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ABSTRACT: Iron-PNP pincer complexes are efficient cata-
lysts for the hydrogenation of aldehydes and ketones. A variety
of hydrogenation mechanisms have been proposed for these
systems, but there appears to be no clear consensus on a
preferred pathway. We have employed high-level quantum
chemical calculations to evaluate various mechanistic possibil-
ities for iron-PNP catalysts containing either CH,, NCHj, or
NH in the PNP linker. For all three catalyst types, we propose
that the active species is a trans-dihydride complex. For CH,-
and NH-containing complexes, we predict a dihydride
mechanism involving a dearomatization of the backbone. The
proposed mechanism proceeds through a metal-bound
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alkoxide intermediate, in excellent agreement with experimental observations. Interestingly, the relative stability of the iron-
alkoxide can explain why complexes with NCHj in the PNP linker are chemoselective for aldehydes, whereas those with CH, or
NH in the linker do not show a clear substrate preference. As a general concept in computational catalysis, we recommend to
employ known substrate selectivities as a diagnostic factor to evaluate the probability of proposed mechanisms.
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Bl INTRODUCTION

The first iron-PNP pincer complexes were reported in the
1970s by Dahlhoff and Nelson."
different iron-PNP complexes have been designed, which have

* Since then, a variety of

found application in the hydrogenation of alkenes, carbonyl
functionalities, and carbon dioxide (for a comprehensive recent
review on iron-PNP systems, see ref 2). The groups of Milstein,
Hu, and Kirchner have reported different iron-PNP pincer
catalysts that can be employed for hydrogenation of ketones
and aldehydes.”™® The PNP ligands of these catalysts are based
on pyridine and diisopropylphosphino moieties, but the atoms
connecting these groups are different, with either O, CH,, NH,
or NCH; in the linker position (Figure 1).
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of aldehydes of aldehydes and ketones

Figure 1. Iron-PNP complexes with O, NCH;, CH,, or NH in the
ligand linker (L = additional ligand).>~”
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The mechanisms of iron-PNP pincer complexes have been
studied experimentally and computationally, and a number of
very different reaction pathways have been proposed. For
FePNP“".mediated ketone hydrogenation, Milstein and co-
workers originally suggested a nonredox monohydride
mechanism proceeding through dearomatization/aromatization
of the PNP ligand,” but subsequently the same group proposed
a very different outer sphere redox-active dearomatization/
aromatization mechanism (Figure 2A)." For hydrogenation
with FePNPNH, Kirchner and co-workers proposed a nonredox
monohydride mechanism, which maintains a dearomatized
PNP ligand throughout the reaction (Figure 2B).°
comprehensive computational study, Yang was the first to
propose an outer-sphere dihydride mechanism for FePNP“H2
mediated ketone hydrogenation, in which the PNP-ligand stays
aromatized throughout (Figure 2C).” On the
computations and experimental characterization of putative
intermediates, Kirchner and co-workers suggested the same
dihydride mechanism for FePNPN“"*.mediated aldehyde
hydrogenation.” The mechanisms proposed for iron-PNP
complexes differ widely with respect to the nature of the active
species, the oxidation state of the iron center, the coordination
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Figure 2. (A) Redox mechanism A proposed by Milstein and co-
workers for FePNPH2,* (B) monohydride mechanism B proposed by
Kirchner and co-workers for FePNPNH,® and (C) dihydride
mechanism C proposed by Yang for FePNPCHZ,) and by Kirchner

and co-workers for FePNPNCH3¢ (p = PPr,).

of the substrate, and the involvement of the PNP linker in the
hydrogenation reaction (Figure 2).

The iron-PNP pincer complexes exhibit different substrate
preferences, with FePNP“"? and FePNPN! show1n% the ability
to hydrogenate both ketones and aldehydes,’ " whereas
FePNPN'™ and FePNP® have been reported to be chemo-
selective for aldehydes.”” It is important to point out that
aldehydes intrinsically are more reactive than ketones,'® which
could offer a simple explanation for the preference for
aldehydes in FePNP®- and FePNPN“*“.mediated hydro-
genations. This raises the question as to why FePNP™!
complexes do not prefer aldehydes as substrates.” We propose
that the apparent absence of chemoselectivity for FePNP " is
highly intriguing, more so than the presence of chemoselectivity
for FePNPY®,

To understand the substrate selectivity of iron-pincer
complexes, it is essential to establish their hydrogenation
mechanisms. We have employed state-of-the-art quantum
chemical calculations to study the catalysts FePNPNH,
FePNPN'® and FePNP“™2. The mechanisms proposed in
the literature (Figure 2) were compared to new proposals put
forward here. Our conclusion is that it is possible to find a clear
consensus for iron-pincer-mediated hydrogenation: all three
complexes prefer an iron-dihydride complex as the active
species. For two of the catalysts, FePNPN" and FePNP“2, we
predict a dihydride mechanism involving a dearomatization of
the PNP ligand, whereas for FePNPN“™, which cannot
undergo dearomatlzatlon, an earlier mechanistic proposal is
supported (Figure 2C).° Both dihydride mechanisms proceed
through formation of an iron-alkoxide intermediate. Interest-
ingly, the stability of the iron-alkoxide relative to the iron-
dihydride can explain the differences in substrate preferences of
iron-PNP hydrogenation catalysts.
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B COMPUTATIONAL DETAILS

Models. All calculations were performed with full catalysts
and substrates (Figure 3), without truncations or symmetry

Iron-PNP complexes studied here:
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Figure 3. Computational models include full catalyst structures
(shown in the dihydride state) and full substrates.

constraints, and with a closed-shell spin state (triplet states
were evaluated for the dearomatized species''). To model the
effect of the experimental solvent, we included the polarizable
continuum solvent model IEFPCM (ethanol),""* alongside
inclusion of one explicit solvent molecule where relevant, that
is, for interaction with an anionic alkoxide intermediate and for
binding to the free coordination site in the precatalyst structure.
Inclusion of additional solvent molecules was not attempted
due to the complications arising from such models."* Particular
attention was paid to a thorough evaluation of the conforma-
tional space, especially the isopropyl groups that can give rise to
a number of conformational possibilities. For states that are
critical for evaluation of the overall barriers, a minimum of 20
different conformations was evaluated.

Methods. All calculations were performed with Gaussian 09,
revision DO1.! Unless explicitly noted otherwise, the DFT
functional B3LYP,'® including both the Grimme empirical
dispersion correction (D3'”) and IEFCPM'® (ethanol), with
the basis set 6-311++G(2d,2p) was employed in geometry
optimizations and energy evaluations. Counter poise correc-
tions (CP,,,,) were computed at the same basis set to estimate
the magnitude of the basis set superposition error when joining
several molecules into one model.'”*° The CP,, for
combination of the iron-complex with another molecule (H,,
solvent, or substrate) was computed to be 0.2 kcal/mol for H,,
1.4 kcal/mol for EtOH, and between 1.5 and 2.2. kcal/mol for
the nine studied substrates.

For a very small number of transformations, optimization of
the transition state (TS) structure in IEFPCM failed. For these
systems (marked with an asterisk in the figure and “vacuum” in
the Supporting Information), transition states were optimized
in vacuum using B3LYP-D3/6-311++G(2d,2p). Single point
calculations were subsequently performed on the optimized
geometries at the B3LYP—D3/6—31l++G(2d,2p)/IEFPCM-
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Figure 4. Dihydride mechanism C as proposed by Yang® as compared to our alternative proposal, mechanism D, for the substrate acetophenone (P
= P'Pr,). Computed energies relevant to the discussion are shown (A G0, keal/mol, * = geometry optimized in vacuum; see Computational

Details).

(ethanol) level of theory to estimate the solvent effects on the
energies.

All stationary states were confirmed through frequency
calculations, with only real frequencies for minima and one
imaginary frequency for TSs. For selected TSs, the nature of
the chemical transformation was confirmed through intrinsic
reaction coordinate (IRC) calculations.

Energies. Thermochemical data at 298 K were obtained
from frequency calculations at the same level of theory as
geometry optimizations. The computed raw Gibbs free energies
(Gyo8K raw) correspond to a 1 atm standard state, and to convert
them to a solution standard state (G,ggx,so1), @ standard state
correction was applied.”” For each separately computed
molecule, Gaggissol = Gagsiraw + SSGeorr 2080 Where SSgeor 208K
is the correction to the Gibbs free energy. For each nonsolvent
molecule, SSg oy 208k equals +1.89 kcal/mol, assuming a 1 M
standard state (employmg SSGCorr sk = RT In[V] = RT
In[RTn/p] = 831447 ] K mol™ x 29815 K x 1n[0.08206 L
atm K™ mol™ x 298.15§ K X 1 mol L™ X 1 atm™'] = +1.89
kcal/mol). For solvent molecules, the standard state of the
solvent has to be taken into account.”’ The SSgoy 20sx fOr
ethanol was estimated as 3.57 kcal/mol, employing the density
of ethanol (0.78522 g/cm® = >n = 17 mol L™") in the above
equation for SSg. sosx- The solution standard state free
energy for each transformation (AG,gg,,) Was obtained as
AngsK;sol = Ghosisal (final state) — Giogyyeo (initial state) +

P, (only added if relevant, ie., if the two states have a
dlfferent number of molecules).

For reactions with an experimental temperature of 313 K°
the freqcheck utility was employed to compute the temperature
correction (T,,) to the Gibbs free energy. Standard state
corrections at 313 K (SSgcorr 313) equal 2.02 keal/mol for each
nonsolvent molecule and 3.79 kcal/mol for ethanol. For each
separately computed molecule, the solution standard state
Gibbs free energy at 313 K (G;3x501) Was obtained as G301

= Gaoskraw — Teorr 298k + Teorr 313k + SSGeorr 3131

5849

Bl RESULTS AND DISCUSSION

The FePNPY, FePNPN™ and FePNP“™? complexes and a
set of relevant aldehyde and ketone substrates (Figure 3) were
studied using state-of-the art quantum chemical methods to
establish energy profiles for different hydrogenation pathways.

For FePNP™, a variety of mechanisms have been proposed
in the literature. We have computed mechanisms A—C as
shown in Figure 2, alongside own proposals (vide infra). The
redox-active mechanism A involves formation of an aromatized
Fe(0) species from a dearomatized Fe(II) monohydride
(Figure 2A)." We find that the dearomatized iron-monohydride
is 12.5 kcal/mol above our energetic reference, the iron-
dihydride species (Figure S1). The subsequent formation of the
Fe(0) complex has a barrier of 52.5 kcal/mol for direct transfer
of a proton from iron to the PNP linker. A TS involving
shuttling of the proton through an EtOH molecule, as
proposed in an earlier study,” could not be located. However,
on the basis of earlier results on this system,” shuttling of the
proton through an EtOH molecule could provide a lowering of
the barrier by 15 kcal/mol, which would imply a reduction from
52.5 to 37.5 kcal/mol. Given that the alternative mechanisms
evaluated below have overall barriers of ~20 kcal/mol,
mechanism A can be considered unlikely.

Pathway B involves a dearomatized Fe(II) monohydride
complex as the active species (Figure 2B). We assume that this
species will coordinate an ethanol molecule as a sixth ligand,
which has to be replaced by a substrate molecule. The
mechanistic steps involving hydride transfer and subsequent
proton transfer to a coordinated acetophenone molecule have
barriers of 38.0 and 32.9 kcal/mol, respectively, relative to the
iron-dihydride complex (Figure S2). This is much higher than
other mechanistic alternatives discussed below, making pathway
B unlikely.

Pathway C (Figure 2C) involves an iron-dihydride as active
species, which transfers a hydride to the free substrate, with a
computed barrier of 14.3 kecal/mol for acetophenone (Figure

DOI: 10.1021/acscatal.7b00764
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Figure 5. (A) Computed energy profiles (AGggxs01; kcal/mol) for FePNP“?2mediated hydrogenation of four substrates with mechanism D (* =
geometries optimized in vacuum, see Computational Details; IRM = intrinsically more reactive substrates, ILR = intrinsically less reactive substrates).
(B) Details of structures given in the energy profile, illustrated with benzaldehyde (catalyst backbone drawn schematically, CO ligand omitted).

4). Initially a C—H o complex is formed, with the transferred
hydrogen loosely coordinated to the iron center. The alkoxide
then binds to iron through the oxygen atom to form an iron-
alkoxide intermediate. We have evaluated two conceptually
different pathways for converting the iron-alkoxide to the
alcohol product: The first involves cleavage of the iron-alkoxide
bond, and then, as first proposed by Yang,” binding of H, and
heterolytic transfer of a proton to the free alkoxide (pathway C,
Figure 4). In this mechanism, the iron complex remains
aromatized throughout. For dissociation of the alkoxide (which
was solvated with one EtOH molecule to stabilize the negative
charge), we compute a cost of 16.2 kcal/mol (Figure S3).
Subsequent coordination of H, to the iron center has a barrier
of 20.4 kcal/mol (Figure 4). An optimized TS for proton
transfer from H, to the free alkoxide could not be located here,
but it is estimated to have a barrier of ~17.7 kcal/mol on the
basis of linear transit calculations (results by Yang” and our
studies on the alternative substrate benzophenone indicate that
this proton transfer would not be rate-limiting, Figure S4).

In our conceptually different aromatization/dearomatization
pathway D (Figure 4), the iron—alkoxide bond is not broken.
Instead an intramolecular proton transfer from the linker-CH,
to the bound alkoxide occurs, with a barrier of 14.3 kcal/mol. A
similar TS has been evaluated by Yang, but was dismissed to be
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part of the catalytic cycle.” Once the neutral product alcohol is
formed and released, H, coordinates to the dearomatized iron
species with a barrier of 15.5 kcal/mol (4.9 kcal/mol below the
barrier for H, coordination to the aromatized species, Figure 4).
A proton can then be transferred from H, to the linker to
regenerate the aromatized iron-dihydride. Direct proton
transfer from H, to the linker has a barrier of 28.0 kcal/mol,
but shuttling of the proton through an EtOH molecule reduces
the barrier to 24.2 kcal/mol, whereas proton shuttling through
the formed product alcohol, 1-phenyl-ethanol, has a barrier of
only 20.1 kcal/mol (Figure 4, Figure SS5; also a stepwise proton
transfer was computed, but is not more favorable, Figure S6).
To our knowledge, this is the first time the product alcohol has
been implicated in the reaction mechanism.

For acetophenone as substrate, the overall barriers for
mechanism C and D are 20.4 and 20.1 kcal/mol, respectively
(Figure 4). The alternative substrate 4-Me-acetophenone gives
barriers of 22.3 and 21.1 kcal/mol, respectively, whereas
benzophenone gives barriers of 22.4 and 21.4 kcal/mol,
respectively. Although pathway D is preferred for all three
substrates, the energy differences are too small to make a
definite conclusion. Nonetheless, we suggest that a number of
characteristics speak for the aromatization—dearomatization
pathway D as the operative mechanism for FePNP“"2-mediated
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hydrogenation: (i) several of the proposed intermediates have
been observed in experiments, including the aromatized iron-
dihydride and iron-alkoxide,” and a dearomatized iron-ethanol
complex” (a dearomatized species should not be observed in
mechanism C), (ii) for the three evaluated ketones, cleavage of
the iron—alkoxide bond (mechanism C, Figures S3 and S4) has
a 2—3 kcal/mol higher cost than the barrier for intramolecular
proton transfer to form the bound neutral alcohol (mechanism
D, TSy, iy Figure 5), making the latter more likely, and (iii)
for the three evaluated ketones, H, coordination to the
dearomatized complex (mechanism D) has a 3—6 kcal/mol
lower barrier than H, coordination to the aromatized species
(mechanism C, Figure 4), implying that dearomatization
promotes H, binding.

We proceeded to compare experimental and theoretical
results for FePNP“"“.mediated hydrogenation of four sub-
strates, assuming mechanism D is operative (Figure 5). If the
computed intrinsic hydride affinity of each substrate is taken as
a measure for its reactivity, then acetophenone and 4-Me-
acetophenone are expected to be intrinsically less reactive than
benzophenone and benzaldehyde (Table S2 and Figure S7).
However, in contrast to this expectation, in experiments,
acetophenone shows slightly higher conversion than benzo-
phenone (also higher than benzaldehyde, however, this
substrate shows conflicting results; see ref 22).>* For the
substrates benzophenone and 4-Me-acetophenone, the com-
puted intrinsic hydride affinity differs by 3.9 kcal/mol (Table
S2), but in experiments, FePNP“"2.-mediated hydrogenation of
these two substrates leads to only small yield differences.”
Remarkably, mechanism D is able to provide an explanation for
the experimentally observed substrate preferences of
FePNP“"2. As shown in Figure S, the intrinsically more
reactive substrates benzophenone and benzaldehyde lead to
formation of energetically low-lying iron-alkoxides (below the
iron-dihydride), whereas the intrinsically less reactive substrates
acetophenone and 4-Me-acetophenone do not. An effect of this
is that the overall hydrogenation barriers of the intrinsically
more reactive substrates are raised, making them similar to that
of the less reactive substrates. Although benzophenone initially
is more reactive (the hydride transfer barrier is below that of 4-
Me-acetophenone, Figure S), the iron-alkoxide formed from
benzophenone is far more stable, making the final barriers for
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these two substrates similar. With temperature corrections (313
K), the overall hydrogenation barriers are 21.6 kcal/mol for
benzophenone and 22.1 kcal/mol for 4-Me-acetophenone, in
excellent agreement with the reported small experimental yield
differences (Table S2).*

It should be noted that a previous study concluded that it is
unlikely that an iron-dihydride is involved in FePNP“H
mediated hydrogenations, because this species “did not show
any significant reactivity towards acetophenone (after one
day)”.* It is unclear how this experiment was performed and if,
for example, H, was added. In our calculations, the reaction of
acetophenone with the iron-dihydride to form the alkoxide
species is endothermic (Figure S), which might explain the
absence of activity. When H, is added, our computations
indicate a small driving force toward formation of 1-phenyl-
ethanol (Figure S). It would be recommended to test the
activity of the iron-dihydride with other substrates, for example,
benzophenone, to evaluate if an iron-alkoxide is formed.

We proceeded to evaluate mechanistic alternatives for the
related pincer complex, FePNPN" (Figure 1). For this complex,
the nonredox dearomatization/aromatization mechanism B has
been proposed (Figure 2B). We find that for hydrogenation of
acetophenone, the overall barrier for pathway B is 32.7 kcal/
mol (Figure S8). If we instead assume that the dihydride
mechanism D (Figure 4) is operative, we find an overall barrier
of 20.2 kcal/mol for acetophenone, making this a more likely
path. Similar to FePNP“*, H, coordination to the dearomat-
ized species of FePNPN" is lower in energy than H,
coordination to the aromatized species (in this case by 12.5
kcal/mol), which speaks for pathway D as the operative
mechanism also for FePNPN! (however, we cannot exclude
pathway C as potentially operative, Figure S9). For
regeneration of the active species in pathway D, we find that
direct proton transfer from H, to the linker is costly (33.2 keal/
mol), in agreement with earlier results by Kirchner and co-
workers (although for a related complex, a direct transfer was
considered feasible”®).” However, shuttling of the proton
through EtOH reduces the barrier to 22.5 kcal/mol, and
shuttling through 1-phenyl-ethanol lowers it to 20.2 kcal/mol,
making mechanism D a feasible pathway for FePNPNY, as for
FePNP“"2. For FePNP"", shuttling through 1-phenyl-ethanol
versus ethanol was also evaluated with a larger molecular model
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Table 1. Comparison of Computed Barrier Differences (AAG¥, kcal/mol) to Approximated Experimental Values for
FePNP“"2., FePNP""., and FePNP""*-Mediated Hydrogenation of Different Substrates

complex and mechanism substrate overall barrier AGj;computed AAGimmPutedb AAGﬂxpmmemC (approximation) error AAGH
Mechanisms Proposed Here
FePNP"2, mechanism D acetophenone 21.1
benzophenone 21.6 +0.5 +0.1 +0.4
4-Me-acetophenone 22.1 +1.0 +0.3 +0.7
FePNP™, mechanism D° acetophenone 202
benzaldehyde 20.1 —-0.1 +0.9 -0.9
4-NO,-acetophenone 20.1 —-0.1 +0.4 —-0.5
4-Cl-acetophenone 212 +1.0 +0.0 +1.0
4-OMe-acetophenone 22.0 +1.8 +0.6 +1.2
FePNPN™ | mechanism G 4-F-benzaldehyde 18.0
acetophenone 22.0 +4.0 >+2.9 >0.0
ethyl benzoate 28.6 +10.5 >+2.9 >0.0
Earlier Mechanistic Proposal
FePNP™!, mechanism BS acetophenone 32.7
4-NO,-acetophenone 47.1 +14.4 +0.4 +14.0

“Benzaldehyde is not included due to conflicting results.”” bBarrier difference between given substrate and reference substrate (reference substrate:
acetophenone for FePNP"? and FePNP™, and 4-F-benzaldehyde for FePNPN™3). T = 298 K for FePNP™ and 313 K for FePNP** and

FePNPN™, “Experimental yields476 were converted to rough approximate barrier differences (Table S3). IAAGH

S and 6. fFigure 7. Figure 2B.S

+ ep:
computed AAG experiment* Flgures

(Table S1), which reproduced the preference for 1-phenyl-
ethanol.

FePNP™ hydrogenates both ketones and aldehydes in
experiments.” For five known substrates, we have computed the
intrinsic hydride affinities, which indicate that 4-NO,-
acetophenone should be the most reactive substrate, followed
by benzaldehyde, 4-Cl-acetophenone, acetophenone, and 4-
OMe-acetophenone (Table S2). However, in experiments,
acetophenone hydrogenation is preferred, whereas 4-NO,-
acetophenone and 4-OMe-acetophenone, which have a hydride
affinity difference of 7.4 kcal/mol (Table S2), unexpectedly
provide similar yields.” If we assume that mechanism D is
operative for FePNPN, we obtain results similar to those for
FePNP“2; the iron-alkoxides formed from the intrinsically
more reactive substrates are low in energy, which raises their
overall barriers (Figure 6), making these similar to the
intrinsically less reactive substrates. Thus, the formation of
stable iron-alkoxides from the reactive substrates is able to
explain why FePNP™ does not appear to show a preference for
aldehydes (or activated ketones).

To quantitatively compare our results to experiment,‘"5 we
have converted experimental yields into approximate barrier
differences relative to acetophenone (AAG*eXPerimem, Table S3),
and have compared these to computed values for FePNP<H?
and FePNP™ (Table 1). We emphasize that the experimental
barrier differences should be considered rough estimates, but it
can be noted that absolute errors relative to computed AAG*
values are small, 0.4—1.2 kcal/mol (Table 1). This supports
that mechanism D is operative for FePNP“"* and FePNP“.
We have also evaluated a barrier difference assuming that
FePNP™ employs the earlier proposed mechanism B (Figure
2).° The predicted hydrogenation barrier for 4-NO,-acetophe-
none becomes as high as 47.1 kcal/mol, which is 14.4 kcal/mol
above the barrier for acetophenone. This is in strong
disagreement with the fact that both substrates are converted
in experiment,5 with an experimental barrier difference
approximated here to 0.4 kcal/mol (Table 1). The high
barriers and the high barrier difference for these two substrates
indicate that mechanism B is not operative for FePNPN,
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Finally, we turned to the iron pincer-complex FePNPNH3,

which cannot undergo deprotonation of the PNP linker. For
this complex, Kirchner and co-workers have proposed
mechanism C to be operative.” We have tested different
pathways with the substrate benzaldehyde (mechanism B,
Figure S10, mechanism C, Figure S11, and an alternative
proposed here, mechanism E, Figure S12) and find that
mechanism C indeed appears to be preferred for FePNPNH3.
mediated hydrogenation. This mechanism involves formation
of an iron-alkoxide, followed by cleavage of the iron-alkoxide
bond, coordination of H,, and alkoxide-mediated heterolytic
cleavage of H, (Figure 7).

In experiments, FePNPN“™ is chemoselective for aldehydes
and appears unable to hydrogenate ketones and various other
functional groups (in competition experiments with 4-F-
benzaldehyde, >99% product originated from the aldehyde
and <1% from a ketone or an ester).’ The experimental values
indicate that the barrier differences (AAG¥) between aldehyde
and the other substrates are > +2.9 kcal/mol (Table S3). We
have here compared FePNPN“**.mediated hydrogenation of 4-
F-benzaldehyde, acetophenone, and ethyl benzoate with
mechanism C and obtain barriers of 18.0, 22.0, and 28.6
kcal/mol, respectively (Figure 7), in excellent agreement with
experiment (Table 1). Interestingly, in contrast to FePNP<
and FePNP™, the iron-alkoxide intermediate formed from
FePNPV“™ and 4-F-benzaldehyde is not energetically low-
lying,24 implying that the hydrogenation barrier remains low,
preserving the intrinsically higher reactivity of the aldehyde.

On the basis of the results obtained for the three studied
pincer complexes, we propose that the stability of the iron-
alkoxide relative to the iron-dihydride is the decisive factor
determining the substrate selectivity of iron-pincer-mediated
hydrogenation reactions. If a given complex forms unstable
iron-alkoxides (as is the case for FePNPNCH3) the substrate
selectivity is governed by the intrinsic substrate properties,
implying that aldehydes (or activated ketones) are the preferred
substrates. If the complex forms stable iron-alkoxides from
reactive substrates (as is the case for FePNPN" and FePNP<H?),
the barrier of the intrinsically more reactive substrates
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Figure 8. Dihydride aromatization/dearomatization pathway D proposed here for FePNPM2- and FePNPN"-mediated hydrogenation of aldehydes
and ketones (P = P'Pr,, a transient ¢ intermediate formed prior to the Fe-alkoxide state is not shown here; see Figure S, Fe-inter,).

(aldehydes or activated ketones) is raised, so that the lying alkoxide, which would effectively raise the barrier for
experimental yields become similar to those of less reactive ketone hydrogenation, reducing hydrogenation of the later.”
substrates (such as acetophenone). Although FePNP™" and
CH2

F?PNP .thus appear ng)ilsselectlve, in excellent agreement hydrogenation mechanism and selectivity of FePNP°, to
with experimental results,”” > one can speculate that under

conditions where a substrate exhibits two functionalities, for
example, an aldehyde and a ketone group, FePNPM! and the basis of the results put forward here for FePNP“%

FePNP“™ would first react with the aldehyde to form a low- FePNPM!, and FePNPNCH3 26

Currently, we are extending our study to include the

evaluate if this complex also follows the trend expected on
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B CONCLUSIONS

We have evaluated the hydrogenation mechanisms of the iron-
pincer complexes FePNPC"2 FePNPM and FePNPN™ and
we propose that all three catalysts employ a dihydride as active
species, in contrast to several earlier mechanistic proposals.”>
Interestingly, the dihydride mechanisms proposed here are able
to explain the substrate selectivity of all three iron-pincer
complexes.

For FePNPM2. and FePNPN'-mediated hydrogenation, we
predict reaction pathway D involving hydride transfer to the
free substrate, formation of an iron-alkoxide intermediate,
intramolecular proton transfer from the PNP linker to the
alkoxide, alcohol release, H, coordination to the dearomatized
species, and product-mediated proton-shuttling to the PNP
linker, which regenerates the active dihydride species and is
rate-limiting (Figure 8). The first step of this mechanism is as
originally proposed by Yang (Figure 2C),” but the following
steps are different from earlier proposals. A number of
characteristics speak for mechanism D as the operative
mechanism: (i) several of the proposed intermediates have
been observed in experiments, including the iron-dihydride,™
an iron-alkoxide,”® and a dearomatized iron-alcohol species,4
(i) intramolecular proton transfer from the PNP linker to the
bound alkoxide to form the bound neutral alcohol product is
preferred over cleavage of the alkoxide—iron bond and release
of a charged species, and (iii) for both FePNP“™? and
FePNPY, H, coordination to the dearomatized iron species
has a significantly lower barrier (up to 12.5 kcal/mol) than the
barrier for H, coordination to the aromatized species. This
indicates that formation of the dearomatized complex is
advantageous for H, binding. Comparison of the experimental
yields to computed relative barrier differences for eight
FePNP“">. and FePNP“".mediated hydrogenation reactions
strongly supports the proposed mechanism D (Table 1). In
light of the results obtained here, future experimental studies on
the reaction intermediates of Fe(PNP“"?) and Fe(PNPNM)
complexes are desirable.

For FePNPN“"™® our calculations support the dihydride
mechanism proposed by Kirchner and co-workers, based on the
original proposal by Yang.*” This mechanism proceeds through
hydride transfer to the free substrate, cleavage of the iron-
alkoxide bond, coordination of H,, and alkoxide-mediated H,
cleavage (Figure 2, mechanism C). This mechanism correctly
predicts aldehydes to be the preferred substrates in
FePNPN“™_catalyzed hydrogenation reactions (Table 1).

Both mechanism D (proposed here for FePNPN" and
FePNP"?) and mechanism C (proposed for FePNPNCH3)
proceed through formation of an iron-alkoxide intermediate.
This iron-alkoxide has earlier been dismissed in computations
on FePNPM?, because its formation would result in an increase
of the hydrogenation barrier.” Here, we wish to raise the
following points: (i) the low energy of the iron-alkoxide
intermediate and the low barrier for its formation make it very
likely that this intermediate will be formed, (ii) iron-alkoxides
have been observed in experiments for FePNP“"? and
FePNPV™ ¢ supporting formation of such a species, and
(iii) hydrogenation can be energetically feasible also with an
iron-alkoxide formed, as shown here. Interestingly, the formed
iron-alkoxide can explain experimentally observed substrate
preferences. On the basis of our results, we propose that the
stability of the formed iron-alkoxide relative to the iron-
dihydride constitutes the main selectivity-determining factor in
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iron-pincer-mediated hydrogenation reactions. FePNPNCH3

forms unstable iron-alkoxides (Figure 7), implying that the
intrinsically higher reactivity of aldehydes is preserved,
explaining the chemoselectivity observed in experiments.’
FePNP™ and FePNP“™ convert the intrinsically more
reactive substrates (aldehydes and activated ketones) into
energetically low-lying, stable iron-alkoxides (Figures S and 6),
implying that the hydrogenation barriers for these substrates
are raised and become similar to those of less reactive
substrates, thereby eradicating any intrinsically expected
substrate preferences, in excellent agreement with experi-
ment.””>

Our conclusions are based on state-of-the-art DFT
calculations, including full molecular structures without
truncations, dispersion corrections, a PCM solvent model,
and, where relevant, explicit solvation with an ethanol molecule.
It can be noted though that any computational model is only an
approximation of the real experimental system, and it is
possible that effects related to solvation or concentration are
not adequately captured. For the type of computational
protocol employed here, the error on absolute energies can
be several kcal/mol;"® however, relative energies, such as barrier
differences between two substrates, are likely to be more
accurate. We have compared the relative activities of three iron-
pincer complexes with nine substrates, and see very good
agreement with experimental trends, indicating that our
computational model is able to capture the differences between
the studied systems.

We further emphasize that the selectivity of a system can give
important clues about the reaction mechanism and should not
be overlooked in computational studies. The mechanisms
proposed here correlate well with the experimental substrate
preferences of the different iron-PNP complexes, but we have
shown that this is not the case for an earlier mechanistic
proposal (Table 1). As a general concept in computational
catalysis, we recommend to employ known substrate
preferences as a diagnostic factor to evaluate the probability
of proposed mechanisms.
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