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ABSTRACT: Hydrogenation of pyridine to piperidine
catalyzed by [1,2,4-(Me;C);CH,],CeH, abbreviated as
Cp’,CeH or [Ce]-H, is reported. The reaction proceeds
from Cp’,Ce(2-pyridyl), isolated from the reaction of pyridine
with Cp’,CeH, to Cp’,Ce(4,5,6-trihydropyridyl), and then to
Cp’,Ce(piperidyl). The cycle is completed by the addition of
pyridine, which generates Cp’,Ce(2-pyridyl) and piperidine.
The net reaction depends on the partial pressure of H, and
temperature. The dependence of the rate on the H, pressure is
associated with the formation of Cp’,CeH, which increases the
rate of the first and/or second additions of H, but does not
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influence the rate of the third addition. Density functional theory calculations of several possible pathways are consistent with
three steps, each of which are composed of two elementary reactions, (i) heterolytic activation of H, with a reasonably high
energy, AG* = 20.5 kcal mol™,, on Cp’,Ce(2-pyridyl), leading to Cp’,CeH(6-hydropyridyl), followed by an intramolecular
hydride transfer with a lower activation energy, (ii) intermolecular addition of Cp’,CeH to the C*=C® bond, followed by
hydrogenolysis, giving Cp’,Ce(4,5,6-trihydropyridyl) and regenerating Cp’,CeH, and (iii) a similar hydrogenation/
hydrogenolysis sequence, yielding Cp’,Ce(piperidyl). The calculations reveal that step ii can only occur in the presence of
Cp’,CeH and that alternative intramolecular steps have considerably higher activation energies. The key point that emerges from
these experimental and computational studies is that step ii involves two Cp’,Ce fragments, one to bind the 6-hydropyridyl
ligand and the other to add to the C*=C® double bond. In the presence of H,, this second step is intermolecular and catalytic.
The cycle is completed by reaction with pyridine to yield Cp’,Ce(2-pyridyl) and piperidine. The structures of Cp’,CeX, where
X = 2-pyridyl, 4,5,6-trihydropyridyl, and piperidyl, are fluxional, as shown by variable-temperature "H NMR spectroscopy.

B INTRODUCTION

The removal of heterocyclic amines from petroleum feedstocks
is an important industrial process because these compounds
form nitrogen oxides when the hydrocarbons are combusted.
Removing these sources of nitrogen oxides before combus-
tion is therefore a crucial step in eliminating these potential
atmospheric contaminants. A large research effort has been
expended on the removal of nitrogen-containing molecules by
hydrogenation, a process referred to as hydrodenitrogenation
(HDN).'~® The HDN process using pyridine as an example is
shown in eq la, with previously estimated values in black and
red, and calculated values in blue.*

The three individual steps that comprise the net HDN
reaction (eqs 1b—1d) are exothermic; A H° values in eq 1b all
agree, and this is the reaction described in this article. The
HDN reaction is slow in the absence of a catalyst, and hetero-
geneous or nanoparticle catalysts have been studied.'™° In
addition to a model for the HDN reaction, the removal of
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NCsHsg) + 5 Hyg = NHyq + CsHing AH® =-86.5,-66.3, -80.3 keal mol™! (1a)

NCsHsg + 3 Hyg = HNCsHiog AH® =-47.5,-47.9, -48.4 keal mol”! (1b)

HNCsHyog + Ha = HoNCsH g AH® = -9.0,-19.0, -15.3 keal mol™ (Ic)

H,NCsHy ) + Ha = NHs(g) + CsHing AH® =-21.0,-34.6, -17.7 keal mol™ (1d)

pyridine holds a specific place in industrial applications. For
example, pyridine inhibits heterogeneous catalysts involved in
fuel reforming® and poisons acid catalysts” and therefore must
be eliminated from the feedstocks. For synthetic applications,
hydrogenation of pyridine affords straightforward synthetic
routes to high-value piperidine derivatives, particularly in its
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asymmetric version.” As far as we know, only heterogeneous
catalysts are known to catalyze this transformation, and no
homogeneous catalyst has been reported; however, function-
alized pyridines and bicyclic derivatives of pyridines have been
hydrogenated by various homogeneous catalysts,”'® but
pyridine itself does not appear on the list of substrates that
are used. A kinetic law has been determined in the case of
molybdenum-based catalyst,'"' and the binding mode and
reactivity of pyridine to a platinum surface has been
studied.">"* A computational study of the initial hydrogenation
steps of pyridine at MoP(001) indicated that several pathways
are possible.'*

The mechanism of the heterogeneous reactions is spec-
ulative, and soluble organometallic compounds have been
studied as catalysts in order to develogy mechanistic models
from kinetic and labeling studies.'™"” The bulk of the
mechanistic studies in the literature involve d-block transition
metals with either d® or d® electronic configuration and use
quinoline as a model heterocycle. The enthalpy change for
hydrogenation of quinoline is less exothermic than for pyridine
(eqs 2a and 2b; estimated and calculated values are in black and
blue, respectively).®
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m +2H; em AH° =-41, -33.2 kcal mol! (2b)
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The postulated mechanisms differ mainly in the first addition
of H, to the C=N double bond; the mechanisms are classified
as (i) inner-sphere or (ii) outer-sphere processes. The inner-
sphere process begins by hydride transfer across the C=N
double bond followed by H, addition across the M—N(amide)
bond resulting in the formation of an amine and a metal
hydride.'® " The outer-sphere mechanism begins by proton
transfer from an 7>-H, complex or from HX in an ionic hydro-
genation step, generating a cationic amine that is not co-
ordinated to the metal hydride fragment; hydride transfer
results in reduction of the C=N double bond.'”**"*¢

It is not straightforward to extend the mechanistic knowledge
developed from these studies to lanthanide hydride catalyzed
hydrogenation reactions because, for example, Cp’,CeH is not
likely to undergo reductive elimination and/or oxidative addi-
tion cycles or to form 5>-H, adducts. Nevertheless, Cp’,CeH
does indeed reduce pyridine to piperidine under mild
conditions, the mechanism of which is the focus of this article.

The first reported apparently homogeneous catalytic hydro-
genation of pyridine to piperidine using a d transition metal
was reported some 45 years ago, using RhCly(py); with NaBH,,
and H, in dimethylformamide as the solvent.”” Although no
mechanism was proposed, the rate of the first equivalent of
H, was slower than the second and third equivalents. A
second study reported hydrogenation of 2-methylpyridine to
2-methylpiperidine catalyzed by [Cp*Rh(NCMe),]** at a
partial pressure of 27 atm of H, at 40 °C.*® These authors
showed that when D, was used, deuterium is incorporated into
the CH, and CHj groups of the resulting product; however, the
reaction mechanism remained obscure.

In the context of pyridine hydrogenation, it is noteworthy
that Ru(PCy,),(7*-H,),(H), does not hydrogenate pyridine
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(3 atm, 80 °C) even though it does hydrogenate benzene.” In
addition, partial stoichiometric hydrogenation of pyridine was
achieved when V[N(SiMe;),][N(SiMe,)Si(Me),CH,](py) was
exposed to H, (27 atm, 20 °C) because V[(N(SiMe;),],(4,5,6-
trihydropyridyl) (py) was isolated.*

This article describes a homogeneous reduction of pyridine
mediated by (1,2,4-(Me;C);CsH,),Ce(>-NCsH,) and H,
(Scheme 1), where [Ce]’ refers to the (1,2,4-(Me;C);CsH,),Ce
fragment.

Scheme 1. Hydrogenation of Pyridine to Piperidine
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1. General Outline. The chemical reactions involved in
hydrogenation of pyridine to piperidine are illustrated in
Scheme 1. The trihydropyridyl and the piperidyl metallocenes
are isolated when Cp’,Ce(2-pyridyl) (1) is exposed to H,,
and they are prepared by independent synthesis. These
metallocenes are characterized in the solid state (X-ray
crystallography for the trihydropyridyl and piperidyl com-
plexes) and in solution ("H NMR spectroscopy). The reaction
chemistry of these three metallocenes is developed with a focus
on proposing a mechanism for the homogeneous hydrogena-
tion reaction. Computational studies follow the experimental
studies and provide a molecular level of understanding of the
hydrogenation reaction.

2. Hydrogenation of Pyridine to Piperidine. The
conversion of pyridine to piperidine involves the addition of
pyridine to a solution of Cp’,CeH, followed by the addition of
H,. The products that form depend on the partial pressure
of H, and temperature. When 1 is dissolved in pentane and
placed under 12 atm of H, for 2 days at 20 °C, conversion to
the trihydropyridyl complex is only partially complete because
the ratio of pyridyl to trihydropyridyl is 2:3. Stirring for 7 days in-
creases the amount of the piperidyl compound; the ratio of pyridyl/
trihydropyridyl/piperidyl is 3:18:1. When the latter solution is
cooled, trihydropyridyl crystallizes as brown-purple crystals in
27% yield. Another synthetic route to the trihydropyridyl com-
pound involves stirring a mixture of 1 and Cp’,CeH, in a mole
ratio of 1:0.05, under H, (1 atm) in pentane for 13 days.
Crystallization by cooling affords the trihydropyridyl complex in
80% yield. If Cp’,CeH is omitted, the conversion is slow at 20 °C;
by '"H NMR spectroscopy, the ratio of pyridyl/trihydropyridyl/
piperidyl is 12:1:20 after 192 days. When Cp’,Ce(4-methyl-2-
pyridyl) is exposed to H, (12 atm) at 20 °C in pentane, no
hydrogenation occurs when this mixture is stirred for 7 days.

3. Synthesis of 1 and Related Amides. Three synthetic
routes for 1 are shown in Scheme 2. The reactions of a
metallocene hydride or alkyl with pyridine are the traditional
synthesis routes for orthometallated pyridine derivatives.*' >
A direct synthesis using pyridine as the solvent is a useful
multigram synthesis for this starting material. The red 2-pyridyl
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Scheme 2. Synthesis of 1 and Its Exchange Reaction with Labeled Pyridine-d;
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derivative is crystallized from pentane, melts at 256—-260 °C,
and affords a monomeric molecular ion in the mass spectrum.

The substituted 2-pyridyl derivatives are prepared by
analogous reactions in order to assign the '"H NMR resonances
in 1 (Table 1). The pyridyl resonances in the 'H NMR

Table 1. "H NMR Chemical Shifts, at 20 °C in C¢D¢"

Compound H, Hy H, H;
a 14.0 14.3 11.6 5.0
ZN\B
Ce<@
\5 v dJ=6 t,]=7 dJ=6 vy, = 200
142 513 (CH3) 119 5.5
= Me
Ce\N |
vy, =8 Uy =7 Vip =12
_ 15.0 15.4 12.3 —3.4 (CH,)
Ce<_ |
Ny
vi,=16 vy, =16 dJ=7
Me
Me 3.8 (CH;) 154 12.4 6.1
Ce=lNe | d4,J=7 dJ=7 vy,=13
14.5 14.5 3.6 (Me) 54
Z
Ce\N |
" Me vip=9

“Chemical shifts in § units; v;/, and coupling constants in Hz.

spectrum contain four chemically inequivalent CH’s. The triplet
at 6y = 14.3 is assigned to Hy because this resonance is absent
in the corresponding 4-methylpyridine derivative and replaced
by the methyl group resonance at éy = S5.13. The broad
resonance near Oy = S is assigned to H; because this resonance
is absent in the corresponding pyridyl when 2-methylpyridine
is used and replaced by a methyl resonance at dy = —3.4.
These two assignments are clear, but those for H, and H, are
less clear and could be reversed because the assignment in the
two isomers resulting from 3-methylpyridine cannot be made
unequivocally. In addition to the n”-pyridyl resonances, the
Cp’-CH resonances are observed as a pair of resonances,
Oy =~ 21 and 25 due to 2H each, and three Me;C resonances in
a 18:18:18 ratio in the neighborhood of 0, —2, and -8,
respectively. The 20 °C NMR spectra show that these 2-pyridyl
metallocenes have C, symmetry. The other two amide
derivatives, Cp’,Ce(piperidyl) and Cp’,Ce(4,5,6-trihydropyridyl),
are prepared as shown in eqs 3 and 4, respectively. The two
metallocenes are important because they lie on the pyridine-
to-piperidine hydrogenation pathway. Both compounds are
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Cp,CeCHPh  + HN

— Cp',Ce—N Y + CHgPh (3)
2H, — Cp',.Ce—N >

crystallized from pentane and are structurally characterized by
X-ray crystallography (see section S).

4. Variable-Temperature '"H NMR Studies. As noted
above, the 20 °C '"H NMR spectrum of 1 indicates that it has C;
symmetry; however, it is fluxional, as shown by the temperature
dependence of the resonances illustrated in the & versus
T~ ' plots (Figure 1). At temperatures greater than 315 K
(1/T = 0.0032), the Me;C resonances appear in a ratio of 36:18
and the Cp’-CH resonances are broadened into the baseline,
but they are observed as a single broad resonance by 360 K,
consistent with the Cp’,Ce fragment having average C,,
symmetry at high temperature. As the temperature is lowered,
the Me;C resonance (36H) decoalesces and appears as a pair
of broadened resonances at T =~ 300 K, and the Cp’-CH’s
resonances are two very broad features (Figure 1A,B). As the
temperature is lowered further, all six Me;C groups become
inequivalent by 215 K (1/T = 0.00465) and Cp’-CH are also
inequivalent, indicating that each of the Cp’ rings in the Cp’,Ce
fragment are chemically inequivalent. The chemical shifts of the
2-pyridyl ring hydrogen atoms are only slightly temperature-
dependent and essentially linear in T~" (Figure 1C). The high-
temperature spectra show that the Cp’ rings are free to rotate
about their pseudo-Cy axes, generating average C,,-symmetry
spectra. As the temperature is lowered, a plane and the C, axis
are lost, the top and bottom Cp’ rings are equivalent, and
the individual Me;C groups on a given ring are inequivalent.
As the temperature is lowered further, all symmetry operations
are removed and the top and bottom Cp’ rings become
inequivalent. A structure that fits the low-temperature spectra
requires that the planar #>-pyridyl ligand does not lie in the
plane that is the bisector of the C,—Ce—C, angle (C, = Cp’ ring
centroid), resulting in a molecule with C; symmetry. A similar
temperature behavior was observed in Cp’,Ce(17>-CH,0OCHj), and
a similar explanation was suggested; that is, the orientation of the
1-CH,OCH;, moiety is oblique to the C,—Ce—C, plane.36

The temperature dependence of the '"H NMR chemical shifts
of the piperidyl ligand resonances in Cp’,Ce(piperidyl) are
complicated by axial—equatorial site exchange in the six-
membered ring. At 373 K, in C,D,,, the piperidyl resonances
are observed as two single resonances at y; = 12.23 and 6.78 in
a ratio of 4:6 and the Cp’ resonances are observed at dy =
19.72, 2.0, and —9.8S in a ratio of 4:36:18, respectively. At this
temperature, Cp’,Ce(piperidyl) has average C,, symmetry
and axial—equatorial site exchange is rapid; the ratio of 4:6
implies that the B- and y-CH, resonances are accidentally
degenerate. As the temperature is lowered to 308 K, the

Cp',Ce(2-pyridyl) + 4)
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Figure 1. Variable-temperature 'H NMR chemical shifts for 1, with &
in parts per million and T in Kelvin. The label nH (n = 1 or 9) refers
to the relative number of hydrogens.

piperidyl resonances are observed as four resonances at oy &
15.3, 9.5, 8.3, and 7.3 due to 2H each, a resonance due to 2H is
hidden, and the Cp’ resonances appear at 6y = 24.7, 21.9,
4.6, —2.4, and —14.2 in a area ratio of 2:2:18:18:18, implying
that axial—equatorial site exchange is slow and the molecule has
either C, or C, symmetry. Cooling further results in a broaden-
ing of the piperidyl ligand into the baseline, from which they
emerge by 225 K at 6y =~ 44.9, 34.9, 17.8, 14.8, 14.4, 11.3, and
10.9 in a ratio of 1:1:1:1:1:2:2; one resonance due to 1H remains
hidden. This pattern is maintained upon cooling to 195 K,
although the chemical shifts change with the temperature. This
pattern implies that the piperidyl ligand has C; symmetry and the
axial and equatorial CH’s are pairwise inequivalent, except when
the chemical shift difference between them is too small to resolve
given the line width of the individual resonances. However, the Cp’
resonances maintain their 2:2:18:18:18 pattern to 195 K; the oy
versus T plots are available in the Supporting Information (SI).

The assignment of the piperidyl ligand resonances is

confirmed by preparing Cp’,Ce(piperidyl-d,;) and observing
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the temperature dependence of the *H NMR spectra; the &
versus T plots are available in the SL At 368 K, the spectrum
consists of two resonances at dp = 12.8 and 7.0 in a ratio of 4:6.
As the temperature is lowered, these resonances shift and
broaden; by 308 K, four resonances are observed at p = 15.5,
9.4, 8.4, and 7.5 in a ratio of 2:2:2:2. By 215 K, six very broad
resonances are observed at 46, 36, 18, 17, 15, and 12 in the
approximate ratio of 1:1:1:1:1:4. Although the *H NMR
pattern mirrors the '"H NMR and supports the assignment,
the line widths and therefore the resolution of the individual
resonances is not observed at low temperature.

In 4-methylpiperidine, the methyl group in the ¥ site changes
the relative free energy of the conformers in which the methyl
group is either axial or equatorial. The conformer in which the
methyl group is equatorial is more stable than the axial conformer®’
by 1.9 kcal mol™, and each conformer has C, symmetry. This
energy difference between the conformers in 4-methylpiperidine
simplifies the 'H NMR spectra of Cp’,Ce(4-methylpiperidyl).
At 308 K, the 4-methylpiperidyl ligand resonances are observed at
Oy = 27.7, 215, 11.6, 114, 89, 84, 7.1, and 4.12, all due to 1H,
except the resonance at 7.1 due to 2H and the resonance at 4.12
due to 3H, assigned to the 4-Me group; again a resonance due to
1H is hidden. This pattern is maintained to T = 213 K (Figure 2).
The pairwise inequivalence of the a-H and f-H resonances in the
six-membered ring shows that the ligand has C; symmetry and
the piperidyl ligand is top-bottom and left-right inequivalent. A
possible explanation for this asymmetry is that the piperidyl ligand
has an oblique orientation over the temperature range, as found in
the solid-state crystal structure of the piperidyl derivative (see
section $), illustrated by the Newman projection down the N—Ce
bond where the Me;C groups closer to the piperidyl ring are
illustrated in red (Scheme 3). The & versus T~ plot (Figure S1 in
the SI) shows that the Cp’,Ce fragment has C, or C, symmetry,
implying that the 1,2,4-(Me;C);CsH, ligands are able to librate
about their pseudo-Cs axes but the piperidyl ligands do not have
this freedom.

The pattern outlined above is maintained when the piperidyl
ligand is replaced by the 4,5,6-trihydropyridyl ligand in which
the a-carbon atoms are inherently left-right asymmetric. The
variable-temperature '"H NMR spectra of isolated Cp’,Ce-
(4,5,6-trihydropyridyl) show that the ring Me;C groups appear
in a 36:18 ratio and the ring CH’s are chemically equivalent at
high temperature but in 18:18:18 and 2:2 ratios, respectively, at
194 K; a 6 versus T~ ' plot is available in the SI (Figure S2). At
368 K, the ligand resonances are in a 1:2:2:2:1 ratio, indicating
that axial—equatorial site exchange of the CH, groups is rapid
at this temperature. As the temperature is lowered, the
resonances broaden, disappear into the baseline, and reappear
by 260 K (1/T = 0.00385) as six resonances of 1H each. The
downfield CH resonance, presumably the a-olefinic one,
monotonically moves downfield as the temperature is lowered,
while the other, presumably the olefinic S-CH resonance,
monotonically moves upfield, and both resonances follow Curie
law. This pattern indicates that axial—equatorial site exchange is
slow at this temperature, and as observed in the piperidyl case,
the resonance assigned to the a-olefinic CH moves steadily
downfield as the temperature is lowered.

5. Solid-State X-ray Crystallographic Studies. An
ORTEP of the fully hydrogenated derivative [1,2,4-(Me;C);-
CsH,],Ce(NCH,,) is shown in Figure 3. Crystal data are in
the Experimental Section and Supporting Information, and
some important bond distances and angles are given in Table 2.

dx.doi.org/10.1021/ic500133y | Inorg. Chem. 2014, 53, 6361-6373



Inorganic Chemistry

Forum Article

O vs T of 4-methylpyridyl *H-resonances in Cp’,Ce(4-MeNCgH,)
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Figure 2. Variable-temperature § versus T~' plot for the 4-
methylpiperidyl ligand resonances in Cp’,Ce(4-MeNCsH,), with &y
in parts per million and T in Kelvin. The label nH (n = 1, 2 or 3) refers
to the relative number of hydrogens.

Scheme 3. Newman Projection of Cp’,Ce(piperidyl),
Showing Only the Orientation of the a-CH, Groups of the
Piperidyl Ligand, down the N—Ce Bond

Me3C,,,“

‘\\\CMea

The bond distances and angles for the Cp’,Ce fragment in
both structures are in the range found in related Cp’,CeX
compounds in which the average Ce—C(Cp’) distances vary
from 2.81 =+ 0.05 to 2.86 + 0.05 A; the range of the individual
Ce—C(Cp’) distances is large, resulting in the large value of the
average deviation from the mean in these bent sandwich

Table 2. Selected Bond Distances (A) and Angles (deg) in
Cp’,Ce(NCsH,,) (13) and Cp’,Ce(NCHy) (9)°

CP/ZCE(NCSHIO) Cplzce(NcsHs)

Ce—C(Cp’) ave 2.86 % 0.06 2.84 + 0.05
Ce—C(Cp’) range 2.769(1)—2.930(1) 2.754(3)—2.910(3)
Ce—C, 2.60 2.56

Ce—N 2.269(1) 2.327(3)
N-C35 1.453(2) 1.352(5)
N-C39 1.450(2) 1.451(5)
Ce-+C35 2.997(1) 2.966(4)
Ce---HS9 2.67(1)

Ce-H35 2.79(1)
C,—Ce—C, 140 143
C—Ce-N 110, 110 110, 110
Ce—N—-C35 105.1(1) 104.3(2)
Ce—N-C39 145.1(1) 138.6(3)
C35—-N—C39 109.6(1) 112.9(3)

“Atom numbers refer to the ORTEPs in Figures 3 and 5.

metallocenes. The average Ce—C(Cp’) distance of 2.86 + 0.06 A
lies at the longer end of the range and is associated with a
metallocene in which the X ligand is not monodentate but an
7*-X—L ligand. The Ce—N distance in 13 is 2.269(1) A and
somewhat shorter than the Ce—N distances in Cp*Ce[N(SiMe;), ],
of 2.352 + 0.003 A,*® 2.317 + 0.012 A in Ce(NCH,);(thf),*
and 2.33(4) A in the gas-phase electron diffraction structure of
Ce[N(Si(Me;),]5.*> The (MeyC);CsH, rings in the piperidyl
metallocene are related by a C, axis collinear with the Ce—N
bond, although the Ce—N vector lies off the C, axis by ca. 4°.
The geometry at nitrogen is planar, but Ce—N—C35 and Ce—
N—C39 are not 120° but 105.1(1)° and 145.1(1)°, respectively.
The angular asymmetry results in a short Ce--C3S contact
distance of 2.997(1) A, 0.026 A shorter than the Ce:--C(ipso)
contact distance in Cp’,Ce(n>-CH,Ph),*" resulting in a Ce--
HS9 contact distance of 2.67(1) A; the Ce--H60 distance is
3.60(1) A, and the Ce-C35—HS9 angle is 61°. These values
may be compared with those at the more open Ce—N—C39
angle in which the Ce--C39 distance is 3.56 A. The piperidyl
ligand adopts a chair conformation in which the C35—N—C39
angle of 109.6(1)° is identical with that found in the gas-phase
electron diffraction structure of piperidine of 111(2)° and the

Figure 3. ORTEPs (top and side views) of [1,2,4-(Me;C);CsH,],Ce(NCH,,). 50% thermal ellipsoids for the non-hydrogen atoms that are refined
anisotropically, and all hydrogen atoms are located and refined isotropically and represented by spheres of arbitrary volumes. This complex will be

labelled 13 in the Computational Section.
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N—C3S5 and N—C39 distances of 1.453(2) and 1.450(2) A,
respectively, are close to the equivalent distances in piperidine
of 1.471(3) A As mentioned above, the Ce—N vector lies off
the C, axis by 4°, the Ce—N—C angles are asymmetric, and the
plane defined by C35—N—C39 does not lie on the bisector
plane of the C,—Ce—C, wedge but is rotated out of this plane by
19°. Thus, the piperidyl ligand lies in a pocket defined by C9,
Cl17, C24, and C34, the four carbon atoms of four methyl
groups oriented toward the open face of the metallocene wedge.
This molecular asymmetry is deduced from the solution 'H
NMR spectra but better defined by the solid-state crystal
structure.

A more difficult question, however, is why the molecule
distorts in such a way that it develops short Ce---C35 and Ce--
HS9 contact distances. An initial proposition is that the Ce---
C35—HS9 contact is due to an “agostic” Ce-H—C bond.**~*
If true, then the C35—HS59—H60 bond distances and angles
within the piperidyl ligand should be significantly different
from those at C39—H67—H68. These internal comparisons are
tabulated in Table S1 in the SI; given the uncertainty in the
hydrogen-atom positions, there is no significant difference
between the bond distances and angles at C35 and C39, which
argues strongly against the proposition of an agostic Ce--H—C
interaction. If the C—H distances and H—C—H angles are not
perturbed by the Ce--C(H) contact distance, then geometric
constraints resulting from the manner in which the piperidyl fits
into the pocket defined by the orientation of the Me;C groups
on the Cp' rings are an alternative proposition (see Scheme 3).
Examination of the H--H contact distances between the
piperidyl ligand and the ring Me;C groups range from 2.26 to
3.48 A, some of which are close to the sum of the van der
Waals radius of two hydrogen atoms of 2.4 A*° (Figure 4, left).
Some of these short contacts would undoubtedly be shorter if
the orientation of the piperidyl ligand were symmetric, with
C,—N—C, angles of 120° and the plane, defined by Ce—N—
C,, was oriented perpendicular to the C,—Ce—C, plane. The
deduction that the asymmetric distortion results from intra-
molecular steric repulsions between the Cp’ Me;C groups at
the front of the metallocene wedge and the CH’s of piperidyl
ligand seems inescapable.

The ORTEP of [1,2,4-(Me;C);CsH,],Ce(NCHj) is shown
in Figure 5, selected bond distances and angles are given in
Table 2, and crystal data are in the SI. The crystal data show
that 13 and 9 crystallize in the same crystal system in space
group C2/c. The average Ce—C(Cp’) bond length for the
trihydropyridyl complex is slightly shorter than that in 13; the
individual Ce—C distances are shorter by 0.020 A. In contrast,
the Ce—N distance of 2.327(3) A in the trihydropyridyl
complex is significantly longer than that found in the fully
hydrogenated case of 2.269(1) A. As in 13, the Ce—N—C35
angle is less than the Ce—N—C39 angle, 104.3(2)° and
138.6(3)°, respectively, and the Ce—N vector is off the C,
axis by 10°, moving C35—H3$ close to cerium; the Ce:--C35
and Ce---H35 contact distances are 2.966(4) and 2.79(1) A,
respectively. The orientation of the Me;C groups on the
individual rings is identical in both structures, and the tilt of the
plane defined by C35—N—C39 relative to the perpendicular
bisector of C,—Ce—C, is 28°. As in the piperidyl structure, the
NC Hg ligand sits in the pocket defined by the Me;C methyl
groups C7, C12, C24, and C26 on the open side of the
metallocene wedge in the orientation illustrated in Figure 4,
right, which shows the pattern of short H---H contact distances
that range from 2.22 to 2.98 A between the hydrogen atom of
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Figure 4. Distances in A, shown in red, between hydrogen atoms on
the amide ligands and the ring Me;C groups. Angles in degrees around
the nitrogen atoms are shown in blue. The atom numbering is the
same as used in Figure 3 for 13 and Figure 5 for 9.

the trihydropyridyl ligand and the hydrogen atoms on the ring
Me;C groups.

The geometries at C35 and C39 in the piperidyl ligand
(Figure 3 and Table S1 in the SI) are identical with those at
C39 in the trihydropyridyl ligand (Figure S), supporting the
proposition argued above, viz, that the asymmetry in the
Ce—N-—C angles and the resulting short Ce--C distances in
both structures are dictated by the H---H interactions between
the Cp’ rings and the amide ligands, illustrated in Figure 4. The
asymmetry in both structures persists in solution, showing that
the asymmetry is a molecular property.

The trihydropyridyl ligand has a half-chair conformation,
as observed in cyclohexene, because the four carbon atoms of
the amido ligand are essentially coplanar, as indicated by the
C35—C36—C37—C38 torsion angle of —6.4°. Relative to the
piperidyl complex, the Ce—N bond is elongated by 0.058 A, a
possible explanation of which is that conjugation of the nitrogen
lone pair with the vicinal 7** orbital reduces the electron density
on nitrogen, which lengthens the Ce—N bond distance.

6. Mechanistic Studies. The synthetic studies outlined in
section 2 show that the presence of a small amount of Cp’,CeH
increases the rate of the hydrogenation reaction. In order to
document the catalytic effect, a solution of 1 is prepared in
C¢D, and equal volumes of the solution are placed into two
NMR tubes. To one NMR tube is added Cp’,CeH, the mole
ratio of 1 to Cp’,CeH is 10:1, H, (1 atm) is added to both
NMR tubes, and the progress of the reaction is monitored by
"H NMR spectroscopy. The sample without added Cp’,CeH
after 20 min at 20 °C is unchanged. After heating to 60 °C for
2 days, the ratio of 1/trihydropyridyl is 16:1. After 4 days, some
piperidyl complex forms and the ratio of 1/trihydropyridyl/
piperidyl is 145:15:1, and after 10 days at 60 °C, the ratio is
30:6:1. After 180 days at 60 °C, the resonances due to 1 are
absent and the ratio of trihydropyridyl/piperidyl is 1:6. In
contrast, the NMR tube with added Cp’,CeH begins to form
some trihydropyridyl after 20 min at 20 °C, and the ratio of
1/trihydropyridyl is 5:1. After heating to 60 °C for 2 days, all of
1 is converted to trihydropyridyl. After 4 days, the piperidyl
complex begins to form and the ratio of trihydropyridyl/
piperidyl is 30:1, and after 10 days, the ratio is 6:1. These
semiquantitative experiments show that Cp’,CeH promotes the
addition of the first, and/or second, or both H, addition steps.
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Figure S. ORTEPs (top and side views) of [1,2,4-(Me;C);CsH,],Ce-
(NC4Hg). 50% thermal ellipsoids on the non-hydrogen atoms that are
refined anisotropically. The hydrogen atoms on the NC;Hj ring are
located and refined isotropically and shown as spheres of arbitrary vol-
umes, but those on the Cp’ ring are placed in calculated positions and not
refined. This complex will be labelled 9 in the Computational Section.

In order to answer the question about the role of Cp’,CeH
on the rate of the third hydrogenation step, a similar set of two
NMR tubes are prepared with equal concentrations of the
trihydropyridyl complex in C4D;,. Some Cp’,CeH is added to
one NMR tube, the ratio of the trihydropyridine to Cp’,CeH
is 8:1, H, is added to both NMR tubes (1 atm), and the re-
sonances are monitored by "H NMR spectroscopy. The sample
without added Cp’,CeH is heated to 60 °C; after 1 day, the
ratio of trihydropyridyl/piperidyl is 4:1, after five days, 1:1, and
after 19 days, 1:2. The change is similar for the sample with
added Cp’,CeH because the ratio of trihydropyridyl/piperidyl
is 6:1, after five days, S:4, and after 19 days, 1:3. This set of
experiments shows that the last addition of H, is not greatly
influenced by the presence of deliberately added Cp’,CeH, in
contrast to the first two additions.

Dissolving 1 in pyridine-ds and monitoring the progress of
the reactions is followed by '"H NMR spectroscopy, using the
change in the upfield Me;C resonance relative to the four
2-pyridyl resonances. At the beginning, the ratio is 18:4, after
2 days at 20 °C, it is 27:4, after S days, it is 180:4, and after
9 days, all of the 2-pyridyl-h, resonances are absent from the "H
NMR spectrum and replaced by the 2-pyridyl-d, resonances
(*H NMR). When this mixture is heated to 60 °C for 1 day,
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the ratio of '"H NMR resonances due to Me;C relative to those
in the ortho, meta, and para sites of pyridine are 7:2:2:1,
respectively. After 6 days at 60 °C, the ratio is 4:4:2:1, and after
14 days, the ratio is 2:6:2:1. This experiment indicates that
exchange of coordinated 2-pyridyl with labeled pyridine occurs
and the deuterium that enters the Me;C site exchanges
exclusively with the ortho site in pyridine at 20 °C. Heating the
solution results in deuterium for hydrogen exchange from the
Me;C-d, group into the ortho sites of pyridine, exclusively.
Exchange of hydrogen for deuterium at the ortho site in
2-pyridyl is also shown by exposing 1 to an atmosphere of D,;
deuterium is found only in the ortho site. These exchange
experiments show that the 2-pyridyl exchanges with pyridine
and the ortho sites in 2-pyridyl exchange with the Me;C groups
on the Cp’ ring, presumably by metallacycle formation.
Although the metallacycle, {Ce}'-CH,, reacts rapidly with H,
and therefore cannot play a significant role in the hydro-
genation reaction, in the absence of added H,, it does play a
role, as documented in the following experiments. In a NMR
tube, 1 and Cp’,CeH are dissolved in C4D,, at 20 °C. After
20 min, only these two metallocenes are present in a 1:2 ratio
(eq S). After 3 days at 20 °C, the trihydropyridyl and metallacycle
resonances appear; the ratio of 1/Cp’,CeH/trihydropiridyl/
metallacycle is 9:27:2:1. After 2 days at 60 °C, the ratio is 2:5:1:1,
and after 7 days, 1:3:1:1, and this ratio does not change for 16 days.
After this time, the NMR tube is evacuated, the atmosphere is

2[CelH + [Ce]'@ - 2{Cef=CH, + [CaI-N_ ) (5)

replaced by H, for S min then reevacuated, and the atmosphere
is replaced by N,. The ratio now is 1:3:2:0. Heating this solution
to 60 °C for 1 day regenerates the hydride and metallacycle
resonances. These experiments show that 2-pyridyl, [Ce]’-H,
and {Ce}'-CH, are in equilibrium, the presence of H, ensures
that [Ce]’-H is present as 2-pyridyl is converted to tri-
hydropyridyl, and the formation of piperidyl is slow.

Another reaction of the metallacycle is illustrated in the
following experiments. A '"H NMR tube containing trihydro-
pyridyl and {Ce}’-CH, in C¢Dj, in a 5:1 ratio is heated at
60 °C for 1 day. During this time, some 1 forms along with
resonances due to Cp’,CeH; the ratio of trihydropyridyl/
{Ce}'-CH,/[Ce]’-H/1 is 25:5:2:1. After heating for 6 days, the
ratio is 6:1:2:1. This experiment shows that dehydrogenation of
the trihydropyridyl complex to 1 can occur in the absence of H,.
As a control, a mixture of the metallacycle, {Ce}'-CH,, and
the piperidyl complex in a 1:1.5 ratio remains unchanged after
heating for 11 days at 60 °C in C4D},. When piperidyl is heated
in C¢D, in an atmosphere of D,, at 60 °C for 2 days, the Me;C
resonances in the ’H NMR spectrum are observed in a ratio
18:18:2.3, and the resonances assigned to the downfield
piperidyl ligand (presumably due to the a-CH, groups) appear
in the *H NMR. These results are illustrated in Scheme 4.

In summary, the mechanism of homogeneous hydrogenation
of pyridine to piperidyl in the presence of Cp’,CeH and H,
is complex because most of the elementary reactions are
reversible. However, what is clear is that hydrogenation in the
absence of deliberately added Cp’,CeH is slow, and the
addition of Cp’,CeH dramatically increases the rate at least for
the first two hydrogenations. Accordingly, two Cp’,Ce units are
involved: one remains attached to the pyridyl ligand and the
other, in the form of Cp’,CeH, adds to a C=C double bond.
The hydride, Cp’,CeH, is a catalyst because hydrogenolysis of
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Scheme 4. Reactions of the Metallacycle with
Trihydropyridyl and Piperidyl
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the Ce—C bond regenerates it. This specific catalytic effect and
the mechanism of hydrogenation in general are explored by
density functional theory (DFT) studies described next.

7. Computational Studies. a. Computational Models.
The level of calculation needed for the possible reaction
pathways is determined by a number of factors: (a) A large
number of calculations are needed because of the large number
of individual steps involved. It is therefore tempting to use
the simplified system in which Cp’ is replaced by C;H;. Several
test calculations showed that this strategy is inappropriate.
(b) Using 1,2,4-(Me;C);CsH,, Cp’, in full in the calculations
introduces the problem of the large conformational space
required to explore and the resulting difficulty to ensure that
the best conformation of the two rings and all Me;C groups are
obtained for each extremum. Several conformers, likely to be
separated by energy barriers that involve a concerted geared
motion of all Me;C groups, must be considered. To explore the
conformational space in the most complete manner, several
conformations based on the solid-state structures of various
complexes were used as initial guesses.3’6’4l‘51_55

b. Pyridine Hydrogenation Pathways. Calculations reveal
several possible catalytic cycles, shown in Figures 6—8, which
have in common the a-metallated pyridine, 1, and the piperidyl
complex, 13. In these Figures, the Gibbs energy values for all
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Figure 6. Gibbs energy values (kcal mol™' relative to 1) for the
reaction of [Ce]’-H and the metallacycle M with pyridine py to form 1
and the reaction of H, with M to form [Ce]’-H. The transition states
are labeled with the dagger sign. The H, and pyridine reagents that are
added or eliminated in the reversible steps are indicated in either the
forward or reverse directions, but not in both, in order to avoid
excessive clutter in the Figure. Energies of minima and transition states
are in pink and teal, respectively.
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minima are indicated as pink numbers. The Gibbs energies of
the transition states are color-coded in teal next to the arrows.
All values are given with respect to the energy reference of 1
supplemented by the energy of all compounds necessary to
maintain mass balance.

The enthalpy of hydrogenation of pyridine to piperidine,
HNCH,,, is —46.3 kcal mol™" without dispersion and solvation
corrections and —51.4 kcal mol™" when the dispersion cor-
rection is included. These values are close to the experimental
enthalpy change in the gas phase of —47.5 kcal mol™,* and the
associated calculated value of AG is ~ —20 kcal mol ™.

A convenient way to enter the catalytic cycle is formation of
the a-metallated pyridine, 1, obtained by adding pyridine to
either the hydride complex with associated loss of H, or to the
metallacycle, {Ce}’-CH,, abbreviated M. Both reactions are
exoergic, with the pathway from the hydride by 9.6 kcal mol ™
and that from the metallacycle by 23.6 kcal mol™" (Figure 6).
These two reactions occur by way of the coordination of
pyridine to the Ce fragments followed by -CH abstraction by
either the hydride or the methylene group. These two reactions
have transition states that are 10.9 and 9.9 kcal mol™, res-
pectively, above the reactants (Figure 7). The 2-pyridyl complex
1 is 3.3 kcal mol™ more stable than the pyridine adduct of
Cp’,CeH, 3, which is in agreement with the experimental
observation that 1 forms without observation of an intermediate.
However, 1 and 3 are close enough in energy and separated by
a transition state of only 20.5 kcal mol™ to be in equilibrium, as
shown by the exchange of hydrogen for deuterium in the ortho
site of pyridine.

The computed pathways for hydrogenation of pyridine are
shown in Figure 7. Starting from 3, a transition state for
migrating the hydride to the carbon a to nitrogen is located
with a Gibbs energy of 13.3 kcal mol™". It yields §, which is
marginally more stable than 3. The migration of the hydride to
the other carbon atoms is calculated to be much higher in
energy. To continue hydrogenation, one pathway is to form
a new cerium hydride by the heterolytic addition of H, to S.
The transition state 6, which forms the hydride while adding a
proton to the carbon atom adjacent to the sp* carbon, is found
at 24.8 kcal mol ™. The transition state leads to the hydride complex
7, which is only 11.2 kcal mol™" above the energy reference. To
form the trihydropyridyl complex, 9, an intramolecular transfer of
the hydride is sufficient, but this step requires a transition state of
30.7 kcal mol™". The high energy of this transition state is due to
the loss of the nitrogen-to-cerium dative bond required to bring the
hydride close to the y-carbon to nitrogen (see the SI for further
details). This pathway clearly cannot account for the rapid
formation of 9, and an alternative pathway is explored.

An alternative pathway is to allow Cp’,CeH to add to one of
the olefinic double bonds in 5. This is a bimetallic or inter-
molecular pathway, where one Cp’,Ce unit remains bonded to
the nitrogen while Cp’,CeH adds across a C=C double bond,
forming a metallated derivative Ce,-7. The addition is followed
by hydrogenolysis of the Ce—C bond, regenerating Cp’,CeH,
accounting for its catalytic role. These two consecutive reactions
form the trihydropyridyl complex 9 by way of low-energy
transition states and an energetically favorable intermediate
Ce,-7. Repeating hydrogenation, hydrogenolysis steps on 9
yield the piperidyl complex 13 by way of a low-lying inter-
mediate Ce,-11 through two low-lying transition states Ce,-10
and Ce,-12 (Figure 7).

It is possible to initiate reduction of 1 with [Ce]’-H followed
by hydrogenolysis ([Ce]’-H/H,), affording 18. Repeating these
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Figure 8. Free-energy profiles (kcal mol™ relative to 13) for the
reaction of piperidine pip with [Ce]’-H or the metallacycle M to form
the piperidyl complex 13. See Figures 6 and 7 for notations.

two reactions yields the tetrahydro derivative 15. These two
hydrogenation/hydrogenolysis pathways proceed by way of
intermediates Ce,-20, 18, and Ce,-23, with Gibbs energies of
12.8, 5.3, and —8.9 kcal mol ™", respectively. The Gibbs energies
of the transition states for the reaction of 1 with [Ce]’-H is
16.2 kcal mol™!, which is lower than that for the addition of
H, to 1 through transition state 2 of 20.5 kcal mol ™. However,
the Gibbs energy of the transition state for hydrogenolysis of
the Ce—C bond in Ce,-20 is 28.1 kcal mol™'. Hydrogenolysis
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of the Ce—C bond in 15 yields 11 through a low-energy
transition state 16 of only 6.6 kcal mol™’, followed by intra-
molecular hydride transfer, which affords 13 by a low energy
barrier through 12. This pathway, 1-18—15—9—11-13, has
two problematic steps: (i) the high transition state for hydro-
genation of Ce,-20 to 18 of 28.1 kcal mol™ and (ii) the step
from 15 to 9 (the isolated trihydropyridyl complex) has a
transition state energy of 27.2 kcal mol™" (Figure 7).

The experimental study shows that transformation of the
trihydropyridyl 9 to the piperidyl 13 in the presence of H, is
not accelerated by the deliberate addition of [Ce]’-H; therefore,
the pathway of 9 going to 13 by way of 11 is explored. The
heterolytic activation of H, by 9 yields 11 by way of a transition
state 10 of 13.2 kcal mol™" (Figure 7). While this transition
state is not particularly high in energy, in comparison to some
of the highest transition states that have been located, but it is
significantly higher than the transition states involving the reac-
tion sequence [Ce]’-H/H,, which are approximately 15 kcal mol™
lower. Even without the deliberate addition of Cp’,CeH, it is
likely that variable amounts of it are always present because
of hydrogenolysis of the Ce—C bonds that are formed in the
course of the reaction, which is likely to account for the
influence of the partial pressure of H, on the rate of reaction.

The formation of free piperidine from the piperidyl complex
13 is initiated by coordination of pyridine to the metal center,
followed by proton transfer from the C,—H bond of co-
ordinated pyridine to the nitrogen of the piperidyl complex. This
proton transfer has a transition state energy at —8.6 kcal mol™’,
i, 18.7 keal mol™! above 13. The high energy barrier is likely
due to the measured deprotonation enthalpy of the C,—H bond
of 399 kcal mol™!, and the associated calculated bond
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dissociation energy of 106 kcal mol™ in pyridine.’**” The
transformation of 13 and pyridine to 1 and piperidine is
calculated to be slightly endoergic by 1.4 kcal mol™" (Figure 7)
and is therefore consistent with the equilibrium reaction
observed experimentally through transition state 14.

The piperidyl complex 13 is formed by the reaction of
piperidine with either [Ce]’-H or the metallacycle M. The two
reactions are exoergic, and the energy barriers are modest, 5.1 kcal
mol™ for [Ce]’-H and 11.1 keal mol™ for M, and these ligand-
exchange reactions complete the catalytic cycle (Figure 8).

¢. Reaction of Cp',CeH with Cyclohexene. Hydrogenation
and the subsequent hydrogenolysis steps are key trans-
formations in the pathways labeled as Ce,-x, where x is 6, 7,
10, 11, 12, 20, and 23 in Figure 7. Experimentally, these two
steps are postulated to occur in hydrogenation of cyclohexene
by Cp’,CeH, a rapid reaction®® that is a model for a tandem
hydrogenation/hydrogenolysis sequence in the conversion of §
to 9 and 13. The transition state for insertion of the C=C
double bond of cyclohexene into the Ce—H bond of Cp’,CeH
is located 13.3 kcal mol™ above the separated reactants,
Cp’,CeH + cyclohexene. The following Ce—C hydrogenolysis
proceeds with a barrier of only 3.8 kcal mol™" with respect to
the same reactants. This reaction is therefore a good model for
hydrogenation of the C=C double bonds in .

d. Geometrical Features of Selected Extrema. In this section,
the calculated and experimental geometries are compared,
keeping in mind that the calculations are, in general, for an
isolated molecule in the gas phase, while the structural
information is obtained for the molecules in the solid state
and in solution. In general, there is good-to-excellent agreement
between the experimental and computed structures. However,
discrepancies arise that originate from either an inappropriate
level of calculation or the use of models that are simplified
representations of the experimental system.

The structure and stereochemistry of the two Cp’ rings in 1
are obtained from computations and analysis of the solution "H
NMR spectra. The calculation indicates that 2-pyridyl is 7>
bonded to the Cp’,Ce fragment in which the Ce—C and Ce—N
bond distances are nearly equal at 2.5 A, as are the Ce—N—C

and Ce—C—N angles of ~74° (Figure 9).
\WE AN Ce
/ —~ 2516 \2.495

Figure 9. Top and side views of the optimized geometry of 1 with
distances in A.

The calculated structure of the trihydropyridyl complex 9
(Figure 10) gives a Ce—N bond distance of 2.381 A, two
Ce—N—C,(sp®) and Ce—N—C,(sp®) angles of 127 and 121°,
respectively, and a torsion angle C,—Ce—N—C,(sp®) of 46°.
The corresponding values in the solid-state structure are
2.327(3) A for the Ce—N bond distance, 138.6(6)° for the
Ce—N—C,(sp*) angle, 104.3(2)° for the Ce—N—C,(sp*)
angle, and 73° for the average C,—Ce—N—C,(sp’) torsion
angle. The calculated structure has a Ce—N bond distance too
long by 0.05 A and does not reproduce the Ce—N—C angles or
the orientation of the trihydropyridyl ligand in the wedge of the
Cp’,Ce fragment.
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Figure 10. Top and side views of the optimized geometry of 9, with
distances in A (red) and angles in degrees (blue). Experimental values
are shown in italics.

In the piperidyl complex 13, the calculated Ce—N bond
distance is 2.346 A and the two Ce—N—C, angles are 124 and
126° (Figure 11). The NCsH,, ring has a chair conformation
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Figure 11. Top and side views of the optimized geometry of 13, with
distances in A (red) and angles in degrees (blue). Experimental values
are shown in italics.

with an average torsion angle C;—Ce—N—C, of 37°. These
values do not agree with the solid-state structure. The experi-
mental Ce—N bond distance is 2.269(1) A, and the Ce—N-C,
and Ce—N—-C, angles are 105.11(9)° and 145.09(9)°,
respectively. The NCsH, ring has a chair conformation, but
the torsion angle C,—Ce—N—C, determined from the solid-
state structure is 71°. Thus, the orientation of the piperidyl ring
in the wedge of the Cp’,Ce fragment is again not properly
reproduced in the calculated structure.

The discrepancies between the calculated and experimental
structures for 9 and 13 are similar, and they are associated with
the position of the amide ligand in the wedge of the Cp’,Ce
fragment; that is, the Ce—N bond distances are too long, and
the asymmetric orientation of the amide ligand is not properly
reproduced. The influence of the level of calculations was tested
on the piperidyl complex 13 without leading to any noticeable
influence (see the SI). Moellmann and Grimme have recently
shown that discrepancies between the calculated gas-phase and
solid-state structures determined from X-ray crystallography
can be resolved by consideration of the crystalline environ-
ment.>” A simulation of the crystal packing (see the SI) gave
results in close agreement with the solid-state stucture of 13.%°
This rationalizes well the solid-state structure but still does not
account for the solution 'H NMR spectra, which are in
accordance with the crystal structure.

The structures of the extrema for the reactions described in
this work present no unusual features. As examples, the
geometries of 3—5, the reactant, transition state, and product,
respectively, for the intramolecular hydrogen transfer from
cerium to the a-carbon of pyridine and Ce,-6, the transition
state for the addition of [Ce]’-H to S, are discussed in the SL

Bl DISCUSSION
Hydrogenation of pyridine to piperidine is an exothermic
reaction, AH = —47.5 kcal mol™.* The reaction requires a

catalyst because the addition of hydrogen to an isolated C=C
or C=N double bond is a high-activation-energy process.
Hydrogenation of pyridine begins with an equilibrium reaction
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that forms the 2-pyridyl complex 1 (eq 6) and ends with the

formation of 13.

( z-x
P-4

(6)

O

One intermediate, 9, is observed when the reaction is
monitored by changes in the "H NMR spectrum as a function
of time. The reaction rate depends on the partial pressure of H,
and on the presence of Cp’,CeH, which is either deliberately
added or formed by hydrogenolysis of the metal—carbon bonds
formed along the reaction path. The calculated change in the
Gibbs energy for the first hydrogen addition is endoergic, to
form [Q] (eq 6), AG = +6 kcal mol™, relative to separated
reactants, but the next two additions are exoergic, —15.5 and
—27.3 kcal mol™, respectively. The calculated values are in
accordance with the experimental results that [Q] is not
observed spectroscopically but both 9 and 13 are observed
and isolated (eq 6). The addition of pyridine to 13, which
completes the cycle, is an equilibrium reaction in which the
calculated change in the Gibbs energy is 2.2 kcal mol™.

A postulated mechanism for the hydrogenation reaction is
developed from the experimental studies and the known
reactivity patterns of Cp’,CeH. Experimentally, the addition of
pyridine to either Cp’,CeH or Cp’,Ce(i*-CH,Ph) yields 1.
The first hydrogen addition occurs across the Ce—C(ortho)
bond, followed by hydride transfer and rearrangement of
the double bonds, forming [Q] postulated to be Cp’,Ce(6-
hydropyridyl). The addition of H, to Ce—C bonds, hydro-
genolysis, is a well-known reaction in comgounds of the general
type Cp’,CeR, where R is a hydrocarbyl.>**>**¢! The second
step involves the addition of Cp’,CeH across the y,06 C=C
double bond, followed by hydrogenolysis, affording 9. The
addition of Cp’,CeH to olefins, such as cyclohexene, followed
by hydrogenolysis, forming Cp’,CeH and cyclohexane, is
also a well-known reaction of Cp’,CeH.> These two steps
therefore involve conversion of the X—L ligand into an X ligand
within the coordination sphere of Cp’,Ce. The third step in-
volves hydrogen addition to the remaining double bond,
whose reaction rate is significantly slower than the first two
additions, which is why 9, but not [Q], is observed spec-
troscopically. The final step in the cycle is a proton transfer that
regenerates 1.

Experimentally, the rate of conversion of 1 to 9 is faster when
a small amount of Cp’,CeH, ca. S mol %, is deliberately added
to 1 and H, or when the H, partial pressure is increased to
12 atm in the present study. However, the rate of conversion
of 9 to 13 does not significantly depend on the presence
of added Cp’,CeH. Two possible reasons may be advanced
for rate enhancement: (i) the kinetic rate law involves a
pressure-dependent term in either the first or the second step,
and (ii) if Cp’,CeH appears in the experimental rate law,
hydrogenolysis of any of the Ce—C bonds that form along the
reaction coordinate increases its concentration and therefore
the rate.
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These three general steps are offered as postulates based on
the qualitative experimental studies. A DFT computation study
develops a more complete understanding of the transition
states along the reaction coordinate.

Early modeling of the reactions of Cp’,CeH with CH;X
(X = halide or OR),**** and CF¢"' used C;Hj as a model for
Cp’. This modeling is not appropriate in the present case. For
instance, the calculations with this modeling suggest that
hydrogenation is easier at the carbon para to the nitrogen;
details are available in the SI. Because this reaction is calculated
to be reversible, isotope enrichment at the para carbon is
expected but no detectable deuterium is observed in the para
site in the experiment. Hydride addition to pyridine with
Cp*,YH occurs at both of the ortho and para carbon atoms in
pyridine,®” in contrast to the reaction with Cp’,CeH reported
here. Consequently, the steric effects associated with the Me;C
groups on the rings control the regioselectivity of the hydride
addition, and they are essential for modeling of the reaction
path.

With the Cp’,Ce model, the first hydride adds preferably at
the carbon ortho to the nitrogen. The second hydrogen is
introduced either by the heterolytic cleavage of H, or by the
addition of Cp’,CeH. In the two cases, a hydrogen atom is
added to the carbon attached to the sp® carbon. The addition
of Cp’,CeH to a C=C double bond of § has a low-energy
transition state, similar to that calculated for the addition of
Cp’,CeH to the double bond in cyclohexane, in agreement
with the experiment. The addition of Cp’,CeH to the C=C
double bond is followed by hydrogenolysis of the resulting
Ce—C bond of Ce,-7, affording 9. This accounts for the rate
enhancement of added Cp’,CeH. The high energy of the
heterolytic addition of H, to S is associated with the unlikely
orientation of the amido ligand required for H, to interact with
the Cp’,Ce fragment and the carbon of the amido ligand at the
transition state.

B CONCLUSION AND PERSPECTIVE

The combined experimental and computational study of the
mechanism of hydrogenation of pyridine by Cp’,CeH shows
that the following reactions are involved. The pyridine adduct
of Cp’,CeH is not observed spectroscopically because it
eliminates H,, forming isolable 1. The addition of H, to the
latter, followed by hydride migration to the a-carbon, forms
Cp’,Ce(6-hydropyridyl). The addition of H, across the Ce—C
o bond in 1 is a heterolytic cleavage with a relatively high
activation energy of 20 kcal mol ™}, but the activation energy for
the hydride migration is only 12 kcal mol ™', and these two steps
are reversible. The addition of the second H, is the key reaction
that begins the productive hydrogenation; this step involves
the addition of Cp’,CeH to the remote C=C double bond of
Cp’,Ce(6-hydropyridyl), which is followed by hydrogenolysis
of the resulting Ce—C o bond, regenerating Cp’,CeH. These
steps, which are associated with activation energies of less
than 10 kcal mol™!, lead to Cp’,Ce(4,5,6-trihydropyridyl), an
isolated intermediate. This step involves two Cp’,Ce fragments,
one of which is bound to the amide fragment and the other,
present as Cp’,CeH, hydrogenates the C=C double bond
and is subsequently regenerated in the hydrogenolysis step.
Therefore, Cp’,CeH is a catalyst whose concentration accounts
for the rate dependence on the partial pressure of H,. The third
H, addition across the C=N double bond is a repetition of
these steps that proceed with somewhat higher activation
energies. The key concept that emerges from this study is that
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the mechanism requires intra- and intermolecular steps, which
involve one and two Cp’,Ce groups, respectively, and the
intermolecular step is key for productive hydrogenation of
pyridine because it is not reversible when H, is present.

The mechanisms discovered in the computational study of
hydrogenation of pyridine are likely to be general for those
metal compounds that do not undergo reductive elimination/
oxidative addition reactions. An extension of the mechanistic
patterns to hydrogenation of arenes, using benzene as an example,
is apparent because the thermochemistry for conversion of
benzene to cyclohexane is remarkably similar to that of pyridine

(eq 7).*

AH = —49 kcal mol™*
(7)

Benzene-ds, however, is an inert solvent for the reactions in
this and related reactions of Cp’,CeH with CH;X (X = halide,
OR), and no reduction of benzene is observed. The
metallacycle, in contrast, undergoes hydrogen for deuterium
exchange in the Me;C groups in C¢Dy, when H, is absent.™
Even though hydrogenation of pyridine and benzene involve
the addition of H, to C=C/N bonds, the rate of hydro-
genation of benzene is clearly slower, presumably because of
the high activation energy for the first addition of Cp’,CeH to
a C=C double bond of benzene due to the endothermicity of
coordination. If bonding of an arene to the hydride complex
were less endothermic, homogeneous hydrogenation of arenes
should be possible.

The experimental results outlined in this manuscript were
obtained several years ago. The computational results using
C:H; as a substitute for 1,2,4-(Me;C);CsH, gave results in
contradiction with the experimental ones, and calculations with
the full ligands were not possible. Specifically, the size and
conformational ambiguity of the full system prevented a
complete exploration of the potential energy surfaces, which
was the case with one Cp’,CeH molecule; two were
inconceivable. Today, this is not true because of the dramatic
advances in computational power, and this long-standing
problem waited patiently for the necessary computational
advances. The reactivity studies and associated mechanistic
questions outlined in this Forum Article, originated when the
two senior authors were speakers at the Spanish Organo-
metallic group meeting in Valladolid, Spain, in 2000.

CeHg(g) + 3H g = CeHingg
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