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Pyridine ring-opening of a metal-coordinated 1,10-phenanthroline has been demonstrated for the first
time. The reaction of stable, well-defined cis,trans-[Re(CO),(N-N)(N-RIm)(PMe3)]OTf [N-N = 2,2'-bipyri-
dine (bipy), N-RIm = N-alkylimidazole] compounds with KN(SiMes), followed by the addition of an excess
of electrophile (MeOTf) afforded bipy ring-opening products easily at room temperature. The new, elec-
tron rich analogous 1,10-phenanthroline (phen) cis-{Re(CO),} complexes allowed also, under mild con-
ditions, the ring-opening of phen, which can be regarded as a model of coordinated quinoline, one of the
impurities in fuels most difficult to eliminate by the hydrodenitrogenation (HDN) process. The phenan-
throline ring-opening products are regiochemically different from those obtained with bipy, and the
results of computational calculations suggest that the difference can be traced to the avoidance of a

larger loss of aromaticity. The new ring-opening products have been spectroscopically characterized in
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Introduction

Metal-mediated transformations of pyridine, quinoline and
other N-heteroaromatics are of fundamental importance, in
part due to the stability of the substrates, which makes them
challenging reactions. On the other hand, they are expected to
provide insight into the industrially very important, yet
mechanistically poorly understood, hydrodenitrogenation
(HDN) process, which is catalyzed by transition metal oxides."
This may lead to the development of more efficient transform-
ations under milder conditions.> There are few examples of
aromatic C-N bond cleavage processes mediated by molecular
complexes, mainly due to the strength of the C-N bond, which
often requires high temperatures and H, pressures to cleave.’
Pyridine ring-opening has been achieved with group 4 and
5 metal complexes, capable of binding pyridines in the very
rare k*(C,N) mode, in the presence of strongly reducing
agents.> Mindiola and co-workers developed a completely
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solution and by means of X-ray diffraction in the solid state.

different approach, namely ring-opening metathesis of pyri-
dine with a metal-carbon triple bond.® Afterwards, using the
same highly reactive Ti(u) alkylidine complex, these authors
achieved the ring-opening of bicyclic N-heterocycles quinoline
and isoquinoline.” Remarkably, the transition-metal mediated
C-N bond cleavage of a fused aromatic N-heterocycle had not
been previously reported, despite quinolines being the most
challenging substrates to remove by HDN and also the most
abundant in some of the fuels to be treated. On the other
hand, ring opening of substituted imidazoles by lanthanides
and uranium alkyl complexes has been reported.*’ More
recently, Luo and Hou reported the extrusion of a nitrogen
atom from pyridine or quinoline rings in trinuclear titanium
heptahydride complexes under relatively mild conditions."”

In a completely different way, we demonstrated pyridine
ring-opening of the usually very inert bipy ligand coordinated
to the cationic fac-tricarbonyl rhenium(i) fragment."* Bipy and
phen are among the most extensively employed ligands in all
fields of coordination chemistry;'> however, nucleophilic
addition to the coordinated bipy or phen was limited, prior to
our work, to a few examples of inner-sphere hydride and alkyl
metal-to-pyridine migrations.”*'* We found that deprotona-
tion of the central CH group of 1-methylimidazole coordinated
to the cationic fac-{Re(bipy)(CO);} fragment generated a strong
nucleophile, which then attacks position 6 of bipy, leading to
C-C coupling and dearomatization. The subsequent treatment
with excess MeOTf resulted in the C-N bond cleavage and pyri-
dine ring-opening. Extension of this study to 4,4"-di-
substituted-2,2'-bipyridine ligands'> showed that increasing
the electron density of the bipy ligand (i.e. 4,4"-dimethoxy or
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4,4'-dimethylamino-2,2"-bipyridine vs. parent bipy) makes it
more reactive towards electrophiles once the C-C coupling
reaction has taken place, yielding ring-opening products more
easily.'® However, attempts to extend these results to the ring
opening of coordinated phen failed, reflecting the more inert
character of quinolines.

Herein we report the results obtained with cis,trans-
[Re(CO),(PMe;)(N-N)(N-RIm)]OTf (N-N= bipy, phen; N-RIm =
N-alkylimidazole) complexes, related to those previously
studied by our research group with the formula fac-
[Re(CO);3(N-N)(N-RIm)]OTf, but in which a carbonyl ligand has
been replaced by a phosphane. Our working hypothesis is that
this change makes the complexes substantially more electron
rich, which should make them, once deprotonated, more reac-
tive toward electrophiles and therefore better candidates for
mediating ring-opening reactions. In fact, here we report the
pyridine ring-opening of a coordinated phen, a quinoline
model, a reaction, as far as we know, without precedents.

Results and discussion

Cationic cis-dicarbonyl trimethylphosphane imidazole Re()
complexes containing bipy or phen ligands were prepared
using a two-step procedure starting from fac-tricarbonyl
[Re(CO);(N-N)(PMe,)]OTf derivatives.'” First, the CO in trans
disposition to the phosphane is replaced by acetonitrile
(employed as a solvent), a reaction mediated by trimethyl-
amine N-oxide, and, in a subsequent step, the labile nitrile
ligand was replaced with an N-methyl- or N-mesityl- (mesityl =
2,4,6-trimethylphenyl) imidazole ligand (N-MeIm or N-MesIm,
respectively) to afford the new cis,trans-[Re(CO),(N-N)(N-RIm)
(PMe;)]OTf"® compounds, as depicted in Scheme 1.

To start exploring the reactivity of the new cis-dicarbonyl
imidazole Re(1) complexes containing bipy or phen ligands, a
slight excess of KN(SiMejs), (1.2 eq.) was added to a solution of
cis,trans-[Re(bipy)(CO),(N-MeIm)(PMe;)|OTf (1a) in THF at
—78 °C resulting in a color change from orange to dark red.
Monitoring the reaction course by IR in solution in the carbo-
nyl region showed the formation of a neutral product, as evi-
denced by the shifts in the IR bands to lower wavenumber vco
values (from 1921, 1847 cm™" to 1894, 1818 cm™"). Therefore,
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Scheme 1 Synthesis of cis,trans-[Re(CO),(N—N)(N-RIm)(PMe3)|OTf
compounds. (a) MezNO-2H,0, MeCN, A and (b) N-RIm, THF, A.
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Scheme 2 Deprotonation followed by methylation of cis,trans-[Re
(bipy)(CO),>(N-RIm)(PMe3)]OTf (1a,b) compounds.

the increase in electron density at the metal center does not
preclude imidazole deprotonation by the potassium amide,
although it makes the resulting neutral species too unstable
for isolation. Electrophilic interception was then performed by
the addition of MeOTf in CH,Cl, to the reaction mixture,
which afforded a new pyridine ring-opening product, 3a (see
Scheme 2), which could be purified by crystallization. The
molecular structure of compound 3a, determined by single
crystal X-ray diffraction, consists of a triflate salt of a cis-dicar-
bonyl rhenium cation which displays a tridentate N-donor
ligand. The latter results from the C-C coupling between the
deprotonated N-methylimidazole and the bipy ligand (C15-
C11 bond, Fig. 1 left). As a consequence of the double methyl-
ation at N12, the C11-N12 pyridine C-N bond is broken,
resulting in pyridine ring-opening and the formation of cyclo-
pentadienyl and dimethylamino moieties. Accordingly, the
Re1-N12 [2.289(7) A] bond distance is longer than that of Re1-
N1 [2.197(5) A] as expected for amino vs. imino moieties,
respectively. The N12-C7 and C7-C11 bond distances
[1.512(10) A and 1.518(10) A, respectively] are clearly indicative
of single bonds, whereas the lengths of the C8-C9 and C10-
C11 bonds [1.314(10) A and 1.364(9) A, respectively] reflect the
multiple C-C bond character. The "H NMR spectrum of com-
pound 3a in CD,Cl, is consistent with its solid-state structure,
showing the signals corresponding to one pyridyl group, the
three one-hydrogen signals of the cyclopentadienyl unit, and
the two imidazole C-H groups. More significantly, in the ali-
phatic region three signals of three hydrogens each are found,
two of which, at 2.63 and 3.18 ppm, correspond to the new di-
methylamino group formed and the other, at 3.82 ppm, to the
N-MeIm ligand. In the >C NMR spectrum, the loss of the C;
symmetry is indicated by the presence of one signal for each
carbon atom of the molecule, showing, for example, two
different signals for the two carbonyl ligands at 202.2 and
204.6 ppm. Additional >C NMR signals include that of the C2
atom, at 88.6 ppm, clearly indicating the Csp® character, and
the two methyl groups, at 56.5 and 47.6 ppm, that correspond
to the double methylation of the nitrogen atom.

This behavior is reminiscent of that previously found for
compound fac-[Re(bipy)(CO);(N-MeIm)]OTf,"* which shows
that the greater electron richness of the new cis-dicarbonyl
Re(1) complexes does not lead to a qualitative difference in
their reactivity.

Inorg. Chem. Front,, 2023,10, 900-907 | 901
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Fig. 1 Molecular structure of the cation of compounds 3a (left) and 4b (right), showing thermal ellipsoids at the 30% probability level.

We extended our study to the N-MesIm derivative, a ligand
that, with the tricarbonyl complexes, had not led to a pyridine
ring-opening reaction, but stopped at the C-C coupling and
dearomatization product (see below)."' The reaction of com-
pound cis,trans-[Re(bipy)(CO),(N-MesIm)(PMe;)]OTf (1b) with
KN(SiMes), (1.2 eq.) followed by MeOTf (2 eq.) led, as the NMR
data in solution showed, to a mixture of two organometallic
Re() compounds, one of which is a pyridine ring-opening
product, 3b, analogous to the previously described with the
N-Melm ligand, 3a (Scheme 2). The molecular structure of the
second product, 4b, determined by X-ray diffraction, was
found to correspond also to a pyridine ring-opening species.
As shown in Fig. 1 right, the coordination of the rhenium
cation of compound 4b is analogous to that described above
for 3a, showing a C-C coupling between the imidazole and
bipy ligands, and the pyridine ring opening of the latter,
affording a central cyclopentadienyl unit. The main difference
with 3b is found in the nitrogen atom (N1), extruded from pyri-
dine, which is now both methylated and protonated, instead
of being doubly methylated. The Re1-N1 bond distance, of
2.236(4) A, is consistent with an amino-type nitrogen as it is
similar to that found in 3a [2.289(7) A]. The N1-C1 and N1-C2
bond distances [1.484(7) and 1.506(6) A, respectively] are
typical for single C-N bonds. The formation of 3b or 4b seems
to be a competitive transformation'® that can be due to the
high reactivity towards electrophiles of the intermediates
formed and to the inevitable presence of traces of protic impu-
rities in the reaction media.

These results reveal that the substitution of one CO ligand by
trimethylphosphane was sufficient to promote the ring-opening
of a pyridine ring of bipy with the N-MesIm ligand, with which
no ring-opening occurred for the tricarbonyl system.

902 | /norg. Chem. Front., 2023,10, 900-907

Once confirmed that the new imidazole Re(i) complexes are
good candidates to mediate, under mild conditions, pyridine
ring-opening reactions of a bipy ligand, we extended our
studies to the analogous yet more challenging 1,10-phenan-
throline complexes, cis,trans-[Re(CO),(N-RIm)( phen)(PMejs)]
OTf (R = Me, 2a; Mes, 2b). As mentioned previously, well-
defined metal complexes able to break the C-N bond of fused,
bicyclic N-heterocycles are hardly known. We have chosen the
phen ligand as a model of this class of substrates, like quino-
line or isoquinoline, which are the most difficult impurities to
activate in industrial HDN and, accordingly, the ring-opening
of this type of derivatives has been found to be particularly
challenging.

Thus, the reaction of the phen derivatives 2a,b with KN
(SiMe3), (1.2 eq.) followed by MeOTf (2 eq.), was then per-
formed to determine if it is able to promote the pyridine ring-
opening reaction. In the case of the N-methylimidazole start-
ing compound, 2a, reaction workup and slow diffusion of
hexane into a concentrated CH,Cl, solution at —20 °C afforded
a crystalline material that was found to be a mixture of two Re(1)
organometallic compounds, 5a (36%) and 6a (31%), which
could be separated by fractional recrystallization (Scheme 3).
The molecular structure of 5a, determined by single X-ray diffr-
action, showed it to be a triflate salt of a metallic cation result-
ing from double methylation of the nitrogen atom of a pyri-
dine dearomatized ring (depicted in Fig. 2 left) that resembles
the bipy ring-opening product 3a (see above). The central imid-
azole carbon atom (C2), deprotonated by the strong base, acts
as a nucleophile and attacks an ortho phen CH group,
affording a new C-C bond [C2-C6, 1.493(6) A]. The double
methylation of the nitrogen atom of the dearomatized pyridine
ring (N1) caused the N1-C17 bond cleavage, and the formation

This journal is © the Partner Organisations 2023
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Scheme 3 Deprotonation/methylation sequence of 1,10-phenanthro-
line compounds cis, trans-[Re(CO),(N-RIm)(phen)(PMe3)]OTf (2a,b).

of the C6-C17 bond [1.526(6) A], with the concomitant remo-
tion of N1 from the aromatic system. The resulting ligand is
somewhat different from that obtained from the ring-opening
of the bipy ligand, as in this case the carbon atom that has
been attacked by the deprotonated imidazole (C6) is the
same to which the dimethylamino group remains bonded.
Therefore, the ligand can be described as a cyclopenta[x]
quinoline bearing dimethylamino and imidazolyl groups at
the 9 position (C6), which are both coordinated to the cis-
{Re(CO),(PMe,)} fragment. Probably this difference with the regio-
chemistry encountered with the bipy system is imposed by the
rigidity of the fused central aromatic ring of the phen ligand
and is crucial to the planarity of the resulting cyclopentaquino-
line ligand. As far as we know, the ring opening reaction of a
phen ligand has no precedents. NMR spectra of compound 5a
in CD,Cl, were consistent with the solid-state structure. The
'H NMR spectrum shows seven one-hydrogen signals, between
6.84 and 9.42 ppm, for the new conjugated cyclopentaquino-
line unit, and three signals, in the aliphatic region, integrating
three hydrogens each, that correspond to the N-MeIm and di-
methylamino groups, along with the signal for the PMe;
ligand (a 9-hydrogen doublet at 1.52 ppm). In the "*C NMR,
the asymmetry of the molecule is evidenced by the presence of
one signal for each carbon atom. The signals at 55.4 and
45.7 ppm correspond to the two new methyl groups of the di-
methylamino moiety, and the chemical shift of the signal of

View Article Online
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the C2 atom, at 81.2 ppm, clearly indicates that it is no longer
an aromatic carbon atom.

Spectroscopic characterization of compound 6a showed
similar features to those observed for 5a. The IR vco bands in
CH,Cl,, at 1917 and 1836 cm™, indicate the persistence of the
cis-{CO}, unit and are at significantly higher wavenumbers
than those in the neutral precursor (at 1895 and 1817 ecm™" in
THF) in accordance with the reaction with an electrophile. The
'"H NMR spectrum is, in contrast, quite surprising as it shows
a set of seven signals, in the 6.71-9.68 ppm range, similar to
that observed for the cyclopentaquinoline moiety in com-
pound 5a, but only one extra signal for a methyl group is
shown in the aliphatic region. Furthermore, this signal, which
integrates for three hydrogen atoms at 2.51 ppm, is a doublet
showing a small coupling constant (5.9 Hz), and a correlation
in the "H-'H COSY spectrum with a one hydrogen broad-
singlet at 6.11 ppm, supporting the presence of an NH group.
The C NMR is consistent, and only two signals, at 36.4 and
35.2 ppm, are observed for the two methyl groups (apart from
the signal of the PMe; ligand at 18.6 ppm), and the signal of
the C2 atom is observed also in the aliphatic region, at
75.0 ppm, indicating its non-aromatic character. It seems,
therefore, that, as for the bipy derivative 1b, a protonated-
methylated ring-opened product is also formed (Scheme 2).
The molecular structure of the rhenium cation contained in 6a
is shown in Fig. 2 right (the triflate anion has been omitted for
clarity). The solid-state structure of the Re(1) complex in 6a is
consistent with the NMR data, showing a cyclopentaquinoline
moiety, similar to that found in 5a, bonded, through the phen
carbon atom C2, to nitrogen N1, which is also methylated and
protonated. Another remarkable difference between the
rhenium cation of 6a and that of the dimethylated
analog found in 5a is the cis disposition of the PMe; ligand to
the N-MeIm moiety, whereas in 5a a trans disposition is
observed.

Density functional theory calculations®® were performed in
order to rationalize the difference found in the ring-opening
products of the reactions of Re(1) complexes containing bipy or
phen ligands (Schemes 2 and 3, respectively). To this end, we
optimized the structures of the experimentally found products
3a and 5a (Illa and Va/, respectively, in Fig. 3) and those of

Fig. 2 Molecular structure of the cation of compounds 5a (left) and 6a (right), showing thermal ellipsoids at the 30% probability level.

This journal is © the Partner Organisations 2023
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Va

Fig. 3 CPCM-B3LYP/6-31+G(d) optimized structures of the two possible ring-opening products found for both the bipy and phen ligands. The

NICS(1) values in ppm are provided in parentheses.

their isomers (IIla’ and Va, respectively, in Fig. 3). The prime
symbol refers to the isomer in which dimethylamino and imi-
dazolyl groups are bonded to the same carbon atom of the
cyclopentadienyl moiety (for the phen ligand, this is the
experimentally obtained isomer). For bipy, in IIla the diene
moiety of the cyclopentadienyl unit is almost in the same
plane of the imidazole ring, whereas in the IIla’ isomer it is
the pyridine ring the one it is coplanar with (see Fig. 3). As a
result, in both isomers the diene fragment of the cyclopenta-
dienyl ring formed in the reaction is conjugated with an aro-
matic system: the pyridyl ring in IIIa’ and the imidazolyl unit
in IIa. The nucleus-independent chemical shift (NICS) values
were calculated 1 A above the ring critical points (RCP) of the
electron density located on the pyridyl, cyclopentadienyl, and
imidazolyl rings (RCP and NICS(1): green and black dots in
Fig. 3, respectively). Keeping in mind that typical NICS(1)
values, in parts per million (ppm), are ca. -10.2 for
benzene,”™** or —10.1 for pyridine,*>** our computations do
not show significant differences in the NICS(1) values of both
complexes. As expected, pyridine (NICS(1) = —9.4/-9.1 ppm,
for IIla/Illa’ respectively) and imidazole (NICS(1) =
—9.1/-9.2 ppm, for Illa/IlIa’ respectively) show notably larger

904 | /norg. Chem. Front.,, 2023, 10, 900-907

n-electronic delocalization than that of the cyclopentadienyl
(NICS(1) = —3.3/-3.7 ppm, for Illa/IlIa’ respectively) rings. For
bipy, the IIla isomer (the one experimentally obtained) is
5.0 kcal mol™" in Gibbs energy in CH,Cl, solution more stable
than isomer Ila’.>” In contrast, for phen the isomer Va' is
24.5 keal mol™" more stable than Va, which is in agreement
with the fact that 5a is the experimentally obtained product.
This notable difference in stability can be, at least in part,
ascribed to the loss of aromaticity of the central ring of the
phen ligand in Va (see Fig. 3). This loss of aromaticity is
clearly evidenced by the nucleus-independent chemical shift
(NICS) values, as our computations reflect the strong aromatic
character of the phen central ring in Va' (NICS(1) = —10.2 ppm)
but not in Va (NICS(1) = —0.2 ppm). The other rings exhibit
similar NICS(1) values for both isomers Va and Va'. On the
other hand, the formation of Va would imply a severe distor-
tion of the geometry, with concomitant loss of planarity and
conjugation of the cyclopentadienyl unit and the two six-mem-
bered rings from phen which undoubtedly would imply a de-
stabilizing effect (see Fig. 3). Considering jointly all of this, it
can be proposed that the transition state for the formation of
the Va isomer would be significantly higher in energy than

This journal is © the Partner Organisations 2023
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that corresponding to the formation of Va’, as a consequence
of the loss of resonance energy.

Interestingly, the addition of freshly purified (by filtering
through an alumina plug) methyl iodide instead of MeOTf in
CH,Cl,, once compound cis,trans-[Re(CO),(N-Melm)( phen)
(PMe;)]OTf (2a) has been deprotonated, afforded, after eight
hours at room temperature, selectively the ring-opening
product 5a/I as the only rhenium complex in moderate yield.
Compound 5a/I was fully characterized in solution by means
of IR and NMR, showing practically identical features to those
found for 5a.

Application of this deprotonation-methylation (Mel)
sequence to the mesitylimidazole analog 2b yielded the doubly
methylated ring-opened species as the main organometallic
product 5b/I, in 52% yield (Scheme 3). It is remarkable that
the ring-opening of a pyridine unit of a Re(1) coordinated phen
ligand is exclusively found not only for the more electron rich
complex 2a, bearing an N-Melm ligand, but also for the mesi-
tylimidazole analog 2b. Slow diffusion of hexane into a concen-
trated solution of 5b [obtained by reaction of 2b with KN
(SiMes), and MeOTf (2 eq.)] yielded orange crystals that
allowed the molecular structure determination by X-ray diffrac-
tion. Fig. 4 shows the structure of the cation of 5b, confirming
the structure proposed on the basis of the spectroscopic data
in solution, ie. the double methylation of the nitrogen N1,
which originates from the phen ligand, and, which as a conse-
quence was extruded from the aromatic ligand yielding a cyclo-
pentaquinoline moiety. The latter is also coupled through
position 9 (C2 in Fig. 4) to the central N-MesIm carbon atom
(C22), so altogether there is a tridentate N-donor ligand facially
coordinated to the Re atom through amino (N1), imino (N10)
and imidazolyl (N21) nitrogen atoms.

Fig. 4 Molecular structure of the cation of compound 5b, showing
thermal ellipsoids at the 30% probability level.

This journal is © the Partner Organisations 2023
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Conclusions

The use of electron rich cis-{Re(CO),} trimethylphosphane
complexes allowed the pyridine ring-opening of a phen ligand
for the first time. The use of the more electron rich cis,trans-
[Re(CO),(N-N)(N-RIm)(PMe;)]OTf (N-N= bipy, phen; R = Me,
Mes) compounds [compared to the previously studied fac-
[Re(CO);3(N-N)(N-RIm)]OTf (N-N= bipy, phen; R = Me, Mes)]
does not preclude the deprotonation of the imidazole central CH
group upon addition of the strong base KN(SiMe;),. The resulting
dearomatized C-C coupling products are highly reactive towards
electrophiles to afford, under mild conditions, products resulting
from the ring opening of a pyridyl unit of the bipy or phen
ligands. Bipy and phen ring-opening products differ in the C-N
bond which is broken in the reaction: for bipy, it is the N1-C6
bond, and for phen, it is the other C-N bond [N1-C11].
Computational calculations reveal that for the latter there is a
large difference in the stability of both isomers, mainly due to the
loss of aromaticity of the phen central ring if the isomer analogue
to the bipy one was formed.
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