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ABSTRACT: The reductive amination process under hydrogen at high pressure
catalyzed by iron complexes is of great synthetic interest. In this work, we report
density functional theory (DFT) studies on the reductive amination catalyzed by a
Knölker-type iron complex. Different modifications of the catalyst are explored to
improve the efficiency and guide experiments toward milder conditions. DFT
calculations in conjunction with analysis of the chemical structure in terms of
geometry, fragment partial charges, effective oxidation states (EOS), and aromaticity
allows us to conclude that the presence of electron-withdrawing substituents on the
cyclopentadienone ring induces a decrease of the activation barriers of most relevant
steps, leading to a more efficient catalysis. The present work is a clear example that
predictive catalysis can have a fundamental role in sustainable catalytic trans-
formations.

■ INTRODUCTION

Hydrogenation reactions of double bonds,1 either CC2 or
CO3 bonds, are extensively used to synthesize compounds
for the pharmaceutical industry4 and the agricultural sector.
However, when it comes to CN bonds, hydrogenation is still
a challenge for homogeneous catalysis.5 Noble metals such as
rhodium, palladium, ruthenium, or iridium were initially
reported for the reductive amination of carbonyl compounds,
using molecular hydrogen,6 formic acid,7 transfer hydro-
genation,8 or borrowing hydrogen.9,10 Among all catalysts
discovered, ruthenium became the most extensively used
metal.11 In particular, Noyori12 and Shvo13 catalysts
(represented in Scheme 1) have been used for the hydro-
genation of the previously mentioned polar functional
groups.14

Later, following the increasing trend of replacing noble
metals with earth-abundant and sustainable first-row transition
metals, Casey et al.15 proposed the use of a Knölker-type
catalyst for the reduction of carbonyl substrates. The Knölker
complex16 is an iron analogue of Shvo catalyst, and it presents

bifunctional nature since it has both proton- and hydride-
donating sites on the hydroxyl ligand and the metal center,
respectively.
Despite the major advantages offered by the use of first-row

transition metals, in terms of abundance and ecofriendly
properties, such substitution is required but also is one of the
main challenges of modern organometallic chemistry due to
the different electronic and chemical properties that these
owe.17 Certainly, research on iron-based catalysts is promis-
ing,18 and for this reason, the understanding of the reductive
amination under hydrogen at high pressure catalyzed by iron
complexes is of great interest.19 First, Bhanage et al. reported
the reductive amination under harsh conditions (high
temperatures and hydrogen pressure) using FeSO4 with
ethylenediaminetetraacetic acid (EDTA).6e Then, Beller et al.
showed that iron−carbonyl complexes can be activated in
reductive amination by carbonyl compounds with aromatic
amines.2 From these, Renaud, among other researchers,
determined that the Knölker catalyst, together with its
modifications,20−22 catalyzes the reductive amination of
aliphatic carbonyl compounds, like ketones or aldehydes,23 as
well as CO2,

24 using molecular hydrogen as a reducing agent
(see Scheme 2). In particular, catalysts afforded complete
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Scheme 1. Noyori (a) and Shvo (b) Catalysts
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reductive amination at 44 °C, moving toward milder
conditions.22

Beller’s studies23a,d in combination with the following work
of Poater and Renaud25 demonstrated that modifying the
nature of the substituents on the Knölker-type iron tricarbonyl
cyclopentadienone complex shown in Scheme 3 not only
improves the reactivity and chemoselectivity but also allows
the reduction of unsaturated aldehydes together with its
reductive amination. Nevertheless, such modifications have to
be done carefully since subtle changes in the catalyst can also
reduce its activity.26

To increase the Lewis base character of these complexes, the
N,N′-dimethyl-3,4-ethylendiamino-substituted cyclopentadie-
none was synthesized to act as a ligand, obtaining complex
1. Experimental results obtained and supported by DFT
calculations indicate that catalyst 1 presents better yields for
the reaction than complexes 2 and 3.22 In addition, the phenyl
groups on the five-membered ring avoid the undesired
formation of stable dimers, enhancing the catalytic efficiency.
A systematic study modifying Knölker-type system 1 is

required to improve its catalytic activity, and consequently the
reaction conditions for the reductive amination. For this
reason, we present a computational study throughout DFT
calculations for the whole reaction pathway of CN bond
hydrogenation, i.e., the reductive amination,27 with modifica-
tions of catalyst 1. In line with similar recent strategies,28 the
aim of this study is to substitute the phenyl groups of the
cyclopentadienone ligand with alternative moieties that bear
different electronic properties, thus moving toward predictive
catalysis.

■ RESULTS AND DISCUSSION
The complete mechanistic cycle of reductive amination using
iron complex 1 was first described in 2015 by means of density
functional theory (DFT) calculations.22 Here, we re-evaluate it
in Figure 1 at the M06/cc-pVTZSDD(pcm-EtOH)//BP86/
SVPSDD level of theory (see Computational Details) to be
used as a reference when modifying the substituents of
cyclopentadienone (see Scheme 3). The imine substrate
originates from the condensation of reactants of Scheme 3c,

where the long aliphatic chain of the amine is replaced by an
ethyl group in the computational model. First, species I is
activated when releasing one CO ligand via reductive

Scheme 2. General Scheme of CN Bond Hydrogenation

Scheme 3. Cyclopentadienone Iron Tricarbonyl Complex:
(a) Transition Metal-Type Frustrated Lewis Pair, (b) Iron
Kno ̈lker Derivative Catalysts Introduced by Renaud et al.,21

(c) Reductive Amination Using Catalysts 1−3, and (d)
Catalyst Studied Here, Replacing the R1 Substituent
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elimination with trimethylamine-N-oxide (Me3NO), forming
the 16 electron species II with an energy cost of 19.6 kcal/mol
(I−II) (see Figure 2a). This stoichiometric process corre-
sponds to the activation of the catalysts and accounts for its
induction period. Being an energetically demanding step, it

deserves proper attention, but still, species II is considered the
catalytic active species. Then, the catalytic cycle proceeds as
follows. Electron-deficient intermediate II reacts with molec-
ular hydrogen through a low kinetically demanding transition
state (TS) II−III with an energy cost of 5.9 kcal/mol. Formed
intermediate III has the H2 π-coordinated to the metallic
center. Subsequently, III forms iron hydride IV with a
significant energy barrier through TS III−IV (24.4 kcal/
mol), as suggested in 2010 by Berkessel and Chen for the
Knölker catalysts 229 and 330 (Scheme 3b). In this particular
step, one hydrogen atom is transferred from the π-coordinated
H2 to the CO (keto) group of the cyclopentadienone,
forming a hydroxyl group that can play the role of a Brönsted
acid. In the presence of an imine, such as in intermediate V,
hydrogenation takes place to form the corresponding
secondary amine, still bonded to the catalyst as in intermediate
VI, with an energy penalty of 11.9 kcal/mol from IV. Releasing
the amine formed regenerates intermediate II, closing the
catalytic cycle.
The energetics of the reaction pathway is very similar to

those reported in ref 22. Previously, the H2 activation in the III
→ IV step was found to be the rate-determining step (rds) of
the reaction.22 However, in agreement with previous studies
from Chen and co-workers,30 we found that this step can be
assisted by an explicit solvent molecule (either alcohol or
water), lowering its energy cost.31 Thus, the III → IV step
requires 14.7 or 17.2 kcal/mol when assisted by one ethanol or
one water molecule, respectively, meaning that the initial
preactivation of the catalyst involving CO release is even more
kinetically demanding than the rds of the catalytic pathway.

Figure 1. Catalytic cycle of reductive amination using complex 1 (relative Gibbs energies with respect to the catalytic active species II in kcal/mol
at the M06/cc-pVTZSDD(pcm-EtOH)//BP86/SVPSDD level of theory; a = proton transfer assisted by one ethanol molecule.

Figure 2. Transition states (a) I−II, (b) nonassisted III−IV, and (c)
ethanol-assisted III−IV. Selected distances are shown in Å. Non-
relevant H-atoms are omitted for clarity.
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The optimized geometries of the nonassisted and ethanol-
assisted TS III−IV are depicted in Figure 2b,c. A plausible
explanation for the decrease in the energy of the TS is the
reduction of the strain when moving from a five-membered
(nonassisted) to a seven-membered (assisted) ring, formed by
the metal, CO (keto), hydrogen, and the −OH of the
solvent in the assisted TS.10g A similar effect on the III−IV
barrier is also found for catalyst 3. When assisted by an ethanol
molecule, a barrier of 16.9 kcal/mol is obtained, ca. 2 kcal/mol
higher in energy than for catalyst 1. This is in agreement with
the reported experimental evidence.22

Let us focus our attention on some additional aspects of the
mechanism. First, the last step, i.e., V → VI, where the CN
bond of the N-benzyl-1-propanimine is hydrogenated, was
faced as a step-wise process,29,32,33 but for these kind of
substrates, this alternative way with two sequential H-transfers
is not feasible. Second, the hydrogenated product could be
reconciled to the vacant position of Fe before closing the cycle
but not by making a H-bridge as in intermediate VI (which is
the structure readily formed from TS V−VI, as IRC
calculations confirm) but coordinated through the nitrogen
atom.15b Such intermediate VI’ is stabilized with respect to VI
by 13.6 kcal/mol. Similarly, as pointed out by one of the
reviewers, a solvent molecule like EtOH could coordinate to
the vacant position of Fe on the II species, thus blocking the
reaction. As could be anticipated, since the coordination of
alcohols is less favored than amines, its formation is ca. 10.6
kcal/mol less stable than the above-mentioned intermediate
VI’ (i.e., the coordination of the hydrogenation product) for
the H-substituted catalyst.

The imine-iminium/enamine equilibrium was also consid-
ered from intermediate V. Although the barrier for this
pathway was already found22 to be over 23.0 kcal/mol more
demanding in the case of the enamine, we revaluate it here to
take into account the effect of explicit solvent molecules
assisting the process. With either EtOH or water, the enamine
pathway is further destabilized by 20.0 and 18.6 kcal/mol,
respectively.
The main focus of this work is to assess the substituent effect

in the reaction pathway by replacing both phenyl groups on
the cyclopentadienone ligand with a series of other electron-
donating (EDG) and electron-withdrawing (EWG) ligands,
including H, CH3, CF3, NO2, OMe, OH, NMe2, NPh2, and
NH2 (Me = methyl and Ph = phenyl). The resulting relative
Gibbs energies (ΔGF) along the catalytic cycle are compiled in
Table 1. The most noticeable effect is a significant lowering of
the barrier for the catalyst activation I−II step with R1 = CF3
and R1 = NO2 substitution as compared to any other
substituent. In particular, the energy barrier for the original
phenyl-substituted complex 1 amounts to 19.6 kcal/mol, while
the barrier decreases to 15.2 and 12.2 kcal/mol with R1 = CF3
and R1 = NO2 substitution, respectively. Scheme 4 shows that
the electronic structure of cyclopentadienone can be described
mainly by resonance structure A with a certain influence of
structures B and C. The presence of an EWG in R1 could
increase the weight of structure C, leading to an enhanced
donation from the cyclopentadienone to the metal, which in
turn could make the CO ligand more labile. These intricate
electronic aspects will be analyzed in detail (vide inf ra).
Conversely, substitution by EDG such as R1 = OR or R1 = NR2

Table 1. Relative Gibbs Energies (with Respect to the Catalytic Active Species II) Obtained at the M06/cc-pVTZSDD(pcm-
EtOH)//BP86/SVPSDD Level of Theory (in kcal/mol) for the Differently Substituted Catalysts 1a

H Me Ph OMe OH NH2 NMe2 NPh2 CF3 NO2 average standard deviation

I 55.5 54.2 54.6 51.3 52.9 52.2 53.0 53.6 53.9 56.2 53.8 1.5
I−II 77.2 74.9 74.2 74.8 76.1 75.3 80.0 74.6 69.1 68.4 74.5 3.5
II 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
II−III 5.8 5.6 5.9 4.4 4.7 5.0 3.6 2.8 5.1 5.8 4.9 1.0
III −2.1 −2.5 −1.1 −5.0 −3.1 −2.3 −3.7 −4.0 −4.2 −2.4 −3.0 1.2
III−IV 24.9 24.2 23.3 25.6 28.8 24.7 25.5 27.9 28.2 29.5 26.2 2.2
III−IVa 15.5 15.1 13.5 14.9 17.0 16.7 16.9 18.0 14.3 12.3 15.4 1.7
III−IVb 17.1 16.3 16.1 15.7 19.7 17.5 17.1 17.3 15.8 14.4 16.7 1.4
IV −5.1 −6.7 −8.6 −3.6 −2.7 −5.9 −5.4 −4.7 −3.8 −5.5 −5.2 1.7
V −2.5 −3.6 −3.3 −1.7 −1.1 −0.1 1.5 1.0 −3.1 −2.9 −1.6 1.8
V−VI 5.6 3.4 3.3 4.4 4.5 5.2 5.3 3.4 −0.9 −0.3 3.4 2.3
VI −11.2 −11.7 −10.6 −10.5 −12.4 −11.3 −7.3 −8.1 −11.9 −11.7 −10.7 1.7
ΔG (I−II) 21.7 20.7 19.6 23.5 23.2 23.1 27.0 21.0 15.2 12.2 20.7 4.3
ΔG (III−IV) 26.9 26.8 24.4 30.5 31.9 26.9 29.2 31.8 32.4 32.0 29.3 2.8
ΔG (III−IVa) 17.5 17.7 14.7 19.8 20.1 18.9 20.6 21.9 18.5 14.8 18.4 2.4

aMe = methyl, Ph = phenyl. a, b = proton transfer assisted by one ethanol and one water molecule, respectively.

Scheme 4. Most Relevant Resonance Structures for Cyclopentadienone
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leads to an increase in the activation barrier as compared to the
original 1 species. The highest energy barrier (27.2 kcal/mol)
is found for the electron-donating NMe2 substituent. Close
inspection of the TS structure reveals a significant number of
CH3···CH3 close contacts that destabilize the structure as
compared to that of other electronically similar substituents.
On the other hand, the unexpectedly low barrier of 21.0 kcal/
mol for the I−II step and R1 = NPh2 is surprising, bearing in
mind that the barrier for R1 = NMe2 is 27.0 kcal/mol.
Inspection of the reaction coordinate clearly shows the
concerted motion of the phenyl rings, guided by noncovalent
interactions with the amine oxide moiety.
The substituent effect is smaller in the steps of the catalytic

cycle but still noticeable and apparently unrelated to either
their electron-donating/withdrawing or steric features (see
standard deviation (std) values in Table 1).
One interesting observation is that the planarity of the

cyclopentadienone ligand keeps changing along the reaction
pathway, as shown in Table S26 of the supporting material.
The ligand is planar when isolated, but upon coordination with
the metal center in 1, the CO group notably deviates from
planarity, thus affording a η4 coordination. Such a deviation is
kept in the I−II transition state structure, but the ligand
regains planarity upon the formation of the electron-deficient
structure II. Then, the ligand loses planarity again when H2 is
coordinated to the Fe center in structure III. In the key steps
III−IV, in the absence of assisting EtOH or H2O molecules,
the transition state structure presents the planar form of the
ligand in the formation of the aforementioned four-membered
ring. On the contrary, when assisted by an EtOH or H2O
molecule, the ligand loses somewhat its planarity in the five-
membered ring transition state structure. When the proton is
transferred to the CO group in IV, the ligand regains the
planarity, which is kept until structure VI is formed, prior to
the release of the amine.
These observations suggest an aromatization/dearomatiza-

tion of the cyclopentadienone ligand, which might play a

relevant role in the catalytic cycle and in the electronic effects
of the ligand substitution. To test this hypothesis, we have
computed the NICS values at the center of the five-membered
ring and at a 1 Å distance above it. The results obtained are
given in Table S11 and Table 2, respectively. Remarkably, the
planar isolated cyclopentadienone exhibits small positive values
of NICS, so it is in fact nonaromatic,34 in line with the analysis
of Pal et al.35 Upon coordination with the metal to form I, the
ligand loses its planarity but, conversely, exhibits an aromatic
character. All NICS values are around −10 ppm on average,
similar to that of benzene (−9.9 ppm at the current level of
theory),36 and they are rather independent of the nature of the
substituent. Also, the C−C distances along the ring tend to
equalize as compared to those of the free ligand.
For the electron-deficient structure II, the NICS values still

indicate an aromatic character, but the numbers (in absolute
value) are smaller than those of I, despite the ligand being
essentially planar. Turning to structure III, the ligand loses
planarity again, recovering the aromatic values similar to those
of structure I. Again, no clear trend can be derived from the
ligand substitution. Finally, upon protonation of the CO
moiety, the ligand becomes planar and the NICS value
becomes even more negative, more in line with the value of the
free anionic ligand (−9.2 ppm for 1). At this point, it becomes
apparent that the aromaticity of the ring is neither connected
with the deviation of planarity nor with the substituent effect
(at least as far as the NICS index is concerned). Moreover, it
cannot explain the rather significant substituent effect observed
on the energies of the first step of the reaction.
As shown in Table 2, the (planar) dianionic free ligand

(Cp2−) is slightly aromatic according to the NICS values.
Indeed, the highest-occupied molecular orbital (HOMO)
(lowest-unoccupied molecular orbital (LUMO) of the neutral
ligand) is a π* orbital of the ring so that in the dianionic case,
the five-membered ring accommodates 6π electrons.
The aromatic character of the ligand upon coordination

(being nonplanar or planar) can be explained in terms of

Table 2. NICS(1)out Evaluated at the BP86/6-31+G**//BP86/SVPSDD Level for 5-MR of Cyclopentadienone (Cp) and the
Differently Substituted Intermediates I−IVa

H CH3 Ph OMe OH NH2 NMe2 NPh2 CF3 NO2

Cp2− −2.4 −2.0 −1.7 −5.6 −2.4 −5.4 −5.2 −2.7 −3.2 −2.5
Cp 2.0 1.6 2.2 5.3 6.6 3.6 1.8 2.7 −0.2 −0.2
I −9.7 −10.6 −8.9 −10.5 −11.0 −10.6 −10.6 −8.6 −9.5 −9.0
II −7.5 −7.7 −6.5 −7.6 −8.5 −8.1 −7.1 −6.7 −7.9 −7.8
III −10.0 −11.1 −9.1 −11.3 −11.7 −11.4 −10.6 −8.6 −10.0 −9.4
IV −11.5 −11.8 −10.4 −12.3 −12.8 −12.4 −12.3 −10.7 −11.5 −10.7

aMe = methyl, Ph = phenyl.

Table 3. Topological Fuzzy Voronoi Cell (TFVC) Partial Charges of the Fe Center (Top), and the Cyclopentadienone Ligand
(Bottom) at the M06/cc-pVTZSDD(pcm-EtOH)//BP86/SVPSDD Level for Intermediates I−IVa

H CH3 Ph OMe OH NH2 NMe2 NPh2 CF3 NO2

I 0.838 0.817 0.822 0.793 0.774 0.782 0.829 0.854 0.860 0.868
II 0.786 0.778 0.783 0.746 0.747 0.755 0.773 0.791 0.820 0.836
III 0.843 0.828 0.842 0.804 0.787 0.805 0.842 0.852 0.863 0.877
IV 0.809 0.809 0.826 0.781 0.773 0.790 0.803 0.836 0.826 0.842
I −0.213 −0.175 −0.183 −0.099 −0.111 −0.067 −0.207 −0.258 −0.353 −0.399
II −0.222 −0.192 −0.241 −0.170 −0.177 −0.160 −0.198 −0.265 −0.346 −0.388
III −0.252 −0.214 −0.231 −0.179 −0.146 −0.146 −0.232 −0.274 −0.374 −0.398
IV 0.010 −0.002 −0.044 0.036 0.028 0.072 0.006 −0.081 −0.156 −0.219

aMe = methyl, Ph = phenyl.
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electron transfer from the metal center to the π-type LUMO of
the ligand. But since the overall charge of the ligand in the
complex is rather close to zero (see Table 3), there must be an
additional channel for ligand donation to the metal. In this
sense, the effective fragment orbitals (EFOs)37 are very useful
for both visualization and quantification of this electron flow
within a complex without recurring additional reference
fragment calculations. They also afford the assignation of
formal oxidation states (OS) by means of the so-called
effective oxidation state (EOS) analysis.38,39 The EFOs are
obtained from the molecular density for each molecular
fragment, and typically resemble the MOs of the free fragment.
The embedding effect of the fragment within the molecule
induces some polarization/distortion of the EFOs, as
compared to the free MOs, but most importantly, the EFOs
exhibit fractional occupations.
The relevant EFOs that explain the electron flow between

the cyclopentadienone ligand and the metal are depicted in
Figure 3. The two π-type EFOs on the ligand (Figure 3a,b) can

be put into direct correspondence with the π-type HOMO and
π*-type LUMO of the free ligand. In addition to the ligand’s
EFOs, one can also identify two d-type EFOs of the metal with
the right symmetry, namely a hybrid dx2−y2-type (Figure 3c)
and a hybriddz2-type (Figure 3d). As shown in Figure 3, their
occupancies are complementary, so one can consider these
EFOs as a matching pair. Thus, one can identify a very large
charge transfer from the metal onto the LUMO of the
cyclopentadienone ligand, which upon coordination exhibits an
occupation of 0.411. The d-type EFO that donates the charge
is also involved in the σ-type interaction with the CO ligand,
which also explains its activation. At the same time, another
channel is identified where the HOMO of the ligand donates
charge to a formally empty d-type orbital of the metal, which
now exhibits an occupation of 0.361, thus almost balancing the
net charge on both moieties. As a result of the metal−ligand
interaction, up to three π-type orbitals are (partially) occupied
on the five-membered ring, which explains its aromatic
character.
We have analyzed the occupation of the relevant EFOs along

the reaction profile for all substituted systems (see Tables

S15−S26 of the Supporting Information). A systematic trend
of the ligand substitution can be observed concerning the
occupation of the EFOs of Figure 3a,c along the reaction
profile. The replacement of the R1 = Ph substituent by an
EWG such as R1 = CF3 or R1 = NO2 induces an increase in the
ligand’s EFO occupation and a concomitant decrease of the d-
type EFO occupation of the metal. On the contrary, the
presence of EDG causes the opposite effect. The substitution
effect on the occupation of the EFOs, as shown in Figure 3b,d,
is much less relevant. As a result, the effect of including an
electron-donating/-withdrawing group to the ligand is to
induce an increase/decrease of the net population on the metal
and thus a decrease/increase of its partial atomic charge.
Indeed, a significant correlation is observed between the

barrier height of the catalyst activation step and the partial
charge of the ligand of both the I and II species (particularly
better for the latter, as shown in Figure 4). The correlation

further improves discarding the R1 = NMe2 substituent, for
which noticeable steric clashes were found in the I−II
structure (vide supra). The barrier height also correlates rather
well with the metal’s partial charge, but the (indirect)
substituent effect on it is more modest. It is worth noticing
that the NPA charges on the Fe center are very large and
negative, in particular for structure I (ca. −1.5e). With the real-
space topological fuzzy voronoi cell (TFVC) approach, the
charges obtained (see Table 3) are more chemically appealing
(ca. +0.8e), but essentially the same trends can also be
established with NPA charges.
Moving now to the catalytic cycle, the energy barrier of the

first step, which corresponds to the entrance of molecular
hydrogen to the system by π-bonding to the metallic center, is
less kinetically demanding than the previously discussed
catalyst activation (see Table 1). The barriers from II to II−
III amount ca. 5 kcal/mol on average and the substitution
induces no noticeable effect.
In the second step, the H−H bond cleavage leads to a H

transferred to the carbonyl group of the cyclopentadienone
ligand and to the formation of a Fe−H bond. Without the
assistance of an explicit molecule, the barrier from III → IV
amounts ca. 30 kcal/mol on average. Interestingly, the
presence of substituents leads to higher barriers as compared
to the original complex 1, disregarding the electron-donating/-
withdrawing character. As can be seen in Table 1, the main
effect on the barrier is the destabilization of the TS III−IV

Figure 3. Effective fragment orbitals and occupancies (occupied in
bold) for the Ph-substituted species I. (a) π-type on the ligand, (b)
π*-type on the ligand, (c) dx2‑y2-type on Fe, and (d) dz2-type on Fe.
The isocontour value is 0.1. H-atoms are omitted for clarity.

Figure 4. Correlation between the I → II energy barrier (y-axis) and
the partial charge of the cyclopentadienone ligand (x-axis) in II.
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structure, which can be as high as 5.0 kcal/mol for R1 = OH or
5.5 kcal/mol for R1 = CF3.
However, when assisted by either an ethanol or a water

molecule (see Table 1), the energy barrier for step III → IV is
largely reduced, and with most substituents (excepting NPh2,
CF3, and NO2) lying below the barrier for the catalyst
activation (I and II). While the barrier of the nonassisted
process does not have a clear relationship with the electronic
or steric features of the substituents, the observed reduction of
the III−IV barrier, when assisted by EtOH, seems to follow
the same trend as the barrier for step I−II. That is, introducing
an EWG induces a larger decrease of the barrier (−17.2 and
−13.9 kcal/mol for R1 = NO2 and R1 = CF3, respectively) as
compared to using an EDG. Still, this effect cannot overcome
the destabilization of the TS III−IV structure upon
substitution and thus the lowest ethanol-assisted barrier is
found for species 1, almost isoenergetic with that of the NO2
substituted ligand.
Following the suggestion of one of the reviewers, we also

analyzed the electronic effect of a much smaller EWG such as
R1 = CN in the key steps of the reaction. The results indicate
an ethanol-assisted III−IV barrier of 16.1 kcal/mol, a value in
between those obtained for R1 = NO2 and R1 = CF3.
Moreover, the reduction of the barrier due to the solvent
molecule amounts to −14.4 kcal/mol, once again in line with
that observed for the other EWGs. These findings further point
toward the genuine electronic effect of the EWG on the key
steps of the catalytic cycle and the catalyst activation.
Finally, the barrier for the last step of the catalytic process

(V → VI) is rather small (ca. 5.0 kcal/mol on average), which
makes it less interesting. Yet, an inspection of Table 1 again
indicates that the presence of EWG on the ligand affords a
substantial lowering of the barrier, down to ca. 2 kcal/mol for
R1 = NO2 and R1 = CF3.
The energetics of the above-mentioned competitive species

VI’ is also affected by ligand substitution. The coordinated
hydrogenation product is lower in energy with respect to the
hydrogen-bonded species VI by 13.4 kcal/mol (R1 = OH) to
17.5 kcal/mol (R1 = CF3). The stability is somewhat higher
with EWG, with 16.0 (R1 = NO2) and 16.3 kcal/mol (R1 =
CN) as compared to 14.4 kcal/mol (R1 = H) and 13.6 (R1 =
Ph) for the reference systems. This trend can be explained by
an enhanced Lewis acidity of the Fe center by the presence of
an EWG on the ligand. Indeed, the partial charge on Fe for
species II is the largest for R1 = CF3, NO2 and tends to
decrease with respect to R1 = Ph when introducing EDGs. In
addition, knowing that the coordination of alcohols is less
favored than amines,32,40,41 in detail here by 10.6 kcal/mol for
the H-substituted catalyst with ethanol, the latter are neither
limiting, but competitive.
From the results of intermediate VI’ and the coordination of

EtOH, we can conclude that the barrier-lowering induced by
EWG, especially in the activation step (6−7 kcal/mol), is
larger than the enhanced stability of these competing
intermediates by introducing EWGs (2−3 kcal/mol).
On the other hand, the significant electronic effect observed

by introducing EWG such as R1 = CF3 and particularly R1 =
NO2 might also be translated to changes in the formal
oxidation states of the metal and the ligands (formal charge)
along the catalytic cycle. To answer this question and also to
further characterize the different steps of the catalytic
cycle,36b,41 we have performed EOS analysis on all structures
along the catalytic cycle (see Tables S16−S25 of the

Supporting Information). Structure I is best described as
neutral Fe(0) species. Both the cyclopentadienone and the CO
ligands are also neutral (with a 0 OS). The frontier EFOs for
the OS assignation are those shown in Figure 3d,b. As
mentioned above, there is a huge charge transfer from the d-
type EFO of the metal onto the π-type EFO of the ligand,
which is responsible for the rather low R(%) values
systematically obtained for the OS assignation. This charge
transfer is further enhanced at the TS structure I−II, and
hence in some cases, it is sufficient to consider a transient
formal oxidation of the metal. The electron-deficient structure
II is consistently identified by EOS as Fe(0), with high R(%)
values, while structure III is electronically very similar to I.
The step III → IV is the most relevant from the OS point of

view. Here, the H2 ligand is cleaved and H is transferred to the
carboxyl group of the cyclopentadienone ligand. The EOS
analysis on the TS structure already indicates the oxidation of
the metal to a formal Fe(+2), motivated again by an increase of
the charge transfer to the π system of the ligand. Such charge
transfer is smaller when assisted by an ethanol molecule. Thus,
the decrease of the barrier can be connected with a smaller
electron reorganization taking place.
Once the cleavage of H2 is completed to form structure IV, a

major electron reorganization takes place. First of all, the EOS
analysis pictures the H ligand as a (−1) hydride. The electron
density donated to the Fe is then transferred to the π system of
the cyclopentadienone ligand through the EFOs depicted in
Figure 3b,c. Now, the occupation of the π EFO of the ligand is
significantly larger than that of the d-type EFO of the metal, so
that a formal 2e oxidation of the metal to Fe(+2) takes place.
Here, the EWG substituents on the ligand promote this
electron transfer and more effectively withdraw electrons from
the metal (see Tables S16−S25). On the other hand, the
proton transferred to the carbonyl partially compensates for
the charge on the ligand, which now becomes formally anionic
(−1), bearing 6π electrons on the five-membered ring. The
rather low R(%) values obtained for the OS assignation of
structure IV are due to the marked covalent character of the
newly formed Fe−H bond.

■ CONCLUSIONS
The reductive amination pathway catalyzed by iron-based
Knölker derivative catalysts has been thoroughly studied by
DFT methods. On the one hand, we found that the proton
transfer to the keto group of the cyclopentadienone ligand can
be efficiently assisted by an explicit ethanol molecule, leading
to a major decrease of the barrier for this step. Thus, the rds of
the catalytic pathway, defined by the proton transfer of the
III−IV step, is kinetically less demanding than the catalyst
preactivation (I−II), i.e., the first CO release assisted by
Me3NO, with an energy of 19.6 kcal/mol (for the phenyl-
substituted complex). In addition, a computational screening
of the substituent effect on the cyclopentadienone ligand has
been carried out. We found that the presence of electron-
withdrawing groups induces a decrease in the activation
barriers of the most relevant steps, namely the first CO release
and the H2 cleavage and subsequent proton transfer. In
particular, there is an important decrease with the substitution
of phenyl groups by −NO2, where we obtain an energy barrier
of 12.2 kcal/mol, thus the latter being the most energetically
demanding step for this system, as well as for the −CF3 one.
Structural and in-depth electronic characterization of the
species indicates that the cyclopentadienone ligand is more
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than a simple spectator. We have identified persistent changes
in the planarity of the five-membered ring along the catalytic
cycle, which are not translated into changes in its aromaticity.
Thus, the nonaromatic free ligand becomes aromatic upon
complex formation and shows a rather constant aromatic
character along the reaction that is not modulated by the
substituents. The effective fragment orbitals (EFOs) of the
metal and ligand allows the monitoring of the electron flow
between the moieties along the catalytic cycle and a better
assessment of the actual substituent effects. The net effect of
including an electron-donating/-withdrawing group to the
ligand is to induce an increase/decrease of the net population
on the metal and at the same time a decrease/increase of the π
density of the ring. A good correlation of the ligand’s charge
with the barrier height of the first step has been established.
Our theoretical studies provide a better understanding of the
effect of the substituents and will help to develop more
efficient catalysts.

■ COMPUTATIONAL DETAILS
All calculations were performed at the DFT level with the
Gaussian09 set of programs,42 using the BP86 and M06
functionals.43 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).44 For Fe, the
quasi-relativistic Stuttgart/Dresden effective core potential45

with an associated valence basis set (standard SDD keywords
in Gaussian09) was used. Geometry optimizations were carried
out without symmetry constraints and normal mode analysis
were computed to confirm minima 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 using the standard statistical
mechanics relationships for an ideal gas. Accurate electronic
energies were obtained via single-point calculation on the
BP86-optimized geometries using the M06 functional.46 In
these calculations, the cc-pVTZ basis set was used for
describing H, C, N, O, and F,47 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).48,49 On top
of the M06/cc-pVTZSDD(pcm-EtOH) electronic energies,
we added the thermal and entropy corrections obtained (gas-
phase) at the BP86/SVPSDD level.
Aromaticity was evaluated using the magnetic indicator

nucleus-independent chemical shift (NICS),50,51 proposed by
Schleyer and co-workers. NICS is defined as the negative value
of the absolute shielding and typically is evaluated at the ring
center (NICS(0)) and/or at 1 Å above (NICS(1)out) or below
(NICS(1)in). The ring center of the nonplanar five-membered
ring has been obtained by adjusting the best fitting plane
passing through the respective nuclei in a least-squares
sense.52,53 NICS values were computed by locating ghost
atoms in the aforementioned points at the BP86/6-31+G**//
BP86/SVPSDD level and using the gauge-including atomic
orbital method (GIAO).
Metal and ligand oxidation states (OS) were elucidated with

the effective oxidation states (EOS) analysis method, which
relies on Mayer’s effective fragment orbitals (EFOs) and their
associated occupations. The EFOs are sorted by decreasing the
occupation number and then individual electrons (or pairs for
closed-shell wavefunctions) are assigned to those with higher

occupations, thus considering each EFO as occupied or empty.
This leads to an effective configuration of the atoms/ligands
within the molecule, which directly determines their OS. The
difference between the occupation number of the last occupied
(λLO

σ ) and the first unoccupied (λFU
σ ) EFOs is a pointer of how

clear-cut the assignment has been performed. The larger this
difference, the better the current electron distribution can be
pictured into a discrete ionic model. Thus, the EOS analysis
provides the OS of the fragments/atoms desired together with
its reliability index (R = min(Rα,Rβ)), defined for each spin
case σ as

λ λ= · − +σ
σ σR (%) 100 min(1, max(0, 1/2))LO FU (1)

The worst-case scenario is when two or more frontier EFOs
sitting on different fragments exhibit the same occupation
number. In these cases, two different OS distributions with
R(%) = 50 are equally plausible. EOS analysis has been
performed at the M06/cc-pVTZSDD(pcm-EtOH)//BP86/
SVPSDD level of theory with the in-house developed
program APOST-3D,38 using the topological fuzzy voronoi cell
(TFVC) atomic definition54 and a 40 × 146 atomic grid for
the numerical integrations.
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