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ABSTRACT 

This research program focused on the utilization of polymer-supported {polystyrene
divinylbenzene, PS-DVB) transition-metal catalysts in the selective catalytic hydro
genation of polynuclear heteroaromatic compounds that are known to be present in 
coal and coal liquids. We found that the polymer-supported chlorotris(triphenyl
phosphine)rhodium{l) was the most efficient catalyst for the regiospecific reduc
tion of the nitrogen-containing ring in model-coal compounds such as quinoline, 5,6-
and 7,8-benzoquinoline and acridine, and in one case, a heteroaromatic sulfur com
pound, benzothiophene. 

Interestingly, the polymer-supported rhodium catalyst was more active than the cor
responding homogeneous analogue by relative rate factors of 10 to 20 depending on 
the substrate studied in the reduction. More importantly, a model coal liquid was 
found to have a relative rate of reduction of quinoline to 1,2,3,4-tetrahydroquin
oline (THQ) that was 2.2 times faster than a similar experiment without the coal 
liquid constituents consisting of pyrene, tetralin, methylnaphthalene, p-cresol, 
quinoline, and 2-methylpyridine. Further experimentation clearly showed that the 
model coal liquid constituent, p-cresol, was responsible for the re1ative rate en-, 
hancement in the highly regiospecific (no other model coal liquid constituent was 
hydrogenated) reduction of quinoline to THQ. Nuclear magnetic resonance spectro
scopy (NMR) experiments have given some insight into this rate-enhancement phenom
ena. We also found that 9,10-dihydrophenanthridine was an excellent catalytic 
transfer hydrogenation reagent in the presence of several homogeneous and polymer
supported transition-metal catalysts. Hydrogen was transferred to such acceptors 
as quinoline and acridine. We also evaluated dihydroquinoline as a donor solvent 
since THQ has been used as a donor solvent in coal liquefaction experiments. 

A relevant discussion of each of the above-mentioned areas will be presented in 
this report that will demonstrate the potential usefulness of these catalysts in 
the hydroprocessing of coal liquids and other petroleum products. 
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Section 1 

SUMMARY 

The program was directed toward the utilization of polymer-supported transition
metal catalysts in the regiospecific reduction of heteroaromatic rings contained in 
model coal compounds. The importance of this approach was to define new catalysts 
that could be used in low temperature and pressure reduction reactions to regiosel
ectively reduce the heteroaromatic nitrogen or sulfur rings in model coal compounds 
with facile recovery of the catalyst. This would allow tremendous savings in hydro
processing coal liquids and other petroleum products. The model coal compounds that 
were studied included quinoline, 5,6-benzoquinoline, 7,8-benzoquinoline, acridine 
and benzothiophene. The relative rates of hydrogenation of the heteroaromatic rin~ 
using the catalyst chlorotris(triphenylphosphine)rhodium(l) supported on 2% cross
linked phosphinated PS-DVB gave the following order of reactivity, i.e., acridine> 
quinoline> 5,6-benzoquinoline > benzothiophene > 7,8-benzoquinoline. 

We also found that several other parameters were critical to the reduction of the 
heteroaromatic ring and included cross-linking, diffusion rates into the PS-DVB 
beads and surface mass transfer effects. The 2% cross-linked beads with the above
mentioned rhodium catalyst was compared to the 20% cross-linked analogue using quin-, 
aline as the substrate and the initial-rate ratio for reduction was 2%/20% = 3. We 
ground the 2% cross-linked beads into a powder and hydrogenated quinoline to show 
that diffusion of substrate into the bead wa~ not_ rate limiting, i.e., both ground 
and whole beads gave the same initial rate within experimental error. The stirring 
rate was varied to see if surface-mass-transfer effects were important. We found no 
change in the initial rate of reduction of quinoline upon stirring-rate variation. 

The initial rate of hydrogenation of the model-coal compounds using the polymer
supported rhodium catalyst was 10 to 20 times faster than the homogeneous analogue 
on a per metal basis. This rate enhancement for polymer-supported catalysts over 
their homogeneous analogues has not been extensively observed, but is extremely 
relevant for future applications in hydroprocessing. 

We also compared the mechanism of hydrogenation of quinoline, using deuterium gas 
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in place of hydrogen gas, for the polymer-supported rhodium catalyst to that of the 
homogeneous analogue. We found that the significant differen~e was in the exchange 
of aromatic hydrogens on the ring that was not reduced. Interestingly, the polymer
supported catalyst did not exchange aromatic hydrogens (specifically the hydrogen 
on the 8 position in quinoline), while the homogeneous counter-part did exchange 
the 8-position hydrogen in quinoline. We attribute this lack of aromatic hydrogen 
exchange for the polymer-supported catalyst to steric effects surrounding the rho
dium metal center. 

The important question of selectivity for nitrogen-ring hydrogenation, in the pres
ence of other model-coal-liquid constituents, was answered by hydrogenating quino
line (7.5% by weight) in the presence of pyrene (.30%), tetralin (5%}, methylnaph
thalene (38%), p-cresol (17%), and 2-methylpyridine (2.5%). The results was that 
1,2,3,4-tetrahydroquinoline was the only reduction product formed. The initial 
rate of reduction of quinoline in the model-coal liquid was found to be 0.42% min 
or 2.2 times faster in the model-coal liquid than in the absence of the above
mentioned constituents. In further experimentation, we found that p-cresol was 
responsible for this rate enhancement. Recent 31 P and 1H nuclear magnetic reson
ance spectroscopy experiments indicate that p-cresol hydrogen bonds to triphenyl
phosphine groups and may effect the equilibria in the polymer-supported catalyst 
by tying up free triphenylphosphine groups, making the binding of quinoline to rho
dium more facile. 

Catalytic transfer hydrogenation is known to be an important component in the 
donor-solvent coal-liquefaction process. We discovered that several of the satur
ated polynuclear heteroaromatic nitrogen compounds being studied were able to 
transfer hydrogen to other coal model compounds using homogeneous and polymer
supported transition metal catalysts. Thus, methods for the transfer of hydrogen 
at low temperatures are now available and give a better understanding of the in
fluence of metals in the donor-solvent coal liquefaction process. , 
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Section 2 

INTRODUCTION 

The utilization of hydrogen gas, in the hydroprocessing of synthetic fuels, is the 
economical1y limiting factor in this upgrading process as well as in the removal of 
nitrogen and sulfur atoms from these complex matricies. Previous studies by the 
Mobil Research and Development Corporation clearly showed that saturated nitrogen 
polynuclear heteroaromatic compounds are beneficial to coal liquefaction via their 
ability to transfer hydrogen to other coal compounds (l). Recently, we found that 
a wide variety of transition-metal compounds catalyzed the regioselective reduction 
of polynuclear heteroaromatic nitrogen and sulfur compounds under extremely mild 
homogeneous hydrogenation conditions (350 psi H2 and 85-150 °C) (~,!~!,~). These 
latter results are important, since selective hydrogenation will lower hydrogen 
consumption. Furthermore, the homogeneous hydrogenation studies were carried out 
at much lower temperatures and H2 pressures than are used in conventional indus
trial processing. 

Homogeneous catalysts have their own limitations in that recovery is often diffi
cult or impossible. In addition, thermal stability and solubility may also present 
problems in practical applications. The use of polymer-supports, such as cross-, 
linked polystyrene-divinylbenzene (PS-DVB), as well as silica and alumina, to 
anchor homogeneous transition-metal catalysts and overcome some of the difficulties 
mentioned above, has been the subject of intensive research over the last fifteen 
years (~,I~~~i,1Q,ll,l£,}1). In Section 3 of this report, we will present evidence 
for the potential utilization of_polymer-supported transition-metal catalysts on 
2% or 20% cross-linked phosphinated PS-DVB in synthetic fuel hydroprocessing appli
cations. We will compare the initial rates of hydrogenation of the polymer-sup
ported catalyst, chlorotris(triphenylphosphine)rhodium(l) on 2% PS-DVB, with the 
homogeneous analogue for the selective reduction of polynuclear heteroaromatic 
nitrogen and sulfur compounds. We will also address the effect of cross-linking, 
diffusion rates into the PS-DVB beads, and surface mass transfer effects. Mechan
istic aspects of the reduction of one of the model-coal compounds, quinoline, was 
carried out with deuterium gas in place of hydrogen gas in conjunction with high 
field nuclear magnetic resonance spectroscopy and mass spectrometry analysis. In 



order to evaluate tne practical application of these polymer-supported catalysts. 
we studied the selectivity for the reduction of the nitrogen heterocyclic ring 

using quinoline in a model-coal liquid. The model coal liquid consisted of pyrene, 
tetralin, methylnaphthalene, p-cresol, and 2-methylpyridine. This experiment will 
be discussed in Section 4. In Section 5, we will present some nuclear magnetic 
resonance spectroscopy experiments that will help define the role of p-cresol in 
its effect on the rate enhancement of quinoline hydrogenation in the above
mentioned model-coal liquid experiment. 

Finally, in Section 6 we will address the role of transition-metal catalysts in 
the catalytic transfer of hydrogen from saturated polynuclear heteroaromatic nitro
gen compounds, known to be present in coal and coal liquids, to other polynuclear 
heteroaromatic nitrogen compounds. The importance of these findings relates to 
the use of 1,2,3,4-tetrahydroquinoline as a donor solvent in coal liquefaction 
experiments {l) and will be discussed. 
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Section 3 

REGIOSELECTIVE REDUCTION OF POLYNUCLEAR HETEROAROMATIC COMPOUNDS 
WITH POLYMER-SUPPORTED TRANSITION-METAL CATALYSTS: INITIAL AND 

RELATIVE RATES; PARAMETERS THAT AFFECT RATE; AND MECHANISTIC ASPECTS 

INITIAL AND RELATIVE RATES 

In our survey of homogeneous transition metal catalysts, we found that chlorotris-
• (triphenylphosphine)rhodium(l), (Ph3P) 3RhC1, was an exceptional catalyst for the 

regioselective reduction of heteroaromatic rings containing nitrogen or sulfur atoms 
at very low temperatures and pressures of hydrogen gas (l). We thought, therefore, 
that a comparison of the homogeneous catalyst to the PS-DVB supported. analogue (Eq. 
3-1) would be informative with regard to initial and relative rates of reduction of 
polynuclear heteroaromatic compounds, 1-5, (Chart 1) (~). The initial and relative 
rates of reaction of the substrates, 1-5, were obtained using a Parr kinetic appar
atus (1). Table 1 indicates the results of this comparison, with substrate-to-metal 
ratio, temperature, and partial pressure of hydrogen being equivalent for both forms 
of chlorotris(triphenylphosphine)rhodium(l). The polymer-supported catalysts 
results reported in Table 1 were all carried out using the same batch of 2% PS-DVB 
beads. Experimental reproducibility was excellent. However, it is important to 
note that the initial rates may vary from batch to batch of polymer-supported cata
lysts, while relative rates remain similar. 

Clearly, several important observations become apparent from the results in Table 1. 
The initial rates of hydrogenation of nitrogen heterocyclic compounds, 1-4, with 
polymer-supported chlorotris(triphenylphosphine)rhodium(l) are 10 to 20 times faster 
than the homogeneous equivalent on a per-metal-atom basis. This rate enhancement is 
relevant for practical applications. The rate enhancement has been observed, but 
not extensively, with other polymer-supported catalysts in reduction reactions (l.!· 
~.~). 

In order to verify the synthetic applicability of these selective hydrogenations, we 
studied the total conversion of several of the substrates, 1 and 4. We found that 1 

was reduced to 1,2,3,4-tetrahydroquinoline in 86% yield after 70 hr under similar 
conditions as described in Table 1. Substrate 4, however, was reduced to 9,10-dihy
droacridine in 95% yield after 17 hr. These results reflects the differences in in-
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Synthesis of Polymer- Supported 

Chlorot ris ( tripheny I phosphine) Rhodium (I) 

+ ( +3 P)3 RhCI -. + +3P 

~ 2 PRh( "' 3 Pl2CI. 

2°/o Cross-linked PS-OVB 

2.19°/o Rhodium 

P/Rh = ~ 2.9 

Equation (3-1) 

~ 
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Table 1 
COMPARISON OF INITIAL AND RELATIVE RATES OF HYDROGENATION OF SUBSTRATES 1-5 USING BOTH 

POLYMER-SUPPORTED AND HOMOGENEOUS (Ph3P)3RhC1 AS CATALYST1 

Substrate Productb ~r-Su2ported RatesC HOMO,eneous Rates 
t al . Relative TnTt al Relative 

(1/llin) (1/lltn) 

Qutnoltne 1,2,3,4 Tetrahydro- .29 1 .013 1 

5,6 Benzoqutnoltne 1,2,3,4 Tetrahydro- .14 .48 .0065 .5 

7,B Benzoqutno1tne 1,2,3,4 Tetrahydro- .024 .08 .0012 .09 

Acrtdtne 9,10 dthydro- 1.4 11.4 1.04 13 

Acrtdtne 1,2,3,4 Tetrahydro- 0 0 .047 ].6 

Benzothtophene 2,3 Dthydro 1.06 1.2 .044 3.4 

PS/H Rate R~.t to 

22 

22 

20 

10 

0 

1.4 

1Aeactton condtttons were as follows: PH, • 310 pst, T = 85 •c, sub./Cat. • 91/1, Benzene (20 •l)g 1 '..ale substr1te tn 
each case, wtth either 10.2 .g of homo~@neous (PPh ) RhCl or 52~ of pol,.er-supported (9 P) RhC1 [21 cross-linked, 
1.91 P, 2.191 Rh. tntttal P/Rh = 2.9 (Strem Chemtc~1 3to.), P/Rh after reaction wtth substrale f, ~5, 13.3) contatned 
tn a wtre basket attached to the end of the 4ip-.tube of the ktnettc apparatus. 

bAnalysts by gas chromatography. 

cPlots of 1 conversion vs. ttme provided ~nttta1 (pseudo zero order) rates. Rates are re1attve to qutnoltne (1.0). 
Substrates, 1-~. were reacted wtth the same beads for all tntttal rates reported. · 
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itial rates for 1 and 4. The total conversions for compounds 2, 3, and 5 can be 
easily estimated from their initial rates as shown in Table 1. 

Pittman et aZ. (!) point out that the P/Rh ratio in polymer-supported catalysts can 
have a profound effect on the chemical kinetics of the reaction being studied along 
with the resins-cross-link density and phosphorus loading. We found that the P/Rh 
ratio only changed slightly, 2.9 to 3.3, after thousands of turnovers (Table 1). 
Thus, in the equilibria that are in effect with our substrates, loss of phosphorus 
and rhodium does not occur (within experimental error of our analysis for phosphorus 
and rhodium on the beads). Consequently, the rate enhancement we observe for the 
polymer-supported (Ph 3P) 3RhCl versus its homogeneous analog must be related to the 
higher concentration of nitrogen-heterocyclic substrate at the metal center(~), 

i.e., such as the following equilibria (Eq. 3-2): 

[I) - ( Ph3P)2Cl + 2N -. (!] - RhN2Cl + 2Ph 3P 

N = Nitrogen heterocyclic ligand 
(3-2) 

Other factors such as steric and electronic effects are also probably involved in 
these rate enhancements. For example, the relative rate differences between 1-5 for 
both forms of chlorotris(triphenylphosphine)rhodium(l) must involve steric effects 
as accentuated by the 5,6- and 7,8-benzoquinoline (2 and 3) rate ratio, i.e., 2/3 = 
6.0 as well as 1/2 and l/3 with rate ratios of 2 and 13 respectively. 

SELECTIVITY 

Additionally, the high regioselectivity for the heteroaromatic ring, with both forms 
of the catalyst, is evident (Table 1). In one case, substrate 4, the polymer-sup
ported catalyst gave only 9,10-dihydroacridine with no 1,2,3,4-tetrahydroacridine 
apparent. In contrast, with the homogeneous analogue, (l), 4 gave substantial 
amounts of the outer ring product (-50%). This difference may result from the more 
pronounced steric requirements surrounding the active-metal sites on the polysty
rene-divinylbenzene-supported catalyst (~,l,!Q,ll,lf,~,l!,I). 

OTHER PARAr~ETERS THAT AFFECT RATE 

Several other parameters that were critical to the study included the effort of 
cross-linking, diffusion rates of substrate into the PS-DVB beads, and surface-mass
transfer effects. In experiments to clarify these points, the 2% cross-linked poly
styrene-divinylbenzene beads with (Ph3P) 3RhCl were compared to the 20~ cross-linked 
beads for reduction of 1. The initial rate ratio for both (2%/20%) was found to be 
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approximately 3. This result is consistent with the accessibility factor {2) of 
the rhodium metal center for nitrogen heterocyclic substrate and must affect the 
equilibria as shown in Eq. 3-2 (i.e., the higher the cross-linking the more steric
ally hindered the rhodium metal center for substrate coordination). We also ground 
the 2% beads {20-60 mesh) into a powder and hydrogenated substrate 1 {quinoline) 
using similar reaction conditions to show that diffusion of substrate into the bead 
was not rate limiting; i.e., both ground and whole{- 30 p} 2% cross-linked beads 
gave the same initial rates within experimental error. In addition, we varied the 
stirring rate for surface mass transfer effects and found that this stirring rate 
variation did not affect the initial rate of reduction of 1. 

MECHANISM OF HYDROGENATION OF 1 WITH POLYMER-SUPPORTED CHLOROTRIS{TRIPHENYLPHOS
PHINE)RHODIUM{l) 

The mechanism of reduction of 1 with deuterium gas was recently elucidated with 
homogeneous chlorotris{triphenylphosphine)rhodium{l) {!). In that study, we found 
the pattern of deuterium incorporation as shown in 6 {Fig. 3-1). 

I 

., 

6 

I 

., 

T 

In contrast, compound 7--shows the deuterium pattern {nmr and ms) obtained with 2% 
cross-linked PS-DVB {Ph3P) 3RhCl. The pertinent difference is the lack of aromatic 
C-H exchange for the polymer-supported catalyst. Stereochemistry is similar for 
both forms of the catalyst at the 3,4-double bond {ais) and reversible dehydrogen
ation of the reduced carbon-nitrogen bond {positions 1 and 2) to provide 1.60 at 
the 2-position, via quinoline-2-d. Moreover, reaction of the product, 1,2,3,4,
tetrahydroquinoline, with PS-DVB-supported chlorotris(triphenylphosphine)rhodium(l) 
under similar deuteration conditions, also shows by nmr and ms analysis no exchange 
of the aromatic hydrogen at position 8 (6.42 ppm). This result is in contrast to 
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the homogeneous catalyst result (l). Again, steric requirements surrounding the 
.polymer-supported catalyst's active-metal center may be responsible for the lack of 
aromatic C-H exchange (1). 

Several other polymer-supported catalysts were also evaluated, but were either less 
reactive than the rhodium catalyst or less stable. They included tetrahydridotetra
ruthenium dodecacarbonyl supported on 20% cross-linked PS-DVB. An 85% conversion of 
quinoline to 1,2,3,4-tetrahydroquinoline was achieved at 150 oc for 25 hr at a sub/ 
cat ratio of 90:1. We also evaluated hydridochlorotris(triphenylphosphine)rhuthen
ium(ll), but found that the catalyst was unstable after repeated uses and quickly 
lost activity. Therefore, we did no further experiments with this catalyst . 

EXPERIMENTAL METHODS AND INSTRUMENTATION 

All reactions were carried out in a small autoclave reactor (Parr 1991 ACK kinetic 
apparatus) designed by us to allow for sample withdrawal through a dip tube which 
extends down into the body of the reactor. Samples were withdrawn at intervals of 
30 to 60 minutes and analyzed by gas chromatography (HP5880 A, 15m x .035 CBS col., 
Temp program 50 ~C to 200 °C@ 10 °C/min., 1.5 min initial hold@ 50 °C, 10 min 
final hold@ 100 °C). For low conversions(<- 20%) the percent conversion vs. time 
data is linear, and a least squares analysis of the data provides an initial rate. 

TYPICAL EXPERIMENTAL PROCEDURE - POLYMER-SUPPORTED CATALYST 

In a typical- experiment with the polymer-supported catalyst, 52 mg of catalyst 
(Strem Co., 2% cross-linked, 1.9% P, 2.19% Rh) was weighed and placed in a small 
wire screen basket. The basket was then attached to the end of the reactor dip 
tube. 20 ml of dry, deaerated benzene and 1 mmole of substrate were placed in the 

· body of the reactor, along with a magnetic stirring bar. The magnetic stirring bar 
was coupled to a stirring bar in the oil bath used to heat the reactor. The reactor 
was then assembled, and hydrogen bubbled through the reaction mixture via the dip 
tube, for 1 min., purging any air from the system. The reactor was then pressurized 
to 310 psi with hydrogen and placed in a stirred, thermostatted oil bath held at 85 
oc (±1 °C). Five conversion data points were then taken and analyzed as described. 
At the end of the run, the bead basket was removed from the reactor, washed with 
three 20 ml aliquots of hot, deaerated benzene, and placed in a vacuum chamber for 
storage. 

HOMOGENEOUS CATALYST 

The procedure was similar to the above-mentioned polymer-supported procedure for the 

~7 



homogeneous catalyst, with the exception that 10.2 mg of (Ph3P) 3RhCl (Strem or 
Englehardt) was weighed and placed in the reactor along with the solvent and sub
strate. 

DEUTERIUM GAS EXPERIMENTS 

The deuterium gas experiments were carried out under the same conditions as de
scribed above for the H2 experiments. The reaction was allowed to proceed for 24 
hr for either quinoline, 1, or its product, 1,2,3,4-tetrahydroquinolfne. The reac
tion mixtures for either substrate was rotary evaporated to remove benzene and was 
then redissolved in CHCT 3-d. The 250 ~1Hz FT .NMR spectra were recorded to provide 
data on the deuterium pattern. The 1H 250 MHz nmr spectrum (benzene-d6) for 1,2,3, 
4-tetrahydroquinoline-d3 had signals at 1.90 (H-3); 2.73 (H-4); 3.24 (H-2); 6.42 
(H-8); 6.55 (H-5) and 6.93 (H-1 and·H-7) ppm with areas of 1:1:0.4:1:1:2 respect
ively, and EJt.1S data provided the m/e 136 ion. The 1,2,3,4-tetrahydroquinoline was 
analyzed by both nmr and ms and no deuterium was found by either technique to be 
incorporated into THQ. 
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Section 4 
SELECTIVE REDUCTION OF QUINOLINE, IN A MODEL COAL LIQUID, 
. CATALYZED BY POLYMER-SUPPORTED {~ 3P) 3RhCl 

Since the compounds shown in Chart 1 are prevalent in coal liquids, we wanted to 
determine whether the selectivity for the nitrogen heterocyclic ring {with 1 as the 
example) would prevail in the presence of other coal-liquid constituents. The model 
coal liquid, dissolved in benzene, contained {wt.%) 30% pyrene 6, 5% tetralin 7, 
38% methylnaphtahalene 8, 17% p-cresol 9, 7.5% 1 and 2.5% 2-methylpyridine 10 {Chart 
2). The model coal liquid was hydrogenated with the 2% PS-DVB {Ph3P) 3RhCl beads 
{similar conditions as shown in Table 1) to provide 1,2,3,4-tetrahydroquinoline as 
the only reduction product {initial rate 0.42% min). 

Removal of 2-methylpyridine had no effect on the initial rate in contrast to the 
competitive inhibition on 1 by the pyridine derivative in the homogeneous reaction 
{l). Interestingly, reduction of 1 alone, at a similar substrate-to-metal ratio as 
in the model coal liquid, provided an initial rate {0.18%/min) that was- 2.2 slo
wer than the rate of 1 in the presence of the model-coal-liquid constituents. 

We have shown by reaction of 1 in the presence of p-cresol {- 2:1 mole ratio of p
cresol to 1) that the rate enhancement is a total consequence of the added p-cresol. 
This latter result is also consistent with the homogeneous analogue, which shows a 
similar rate enhancement of quinoline hydrogenation in the presence of p-cresol (l). 
Although we are not sure of the exact reasons for this rate increase by ligands 
such asp-cresol, we believe that these ligands can effect the equilibrium in the 
dissociation of triphenylphosphine from the rhodium-metal center. Thus, a rate en
hancement in the quinoline coordination to the rhodium metal center would be ex
pected. Alternatively, these ligands, such asp-cresol, act to stabilize an elec
tron-deficient-rhodium-metal center {~,1), {see Section 5). 

This impressive model-coal liquid result emphasizes the highly selective reaction 
taking place in the presence of other functionalities {i.e., regiospecific reduction 
of the nitrogen-heterocyclic ring as well as the rate enhancement phenomena) and 
provides dramatic evidence for the potential usefulness of polymer-supported cata
lysts in future hydroprocessing applications (!). 
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Chart 2 

Mode I coal liQuid constituents 

8 7 8 

OH 

10 I 
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EXPERIMENTAL 

Model Coal Liquid Experiment 

The model coal liquid experiments were carried out with the polymer-supported cata
lyst using the same conditions and procedure as previously described in Section 3 
(experimental}. The model-coal liquid consisted of (wt.%} 38% methylnaphthalene, 
30% pyrene, 17% p-cresol, 7.5% quinoline 1, 5% tetralin, and 2.5% 2-methylpyridine. 
This mixture was diluted to 24.6% by weight in benzene·, and 20 ml of the diluted 
mixture was placed in the reactor. 
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Section 5 

ROLE OF P-CRESOL IN THE RATE ENHANCEMENT OF QUINOLINE HYDROGENATION 

In the previous section, we observed that p-cresol enhanced the initial rate of 
~ quinoline hydrogenation in a model coal liquid experiment. In order to understand 

this phenomena, we have carried out 1H and 31 P nuclear magnetic resonance spectro
scopy experiments. These experiments allow us to observe whether p-cresol increased 
the rate of triphenylphosphine dissociation from chlorotris(triphenylphosphine)rho
dium(l), therby increasing the rate of quinoline coordination to rhodium. 

The first 1H nmr experiment was concerned with the hydrogen bonding of p-cresol with 
triphenylphosphine. We clearly observe the broadening of the OH-proton signal at 
3.6 ppm and a shift of the aromatic-ring hydrogens ortho to the OH group (Figs. 5-l 
to 5-2). This result must be a consequence of a hydrogen bond between p-cresol and 
triphenylphosphine. A similar experiment, using 31 P nmr spectroscopy, revealed 
that p-cresol did not assist in the dissociation of triphenylphosphine from the 
rhodium-metal center; no free triphenylphosphine was observed even with a large ex
cess of p-cresol (Figs. 5-3 to 5-4). 

In another 31 P nmr experiment, we found that quinol1ne itself displaced one of the 
• 

trans triphenylphosphine groups on the rhodium hydride, (Ph3P) 3RhClH2, by the ap-
pearance of free triphenylphosphine (Figs. 5-5 to S-6). This result combined with 
the above-mentioned result ~eems to imply that p-cresol may hydrogen bond with free 
triphenylphosphine groups thereby causing a shift in the equilibrium toward the 
quinoline-rhodium complex (Eq. 5-1). 

It is obvious that further experiments are needed to clarify this concept an~ to 
understand how other coal liquid constituents enhance nitrogen-ring reduction (l). 

5-1 



Figure (5-1) 

lH nmr spectrum of p-cresol. 
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Figure (5-2) 

1H nmr spectrum of p-cresol hydrogen bonded to 

Triphenylphosphine. 
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Figure (5-5) 
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Plausible Role of P-Cresol in the 
Rote Enhancement of Quinoline Hydrogenation 

A ) RhCIH2 
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CH3 

Equation (5-1) 
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Section 6 
CATALYTIC TRANSFER HYDROGENATION: SATURATED POL vtmCLEAR HETEROAROMATIC 

NITROGEN COMPOUNDS AS HYDROGEN DONORS CATALYZED BY TRANSITION METAL COMPLEXES 

Catalytic transfer hydrogenation is a highly important component in donor-solvent
coal-liquefaction chemistry (land references therin, £,1,!,i). The utilization 
of saturated-polynuclear-nitrogen-heterocyclic compounds, as hydrogen donors (e.g., 
1,2,3,4-tetrahydroquinoline, THQ) in coal liquefaction studies, show that these 
compounds transfer hydrogen; however, at temperatures of 400 °C (l,£,z). Interest
ingly, few studies have been concerned with the role of metals. Also, the studies 
reported were conducted with heterogeneous catalysts, e.g., Fe2o3, Fe3o4 and Fes2 
at temperatures of @ 400 oc (8,~,1Q,!l,l£). We have discovered that saturated
nitrogen-heteroaromatic compounds such as 9,10-dihydrophenanthridine, 9,10-dihydro
acridine and 1,2-dihydroquinoline can transfer hydrogen to other·heteroaromatic
nitrogen compounds with transition metal complexes as catalysts. In a series of 
papers, Linstead and co-workers defined the use of saturated-nitrogen-heterocyclic 
compounds as hydrogen-transfer agents (Jl,}i,ji) to acceptor molecules such as ole
fins, nitrogen heterocyclics, quinones, etc. These latter studies were thermal 
reactions and not metal-catalyzed. Nishiguchi and co-workers have shown that THQ 
can act as a hydrogen-transfer donor to olefin acceptors to provide. the alkane under 
catalysis with a homogeneous metal complex, chlorotris(triphenylphosphine)rhodium(l) 
however, at 190 °C (~). At this temperature, we do not believe the rhodium complex 
is stable and small amounts of rhodium metal could be formed, which is known to de
hydrogenate THQ. Thus, these latter published results, we feel, are questionable. 
In addition, we discovered that 9,10-dihydrophenanthridine, 1 ,2-dihydroquinoline, 
and 9,10-dihydroacridine can transfer hydrogen to other polynuclear-heteroaromatic
nitrogen compounds at temperatures below 100 oc with homogeneous and polymer-sup
ported rhodium and ruthenium-metal complexes. 

We have not studied the scope of this low temperature, metal-complex catalyzed hy
drogen-transfer reaction, but we have clearly showed that transfer of hydrogen from 
9,10-dihydrophenanthridine to acridine and quinoline as well as 1 ,2-dihydroquinoline 
to acridine occurs with chlorotris(triphenylphosphine)rhodium(l), dichlorotris(tri
phenylphosphine)ruthenium(ll), and polymer-supported chlorotris(triphenylphosphine)
rhodium(l) (Eqs. 6-1, 6-2, 6-3, 6-4). The reactions appear to be very complex in 
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85°, benzene 
Sub/Cat • 20 

Equation (6-4) 



that transfer seems to be governed by many parameters including initial coordination 
of the saturated donor ·to the metal center (oxidative addition of a C-H bond of the 
donor). The initial coordination is followed by coordination of the unsaturated 
acceptor to the metal center; hydrogen transfer to acceptor and reductive elimina
tion of the unsaturated donor, and reductive elimination of the saturated acceptor. 
Thus both the thermodynamics and the kinetics appear to control these catalytic
transfer-hydrogenation reactions. The thermodynamics control in that the acceptor 
has a lower~ and the transfer is exothermic.· The kinetics control in that the 
binding rate of donor to the metal center is faster than the acceptor rate and the ~ 

saturated acceptor will not compete for metal site after reductive elimination (lZ). 

Table 2 includes all the experiments that were conducted with the above-mentioned 
donors, acceptors and catalysts. Clearly, from the limited examples studied, the 
transfer of hydrogen from 9,10-dihydrophenanthridine to acridine, catalyzed by di
chlorotris(triphenylphosphine)ruthenium{ll), was the most successful experiment. 
All other combinations gave product, but in low conversion. The fact that phenan
thridine could possibly compete with acceptors like quinoline for the metal center 
would explain the lower conversions in those cases. This explanation could also be 
the reason that 9,10-dihydroacridine will not transfer hydrogen to quinoline, since 
acridine, formed in the dehydrogenation of its dihydride, competes effectively with 
quinoline for the metal center. We also evaluated 1,2-dihydroquinoline with acri
dine and found low conversion to 9,10-dihydroacridine; the ruthenium catalyst pro
vided a better yield than the rhodium catalyst. The results mentioned above seem 
to provide evidence that low temperature, metal-catalyzed-transfer hydrogenation 

' . 
may have potential in hydroprocessing or possibly in coal degradation experiments: 
9,10-dihydrophenanthridine could transfer hydrogen to quinones present in the coal 
structure to provide hydroquinones and cleavage of heteroatom bonds. We plan to 
perform these types of experiments in a future EPRI report. 

CONCLUSIONS 

The results we report indicate that low temperature and pressure hydrogenation of 
coal liquids with polymer-supported catalysts clearly has excellent potential in 
industrial hydroprocessing and provides a facile method for the regioselective re
duction of the nitrogen-containing ring in polynuclear-heteroaromatic-nitrogen com
pounds known to be present in coal liquids. In addition, phenols enhance the ini
tial rate of reduction of the nitrogen-containing ring by affecting the formation 
of the nitrogen compound-metal complex. The observation that 9,10-dihydrophenan
thridine can transfer hydrogen to other polynuclear heteroaromatic nitrogen com-
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pounds by catalysis with homogeneous and polymer-supported transition-metal com
plexes (at temperatures of 100 °C and lower) may pave the way to processes that de~ 
grade coal under extremely mild conditions. 
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