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ABSTRACT: The reductive amination reaction of imines
catalyzed by Knölker-type iron complexes under hydrogen at
high pressure is very interesting in synthetic terms. This type of
reaction is an important catalytic challenge, since harsh conditions
are necessary and do not occur easily. In a previous work
(Organometallics 2022, 41, 1204−1215), we carried out a
computational study of the reaction mechanism showing that
electron-withdrawing groups (EWGs) attached to the cyclo-
pentadienone of the Knölker-type iron complexes favor the
reductive amination of imines. The synthesis of Knölker-type
iron complexes with cyclopentadienones having EWGs is not straightforward, since the direct bonding of EWGs on the
cyclopentadienone would lead not to the reductive amination but to undesired dimerization. A possible solution consists in the
addition of phenyl substituents in the cyclopentadienones of these catalysts and then introduction of EWGs in the phenyl rings. We
have performed computational studies using density functional theory (DFT) for the reductive amination of imines to analyze the
efficiency of such an approach. We have found that some EWGs in the phenyl groups facilitate the reductive amination of imines.
This computational result has been later confirmed experimentally, and therefore, we have computationally designed new catalysts
that improve the performances of the previously known Knölker-type iron complexes.

■ INTRODUCTION
In the fine chemicals industry, hydrogenation plays a crucial
role.1 Although it is a very developed field of research, C�N
bond hydrogenation reactions, to this day, continue to
represent a challenge in the field of catalysis.2 Imine-containing
compounds can be obtained by condensation of an amine
(primary or secondary) on a carbonyl (aldehyde or ketone).
The unsaturated product obtained can then be reduced to
generate an alkylated amine (secondary or tertiary). The
overall pathway is then called reductive amination.3 Catalyti-
cally, efforts are mainly focused on the second part of the
reductive amination process, that is the catalytic reduction of
the imine into the corresponding amine, as it is a fundamental
process in industry.4 However, many of the complexes used in
homogeneous catalysis contain precious metals (or noble
metals) of great economic value and resistant to corrosion, but
of limited availability and with a great negative impact on the
environment when extracted. Different sources of hydrogen,5,6

from simple molecular hydrogen7 to formic acid, can be used
with platinum complexes.8 However, ruthenium became the
most popular,9,10 owing to the outstanding Noyori11,12 and
Shvo13,14 catalysts.
In recent years, economic constraints and environmental

concerns have led to an increase in the demand to replace
these noble metals with other more abundant metals (first

transition series) and therefore also cheaper.15,16 At the
moment, the potential of iron as a main actor in catalysts in
reductive amination processes subjected to high hydrogen
pressure has been little investigated.17 From the work of
Bhanage18 to the reductive amination of Beller19 and
collaborators, the field has moved to milder conditions.20

Another recent example is that of Renaud and collaborators,
who investigated the reductive amination process of aliphatic
carbonyl compounds (aldehydes and ketones) catalyzed by a
Knölker complex (complex A in Scheme 1) using molecular
hydrogen as a reducing agent.21,22 This type of catalyst is
effective even with CO2.

23 Actually, the pioneering catalyst C
was synthesized in 1999 by Knölker.24 With a proton donor
site (ligand) and a hydride donor site (metal center),25 this
type of iron catalyst has a bifunctional nature, in analogy to
Shvo’s catalysts.
Following this line, the group of Poater and Renaud26

continued to investigate the catalytic activity of the iron
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tricarbonyl cyclopentadienone complex C. To do this, they
synthesized variants of this complex, differing in the nature of
the substituents on the cyclopentadienone ring.25 With the
results obtained with the cyclopentadienone N,N′-dimethyl-
3,4-ethylendiamino ligand (complex A in Scheme 1), the
enhancement of the catalytic efficiency was confirmed thanks
to two factors: (i) the increase of the Lewis base character of
those complexes and (ii) the absence of the undesired
formation of stable dimers thanks to the phenyl groups on
the five-membered ring. However, despite these promising
results, new improvements are still necessary in order to make
these catalysts more competitive. These modifications of the
complex could be based on the hypothesis that, by decreasing
the electron density of the iron, its reactivity could be
improved. The 2015 comparative study of the catalysts
included in Scheme 1 for the reductive amination is related
to the complex A owing to the N,N′-dimethyl-3,4-ethyl-
endiamino ligand, complex B that demonstrates the
importance of the ring annulated to the five-membered ring,
and the parent Knölker catalyst C. In the case of complex A,
the reaction could be carried out at 44 °C and only using 2.5
mol % complex, whereas for complexes B and C it was
necessary to carry out the reaction at 85 °C and with a loading
of 5 mol % to ensure a complete reductive amination, avoiding
the formation of unwanted products (yields of 83, 23, and 67%
for catalysts A, B, and C, respectively). In 2022, some of us
proposed the modification of catalyst A. The exchange of the
phenyl rings by several substituents on the cyclopentadienone
was explored.27 DFT calculations coupled mainly to the
effective oxidation state (EOS) analysis allowed the conclusion
that the presence of electron-withdrawing ligands (CF3 and
NO2) induces a decrease of the activation energy barriers of
most relevant steps, compared to the electron-donating (EDG)
ligands (CH3, OCH3, OH, N(CH3)2) that worsened the
kinetics. In addition, the proton transfer to the keto group of
the cyclopentadienone ligand was found to be obligatorily
assisted by an ethanol molecule, which induced the
competition with the decarbonylation step to define the rate-
determining step (rds).27 The cyclopentadienone was not a
spectator, but the range between nonplanarity and planarity of
its five-membered ring (5-MR) was significant throughout the
reaction pathway.28 More importantly, electronically, the
introduction of electron-withdrawing groups (EWGs) on the
cyclopentadienone favors the resonance structure with 6π
electrons in the 5-MR increasing the aromaticity and the π
density of this ring and decreasing the net population on the
metal. These changes result in a reduction of the Fe−CO bond
strength and lead to a decrease of the energy barrier of the
decarbonylation step.27

For this reason, the current study aims to improve the
performance of the activity of complex A in reduction,29 in
terms of conversion,30 to switch to milder conditions and
increase the stability of the catalyst, and to avoid (or at least
minimize) undesired secondary reactions. In detail, our goal is

to propose and characterize new modifications of complex A,
as a predictive catalysis project, and then corroborate the
obtained results experimentally. Using density functional
theory (DFT) calculations, the modification of the transition
metal complex A was conducted by adding different
substituents on both phenyl groups of the cyclopentadienone
ring. The predictive catalysis assay is performed with a selective
following experimental work to increase the catalytic activity of
the complex A and go beyond the yet mild conditions
compared to the parent Knölker catalyst.

■ RESULTS AND DISCUSSION
With the use of complex A in Scheme 1 as a reference, the
catalytic pathway was calculated at the M06/cc-pVTZ∼SDD-
(pcm-EtOH)//BP86/SVP∼SDD level of theory. First, the
precatalytic species I is activated with the loss of a CO ligand
by oxidative elimination with trimethylamine-N-oxide
(Me3NO), obtaining the 16-electron intermediate II (see
Scheme 2). In this first step, a CO2 molecule is generated and

released, compensating the energy required to activate the
complex with Me3NO. This step, therefore, is favored both
kinetically and thermodynamically compared to the endother-
mic process corresponding to the direct dissociation of the CO
ligand. Next, intermediate II reacts with molecular hydrogen to
generate intermediate III with H2 η2-coordinated to the metal.
This intermediate subsequently evolves to iron(II) hydride
complex IV in which aromatization of the 5-MR facilitates the
process.31 In this oxidation reaction, one of the hydrogen
atoms has been transferred to the C�O group of the
cyclopentadienone ligand. This hydrogen transfer is assisted by
an explicit molecule of ethanol32,33 that reduces the strain on
the transition state containing a 5-MR with the formation of a
7-MR. The hydroxyl group of the resulting intermediate IV can
act as a Brønsted acid and activate the imine through the
hydrogen bond (intermediate V). The hydrogenation of the
imine forms the amine and the unsaturated iron(0) complex
(II) is recovered, closing the cycle with the hydrogenation of
the C�N bond of the N-benzyl-1-propanimine. Even though
the latter could be considered as a stepwise process,31,34,35 this
was ruled out in a former study since it is not feasible. On the

Scheme 1. Iron Tricarbonyl Cyclopentadienone Catalysts
A−D

Scheme 2. General Scheme of the C�N Bond
Hydrogenation for Catalyst Aa

aRelative Gibbs energies (in kcal/mol) are given with respect to the
catalytic active species II at the M06/cc-pVTZ∼SDD(PCM-
EtOH)//BP86/SVP∼SDD (in red are the values for the transition
states).27
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other hand, studying alternative reaction pathways, neither the
product nor the substrates or solvent could better stabilize any
of the intermediates when the iron center had a vacant site.27

Kinetically, the last step, V → VI, is less demanding than the
previous ones, and thus, for this last step, substitutions on the
aryl rings on the cyclopentadienone in Table 1 have been
omitted. Actually, the most demanding step corresponds
especially to two steps. The first belongs to the preactivation, I
→ II (19.6 kcal/mol), and the second belongs to the catalytic
pathway, III → IV (16.6 kcal/mol), which increases 2.0 kcal/
mol with respect to the past study,27 since intermediate III was
further stabilized by 2.0 kcal/mol.
In our first predictive catalytic study, the best catalytic

candidates were those in which the phenyl rings on the
cyclopentadienone rings were substituted by EWGs such as
CF3 or NO2.

27 In this study, we have considered a series of
other EWGs that can be experimentally more easily attached to
the phenyl groups of the cyclopentadienone ligand. Even
though the rds of the catalytic pathway is III → IV, the
initiation step I → II was considered as well, since it could
block the reaction. Different types of substituents with different
substitution patterns (ortho (o-), meta (m-), and para (p-))
have been added to the phenyl rings on the cyclopentadienone
complex A, including also EDGs for the sake of comparison.
The relative Gibbs energies from I to IV are compiled in Table
S11. How the substituents on the aryl behave or influence the
metal center is not trivial, because when the hydrogenated aryl
rings are replaced by perfluorinated ones, the two kinetically
demanding energy barriers increase by 0.6 kcal/mol. However,
this result could be linked not only to electronic effects on the
metal center but also to H-bond formation with the fluorides.
Results must be read in detail, and the analysis of the different
substituents on the cyclopentadienone becomes complicated
when there is the aryl in between. Centering first on the species
with just a substituent in para, to exclude any interaction with
the metal center, and the noncovalent interactions, the energy
barrier for III → IV goes up by 0.9, 3.5, and 0.6 kcal/mol for
NO2, NMe2, and COOEt phenyl substituted rings as compared
to the unsubstituted case, respectively, whereas it goes down
by 0.4, 1.4, and 2.0 kcal/mol for substituents OMe, CF3, and
COOMe, respectively. No clear trend among EWGs and EDGs
is extracted, but the EDG NMe2 clearly has a worse
performance. In addition, the initiation is clearly disfavored
for all the EDGs by at least 0.2 kcal/mol, with values ranging
from 19.8 to 24.8 kcal/mol. Another clear point is that the
substitution in ortho does not favor any of the limiting
transition states, and the combination of ortho with para
substitution reinforces this conclusion, whereas interestingly in
meta the interaction is clearly favored for OMe and CF3.
As said before, the presence of an EWG in the cyclo-

pentadienone ligand makes the Fe−C(O) bonds more labile;
thus the catalyst can enter the catalytic cycle faster.
Substitution of the aryl rings on the cyclopentadienone,
instead of direct substitution on the cyclopentadienone ring,
makes the analysis more complicated. However, results in
Table 1 show that the addition of EDGs confirms the trend of
worsening catalytic performance, since the corresponding
energy barriers are significantly higher, especially for the I →
II decarbonylation step (consider, for instance, the cases Ph(p-
NMe2), Ph(o-OMe), Ph(o-,o-OMe), and Ph(o-,o-,p-OMe)).
We have also analyzed the performance of cationic catalyst

D (Scheme 1), where instead of having the keto group in the
cyclopentadienone we have an N-methyl cationic group, whose T
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positive charge would be compensated by a BF4− group.
Although in previous studies the role of the counterion was not
found to be indispensable,36 except for a recent work by
Bütikofer and Chen,37 here we have quantified the effect of the
counterion. Table 2 and Table S11 contain the comparative
results. Without BF4−, and as previously seen, this is a catalyst
that would be worse for reductive amination (by 3.5 kcal/mol),
but not so for activation, which would become 6.2 kcal/mol
more favorable (comparing the two systems with only simple
nonsubstituted phenyls on the cyclopentadienone in Table 2,
with further details in Table S12). However, we attempted to
overcome the worsening catalytic barrier by introducing o-CF3
substituents in the Ph groups, albeit with only an improvement
of 0.3 kcal/mol for step III → IV, and interestingly 2.8 kcal/
mol for step I → II. For comparison, the methoxy substitution
led to an increase in the two barriers, specifically by 0.8 and 2.0
kcal/mol, respectively. Including the counterion BF4−, the
results were qualitatively identical, but with an approximate 2−
3 kcal/mol increase of the two barriers. Although these
calculations might seem sterile, the trends allow corroboration
of the results of catalyst A showing that by adding CF3 groups
in para positions the catalytic efficiency improves (compare Ph
and Ph(p-CF3)). Ph(p-CF3) is the ideal system for predictive
catalysis research, because from an experimental point of view
Ph(p-CF3) is easily achieved in the lab (vide inf ra).
Steric maps by the SambVca2.1 package38 were carried out

to see how they affect the groups located in the cyclo-
pentadienone, specifically the phenyls ortho to the keto group,
as well as the para substitution thereof. However, Figure S38
confirms, with the steric maps and percent buried volume (%
VBur), that no significant difference is observed for the systems.
More interestingly, the systems studied in the previous
computational work,27 where substituents were bonded
directly to the cyclopentadienone, generated no difference in
steric hindrance. Actually, with CF3 directly bonded to the
cyclopentadienone ring, a %VBur even 0.3% higher was shown.
Thus, structurally the differences between the different species
are scarce, and actually, the analyses of the bond distances or
Mayer bond orders (MBOs) confirm this (see Tables S5 and

S6).39 Electronically, we analyzed the NPA charges (Table S7)
on the iron center for a selection of systems,40 observing that
when the catalyst contains EWG substituents the metal partial
charge is lower (gives electron density to the ligand), but not
significantly.
We again confirmed that the role of the cyclopentadienone

ligand in the catalytic performance of the systems cannot be
rationalized in terms of aromaticity changes depending on its
substituents.41 The results are collected in Tables S8 and S9,
together with their discussion in the Supporting Information.42

Briefly, for the six-membered ring attached to the cyclo-
pentadienone, as expected, no drastic change is observed, since
the phenyls are not attached directly to the metal. Actually, this
six-membered ring between the cyclopentadienone and the
different substituents is not relevant.43 Nevertheless, a simple
means of transport for the electron density gain or loss on the
metal center is generated by those different substituents.
To understand the different nature of the first two

intermediates, we applied EOS analysis (see technical details
in the Supporting Information).44,45 The results obtained for
different degrees of substitution of the two phenyls attached to
the cyclopentadienone are collected in Table S10. The frontier
effective fragment orbitals (EFOs) are for the metal (last
occupied (LO) with a pair of electrons assigned) versus the
cyclopentadienone ligand (first unoccupied (FU)). Only for
Ph(o-OMe) does this differ, where the FU EFO corresponds to
the metal, too. With this, both the metal and cyclo-
pentadienone ligand present the expected neutral (0) oxidation
state. Overall, small differences are observed between the
values of the reliability index (R (%)) in both species (±3%
versus Ph), being greater for species II (R (%) > 65) than for I
(50 < R (%) < 60).
The π-acid character from the CO units can be assessed by

comparing the appropriate EFO occupations between species I
and II. CO as a π-acid agent has the ability to remove density
from the metal. By removing a CO, the metal center becomes
slightly more negative. This is validated by the increase of
occupation of the LO EFO (d-type from metal, Table S10).

Table 2. Relevant Gibbs Energy Barriers of Steps I−II and III−IV Obtained at the M06/cc-pVTZ∼SDD(PCM-EtOH)//BP86/
SVP∼SDD level (in kcal/mol) for the Differently Substituted Catalyst D, Where the Amino Group Is NMe+ and When Adding
the BF4

− Counteraniona

Ph Ph(p-CF3) Ph(o-OMe) Ph (BF4−) Ph(p-CF3)(BF4−) Ph(o-OMe)(BF4−)

ΔG(I−II) 13.4 10.6 14.2 16.4 14.4 17.1
ΔG(III−IV)b 20.1 19.8 22.1 23.2 23.5 22.3

aMe = methyl, Ph = phenyl. bProton transfer assisted by one ethanol molecule.

Table 3. Selectivities Obtained for the Reductive Amination, Starting Material/Intermediate/Product (S.M./Int./P.), Using
Catalyst A (Fe1) and Its Modified Forms with CF3 and OMe Groups in ortho, meta and para Positions of the Phenylsa

time (h) Fe1 Fe2 Fe3 Fe4 Fe5

1 24/17/5 32/36/5 47/47/4 56/44/0 75/25/0
2 9/73/18 18/47/35 35/40/25 43/57/0 48/47/5
5 27/38/36 0/0/100 0/0/100 0/100/0 8/70/22

aGeneral conditions: citronellal (1 mmol), N-methylbenzylamine (2 mmol), [Fe] (5 mol %), Me3NO (10 mol %), ethanol (2 mL), H2 (10 bar), 45
°C.
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The largest differences are found with C6F6, Ph(o-CF3), and
Ph(o-OMe).
Finally, and making practical use of predictive catalysis, it

was proposed to confirm the previous computational results
with experiments. Although the best system was predicted to
be with methyl ester substituents in the para positions of the
phenyls, for synthetic reasons we focused on four derivatives of
complex A, complexes Fe2, Fe3, Fe4, and Fe5, bearing p-CF3,
m-CF3, o-OMe, and p-OMe, respectively. These complexes
were prepared following the same procedure used for Fe1
(complex A). Even though not all modifications become
favorable on the cyclopentadienone moiety,46 the predicted
results from the DFT calculations could be translated into
experiments. The conversions and selectivities obtained for the
original complex A and its derived Fe2−Fe5 are summarized
in Table 3. With the modification of the phenyls, incorporating
the CF3 group in a para (Fe2) or meta (Fe3) position, a
considerable improvement of the reaction was achieved. In
addition, over time, specifically after 5 h, a total conversion
into the desired product (P) was obtained (versus 36% for
Fe1), working only at 45 °C. On the contrary, the results for
the reductive amination with complexes Fe4 and Fe5 follow
the trend previously observed for EDG-substituted catalysts.
OMe-substituted phenyls of the cyclopentadienone ligand
worsen the activity of the complex. Perhaps, it is also important
to consider that, in the case of complex Fe4, the total absence
of conversion into the alkylated amine can also be explained by
the ortho substitution which could sterically hinder the active
site of the iron atom and consequently block the approach of
the substrates (see the Supporting Information for further
details).
The latest results open the door to the design of a new series

of catalysts based on introducing modifications to the phenyl
groups in order to improve their activity by modulating steric
and/or electronic effects. More research is underway to
computationally test new complexes with different substituents
on the phenyls of the cyclopentadienone. We want to study the
energy changes in the reaction mechanism of the catalytic cycle
and also rationalize these changes based on the electronic and
steric effects present in each case. In this way, we hope to
improve the rational design of Knölker catalysts for reductive
amination of imines with more favorable activation barriers.47

■ CONCLUSIONS
In the search for more efficient iron derivative Knölker
catalysts to conduct the reductive amination of imines, we
decided to use the results of a previous computational study,
where it was predicted that reductive amination reactions
would be especially favored by substituting phenyls by
electron-withdrawing groups, especially trifluoromethyl groups.
Because the synthesis of substituted cyclopentadienones was
not experimentally feasible, we decided to analyze the same
complex but substituting the phenyl groups of the cyclo-
pentadienone instead of the cyclopentadienone itself.
Results show that the energy barriers vary relatively little for

the different electron-withdrawing and electron-donating
substituents and without a clear trend, but there is the
exception of the CF3 group in a para position for the phenyls
of the cyclopentadienone, where a better result is obtained
regarding the catalyst activation. In particular, DFT calcu-
lations show that the energy barrier of the rds decreases by 0.9
kcal/mol, which is not as significant as it would be if we put the
EWG directly on the cyclopentadienone, but the trend

between the different substituent groups on the two aryl
groups of the cyclopentadienone confirms the validity of the
DFT results, even if they show relatively small differences for
the different substitutions. The effect is almost purely
electronic as structural measures and steric maps prove that
the substituents of the cyclopentadienone do not affect the
catalytic activity at all, since they are relatively far from the
iron. Next, the synthesis of the catalysts was achieved
experimentally and we found that the catalytic activity
increased significantly, turning what might seem like a
computational entelechy into an experimental reality, making
real use of predictive catalysis. Simply, the experiments become
here a general observation to confirm the trend observed by
DFT.

■ COMPUTATIONAL DETAILS
All calculations were conducted at the DFT level with the
Gaussian 09 set of programs,48 using the BP86 functional.49

The electronic configuration of the molecular systems was
described with the standard split-valence basis set with a
polarization function of Ahlrichs and co-workers for H, C, N,
O, and F (SVP keyword in Gaussian).50 For Fe, the quasi-
relativistic Stuttgart/Dresden effective core potential51 with an
associated valence basis set (standard SDD keyword in
Gaussian 09) was used. Geometry optimizations were carried
out without symmetry constraints, and normal-mode analyses
were computed to confirm minima and transition states on the
potential energy surface. These frequencies were used to
calculate unscaled zero-point energies (ZPEs) as well as
thermal corrections and entropy effects at 298 K and 1 atm by
using the standard statistical mechanics relationships for an
ideal gas. Accurate electronic energies were obtained via single-
point calculation using the M06 functional of Zhao and
Truhlar,52 on the BP86-optimized geometries. In these
calculations, the cc-pVTZ basis set was used for the
descriptions of H, C, N, O, and F,53 whereas for Fe the
SDD basis set (and pseudopotential) has been employed,
together with the solvent effects of ethanol estimated with the
polarizable continuous solvation model (PCM).54,55 On top of
the M06/cc-pVTZ∼SDD(PCM-EtOH) electronic energies,
we added the thermal and entropy corrections obtained at the
BP86/SVP∼SDD level in the gas phase.
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L.; Poppe, L. Reductive Amination of Ketones: Novel One-Step
Transfer Hydrogenations in Batch and Continuous-Flow Mode.
Tetrahedron Lett. 2011, 52, 1310−1312. (c) Wei, D.; Bruneau-
Voisine, A.; Valyaev, D. A.; Lugan, N.; Sortais, J.-B. Manganese
catalyzed reductive amination of aldehydes using hydrogen as a
reductant. Chem. Commun. 2018, 54, 4302−4305. and references
cited therein.
(8) For some recent examples, see: (a) Wang, C.; Pettman, A.;
Basca, J.; Xiao, J. A Versatile Catalyst for Reductive Amination by
Transfer Hydrogenation. Angew. Chem., Int. Ed. 2010, 49, 7548−7552.
(b) Huang, Y.-B.; Dai, J.-J.; Deng, X.-J.; Qu, Y.-C.; Guo, Q.-X.; Fu, Y.
Ruthenium-Catalyzed Conversion of Levulinic Acid to Pyrrolidines by
Reductive Amination. ChemSusChem 2011, 4, 1578−1581. (c) Wang,
S.; Huang, H.; Bruneau, C.; Fischmeister, C. Selective and Efficient
Iridium Catalyst for the Reductive Amination of Levulinic Acid into
Pyrrolidones. ChemSusChem 2017, 10, 4150−4154. (d) Wei, Y.;
Wang, C.; Jiang, X.; Xue, D.; Li, J.; Xiao, J. Highly Efficient
Transformation of Levulinic Acid into Pyrrolidinones by Iridium
Catalysed Transfer Hydrogenation. Chem. Commun. 2013, 49, 5408−
5410. (e) Zhu, M. Ruthenium-Catalyzed Direct Reductive Amination
in HCOOH/NEt3 Mixture. Catal. Lett. 2014, 144, 1568−1572.
(f) Yang, P.; Lim, L. H.; Chuanprasit, P.; Hirao, H.; Zhou, J. S.
Nickel-Catalyzed Enantioselective Reductive Amination of Ketones
with Both Arylamines and Benzhydrazide. Angew. Chem., Int. Ed.
2016, 55, 12083−12087. (g) Metzker, G.; Dias, R. M. P.; Burtoloso,
A. C. B. Iron-Catalyzed Reductive Amination from Levulinic and
Formic Acid Aqueous Solutions: An Approach for the Selective
Production of Pyrrolidones in Biorefinery Facilities. ChemistrySelect
2018, 3, 368−372.
(9) Zhou, Q.-L.; Xie, J.-H. Transition metal-catalyzed enantiose-
lective hydrogenation of enamides and enamines. Top. Curr. Chem.
2013, 343, 75−101.
(10) (a) Privalov, T.; Samec, J. S. M.; Bäckvall, J.-E. DFT Study of
an Inner-Sphere Mechanism in the Hydrogen Transfer from a
Hydroxycyclopentadienyl Ruthenium Hydride to Imines,. Organo-
metallics 2007, 26, 2840−2848. (b) Comas-Vives, A.; Ujaque, G.;
Lledós, A. Hydrogen Transfer to Ketones Catalyzed by Shvo’s
Ruthenium Hydride Complex: A Mechanistic Insight. Organometallics
2007, 26, 4135−4144. (c) Comas-Vives, A.; Ujaque, G.; Lledós, A.
Theoretical Analysis of the Hydrogen-Transfer Reaction to C�N,
C�C, and C≡C Bonds Catalyzed by Shvo’s Ruthenium Complex.
Organometallics 2008, 27, 4854−4863.
(11) (a) Noyori, R.; Umeda, I.; Ishigami, T. Selective hydrogenation
of α,β-unsaturated carbonyl compounds via hydridoiron complexes. J.
Org. Chem. 1972, 37, 1542−1545. (b) Lee, H.-Y.; An, M. Selective
1,4-reduction of unsaturated carbonyl compounds using Co2(CO)8-
H2O. Tetrahedron Lett. 2003, 44, 2775−2778.
(12) (a) Ikariya, T.; Murata, K.; Noyori, R. Bifunctional Transition
Metal-Based Molecular Catalysts for Asymmetric Syntheses. Org.
Biomol. Chem. 2006, 4, 393−406. (b) Muñiz, K. Bifunctional Metal-
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