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Abstract—Hydrodenitrogenation (HDN) catalysis is the process of removing nitrogen from petroleum feed-
stocks in the form of NH; to provide more processable and environmentally compatible liquid fuels. In practice,
HDN is carried out simultaneously with other catalytic hydrotreating reactions such as hydrodesulfurization
(HDS), yet HDN is significantly less well-studied than HDS. This contribution provides an overview of the
heterogeneous HDN process, then outlines various homogeneous models for hydrodenitrogenation catalysis
including binding modes of HDN substrates, catalytic hydrogenation processes and recent C—N bond cleavage
reactions of nitrogen heterocycles. Emphasis is placed on aryloxide and alkoxide complexes of the early metals
that afford some of the best homogeneous models for hydrodenitrogenation catalysis to date. © 1997 Elsevier

Science Ltd
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INTRODUCTION

Hydrodenitrogenation (HDN) catalysis is the pro-
cess of removing nitrogen from petroleum feedstocks
and coal-derived liquids (in the form of NHj) to pro-
vide more processable and environmentally sound
liquid fuels. Performing HDN is essential to reduce
the emissions of NO, upon burning these fuels and
because nitrogen-containing compounds seriously
reduce the activity of hydrocracking and reforming
catalysts used to upgrade these feedstocks. However,
despite the commercial importance of this process in
producing high-quality, low-cost fuels, the intimate
mechanisms of simple, metal-catalysed HDN reac-
tions are not well understood. Most HDN studies
have been performed with supported, heterogeneous
catalysts which have provided a wealth of data con-
cerning product distributions, kinetics and selectivity.
Our current understanding of HDN originates pri-
marily from these studies since data from soluble,
homogeneous systems are comparatively scarce.
Recently, however, soluble HDN model systems
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under development have uncovered rather detailed
structural and reactivity information that appears
extremely relevant to improving our understanding of
HDN. It is the intent of this contribution to provide
an overview of these models with an emphasis on our
studies using aryloxide supported complexes of the
early transition metals. Background data from both
soluble and supported catalyst systems are presented,
including binding modes of HDN substrates, hetero-
cycle hydrogenation studies, C—N bond scission
mechanisms in nitrogen heterocycles and methods by
which further degradation of HDN substrates may
occur after C—N bond cleavage. There are several
excellent overviews of HDN catalysis that focus pri-
marily on heterogeneous systems that the reader may
find useful [1-6].

OVERVIEW OF
HYDRODENITROGENATION CATALYSIS

This section will briefly review HDN catalysis and
outline specific problems in our current understanding
of this process. We will focus on the heterogeneous
practice of HDN by examining nitrogen-containing
compounds subject to HDN, potential modes by
which they interact with the active site and general
HDN reaction schemes. We will also examine current
C—N bond scission proposals in light of recent mech-
anistic results that may allow a more clear elucidation
of the metal’s role in this reaction.
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1. Nitrogen-containing compounds subject to HDN
catalysis

Both heterocyclic nitrogen-containing compounds
(principally those containing six-membered pyridine
and five-membered pyrrole rings) and nonheterocyclic
nitrogen compounds (aliphatic amines and anilines)
are found as contaminants in petroleum and are sub-
ject to HDN catalysis [7]. However, under normal
“hydrotreating” conditions, amines and anilines
undergo HDN quite rapidly, therefore, industry is
most concerned with the heterocyclic compounds that
are among the most demanding substrates to process.
The complexity of crude oil and the difficulty in study-
ing its HDN catalysis has led to the examination of
model compounds that resemble the nitrogen con-
taminants in petroleum, such as those shown in Fig.
1 [3,7-9]. Among these heterocycles, it is likely that
the five- and six-membered rings will interact with the
acidic catalyst/support differently : the six-membered
pyridines are very basic at nitrogen and therefore easy
to protonate or interact with acidic sites through nitro-
gen, while the five-membered pyrroles are more
difficult to protonate but more likely to interact
through their z-electron system [10]. We will primarily
describe representative model complexes of the basic
component, viz. pyridine and quinoline, and our
inquiry will extend to the saturated and partially satu-
rated forms of these substrates.

2. Active site structure and function

In practice, hydrodenitrogenation is carried out
simultaneously with other hydrotreating reactions
[e.g. hydrodesulfurization (HDS), hydrodeoxygena-
tion (HDO) and hydrodemetallation (HDM)] and is
accompanied by hydrocracking reactions and the
hydrogenation of aromatics [hydrodearomatization
(HDA)] [10]. However, hydrotreating parameters are
usually optimized for only one of these processes, most
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often HDS. Industrial HDN is generally effected over
sulfided CoMo/y-Al,O; or NiMo/y-Al,O, under
rather severe hydrogenation conditions (e.g. 350—
500°C and 200 atm H,) that ultimately removes the
nitrogen as NH; [5,10,11]. These catalysts are typically
prepared by impregnating y-Al,O; with aqueous solu-
tions of [NH,]¢s[Mo0,0,,], along with a nickel or cobalt
promotor such as Co(NOsj), [11]. The impregnated
alumina is then calcined (heated in air to afford oxide
phases) and then sulfided (with H,S, thiophene or
simply a sulfur-rich feed) to generate the active hyd-
rotreating catalyst.

The most active site for HDN reactions in this sul-
fided CoMo catalyst appears to be crystallites of MoS,
(supported on y-alumina), with Co atoms adsorbed
along the edges of the MoS, layered structure [11]. A
Mo—S site of this “CoMoS” phase is usually associ-
ated with nitrogen heterocycle activation while hydro-
gen is often described as dissociatively bound to sulfur
in the form of sulfhydryl groups [5,10,11]. Evidence
has been presented to suggest an electron transfer role
for cobalt in HDN reactions [12], while others have
suggested a role in hydrogen transfer [5]. Finally, sev-
eral non-molybdenum catalysts have also been used
in HDN such as vanadium [5], niobium sulfides [13],
ruthenium sulfide [14,15], both NiW/ALO, and
NiW/zeolite phases [5], molybdenum nitrides [16], as
well as nonalumina supports [17,18]. We note that
numerous metals other than molybdenum have been
shown to catalyse HDS reactions (and presumably
HDN) and often generate more active sulfide phases
under catalytic hydrotreating conditions. For exam-
ple, Ru, Os, Rh and Ir generate some of the most
active catalytic sites for dibenzothiophene HDS
[19,20].

3. Possible substrate binding modes

Structural aspects of binding nitrogen heterocycles
to the active site of an HDN catalyst are of con-
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Fig. 1. Model N-heterocyclic substrates subject to HDN catalysis.
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siderable interest because the preferred substrate coor-
dination mode is expected to dictate the extent and
selectivity of ring hydrogenation and because nitrogen
heterocycles are known to inhibit other desirable hyd-
rotreating reactions [5]. Yet, only a handful of studies
have attempted to correlate heterocycle hydro-
genation with substrate-metal binding interactions
[9.21-30] and even fewer have attempted to relate
binding mode to reactivity towards C—N bond cleav-
age [30-37]. These studies will be described below.
Figure 2 depicts possible pyridine and quinoline bond-
ing modes, all of which have been discussed with
respect to HDN and many of which are known in
isolable complexes.

Observed bonding modes of pyridine (and its
derivatives) include the n'(N) [38.39], the 1°(n-N) [40-
46], the recently discovered n*(N,C) [32,47-51] and
*(C,C) {52,53] structures, and the very rare p-#'(N)
[54,55] mode. Furthermore, when considering the
bonding modes of polyaromatic compounds such as
quinoline, the 7°(n-C) [56-58] and an #*(C,C) mode
involving the benzene ring become possible, although
only the #' (W) [30,38,39,56-58], n°(n-C) [56-58] and
7*(N,C) [30,32] modes have been described, Fig. 2.
There are also many examples of both #’>-pyrrole and
deprotonated #’-pyrrolyl complexes of the transition
metals [59-61], as well as #'-pyrrolyl species [62,63],
not shown in Fig. 2. In addition to the above binding
modes of nitrogen heterocycles in mononuclear com-
plexes, Rosenberg [64-67], Adams [68-71], Laine
[72,73] and others have demonstrated a plethora of
binding modes in a variety of unsaturated and par-
tially hydrogenated nitrogen heterocycles, as well as
metallated forms of these ligands, in trinuclear clus-
ters. Finally, we call attention to an intriguing u-'(N)
mode in which a pyridine bridges two Mo centers
using its nitrogen atom only [54,55]. This compound
is especially significant since the molybdenum is in a
sulfur-rich environment. The only characterized
example of u-'(N) bonding occurs in the Mo" pyri-
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Fig. 2. Possible bonding models in pyridine- and quinoline-
transition metal complexes.
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dine complex M0,0,[S,P(OPF),1;(4-0) (4-S) [u-n' (W) -
NCH;] (1) [54,55] prepared by simple pyridine coor-
dination to Mo0,0,[S,P(OPr'),],(u-O(u-S). Mo,0,[S,
P(OP1),],(u-O)(u-S) also reacts with pyridazine to
form the p,n* structure 2 shown here.
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Prior to Wolczanski’s discovery of the #*(N,C)-
pyridine  complex  [(#*(N,C)-NCsH;]Ta(silox);
(silox = OSiBu}) [47] and our later report of a similar
derivative  [7*(N,C)-2,4,6-NC;Bu}H,]Ta(0Ar),Cl
[50], the #'-(N)- and 7°(=-N)-bound heterocycles were
the most often discussed with regard to substrate inter-
actions with the CoMoS active site [5,74] and most
homogeneous studies have also centered around these
bonding modes. For example, Fish and coworkers
have examined soluble Rh and Ru cyclopentadienyl
complexes and demonstrated that heterocycle 5'(N)
bonding appears to be preferred over #°(z-N) bonding
in the absence of steric constraints [24-27,56-58].
These systems have also manifested an intriguing
n'(N) = n°(n-N) rearrangement [41] (that may involve
a transient #* intermediate [58)), however, #'(N) bind-
ing appears to be a prerequisite for ring hydrogenation
[24-27,56-58]. These studies are described in more
detail below. The 4*(N,C) bonding mode appears to
be particularly relevant to HDN, since it has recently
been discovered to activate a heterocycle to C—N
scission [32-34,36,37]. Wolczanski has reported
molecular orbital calculations on the model com-
pound [(#*(N,C)-NC;H;]Ta(OH); and has deter-
mined that the n*(N,C) coordination mode is preferred
when pyridine binds to d° Ta(OH): because it
avoids the high-energy, filled Ta(OH), d.--pyridine
N(o) orbital interaction that would arise in
the #5'(N)-bonded complex, and because the pyri-
dine can function as a m-acceptor in the n*(N,C)
mode, thereby allowing the metal to attain its highest
oxidation state [48]. These electronic features re-
sult in a ‘“‘metallaaziridine” [75-78] structure of
[(#*(N,C)-NC;sH] Ta(silox); and [#*(N,C)-2.4,6-NC;
Bu}H,]Ta(OAr),Cl in which a 1,3-diene-like =n-
electron localization and an interruption of pyri-
dine aromaticity are observed.

Only a few heterogeneous catalytic studies have
discussed possible substrate binding modes. Many
years ago Adkins described an enhancement in the
hydrogenation rate of 2,6-dimethylpyridine over that
of pyridine with Raney Ni, presumably indicating an
#*(n) mode of interaction or surface n-complex [79].
However, 5,6-benzoquinoline (56BQ) has been shown
to hydrogenate faster than 7.8-benzoquinoline
(78BQ) on a sulfided NiW/ALO; catalyst {5], sug-
gesting the opposite (see Fig. 1). Other bonding modes
and substrate—catalyst interactions that have been dis-
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cussed are typically based upon analogies with the
hydrogenation of aromatic compounds on metals in
which a “z to ¢” dissociative mechanism or “slip” is
proposed [80]. For example, Ho has suggested a =n-
complex that “slips™ to a reactive “‘o-complex” [an
#'(C) aromatic, not g-aryl], which is hydrogenated by
adjacent —SH groups on the surface [5]. This pro-
posal is consistent with the notion that hydrogen may
be dissociatively bound to sulfur in the form of sulfhy-
dryl groups at the active site [10,11]. Perhaps the most
significant substrate-catalyst discussion relevant to
our studies was presented by Cossee who considered
n-bonding of a heterocycle in view of a backbonding
model from a relatively electron-rich molybdenum site
into empty orbitals on the aromatic compound [81].
Thus, if the metal center can be reduced to any oxi-
dation state d”>° (which has been proposed to occur
by electron transfer from the cobalt promoter [12]),
then population of an empty n*-orbital on the aro-
matic compound will interrupt aromaticity and lower
the activation energy to hydrogenation.

4. General HDN reaction scheme

It is convenient to discuss heterocycle HDN in terms
of the rather rapid hydrogenation steps and the slower
C—N hydrogenolysis steps [3,5]. Quinoline is a proto-
typical HDN substrate that has proved particularly
valuable in HDN model studies. It has been shown—
primarily on the basis of product analyses—that over
a range of conditions it is necessary to hydrogenate
both the heterocyclic and carbocyclic rings in order
to cleave both C—N bonds of quinoline [5,6,82-86].
Therefore, while it is tenuous to form generalizations
from one set of substrates, catalysts, and conditions
to another, the collective evidence points to general
quinoline and indole HDN reaction schemes shown
in Scheme 1 [2,8,9].

The most efficient and selective method of quinoline
HDN involves the a — b — ¢ pathway, in which the
carbocyclic ring is not hydrogenated. This path rep-
resents a considerable savings in hydrogen and there-
fore provides a lower cost and higher quality (higher
octane) product. However, the quinoline hydro-
genation data suggest that most of this substrate
undergoes HDN along the a - d —» e » f pathway
(perhaps involving f* — g steps), where the carbocycle
is also hydrogenated before C—N bonds are cleaved
[2,87]. In either case, the most facile step is hydro-
genation of the heterocycle (step a), therefore, quino-
line HDN invariably involves the intermediacy of
tetrahydroquinoline, just as indole HDN proceeds via
indoline. Kinetic studies suggest [21-23,82,88] that the
dashed lines of Scheme 1 are not primary pathways
for quinoline HDN.

5. C—N bond scission mechanisms

While the Aydrogenation of pyridine rings is com-
paratively facile under standard HDN conditions, the
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subsequent C—N bond hydrogenolysis reactions are
considerably more difficult [8,9,21-23,87]. Since
C—N bond cleavage is typically rate-limiting [82—
85,89-93], the mechanistic details surrounding this
reaction are of singular importance to understanding
and improving HDN, especially since the metal’s role
in promoting this reaction remains unresolved [5].
Studies of thiophene HDS have afforded several well-
characterized C—S bond-scission reactions [94—102],
but analogous model reactions of N-heterocycles are
rare. In addition, the greater C—N bond energies as
compared with C—S bonds (by 3-9 kcal mol™") [10]
generally make HDN less efficient than HDS catalysis
under most conditions [1,2].

Satterfield and coworkers have established that H,S
(formed in HDS reactions) enhances the rate of quino-
line HDN ([84,90-93]. These observations, and those
from other groups [83,86], have led to the proposal
that either a Hofmann elimination (HE), with SH~
serving as base, or a nucleophilic substitution (SN),
with SH™ acting as nucleophile, are the principal
mechanisms of C—N bond scission, Scheme 2 [5-
8,85,90]. Unfortunately, few deliberations in the
catalysis literature consider the participation of a
metal center in discussing C—N bond scission mech-
anisms. Prior to our initial report [31], the few exam-
ples of metal-mediated C—N bond scissions were
limited to aliphatic amine substrates in systems not
easily amenable to study. Thus, Laine [103,104],
Adams [68,69,71] and Rosenberg [105] have all uncov-
ered C—N scission products at transition metal clus-
ters, suggesting that coordination of the heterocycle
is necessary to effect C—N cleavage [7,8,89,103,106].
Several subsequent examples of metal-mediated C—N
scissions have been reported [68,69,71,107,108].
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Early on in the C—N scission debate, Laine pro-
posed nucleophilic substitution mechanisms (based on
H,S-promoted bond cleavage reactions [109-111]) as
outlined in Scheme 2 for C—N bond scission in pip-
eridine [7]. A central feature of this proposal is the
participation of an #*(N,C) piperidyl amine complex
(3 of Scheme 2) that is formed at the catalytic site.
If the subsequent C—N bond cleavage results from
hydride transfer to Co, then formation of a ring-
opened amido complex occurs. Whether the nature of
the migrating hydrogen ligand in Laine’s proposal is
more hydridic H°~ or acidic H°* throughout
migration could not be specifically addressed. This
proposal is consistent with Satterfield’s evidence that
the H,S rate enhancement effect occurs in the C—N
bond cleavage step, rather than the hydrogenation
steps [93,112].

As suggested in Scheme 2, an examination of HE
vs SN pathways in classic organic mechanisms reveals
that saturation and sp® hybridization at the carbon
o to nitrogen are required for C—N scission by a
nucleophilic substitution (SN) mechanism, while satu-
ration at both Co and Cf is required to effect C—N
scission by a Hofmann elimination (HE). Thus, for
quinoline, hydrogenation of the carbocyclic ring of
1,2,3,4-tetrahydroquinoline (THQ) is required to
cleave both C—N bonds of this compound by either
mechanism, a feature consistent with pro-
pylcyclohexane as the principle product of quinoline
HDN under a variety of conditions, Scheme 3 {113].
Perot and coworkers have used this saturation differ-
ence between HE and SN reactions to distinguish
between these pathways in the C—N cleavage reac-
tions of tetrahydroisoquinoline and thereby have
obtained strong evidence that the SN mechanism is
the major C—N cleavage pathway in tetrahydro-
isoquinoline (THIQ) HDN, Scheme 4 [85,113]. Thus,
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the formation of any 2-ethyltoluene in tetra-
hydroisoquinoline HDN must arise from an SN
mechanism, based upon the sp* hybridization require-
ment described above, whereas 1-ethyl-2-methyl-
cyclohexane will arise from HE chemistry, Scheme 4.
The Perot experiment revealed that under the same
conditions that quinoline reacts to give primarily
THQ, tetrahydroisoquinoline undergoes HDN to
afford primarily 2-ethyltoluene, consistent with an SN
mechanism of C—N bond cleavage. Perot notes that
substitutions at the carbon « to nitrogen results in
changes in the HDN product distribution, perhaps
signalling a change in mechanism for the C—N scis-
sion step [85].

HOMOGENEOUS
HYDRODENITROGENATION MODEL
STUDIES

Despite the significant advances described above,
problems with the current practice of HDN catalysis
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remain. Hydrogen consumption represents a major
cost of hydrotreating and HDN is a principal H, con-
sumer since achieving nitrogen removal typically
occurs only after complete hydrogenation of all aro-
matic rings of the heterocycle. As a result, the HDN
reaction network is very nonselective in nature and
resuits in a lower quality fuel product. Although
HDN, HDS, HDO, etc. are all carried out sim-
ultaneously during hydrotreating, this process is typi-
cally optimized for HDS, making nitrogen removal
less efficient than sulfur removal. Finally, because our
fundamental mechanistic understanding of HDN is
crude, improvements in current HDN technology and
developing new HDN catalysts are largely empirically
based. Significant, unsettled questions in HDN cataly-
sis include how the strong C—N bonds in the het-
erocyclic compounds are cleaved and to what extent
the metal sulfide site mediates this reaction. This sec-
tion will outline homogeneous model studies that
attempt to address these questions.

1. Substrate binding and hydrogenation in homo-
geneous systems

Both the binding modes and hydrogenation
behavior of heteroaromatic compounds have been
examined in an elegant series of studies by Fish and
coworkers using soluble rhodium- and ruthenium-het-
erocycle complexes [24-27,56-58]. If steric restrictions
in these complexes are not too demanding, N-bonding
[7'(N)] appears to be more favorable than n°(n) bond-
ing. However, reduction of the N-ring is clearly a
function of the bonding mode since #'(N) coor-
dination appears to be a requirement for ring hydro-
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genation [24-27,56-58]. Moreover, to be catalytically
active, rthodium complexes of the type [(n’-
CsMe;)Rh)** must have two replacable ligands, i.e.
have the general form [(7’-CsMes)Rh(n'(N)-het-
erocycle)L,]**. The product of selective quinoline
hydrogenation, 1,2,3,4-tetrahydroquinoline (THQ),
has been found to bind #°(n-C) to [(n>-CsMe;),Rh]**
[57], a fact that may account for its not being further
hydrogenated under mild conditions and for its
adverse effect on the hydrogenation rate of quinoline
itself [25].

Fish has also used deuterium gas experiments to
study the regioselectivity of quinoline hydrogenation
using the rhodium catalyst precursors Rh(PPh,);Cl
[25] and [(#-CsMes)Rh(NCMe),]** [27]. The
observed selectivity of deuteration is presented in Sch-
eme 5 and summarized as follows: (1) the 1,2-N—C
bond was rapidly and reversibly deuterated (NMR
revealed ca 1.5 d at position 2); (2) this step was
followed by 3,4-C—C bond deuteration (ca 1 d each
at these positions); and finally, (3) H/D exchange
occurred on the aromatic ring in positions 6- and 8-,
most likely reflecting C—H bond metallation at the
Rh** center under the hydrogenation conditions. The
fact that the heterogeneous, supported form of
Rh(PPh,);Cl reacted with the same regioselectively
and with excellent conversions supports the validity of
these homogeneous systems as relevant HDN models
[114].

The hydrogenation of five- vs six-membered rings
is expected to occur via different metal-substrate inter-
actions and one possible model for this hydrogenation
exists in the deuteration experiments of benzo-
thiophene using [(7>-CsMes)Rh(NCMe),]*+ [27]. In
this experiment, Fish found stereoselective 2,3-C=C
cis-deuteration under kinetic conditions and suggests
that #°- or n’-binding (rather than initial #' as in the
nitrogen substrates) is responsible. (Recall that the
thermodynamic binding of benzothiophene to [(#*-
C,Mes)Rh)** is 5° [115,116].) Laine and coworkers
have also studied the heterocycle binding and the
selectivity of hydrogenation of nitrogen heterocycles
in cluster complexes [72,73,89,103].

Our efforts have been directed towards highly elec-
trophilic, mononuclear complexes of the early metals,
especially tantalum, that bind nitrogen heterocycles
in both the #'(N) and #*(N,C) modes. Thus, the com-
plexes  [7'(M)-QUIN|Ta(OAN,Cl,  (4), [1'(N)-
6MQ]Ta(OAr):Cl, (5) and [4'(N)-6MQ]Ta(OAr).Cl,
(6) (where OAr = 0-2,6-C4H, Pr}, QUIN =
quinoline and 6MQ = 6-methylquinoline) are pre-
pared in quantitative yield from Ta(OAr);CL(OEt,)

D‘H
N” [(n5-CsMes)RhL3]2+ N'jDH
D g

Scheme 5.
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or Ta(OAr),Cl;(OEt,) and QUIN or 6MQ [30]. Upon
the rapid, two-electron reduction of these complexes,
ann'(N) - n*(N,C) bonding rearrangement is effected
and the 4° species [#*(N,C)-QUIN]Ta(OAr); (7),
[7*(N,C)-6MQ]Ta(OAr);  (8) and  [7*(N,0)-
6MQ]Ta(OAr),CI(OEt,) (9) can be isolated in mod-
erate yields, although these reactions are not always
reproducible, Scheme 6. Alternatively, [#*(N,C)-
6MQ]Ta(OAr),CI(OEt,) (9) can be prepared from
(n*-C,Me,)Ta(OAr),Cl (10) and 6MQ, but a simple
pyridine complex such as [p*(N.C)-NC;sH,)
Ta(OAr),CI(OE,) is not isolable by this route.

We emphasize that the isolation of the bis
(aryloxide) species [#%(N,C)-6MQ]Ta(OAr),Cl(OEt,)
(7) must be accomplished by the rapid, two-electron
reduction of the ¢° starting complex. If the second
electron transfer in this reduction is not carried out
rapidly enough, the intermediate d' complex acts as
an effective scavenger of 6MQ from solution and the
stable, six-coordinate Ta'v complex [n'(N)-
6MQ],Ta(OAr),Cl, is isolated. Accordingly, the d'
compound [7'(N)-6MQ],Ta(OAr),Cl, (11), as well as
related species such as the pyridine adduct [n'(N)-
pyl.Ta(OAr).Cl,, are available from the one-clectron
reduction of Ta(OAr),Cl,(OEt,) in the presence of
the corresponding heterocycle, Scheme 6. However,
complex 11 is not readily converted to its #*(N,C)
analog 9 by further reduction, therefore, if another
heterocycle coordinates prior to the second electron
transfer, this reduction is exceedingly difficult. Based
upon our observations, the sequence of reactions lead-
ing to d°, d' and d” heterocyclic adducts is proposed
in eqgs (1)-(5), where the 6MQ complexes specifically
have been isolated in each oxidation state. These
observations are consistent with the generation of an
intermediate d' complex [5'(N)-6MQ]Ta(OAr),
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Cl,(OEt,),, where n = 0 or 1, that partitions between
two further reactions: either another one-electron
reduction, eq. (4), or coordination of another 6MQ
ligand, eq. (5) [30].

Ta(OAr),Cl; (OEt,) 4+ 6MQ 2
(7' (M)-6MQ]Ta(OAr),Cl, +Et,O (1)
(7' (M)-6MQ]Ta(OAr),Cl; + ¢~ —
(7' (M)-6MQ]Ta(OAr),Cl, (2)
(7' (M)-6MQ]Ta(OAr),Cl, + Et,0 2
[n"(N)-6MQ]Ta(OAr),Cl,(OEt,) (3)

[7' (M-6MQ]Ta(OAr),Cl,(OEt,), +e~ -
[7*(N,0)-6MQ]Ta(OAr),CI{OEt,)  (4)

[' (V)-6MQ]Ta(OAr),CL, (OEt,), + 6MQ —
(7' (N)-6MQ],Ta(OAr),Cl,  (5)

Structural studies of [#*(N,C)-6MQ]Ta(OAr),
(PMe;) and [7*(N,0)-6MQ]Ta(OAr),CI(OEt,) (9),
Fig. 3, indicate an interruption of aromaticity to the
heterocyclic ring, but not the carbocycle, when bound
in this fashion. Accordingly, under mild hydro-
genation conditions, the only ligands that are hydro-
genated are those bound in the #?(N,C) mode to a d>
metal and the only ring that is hydrogenated in these
ligands is the heterocycle. For example, hydro-
genation of [#*(N,C)-QUIN]Ta(OAr), (7) under mild
conditions (room temperature, 125 psi H,) afford
1,2,3,4-tetrahydroquinoline (THQ) as the principle
hydrogenation product. Under these conditions, nei-
ther d° [3"(M)-QUIN]Ta(OAn),Cl, @), d° [n'(N)-
6MQ]Ta(OAr),Cl, (6), d' ['(N)-6MQ)],Ta(OAr),Cl,
(11), nor free quinoline is hydrogenated. Further-
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Fig. 3. Molecular structure of [#*(N,()-6MQ]Ta(OAr),CI(OEt,) (9) (6MQ = 6-methylquinoline, Ar = 2,6-C,H,Pr}).

more, in the hydrogenation of [#*(N,C)-QUIN]
Ta(OAr),, no decahydroquinoline is observed.

2. Carbon—nitrogen bond cleavage in n*(N,C)-pyridine
complexes

Metal-mediated C—N bond scissions have typically
been limited to aliphatic amine substrates in systems
not easily amenable to study [69,70,103-105,117]. In
the course of our studies of alkyne cycloaddition
chemistry [51], we prepared the #*-pyridine complex
[n*(N,C)-2,4,6-NC;ButH,]Ta(OAr),Cl (12), a spec-
ies that also exhibits a “metallaaziridine™ structure
and can be considered a model substrate — catalyst
adduct related to [#*(N,C)-QUIN]Ta(OAr); (7) and
[7*(N,0)-6MQ]Ta(OAr),CI(OEt,) (9) [31-33]. Upon
reacting [n° (N,()-2,4,6-NC;Bu{H,]Ta(OAr),Cl (12)
with 1 equiv. of LiBEt,H, red crystalline 13 can be
isolated in moderate yield after appropriate workup,
Scheme 7. The NMR spectra of 13 are consistent with
hydride addition occurring at the metal-bound carbon
of the n*(N,C)-pyridine ligand, however, an X-ray

H
7 NH . .
I\{ LiBEt3H
Ta~c1 THF

&O‘ \% H*=HorD

[12]

Scheme 7.

structural study of this complex provided the dramatic
evidence that the C—N bond of the #*(N,C)-pyridine
ligand in 12 had been cleaved upon hydride addition,
Fig. 4.

The disconnection between the N and C(1) of the
former pyridine ligand and the resulting, seven-mem-
bered metallacyclic structure of Ta(=NCBu'—=CH

CBu'=—=CHCHBu")(OAr), (13) are unambiguous,

confirming that net hydride addition has occurred
to the pyridine C(1). Thus, in the metallaaziridine
description [75-78] of [#*(N,C)-2,4,6-NC;Bu{H,]
Ta(OAr),Cl (12), the former amido nitrogen [48] has
been transformed into a formal imido linkage upon

Fig. 4. Molecular structure of Ta(—=NCBu'—CHCBu'—C
HCHBUY(OATr), (13) (Ar = 2,6-CoH,Pr}).
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hydride attack, as depicted in Scheme 7. The for-
mation of the strong metal-ligand multiple bond in
13 no doubt represents a major driving force for this
reaction, since a strong C—N bond is cleaved in this
process.

Following this discovery, we set out to uncover
the mechanistic details of this important C—N bond
scission reaction. Of the possible scenarios that could
account for the 12 — 13 conversion, perhaps the most
significant question to address is the extent to which
the metal center mediates the reaction. The most sim-
ple mechanism involves a direct, exo hydride attack
on the bound carbon of the pyridine complex, Scheme
8. Nucleophilic attack of the hydride at the metal to
form an unstable hydride complex, followed by an
endo hydride transfer from the metal to the pyridine
ligand also represents a viable pathway for C—N
bond scission, Scheme 8. An examination of the
molecular structure of 13 reveals that the hydride has
apparently added to the face of the pyridine ligand
directed away from the metal center, Fig. 4. Thus, it
appears that an exo mechanism for hydride transfer
to the pyridine ligand has occurred. However, we note
that endo attack cannot be ruled out from the molec-
ular structure of 13 alone, as simple rotation about
the Ta—C(1) bond and the Ta—N-—C(5) linkage of
the metallacycle of an endo-addition product, brought
about by an “‘envelope ring flip”’, would result in an
apparent endo-addition structure. This process is rep-
resented for both enantiometers of 13 in Scheme 9.

No identifiable intermediates could be detected
spectroscopically in the complex reaction of 12 with
LiBet;H, and all attempts to prepare the purported
#*(N,C)-pyridine-hydride complex, [5*(N,C)-2,4,6-
NC;Bu5H,]Ta(OAr),H by other routes led to either
uncharacterizable products or no reaction. Finally,
our attempts to address this question of endo- vs exo-
hvdride attack in Scheme 8 led us to examine the
reactions of [1?(N,()-2,4,6-NCs;BuiH,]Ta(OAr),Cl
(12) with carbon nucleophiles, which was considered

H- AN
N 74
ff s *HX

A 5;

&5

Endo-attack
N
H- N
'\I‘a\l nucleophilic \
o\ - Ta\H
dxsplacement \

Scheme 8.
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an attractive prospect to establish the regioselectivity
of attack.

The reactions of 12 with alkyl lithium or Grignards
afford the alkyl compounds [5?(N,C)-2,4,6-NC;
BuiH,]Ta(OAr),R [R = Me (14), Et (15), Pr* (16).
Bu” (17) and CH,SiMe,; (18)], affording direct evi-
dence that the metal center is the initial site of nucle-
ophilic attack, Scheme 10. While reaction at the metal
center is highly significant, we subsequently dis-
covered that compounds 14-17 constitute the kinetic
products of this system. Thus, upon thermolysing
these species we observe the onset of two reactions:
first a “ring-rocking’ process ensues in which pyridine
ortho carbons alternately coordinate and then dis-
sociate from the metal, as suggested in Scheme 10;
and second, at higher temperatures, an alky! migration
from metal to ligand occurs in 14-17 (but not 18) and
the ring-opened, C—N bond cleavage compounds
Ta(=NCBu'=CHCBu'=CHCBu'R)(OAr),[R = Me
(19), Et (20), Pr" (21), Bu" (22)] are formed, Scheme
11 {33].

Although the C—N cleavage reactions of Scheme
11 would appear to be intramolecular alkyl transfers,
these results alone cannot rule out an intermolecular
alkyl transfer to the exo position of another, nearby
n*-pyridine ligand in a bimolecular reaction. This
determination is central to understanding the role of
the transition metal in mediating C—N bond cleavage
and therefore in addressing a fundamental question
surrounding HDN. To examine this process, a simple
crossover experiment was carried out which takes
advantage of the three-bond *J¢y; coupling observed
for the H(2) proton in the 'H NMR spectrum
of Ta(=NCBu'—=CHCBu'=CHCBu'"*CH,)(OAT),
(19-°C)  that  arises from  thermolysing
[7*(N,()-2,4,6-NC;BuyH,])Ta(OAr),('*CH;)  (14-
BC), Scheme 11. Thus, an equimolar mixture of
[7*(N,C)-2,4,6-NC;BuD,]Ta(OAr),Me (14-d;) and
[n?(N,0)-2,4,6-NC;BuiH,]Ta(OAr),('*CH,) (14-
13C) was thermolysed (C¢Dj, sealed tube, 120°C, 4 h)
and the resulting ring cleaved products observed by
'"H NMR, Scheme 12. The H(2) resonance of the
cleavage product appears as a doublet only in the 'H
NMR spectrum of this reaction, implying that only
Ta(=NCBu'—=CDCBu'=CDCBu'Me)(OAr), (19-
d) and Ta(=NCBu=CHCBu'=CHCBu"*CH.,)
(OAr1), (19-°C) are present in the sample; none of

the possible crossover products Ta(=NCBu'=—
CHCBu'=—=CHCBu'Me)(OAr), 19) or

Ta(=NCBu—CDCBu'—CDCBu*CH,)(OAr), (19-
BC,d,) is detected. Similarly, thermolysing an
equimolar mixture of [5*(N,0)-2,4,6-NC;BuiH,]

Ta(OAr),Me (14) and  [7*(N,()-2,4,6-NC;
BuiD,]Ta(OAr),('*CH;) (14-°C,d,) in the
reverse  crossover experiment affords  only
Ta(=NCBu'=CHCBu'=CHCBu'Me)(OAr), (19)

and Ta(=NCBu'—=CDCBu'=CDCBu'"*CH.,)(0Ar),
(19-C,d,), Scheme 12. The results of these exper-
iments unambiguously demonstrate that methyl
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migration in the 14 — 19 reaction occurs in an intra-
molecular fashion. Thus, an “envelope ring-flip” of
the C—N cleaved, metallacyclic imido product must
be operable to account for the isolation of an apparent

exo addition product that arises from the endo
addition kinetic product as shown in Scheme 9.
Kinetic studies of the conversion of
[7*(V,0)-2,4,6-NC,BuiH,]Ta(OAr),Me (14) to
Ta(=NCBu=CHCBu'—=CHCBu'Me)(OAr), (19)
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by 'H NMR (toluene d;, 100°C) reveal that the dis-
appearance of 14 obeys first-order kinetics
(R? = 0.981) over greater than three half lives, con-
sistent with the crossover experiments. The reaction
is quite slow at this temperature (f,,, = 8.75 h) and
the C—N bond cleavage product 19 reaches a steady
state concentration after approximately one half-life
owing to its further degradation under these
conditions. The subsequent decomposition process is
described below.

Wolczanski and coworkers have uncovered two
additional forms of C—N bond scission, both effected
at 4> M(OR), (M = Nb, Ta) centers [36,37]. The first
of these involves the oxidative addition of the ary-
lamine C—N bond of H,NC(H,X to Ta(silox)s
(silox = OSiBu}) to form (silox);Ta(NH,)(CH,X).
This reaction may also afford the N—H addition
product (silox);Ta(H)(NHCH,X) depending upon
the substituent X [37]. In this reaction, electron-with-
drawing substituents on the aryl ring increase the rate
of the C—N scission reaction relative to the N—H
oxidative addition reaction, therefore, if the metal is
highly nucleophilic, sp* hybridization at the C—N
bond (as in Satterfield’s proposals, Scheme 2) may not
be necessary. The pyridine C—N bond of [#*(N,C)-
NCH;]Nb(silox), is subject to cleavage in an unusual
reaction shown in eq. (6). Thus, thermolysis of
[7*(N,C)-NCsH]Nb(silox), (70°C, benzene) affords
0.5 equiv of pyridine and 0.5 equiv of the ring-opened
product (silox);Nb—=CH(CH—CH)(CH=—CH)N=—
Nb(silox); [36]. The kinetic products are the cis,cis
and rrans,cis isomers that subsequently thermolyse
to afford the equilibrium mixture of cis,cis, trans,cis,
trans,trans, and cis,trans in a 6:26:59:9 ratio. Iso-
merization of the C—C double bond closer to the
alkylidene is more facile than isomerization of the
double bond closer to the imide.

. 70°C  (silox)3Nb=
2 (silox)3Nb: }?O
Nb( snlox)3

N

3. Mechanistic details of the carbon-nitrogen bond
cleavage in an n*(N,C)-pyridine complex : nature of the
migrating ligand

In the same manner that [42(N,0)-2,4,6-
NC;Bu3H,]Ta(OAr),Cl (12) can be alkylated, 12 also
reacts with PhLi to afford the phenyl complex
[7*(N,C)-2,4,6-NC;BusH,]Ta(OAr),Ph (23) in mod-
erate yield [34]. The para-substituted phenyl deriva-
tives [7*(N,()-2,4,6-NC;BuiH,] Ta(OAr),(4-C;H,X),
where X = OMe (24), Me (25), C1 (26), and CF, (27),
are prepared similarly from 12 and the appropriate
aryl Grignard or lithium reagent, Scheme 13. Com-
plexes 23-27 also undergo aryl migration from metal
to ligand upon their thermolysis and the ring-opened
compounds Ta[=NCBu'=—CHCBu'—=CHCBu'(4-C,
H,X)](OAr),, where X = H (28), OMe (29), Me (30),
C1 (31) and CF; (32) are formed by C—N bond scis-
sion, Scheme 14. Kinetic studies of these rearrange-
ments reveal that aryl migration follows clean first-
order kinetics, implying an intramolecular, endo attack
of the migrating aryl group on the pyridine ligand, just
as described above for the alkyl complexes [34].

These compounds have allowed a careful mech-
anistic study of the C—N bond cleavage reaction.
Thus, variable-temperature kinetic studies provide
activation parameters for [n(N,C)-2,4,6-NC;BuiH,]
Ta(OAr),(4-C,H,OMe) (24) - Ta[=NCBu'=—
CHCBu—CHCBu'(4-C(H,OMe)](OAr), (29)

re-
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arrangement of AH} = +19.24+1.3 kcal mol™' and
ASt = —27+4 cal K°' mol™!, for a
AGY = +27.341.3 kcal mol™! at 25°C, suggesting a
highly ordered transition state leading to aryl transfer,
Scheme 14. The large entropic barrier to initiate C—N
bond cleavage presumably arises since bond scission
occurs from only one of the two #°(N,C) isomers that
equilibrate via ring rocking, viz. a structure with proxi-
mate Cox and aryl groups.

A plot of log k vs the Hammett constants o, for aryl
migration in the [p?(N,0)-2,4,6-NC;BuiH,]Ta
(OAr),(4-C,H, X) series 23-27 gives a reasonably lin-
ear fit with p = —0.56+0.10. While the sign of p is in
agreement with an electrophilic aromatic substitution
at the migrating aryl ligand, the small value of p argues
against this pathway and against the involvement of
the aryl n-framework during migration. Most elec-
trophilic aromatic substitutions that involve Wheland
intermediates such as 33 in Scheme 14 are typically
characterized by values of p from ca —2to —12[118].
This observation, along with the fact that the alkyl
complexes [n*(N,C)-2,4,6-NCBu{H,]Ta(OAr),R
(14-17) undergo a similar ligand migration, also
argues against a classic, electrophilic aromatic sub-
stitution at the migrating aryl ligand as depicted by
33 [118]. While ligand migration is relatively insen-
sitive to the nature of the para-substituent, C—N
bond scission by migration of the aryl group as a
nucleophile, in particular as a g-nucleophile as sug-
gested by transition state 34, is nevertheless indicated,
Scheme 14. Note that our terminology ¢ nuclecphile
(vs @ nucleophile) is used to distinguish between tran-
sition states 33 vs 34 in Scheme 14 and should not
be confused with the ““g-complex” vs “‘m-complex”™
terminology to describe intermediates in generalized
mechanisms of electrophilic, aromatic substitution.
Thus, both structures 33 vs 34 represent “‘g-com-
plexes” in the classic sense, however, 33 arises from
the reactivity of the aryl ligand as a n-nucleophile,
while 34 arises from its reactivity as a g-nucleophile,
without involvement of the aryl n-system [34].

4. Further heterocycle degradation: metallapyridine
intermediates in a pyridine decomposition sequence

While the alkyl complexes [n?(¥,C)-2,4,6-NC;
BuiH,]Ta(OAr),R (14-17) have been shown to
constitute kinetic products of this system, the
ring-opened, metallacyclic imido compounds
Ta(=NCBu'=CH CBu'=CHCBu'R)(0Ar), (19-22)
have also been identified as unstable kinetic products
[33]. For example, upon exhaustive thermolysis
of solutions of [#*(N,0)-2,4,6-NC;Bu}H,]Ta
(OAr),Me (14), the first formed metallacycle
"i"a(:NCBu‘:CHCBu‘:CHCBu'Me)(OAr)2 19)
undergoes further decomposition to afford a quan-
titative yield of orange, air- and moisture-stable 39,
Scheme 15. This species is completely insoluble in
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most solvents, however, it was possible to grow X-ray
quality crystals directly from the 14 decomposition
reaction in refluxing benzene. The X-ray structural
study of 39 reveals this robust molecule to be
a dimer of the formal metallapyridine complex,
[Ta(u-NCBu=CHCBu'—CH)(OAr),], (39), Scheme
15 and Fig. 5. In the 14 — 19 > 39 conversion, the net
loss of 1 equiv. of tert-butylethylene per tantalum
has apparently occurred and, indeed, monitoring the
reaction in a sealed NMR tube (C,Dq, 110°C) reveais
that 0.91 equiv. of Bu'CH=CH, is formed per equiv.

structure  of

Molecular
HCBu'==CH)(OAr),], (39) (Ar = 2,6-C H,Pr}).

Fig. 5.

_—
[Ta(u-NCBu'=C

of 14 consumed. To determine the source of the
tert-butylethylene, the labeling experiments pre-
sented in Scheme 16 were carried out. These results
clearly indicate that the migrating methy! group in
the 14 —» 19 - 39 decomposition serves as the sole
source for all three olefinic hydrogens of the tert-butyl-
ethylene produced. Additionally, the '*C-labeling
experiment in Scheme 16 demonstrates that the
migrating methyl group serves as the sole source
of the terminal, methylene carbon of the resulting
Bu‘CH=CH,.

Having identified the source of the rert-butyl-
ethylene decomposition product, we set out to estab-
lish the mechanism of its formation. Fortunately, the
14 -39 decomposition is accompanied by the for-
mation of, and then smooth disappearance of, a small
concentration of another intermediate in the reaction,
complex 36, therefore, the sequence of observed com-
pounds for pyridine ring cleavage and degradation is
14 - 19 — 36 — 39, Scheme 15. Based upon 'H and
BC NMR data, including labelling studies {33], this
species is formulated as the eight-membered,
metallacyclic complex Ta(=NCBu'=CHCBu==CHC
Bu'HCH,)(OAr), (36), shown in Scheme 15.
Although 36 is formed in only small concentrations
and cannot be isolated, an adduct of this species,
Ta(=NCBu'—=CHCBu'—=CHCBu'HCH,)(OAr), - 2N
CMe (36-NCMe) has been isolated by performing
the decomposition of [n?(N,C)-2,4,6-NCsBusH,]
Ta(OAr),Me (14) in the presence of a coordinating
ligand (excess PMe,), followed by crystallization from
acetonitrile/Et,0 solutions. The eight-membered
metallacycle Ta(=NCBu=CHCBu=CHCBu'HCH,)
(OAr), (36) can be considered as a “‘ring expansion”
product arising from the seven-membered met-
allacycle 19. An analogy between the classic “‘ring
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contraction” reaction, established in tantala- ¢xhaustive thermolysis to form [Ta(u-NCBu'=C
cyclopentane — tantalacycloburane  rearrangements HCBu'==CH)(OAr),], (39) and the substituted rert-

[119,120] and our formal “ring expansion” process
may be drawn to provide a reasonable mechanism of
the 19 — 36 conversion. Therefore, we propose that a
simple f-hydrogen elimination to provide transient
Ta(=NCBu'=CHCBu'=CHCBu=—CH,)(H)(OAr),
(35) occurs and that 35 subsequently undergoes rapid
olefin reinsertion in the opposite sense to afford
Ta(=NCBu=CHCBu—CHCBu'HCH,)(QAr), (36),
as shown in Scheme 17. This species can then afford
a metallapyridine monomer by one of two possible
routes: (1) Either 36 undergoes a six-electron, elec-
trocyclic rearrangement to form the substituted bicyc-
lic complex 37a (Scheme 17), followed by a retro
[2+ 2] cycloaddition of the metallacyclobutane por-
tion of 37a to provide the monomeric metallapyridine
38a and Bu'CH—CH,; or (2) the 36— 38b+
Bu'CH=—=CH, conversion may be effected by a -alkyl
elimination [121,122], a process that would maintain
the strong Ta=N multiple bond through intermediate
37b and circumvent both putative intermediates 37a
and 38a. Dimerization of 38 would afford the
metallapyridine dimer [Ta(u-NCBu=—CHCBu'—CH)
(OAr),]; (39). Fortunately, we have recently
isolated a monomeric metallapyridine (the THF
adduct of 38) that is described below.

The other C—N bond cleavage products
Ta(=NCBu'=CHCBu'—CHCBu'R)(OAr), [R = Et
(20), Pr" (21), Bu" (22)] also decomposes upon

butylethylenes BuCH=CHR’ as the only products.
Thus, for Ta(=NCBu=CHCBu'=CHCBu'Et)
(OAr), (20), cis- and trans-Bu'CH—CHMe are identi-
fied; thermolysing Ta(=NCBu'=CHCBu'=CHC
Bu'Pr")(OAr), (21), forms cis- and trans-Bu'C
H=CHEL; and for Ta(=NCBu'==CHCBu'==CHC
Bu'Bu")(OAr), (22), cis- and trans-Bu'CH=CHPr"
are produced, Scheme 18. These results are consistent
with the mechanism proposed in Scheme 17 for the
ring degradation of Ta(=NCBu'=CHCBu'—=CHC
Bu'Me)(OAr), (19) since these products constitute the
exact alkenes predicted by this mechanism when 20-22
are decomposed. This analogous mechanism for 20—
22 decomposition is shown in Scheme 18. This pro-
posal is supported by the labeling experiments used to
develop Scheme 17 and provides a clear explanation
for how both cis- and trans-Bu'CH—CHR" arise.
Since the complexes Ta(=NCBu'—=CHCBu'=CHC
Bu'R)(OAr), (20-22) contain diasterotopic -hydro-
gens and since one of these §-hydrogens must nearly
eclipse the metal center to undergo f-hydrogen elim-
ination (viewed down the C,—C, bond), then both
possible olefin stereochemistries may be obtained,
depending upon which B-hydrogen is eliminated,
Scheme 18. The observed olefin stereochemistry in
Bu'CH=—CHR’ is therefore set at the §-H elimination
step and prior to subsequent reinsertion and ring
expansion as indicated in Scheme 18 [33].
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With the exception of 38, all of the kinetic products
in Scheme 15 have been observed via '"H NMR and
12, 14, 19 and 39 have been isolated as the complexes
shown, with 36 being isolated as its MeC=N adduct
[33]. Although it is logical that the metallapyridine
dimer 39 is formed from the dimerization of 38, which
is sufficiently short-lived in solution that it is not
observed, monomeric 38 has been an elusive species.
However, thermolysing toluene solutions of

[7*(N,0)-2,4,6-NCsBuiH,]Ta(OAr),Me (14) in the
presence of THF affords a new species that has been
identified as an adduct of 38 [35]. The '"H NMR spec-
trum of this red complex reveals two sharp singlets at
d 7.41 and 5.97 for the metallacyclic protons (C¢D,)
and only two Bu' resonances in its '"H NMR spectrum,
along with signals for a coordinated THF. Based upon
its '"H and "*C NMR spectra, as well as its elemental
analysis, this new complex is formulated as the
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metallapyridine  monomer, "l"a(NCBu‘CHCBu‘('?H)
(OAr).(THF), 38 THF.

There are two configurations for 38 - THF, both Cs
symmetric, that are consistent with the '"H and °C
NMR data. Both structures 38 - THFa and 38 THFb
are trigonal bipyramids with the coordinated THF
assuming an apical position and the aryloxide ligands
occupying equatorial sites. The metallapyridine ring
itself can be oriented such that the imido nitrogen is
either trans to the THF ligand (as in 38 - THFa) or cis
to the THF (as in 38 - THFb).
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Fig. 6. Numbering scheme for the metailapyridine and THF

carbon nuclei used in specifying 'H and *C NMR assign-

ments in Ta(=NCBu'=CHCBu'=—CH)(OAr),(THF) (38
THF).

172.5 and 167.8, respectively, and C3 occurs at 6 121.4
(CDg) [35].
One significant question concerning the structure

In order to determine which structure 38+ THF
adopts in solution, as well as to make complete NMR
assignments, a NOESY experiment was carried out.
Two NOE cross peaks were observed between the
resonance at ¢ 5.97 and both Bu' groups (at § 1.34
and 0.95), whereas only one cross peak was observed
between the ¢ 7.41 proton and the Bu' resonance at &
1.34, thereby establishing the 6 597 and 7.41 res-
onances as C3H and CIH, respectively, Fig. 6. In
addition, an NOE cross peak was observed between
the THF CoaH resonance at é 3.89 and C1H. Based
upon these observations, the structure of 38 - THF can
be assigned as that of 38 THFa, with the Bu' C6H
and C8H resonances assigned at 6 1.34 and 0.95,
respectively, Table 1. With the exception of C2, C4,
C5 and C7, the '*C NMR spectrum of 38 - THF is also
completely assigned based upon these NOESY data
and a HETCOR experiment. In the interest of making
complete spectral assignments, a Heteronuclear Mul-
tiple Bond Correlation (HMBC) experiment was also
carried out [123] and all the ring carbons can now
be conclusively assigned, Table 1. Thus, Cl appears
farthest downfield at § 178.5, C2 and C4 appear at &

of 38 THF is the extent to which the metallacycle
is delocalized [124]. An X-ray crystallographic study
confirms the proposed structure of 38: THF as the
metallapyridine monomer Ta(NCBu‘CHCBu'CH)
(OAr),(THF) [35]. The asymmetric unit contains two
crystallographically independent, but virtually identi-
cal molecules ; preliminary data for one molecule are
shown in Fig. 7. Complex 38 THF adopts a slightly
distorted trigonal bipyramidal configuration with the
aryloxide oxygens and metallacyclic C(1) occupying
equatorial positions, in agreement with the solution
structure ; the THF ligand and metallacyclic nitrogen
occupy axial positions. The TaNC, metallacycle is
very nearly planar (mean deviation from plana-
rity = 0.02 A), but it is not aromatic, as discrete single
and double bonds are evident around the ring, Fig. 7.
This n-electron localization clearly favors the imido
form shown (i.e. ’l'"a(:NCBu‘zCHCBu':('ZH)
(OAr),(THF)) rather than carbene structure, which is
especially significant since the metal can dictate that
either structure be adopted. Although the imido
ligand in 38:-THF is strongly bent [Ta=—
N—C(4) = 148.0(8)°], it is only weakly basic as
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Table 1. Summary of 'H and C NMR data for
Ta(==NCBu'=CHCBu'=CH)(OAr),(THF) (38 THF)"

Assignment 'H ¢

CIH 7.41(s) 178.51

C2 172.48

C3H 5.97(S) 121.41

C4 167.84

Cs 37.98

C6H 1.34(s) 31.40

Cc7 36.58

C8H 0.97(s) 28.96

C9H (CaH THF) 3.89 (mult) 71.62

CI10H (CpH THF) 1.19 (muit) 25.42

CHMe, 3.74 (spt) 27.25
CHMe, 1.37 and 1.33(d) 24.12, 23.99

Hauy 7.22-6.96 (A,B mult)

Cino 160.05

C, 136.73

Cn 123.29

C, 121.58

“C¢Dg at probe temperature.

tBu

1.34(1 .
A 111 ) \136(2)
N d 786(9)// 1.45(2)
~ U
O~ | 2150) @

U

Fig. 7. Selected metallapyridine bond lengths (A) for

molecule A of Ta(=NCBu'=CHCBu'=CH)(OAr),(THF)
(38 THF).

attempts to alkylate the imido nitrogen with electro-
philes (e.g. Mel) were unsuccessful.

Although base-free 38 is not observed by 'H NMR
spectroscopy during the thermal conversion of 14 to
dimer 39, its intermediacy is supported by the
fact that Ta(=NCBu'=CHCBu'=CH)(OAr),(THF)
(38 - THF) can be cleanly converted into 39. Despite
the fact that the THF ligand in 38+ THF appears to
be labile (e.g. the THF is easily displaced by pyridine),
heating solutions of 38+ THF does not lead to the
formation of 39. However, heating a cherry red solu-
tion of 38+ THF with Me,Sil results in the decol-
orization of the solution and the formation of
insoluble red crystals, eq. (7) [35]. The only product
observable in solution by 'H NMR is Me,Si
OCH,CH,CH,CH,I, which arises from ring cleavage
of the THF of 38 - THF [125]. The insoluble red crys-
tals were identified as dimer 39 by elemental analysis

3155

and by comparison of one crystal’s unit cell par-
ameters to those of an authentic sample of 39 [33].
These observations complete the reaction sequence
in Scheme 15, delineate one process by which het-
erocyclic C—N bonds are cleaved and offer new
insight into how nitrogen heterocycles may be further
degraded after C—N bond cleavage. Information on
subsequent heterocycle degradation reactions may be
relevant to catalytic HDN since under normal HDN
conditions ethane, ethylene, propane and propylene
are the principal products of pyridine HDN with only
a minor fraction of Cs products being generated [16].

5. New models for C—N cleavage in quinoline hydro-
denitrogenation

We have also explored a series of C—N bond-for-
ming reactions that have afforded a striking suggestion
for how quinoline may undergo denitrogenation in its
conversion to indene, as Fish has observed [126].
These reactions are based upon attempts to generate
dihydropyridine complexes through the 4+ 2 cycload-
dition of butadienes and nitriles [127]. The unex-
pected, net 4+ 1 addition of N=CR to the diene
ligand in (y°-diene)Ta(OAr); complexes, in con-
junction with the nucleophile-induced C—N scission
reactions described above, constitute a new model for
quinoline hydrodenitrogenation [128].

The reaction of Ta(OAr),CL(OEt,) with Mg
(C,Hy)(dme) (dme = 1,2-dimethoxyethane) affords
yellow crystals of the butadiene adduct Ta(#*-C,Hy)
(OAr); (40) shown in Scheme 19. Yellow crystals of
the n*-isoprene complex Ta(*-2-MeC,H;) (OAr), (41)
are tsolated from the NaHg reduction of Ta(OAr),
CL,(OEt,) in the presence of isoprene. Scheme 19.
Although excess isoprene is employed to drive the
synthesis of 41 to completion, there is no indication
that insertion of a second equivalent of the diene into
the tantalum-carbon bonds of Ta(y*-2-MeC,Hs)
(OAr); (41) occurs under these conditions, in contrast
to butadiene complexes of zirconium [129]. We
assume the n*-diene ligands in 40 and 41 are highly
reduced and therefore structurally similar to
Rothwell’'s Nb(OC¢H,Ph-5*-C¢H,)(0-2,6-C,H;Ph,),
[130].

If the reaction between Ta(n*-2-MeC,H;)(OAr),
(41) with 1 equiv. of N=CMe (in pentane) is worked
up immediately after mixing these reagents, the met-
allacycloimine product "l"a(N_—_CMeCH2CMeiHC
H,)(OAr), (42) can be isolated, Scheme 19. Upon
reacting Ta(n*-2-MeC,H;)(OAr); (41) with piv-
alonitrile or benzonitrile N=CR (R = Bu' or Ph,
respectively) in pentane, the analogous metallacyclic
insertion products "I"a(N:CRCH2CMe:CH(13H2)
(OAr); 43 (R = Bu') and 44 (R = Ph) are also formed
in high yield, Scheme 19. (We draw these as 5'-allylic,
but note that n’-allylic metallacycles are possible
[131].) Both 'H and '*C NMR spectroscopy indicate
that a single regioisomer is formed in these reactions
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and the isomers presented in Scheme 19 were con-
firmed by HETCOR experiments. However, these
complexes were discovered to be kinetic products of
the reactions: after several hours, the reaction
between Ta(n*-2-MeC,H;)(OAr), (41) and N=CMe
affords a new product 45 that we formulate as the cyclo-
pentenylimido complex Ta(=NCMeCH,CMe—CHC
H,)(OAr),, indicated in Scheme 19. Ta(N—CMeC
H,CMe—CHCH,)(OAr); (42) is confirmed as an
intermediate in the 41 — 45 conversion, since isolated
42 undergoes the smooth, room-temperature
conversion to Ta(=NCMeCH,CMeCHCH,)(OAr),
(45). The pivalonitrile and benzonitrile insertion prod-
ucts 43 and 44 are stable as the metallacycloimines at
room temperature, however, heating solutions of
these compounds (>80°C) induces a rearrangement
and the corresponding cyclopentenyl imido complexes
46 and 47 are isolated, Scheme 19. The mechanism(s)
and synthetic utility of these reactions are under inves-
tigation, but one may envision a simple electrocyclic
rearrangement, driven by formation of the strong
metal-nitrogen multiple bond.

Our formulation of 45 as the cyclopentyl imido
complex Ta(=NCMeCH,CMe—CHCH,)(OAr), was
achieved by NMR spectroscopy and a preliminary
X-ray crystallographic study. Ta(=NCMeCH,C
Me—CHCH,)(OAr); (45) was difficult to crystallize,
except in the presence of THF, in which case the
adduct 45 THF formed as moderate to poor quality
crystals. The preliminary structure of 45 THF estab-
lishes its overall trigonal bipyramidal geometry, an
equatorial nitrogen ligand, clear unsaturation of the
carbocycle as shown in Scheme 19, an N—C single
bond [1.43(4) A], and the Ta=N muitiple bond of
1.84(2) A, indicative of an imido linkage. We believe

that the same driving force that allowed the C—N
bond cleavage reactions described earlier to proceed,
namely the formation of Ta—N multiple bond, as
well as the energy gained in forming new N—C bonds,
contribute to the formation of 45-47. Previous exam-
ples of 4+ 1 reactions have been described by Eaton
[132-134], and by Erker [135], but none involving
nitriles.

In addition to its potential synthetic utility, the
rearrangement in Scheme 19 may be relevant to some
interesting observations by Fish and coworkers con-
cerning quinoline HDN over a Ni/Si0,/Al,O; catalyst
[126]. In addition to the formation of propyl benzene
and propyl cyclohexane in this reaction, both indene
and indan are formed in smaller amounts, Scheme 20.
If we juxtapose the C—N bond scissions in Schemes
7 and 11 with the 42 — 45 rearrangement described
here, we can suggest a simple reactivity model that
accounts for these observations. Scheme 21 suggests
how indene could arise from quinoline coordination
[30,31], C—N bond scission [33] and ring rearrange-

H
E:(N\j Ni/Siggz/Alzo:; (:(rgj = CL/N\Hz/
QUIN H I Hy
Hp NHs
NH
oney” B

o~

Scheme 20.
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ment [128], based upon reactivity precedent in ary-
loxide supported tantalum complexes. Thus, step c of
Scheme 21 may be compared to the rearrangements
outlined in Scheme 19 above. We have observed an
imine nitrogen being converted to an imido nitrogen
(Scheme 19), while step ¢ (Scheme 21) suggests a met-
allacycle imido ligand being converted into a nitrido
ligand.

6. Tetrahydroquinolinyl and indolinyl complexes as
models for substrate—catalyst adducts in hydro-
denitrogenation catalysis

A generalized HDN reaction scheme for quinoline
was presented in Scheme 1. Regardless of which path-
way is ultimately productive, the most facile step of
quinoline HDN is hydrogenation of the heterocycle,
therefore, quinoline HDN involves the intermediacy
of tetrahydroquinoline, just as the indole HDN reac-
tion pathway includes indoline. While there are several
reports of quinoline complexes [30,56-58] and cata-
lytic HDN studies invariably examine quinoline and
indole substrates [29,87,89,113,136-138] complexes of
their hydrogenated derivatives tetrahydroquinoline or
indoline are scarce [29,139,140]. Accordingly, we have
prepared complexes containing the amido ligands of
tetrahydroquinoline, namely tetrahydroquinolinyl
[NC,H,]~. These compounds were deemed worthy
synthetic targets, since they more closely resemble the
substrate—catalyst complexes at the active site in HDN
as compared to simple quinoline adducts. Addition-
ally, because the #*(N,C) binding mode provides excel-
lent reactivity models for fundamental HDN reactions
of pyridines, we wanted to determine whether #' com-
plexes of tetrahydroquinoline, or of its amide, might
serve as precursors to related #° species. Such com-
plexes would model Laine’s mechanistic proposal for
pyridine/piperidine HDN that includes an n*(N,C)-
piperidyl ligand, Scheme 2 [7,8].

The reactions of TaCl; with Me,SINC,H,, or
LiNC,H,,, where NCyH,;, = tetrahydroquinolinyl,
afford selective preparative routes to the complete ser-
ies of amido halide complexes of tantalum(V) 48-52
as shown in Scheme 22. Thus, the mono
(tetrahydroquinolyl) complex is isolated as an ether
adduct Ta(NC4H,,)CL,(OEt,), while the complexes
Ta(NC,H,,),Cl;_, (n =2-5) are found to be base-
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free, monomeric species. An X-ray structural deter-
mination of Ta(NC,H,(),Cl; (49) reveals that it adopts
a trigonal bipyramidal geometry with equatorial
amido ligands that are closer to lying parallel (within)
rather than perpendicular to the equatorial plane of
the trigonal bipyramid, Fig. 8.

We also sought aryloxide-supported n'(N)-NCoH,,
compounds of the form Ta(NCyH,0) (OAr),R. for the
prospect of cyclometallating a NCsH, ligand to afford
#*(N,C)-heterocyclic  species. Thus, Ta(NC,H,,)
(OANCL(OEty) (53), Ta(NC,H,(),(OAr),Cl (54)
and their alkyl derivatives were prepared as indi-
cated in Scheme 23. The alkyl derivatives Ta
(NC,H,0) (OAr)Me,Cl1 (55), Ta(NC,H,)(OAr)Et,Cl
(56) and Ta(NC.H,(),(OAr),Me (57), as well as the
amido derivatives Ta(NCyH,4),Cl (51), Ta(NCyH )5
(52) and Ta(NC,H,,)Me,Cl, (58) (prepared from 48
and ZnMe,) were all thermolysed in an attempt to
cyclometallate a NCyH,, ligand and eliminate alkane
or HNC,H,,, much in the way that Ta(NEt,)s under-
goes thermolysis to form the N-ethylethyleneimine
complex Ta(#*-EtN==CHCH,)(NEt,);, Scheme 24
[141-144]. Unfortunately, thermolysing 56-58 in
C,D; solution (80°C, up to 24 h) afforded no evidence
for the formation of any #°(N,C)-heterocycles ; intrac-
table mixtures that included paramagnetic species
were slowly formed. While thermolysis of Ta(NC,
H,,),Cl (51) and Ta(NC,H,q)s (52) under similar
conditions (C,D,, =80°C) produced free tetra-
hydroquinoline HNC,H,, no evidence for the for-
mation of an #*(N,C) complex was obtained in either
case; intractable, paramagnetic products were again
obtained.

In order to test whether a reversible metallation of
a NC,H,, ligand occurs under these conditions [27,73],
a sample of Ta(NC.H o)s (52) was thermolysed in the
presence of excess DNCyH,, and examined by 'H and
3C NMR [145]. No incorporation of deuterium into
either H2 or H8 (or any position) of the coordinated
NC,H,, amide ligand was observed. We note that
Gambarotta recently described the preparation of
Nb[#(N,C)-CyN=C¢N,(](NCy,),Cl (Cy=CH,)
from NbCl,(THF), and LiNCy,, containing one met-
allated cyclohexyl ring [146]. The proposal is made
that intermediate Nb(NCy,),Cl is formed that under-
goes a formal elimination of hydrogen, therefore,
under the appropriate conditions these cyclo-
metallations are facile [146]. Gambarotta has also
described the tantalum analog Ta[p*(N.()-CyN
=C(H,J(NCy,),Cl from TaCl; and LiNCy, that
could form by HNCy, elimination from intermediate
Ta(NCy,),C1[147]. These reactions are perhaps facili-
tated by the greater steric congestion of the NCy,
amides relative to NCyH,,, as well as possible one
electron pathways that are operative in the niobium
system.

7. Significance of recent model studies

Despite its importance in producing high-quality,
low-cost fuels and feedstocks, HDN catalysis is sig-
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Scheme 22.

Fig. 8. Molecular structure of Ta(NCyH,).Cl; (49),
Ta—N(11) = 1.932(5), Ta—N(21) = 1.932(5) A, N(11)—
Ta—N(21) = 116.8(2)°, Cl(1)—Ta—Cl(3) = 170.27(7)".

nificantly less well-studied than HDS. In particular,
the C—N bond scission step has been elusive since
discrete C—N cleavage reactions that were amenable
to study were rare. Therefore, an examination of our
model reactions in view of proposed methods of C—N
cleavage is instructive and may allow us to draw some
conclusions regarding ways in which heterocyclic
C—N bonds may be cleaved.

Scheme 2 summarizes Laine’s proposal for C—N
bond scission in piperidine [7]. A crucial feature of
this proposal is the existence of an #*(N,C) piperidine
amido complex that is formed in a C—H activation
step at the catalytic site. The subsequent C—N bond
cleavage step involves hydride attack at either Co,
with the formation of an intermediate amido complex,
or attack at N, with the formation of an alkylidene.
The C—N bond cleavage step we have observed with

carbon nucleophiles (Scheme 11) shares three simi-
larities with Laine’s proposal. First, cleavage is found
to occur only in an n*(N,C) complex. We have also
demonstrated that the #°(¥,C) bonding mode in com-
plexes of quinoline permits facile hydrogenation of
the heterocycle (without reducing the carbocycle) and
that #'(V) quinoline complexes are not readily
reduced [30]. In this system, C—N bond scission has
not been induced in d° or d' #'(N)-pyridine or n'(N)-
quinoline complexes. Wolczanski’s C—N scission in
pyridine also occurs only in an #*(N,C) complex {36].
Secondly, we have demonstrated that in the n*(N,C)
mode, attack occurs at the pyridine carbon, rather
than the nitrogen. In the metallaaziridine description
of the #*(N,C)-pyridine, this reaction in our complexes
transforms a formal amido nitrogen in the n>-pyridine
to a formal imido nitrogen in the ring-opened structure
in a reaction driven largely by the formation of a
strong metal-ligand multiple bond. Laine’s proposal
differs from our observation in that under actual
HDN conditions, the heterocyclic ring will be hydro-
genated such that a formal amine nitrogen in the 5>
piperidyl ligand is converted to an amido nitrogen
upon C—N bond cleavage. Thirdly, C—N bond scis-
sion occurs via an intramolecular, endo attack of the
migrating ligand. The results obtained for the carbon
nucleophiles may also reflect the mechanism of C—N
scission by hydride, since metal-mediated hydride
attack on #°(,C)-heterocycles now appears to be a
reasonable pathway.

Finally, our model system also offers insight into
how nitrogen heterocycles may be further degraded
after C—N bond cleavage in HDN catalysis. An
#*(N,C)-pyridine ligand that ring opens in a manner
so as to generate  hydrogens may be subject to further
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degradation, since pathways exist for C—C bond
cleavage by rearrangement of the ring-opened
complex. Such information may be relevant to cata-
lytic HDN since under normal HDN conditions
ethane, ethene, propane and propene are the principal
products of pyridine HDN with only a minor fraction
of C, products being generated [16].

Our observations are also consistent with the het-
erogeneous studies of Perot and coworkers [85,113].
The Perot experiment (Scheme 4) revealed that under
the same conditions that quinoline reacts to give pri-
marily THQ, tetrahydroisoquinoline undergoes HDN
to afford primarily 2-ethyltoluene, consistent with an
SN mechanism of C—N bond cleavage in this
compound. Perot notes that substitutions at the car-
bon « to nitrogen result in changes in the HDN pro-
duct distribution, perhaps signalling a change in
mechanism for the C—N scission step [85].

The overall reaction we have observed between
the pyridine complex [n?(N,C)-2,4,6-NC;BujH,]Ta
(OAr),Cl and an attacking carbon nucleophile
(Schemes 10-14) can be partitioned into two stages:
(1) nucleophilic attack at the metal center, followed by
(2) nucleophilic migration to the »* ligand. In our
model system, this migration is the rate-limiting step.
The role of the metal center therefore is to mediate this

process : it selectively activates the heterocyclic C—N
bond and renders the pyridine Ca susceptible to nucle-
ophilic attack. This nucleophilic designation is based
upon a very slight rate enhancement in aryl migration
using electron-donating substituents in the para pos-
ition of the aryl ring. Nevertheless, the data from our
model system are consistent with both nucleophilic
attack of the migrating ligand on the pyridine Cx and
with Perot’s evidence for SN mechanisms in tetra-
hydroisoquinoline HDN.

Finally, these observations may constitute a frame-
work on which to unify the Laine and Perot theories of
C—Ni scission in the following ways. As Laine suggests,
substrate coordination is required and we have found
that #*(N,C) is the most relevant bonding mode since
C—N bond cleavage has been observed in heterocycles
bound in this mode only. Furthermore, an intra-
molecular migration of the attacking nucleophile ach-
ieves C—N scission. Bonding the pyridine #*(N,C)
allows the pyridine Cx (a formal sp? carbon) to attain
sp® hybridization and thereby renders this carbon sub-
ject to nucleophilic attack. If one considers the 7*(N,C)
piperidyl amine complex (3a < 3b) that is proposed by
Laine, it is clear that the Lewis acidic, electrophilic
metal center can take the place of H" in the classic
nucleophilic substitution mechanism of Scheme 2, as
indicated by structure 3b. In this way, nucleophilic
displacement of the C—N bonding electrons cleaves
this bond while the N-metal bond is maintained, there-
fore, #°(N,C) binding serves the same purpose as pro-
tonation of the substrate nitrogen.

SUMMARY AND CONCLUSIONS

The results described in this report allow the fol-
lowing conclusions to be drawn and suggest the extent
to which this system constitutes a valid reactivity model
for the active site in HDN catalysts.
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(1) These studies have demonstrated the #*(N,C)
coordination mode of relevant HDN substrates such
as substituted pyridines and quinolines and established
a correlation between oxidation state and preferred
bonding mode. We have also uncovered an n'(N) -
#*(N,C) rearrangement in quinoline upon reduction of
its complexes from d° to d°.

(2) Structural and reactivity evidence from our stud-
ies and from those of Wolczanski [48] point to a dis-
ruption of aromaticity of the heterocycle in #*(N,C)-
pyridine compounds. Since the #*(C,C)-pyridine or
#*(C,C)-quinoline coordination modes have not been
observed in 4° tantalum complexes, this interruption
of aromaticity accompanies a selective activation of the
heterocycle’s C—N bond.

(3) Carbon—nitrogen bond cleavage is found to
occur only in the *(N,C)-pyridine complexes and
therefore only in the d° oxidation state. Given that the
cobalt—promoter effect in MoS,/y-Al,O; may include
an electron transfer role [12], our observations are per-
haps relevant to changes in the substrate binding mode
at the active site.

(4) The#*(N,C) binding mode renders an HDN sub-
strate susceptible to nucleophilic attack. The overall
reaction can be partitioned into two stages: nucle-
ophilic attack at the metal center followed by ligand
migration to the #* ligand. In our model system, this
migration is rate-limiting.

(5) Nucleophilic attack on an #*(¥,C)-pyridine
ligand occurs invariably at the pyridine carbon, rather
than nitrogen, to form a metallacyclic imido complex,
consistent with Laine’s proposal. Therefore, C—N
bond scission appears to be driven by, in large part, the
formation of a strong metal-nitrogen multiple bond, as
well as the reduction in the pyridine C—N bond order
that arises from its #*(¥,C) coordination. Since imido
ligands are apparently involved in other catalytic pro-
cesses where the nitrogen is ultimately removed from
the metal (e.g. propylene ammoxidation [148-153] and
nitrile reduction [154—156]), the fact that the ring-open-
ing reaction occurs with the formation of an imido
ligand M=NR is consistent with the ultimate elim-
ination of ammonia from the catalyst site.

(6) The C—N bond scissions observed in these com-
plexes occur unambiguously via an intramolecular,
endo-attack of the attacking ligand that migrates to the
HDN substrate as a g nucleophile. Therefore, the same
metal center in this model system is capable of acti-
vating the pyridine C—N bond and delivering the
reagent (alkyl and perhaps hydride) that induces C—N
bond scission.

(7) While there is no evidence that the Co-Mo-S or
Ni-Mo-S phases in cobalt- or nickel-promoted
MoS,/7-Al,0, can induce C—N scission prior to het-
erocycle hydrogenation [3], the reactions uncovered in
this study offer the possibility that C—N bond cleavage
may be promoted under milder conditions than are
currently necessary. The possibility of reducing the con-
sumption of H, by C—N scission prior to hydro-
genation is not likely under existing hydrotreating

K. J. Weller et al.

conditions, since heterocycle hydrogenation (e.g. pyri-
dine — piperidine or  quinoline — 1,2,3,4-tetrah-
ydroquinoline) is the most facile step in hydrotreating.

(8) Carbon—carbon bond scissions of a ring-opened
complex appear to be possible at the same metal site.
Thus, in cases where a highly substituted metallacycle
arises from pyridine ring-opening, further degradation
pathways for C—C bond cleavage exist.
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