogenated. Although we are 

quite inexperienced in the area of catalysis, the logical conclusion from these results 

seems to us to be that the substrates for this reaction bind to and block the actjve sites 

- 

on the silica surface with stilbene being bound most strongly, naphthalene or possibly one 

of its hydrogenation products next most strongly, followed by aromatics with isofated 

benzene rings such as DPE and DPM. It is possible to find small amounts of 

hydrogenated naphthalenes when it is present during stilbene hydrogenation suggesting 

that the binding of stilbene and naphthalene are comparable. It is reasonable to expect 

that compounds such as DPE and DPM would be the least reactive in this series, but it 

is not clear why the hydrogenation stops after 1 to 3% conversion of naphthalene 

whereas DPE and DPM will proceed up to 30% conversion under the same conditions. 

If one of the hydrogenation products of naphthalene is the inhibitor and not naphthalene, 

it would explain at least some of our results. We need to test dihydronaphthalene and 

tetralin in this connection. 

Preliminary experiments suggest that biphenyl is less easily reduced than either 

OPE or DPM. This, along with the aliphatic H/D exchange which accompanies ring 
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reduction of DPE and DPM, suggests that the presence of benzylic C-H bonds may 

facilitate arene hydrogenation. In our previous report, we had suggested that thermally- 

activated silica catalyzes hydrogenations in a similar manner to that proposed for Zn0.2 

The reported adsorption of H, on the surface and the "poisoning" of this process - by water 

is at least analogous to what Bittner' has found with silica. One of the proposed 

mechanisms of olefin isomerization promoted by ZnO and other metal oxide catalysts 

involves rupture of the allylic C-H bond by the general process: -CH-CH=CH, + ZnO + 
H-O-Zn---(-C-CH=CH2)-?.3 When we carry out the hydrogenation of nonene using 

thermally activated Cab-0-Si1 under D2, a substantial amount of the 2-nonenes present 

after the reaction contain no D, leading to the conclusion that silica can also promote 

isomerization of alkenes, possibly by an analogous mechanism. Thus, it seems possible 

that DPE and DPM are activated for ring reduction by benzylic H-atom removal. In this 

regard it is interesting that alkylnaphthalenes act like naphthalene in that they are not 

significantly hydrogenated under conditions which hydrogenate DPE and DPM. We are 

continuing our efforts to characterize the interesting properties of fumed silica as a 

catalyst and plan to extend these studies to other materials such as alumina, zirconia, 

titania and related oxides. 

Experiments with Surface Attached Coal Models. As mentioned above, a paper 

describing our work on the reaction of surface-attached OPE-OH with D, has been 

submitted for publication. The manuscript is included with this report. This work has 

appeared in preprint form! As mentioned in our previous report, we have synthesized 

and attached 4-(2-phenylethyl)benzoic acid DPE-CO,H to silica via an Si-0- Ga++ -0,C- 
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C,H4CH2CH2P h bonding arrangement (DPE-CO; Ca++ 'OSi). Preliminary results on 

thermolysis and hydrothermolysis of this material appear in a preprint attached to this 

report. 1 will not reproduce the preprint data in this report, but the most significant 

findings and conclusions follow. 

1. Thermolysis of DPE-CO; Ca" 'OSi under N, and in vacuum gives toluene, 

stilbene, 1,l-DPE and DPE as the major volatile products. The nonvolatile products are 

PhCO;, MeC,H4CO;, EtC6H4CO;, PhCH2C6H4CO~ (DPM-CO;), CH3CH(Ph)C6H&O; 

(I,l-DPE-CO,'), and PhCH=CHC6H4CO; (STB-0,'). 

2. These products and their relative amounts are similar to those observed for 

surface immobilized 1 -(4-hydroxyphenyl)-2-phenylethaneJ DPE-OSi, with the exception 

of a greatly increased amount of DPE. 

3. We have now shown that most of the DPE results from decarboxylation of DPE- 

CO; Ca" 'OSi rather than recombination of benzyl radicals. This was demonstrated by 

a study of the thermolysis of 4-CH3C,H,CH2CH,C6H4CO~ Ca++ -OSi(Cab-0-Sil) , Me-DPE- 

CO; Ca" 'OS, which generates mainly 4-CH3C6H4CH2CH2Ph, Me-DPE, and not much 

lJ2-di(4'-methylphenyl)diphenylethane, Me,DPE. 

4. We are reasonably certain that our substrates are linked to the surface in the 

suggested manner, because vacuum thermolysis of calcium benzoate gives 

benzophenone as the major product at this temperature in a well precedented reaction5 

whereas our preparations of Ph-CO; Ca" 'OS give only traces of this product on 

thermolysis, producing mainly benzene. However, it is possible that silica interferes with 
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the benzophenone-producing reaction and we hope to sort this out by themolyzing 

calcium benzoate in the presence of silica. Another evidence for surface attachment 

comes from SEM studies which show calcium to be uniformly distributed on the surface 

of the silica within the resolution of the measurements. 
- 

5. As anticipated from surface-attachment studies with DPE-OSi, rearrangement 

of DPE-CO; Ca++ 'OSi to 1 ,l-DPE-CO; Ca++ -0Si is favored by surface-attachment. In 

face, in the present case, the rearranged compound becomes the major product of the 

reaction even when the thermolysis is carried out under D2. This contrasts with 

thermolysis of DPE-CO,H which we find gives very little rearranged product. We plan to 

study the calcium salt of this compound, (DPE-CO,),Ca soon. 

6. Consistent with previous work, we find that reactions under D2 or H, compared 

to reactions under N, give increased relative yields of hydrocracking products, benzene, 

ethylbenzene, benzoic acid and ethylbenzoic acid. Cleavage to give benzoic acid and 

ethylbenzene appears to be preferred over that to give ethylbenzoic acid and benzene. 

7. One of the most curious observations thus far is that in the reaction of DPE-CO,' 

Ca++ 'OSi with D,, exchange occurs preferentially in the -0,C-C6H,-R ring by a factor of 

3 to 4. We had not anticipated the type of silica-catalyzed exchange of the carboxylate- 

substituted rings which presented a problem with surface-attached phenols. However, 

thermolysis of C6D,COi Ca++ -0Si under both H, and N, gives H/D exchange. Moreover, 

NMR measurements clearly show that the H introduction in this compound is very 

selective for the ortheposition (factor of ca. 10) with the small amount of H in the mefa 

and para-positions being distributed approximately statistically. Thermolysis of the 
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hydrated salt, (C6D5C0J Ca" (H20)3 under N, shows the same phenomenon. 

Thermolysis of DPE-CO,H under D, shows that exchange of H for D occurs to equal 

extent in both aromatic rings. We plan to look at the thermolysis of C6D5CO2H in the 

presence of silica and also H20, but we anticipate that, if exchange occurs, it will be 

selective for the mefa-position. To the best of our present knowledge, selective 

protonation of arylcarboxylates in the orfheposition is a previously unrecognized 

phenomenon. We will shortly determine whether the presence of calcium ions is a 

requirement for the selectivity. Tentatively, we are guessing that Ca" ions direct 

protonation to the ortho- and ipso- positions with the former leading to selective ortho- 

exchange and the latter leading to decarboxylation. 

- 

8. Both DPE-CO,' Ca++ *OS and DPE-CO,H give some PhCH,CH,C,H,CH, on 

thermolysis under D, or H,. This does not occur under N, and thus appears to be a H- 

atom- (D-atom-) promoted process. it does not occur for PhCO, Ca+' -0Si under the 

same conditions. We are in the process of running various control experiments to 

determine the origin of this product. 

References 

1. Bittner, E. W.; Bockrath, B. C.; Solar, J. M. J. Catal. 1994, in press - private 
communication from the authors. 

2. Dent, A. L.; Kokes, R. J. J. Am. Chem. SOC. 1970, 92, 6709-671 8. 

3. Kokes, R. J. in "Catalysis, Progress in Research" Proceedings of the NATO Science 
Committee Conference on Catalysis, Dec. 1972, F. Basolo and R. Burwell, Jr. Eds., 
Plenum Press, New York, 1973, pp. 75-83. 

8 



4. Guthrie, R. D.; Ramakrishnan, S.; Britt, P. 
Prepr.,Div. Fuel Chem., Am. Chem. SOC. 1994, F.; Buchanan, I l l . ,  A. C.; Davis, B. H. 

39, 668. 
5. Hites, R.; Biemann, K.; J. Am. Chem. Suc. 1972, 94, 5772-5777, a n d  references 
the rein. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or semi= by trade name, trademark, recorn- 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not newssarily state or reflect those of the 
United States Government or any agency thereof. 

9 


