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Hydrodenitrogenation (HDN), the process by which nitrogen is Scheme 1.

removed from fossil fuels, is typically performed by using a
molybdenum sulfide catalyst supported on@d and promoted by
either cobalt or nickel sulfidé. Despite the important role played
by molybdenum, however, few studies of simple molecular

compounds have established the coordination mode preferences of |

molybdenum for heterocyclic nitrogen compounds, and none have
shown catalytic reactivity of relevance to HDN. In this paper, we
report that Mo(PMg)4H, provides a catalyst for hydrogenation of
quinoline, isoquinoline, and quinoxaline.

We have recently reported that Mo(P§lereacts with quinoline
(QH) at 80°C to give ;5-CsN-QH)Mo(PMey)3,* the first example
of a complex in which quinoline coordinates via its heterocyclic
ring> At higher temperatures, however®CsN-QH)Mo(PMe)3
undergoes a haptotropic shift of the quinoline ligand to give the
isomer (%-Cs-QH)Mo(PMe)s in which the ligand coordinates via
its carbocyclic ring. In an effort to define further the coordination
chemistry of molybdenum relevant to hydrodenitrogenation, we
have investigated the reactivity of Mo(PhJe towards other
heterocyclic nitrogen compounds with two fused six-membered
rings that are related to quinoline, namely isoquinoline (iIQH),
quinoxaline (QoxH), and quinazoline (QazH). Significantly, the
reactivity observed for these molecules is quite distinct from that
of quinoline.

For example, in marked contrast to the reaction between Mo-
(PMe;)s and quinoline, which requires heating at 80 to give
(7%-CsN-QH)Mo(PMe)s, the corresponding reaction of isoquinoline
proceeds rapidly at room temperature to yield-i,C-iQ)Mo-
(PMe&)sH, as a result of cleavage of a—®& bond adjacent to
nitrogen (Scheme 1). The formation of%N,CGiQ)Mo(PMe;)4H
is reversible and treatment with excess Bkégenerates Mo(PMg
and isoquinoline. The reversible formation of?{N,C-iQ)Mo-
(PMey)4H is analogous to the corresponding reaction of pyridine,
which forms the »2—pyridyl derivative §?-N,C-CsH4N)Mo-
(PMe3)4H.* In this regard, the reaction between Mo(P)deand
isoquinoline more resembles that of pyridine than that of quinoline.

X-ray diffraction studies on#-N,GiQ)Mo(PMe;)4H demon-
strate that the €H bond of isoquinoline which is cleaved is at the
3-position® and not the peri position (Scheme 1)C—H bond
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Quinoxaline and quinazoline, derivatives of quinoline that feature
two nitrogen atoms, also react with Mo(Pjieat room temperature
to undergo oxidative addition of an adjacentB bond to give
(7*N,CG-Qox)Mo(PMe),H and ¢*-N,C-Qaz)-Mo(PMeg)4H,” re-
spectively (Scheme 1}. At elevated temperatures;¥N,C-Qox)-
Mo(PMe;)4H converts sequentially ta;8-C4N,-QoxH)Mo(PMe)s
and §%-Cs-QoxH)-Mo(PMe)z.22 The observed reactivity of quin-
oxaline and quinazoline towards Mo(PWgis unprecedented for
these heterocycles which otherwise coordinate via only their
nitrogen atom43

Hydrogenation of the heterocyclic ring is generally considered
to be a prerequisite for HDN oN—heteroaromatic compounds
because the NC bonds of saturated cyclic amines are typically
weaker than those of their unsaturated counterpatts-or this
reason, we have examined the reactivity of the varigbdNHetH)-
Mo(PMe;); compounds towards H Significantly, both 45-CsN-
iQH)Mo(PMe;); and (%-C4N,-QoxH)Mo(PMe); react with H at
90 °C to give Mo(PMg)4H, and release 1,2,3,4-tetrahydroisoquin-
oline and 1,2,3,4-tetrahydroquinoxaline, respectively (Scheme 1).
Together with the fact thatf-CsN-QH)Mo(PMe); reacts with H
to liberate 1,2,3,4-tetrahydroquinolifieit is evident that the

cleavage at the 3-position is presumably favored because it generatemolybdenum center is capable of selectively hydrogenating the

an isomer in which the isoquinolinyl ligand is directed away from
the bulk of the phosphine ligands, whereaskC cleavage at the
peri position would give an isomer that would exhibit more
pronounced steric interactions with the PMigands®

While (#?-N,G-iQ)Mo(PMe;)4H is the kinetic product of the
reaction between Mo(PMi and isoquinoline, 2-N,C-iQ)Mo-
(PMe&s)4H dissociates PMgand converts sequentially tg%CsN-
iQMo(PMey); and {%-Ce-iQ)Mo(PMes)s upon heating. The

heterocyclic ring of a variety of fused derivatives, a consequence
of the fact that;5-coordination of the heterocyclic ring is kinetically
favored in this system. The selective hydrogenation of the hetero-
cyclic ring is important because a considerable saving of hydrogen
and energy during HDN would be achieveaifly the heterocyclic
ring of polyaromatic nitrogen compounds were to be selectively
hydrogenated.

The stoichiometric hydrogenation of the heterocyclic rings of

adoption of these three coordination modes is significant becausequinoline, isoquinoline, and quinoxaline is of considerable interest

isoquinoline otherwise displays thé-N-coordination modé?
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since such reactions have not been reported for other molybdenum
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systems. To develop further this finding, we sought to obtain a
catalytic system for hydrogenation using molybdenum. Specifically,
we focused attention on Mo(PN)eH, because (i) it is the principal
molybdenum-containing product of the aforementioned hydrogena-
tion reactions and (ii) it also reacts with quinoline, isoquinoline,
and quinoxaline to given-CsN-QH)Mo(PMey)s, (76-CsN-iQH)-
Mo(PMe)s, and (75-C4N>-QoxH)Mo(PMe)s, respectively (Scheme
2, illustrated for quinoline). On the basis of these two observations,
it is evident that Mo(PMg4H, could, in principle, provide a catalyst
for hydrogenation of these heterocyclic nitrogen compounds. Indeed,
Mo(PMe;)4H, catalyzes the hydrogenation of quinoline, isoquin-
oline, and quinoxaline to 1,2,3,4-tetrahydroquinoline, 1,2,3,4-
tetrahydroisoquinoline, and 1,2,3,4-tetrahydroquinoxaline, respec-
tively (Scheme 2, illustrated for quinolinéd:18 The efficiency of
the catalytic cycle is, however, low, and this may be attributed to
a variety of factors, one of which is the fact that the variogfs (
NHetH)Mo(PMe)s; complexes convert to isomers in which the
carbocyclic rings coordinate to the molybdenum, and these isomers
are relatively unreactive towards hydrogenatidan observation
which indicates that the coordination mode plays an important role
in determining the ability to hydrogenate the heterocycle.

In summary, isoquinoline, quinoxaline, and quinazoline react with
Mo(PMes)s to give (72-NHet)Mo(PMe);H as a result of cleavage
of the C-H bond adjacent to the nitrogen atom. The-i& bond
cleavage is reversible and, in the case of isoquinoline and
quinoxaline, {2-NHet)Mo(PMe&),H converts sequentially to iso-
mers of (®-NHetH)Mo(PMe)z in which the heterocycle coordinates
via the heterocyclic and carbocyclic rings. The coordination modes
observed in these complexes are quite distinct fromxthmode

that has been previously adopted by these heterocycles. As such,

the structures of these molybdenum complexes provide insight into
the nature of reactive intermediates involved in hydrodenitrogena-
tion, a suggestion which is bolstered by the observations that (i)
isomers of {-NHetH)Mo(PMe)z in which the heterocyclic ring
coordinates to molybdenum may be hydrogenated and (ii) Mo-
(PMe)4H, is the first simple molybdenum complex to effect
catalytic hydrogenation of these heterocyclic nitrogen compounds,
a necessary step in hydrodenitrogenation.
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