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ABSTRACT: In this study, we have explored the catalytic reactivities of
four PNP-pincer supported Fe(II) complexes, namely, [(iPrPNMeP)-
FeH2(CO)] (1), [(iPrPNMeP)FeH(CO)(BH4)] (2), [(iPrPNHP)-
FeH2(CO)] (3), and [(iPrPNMeP)FeH(BH4)] (4) (iPrPNMeP = MeN-
{CH2CH2(PiPr2)}2 and iPrPNHP = HN{CH2CH2(PiPr2)}2) toward
reductive CO2 hydrogenation for formate production. Our density
functional theory and ab initio complete active space self-consistent field
study have identified three fundamental steps in this catalytic
transformation: (i) anchoring of the CO2 molecule in the vicinity of
the metal using noncovalent interactions, (ii) catalyst regeneration via H2
cleavage, and (iii) formate rebound step leading to catalytic poisoning.
The variations in the catalytic efficiency observed among these catalysts
were attributed to either easing of steps (i) and (ii) or the hampering
step (iii). This can be achieved in various chemical/non-chemical ways, for instance, (a) incorporation of strong-field ligands such as
CO facilitating single-state reactivity and eliminating two-state reactivity that generally enhances the rate and (b) inclusion of Lewis
acids such as LiOTf and strong bases found to either avoid catalytic poisoning or ease the H−H cleavages, to enhance the rate of
reaction (c) evading mixing of excited open-shell singlet states to the ground closed-shell singlet state that hampers the catalytic
regeneration. We have probed the role of oriented external electric fields (OEEFs) in the entire mechanistic profile for the best and
worst catalyst, and our study suggests that imposing OEEFs opposite to the reaction axis (z-axis) fastens the catalytic regeneration
step and, at the same time, hampers catalytic poisoning. The application of OEEFs is found to regulate the energetics of various spin
states and can hamper two-state reactivity, therefore increasing the efficiency. Thus, this study provides insights into the CO2
hydrogenation mechanism where the role of bases/Lewis acid, ligand design, spin states, and electric field in a particular direction
has been established and is, therefore, likely to pave the way forward for a new generation of catalysts.

■ INTRODUCTION
Carbon dioxide (CO2) is a well-known greenhouse gas, which
is a non-toxic, abundant, and renewable carbon source present
in the troposphere.1 Continuous increase in the concentration
of this gas in the atmospheric contributes to global warming,
and chemical utilization of this widely spread, inexpensive C1
source of carbon could mitigate climate change issues faced by
humanity.2−5 Therefore, many industrial approaches have been
introduced in recent years to convert this chemical waste to
value-added chemicals, and this procedure is known as carbon
capture and utilization.3,6,7 However, due to the very high
inherent thermodynamic and kinetic stability of the C�O
bonds in the carbon dioxide molecule, this renewable synthon
always requires very rigorous reaction conditions and highly
reactive catalysts to attain high yield and selectivity. These
unfavorable conditions make the industrial processes for the
utilization of CO2 very tedious, expensive, and not practical. In
the past few decades, significant efforts in this direction have

been undertaken, and various catalysts based on transition
metals have been synthesized for the utilization of CO2.
CO2-derived products are industrially synthesized in hazard-

ous methods,8,9 and because of the low atom economy of these
traditional approaches, an alternative green route, where metal
catalysts are being used for the direct introduction of the
carbonyl group to the substrate, has become the area of
attraction for the past few decades. Therefore, many
experimental research groups are actively involved in the
development of environmentally benign methods for the
conversion of CO2 to various feedstocks in the presence of
molecular hydrogen (H2).

10−14 In this direction, precious
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metals such as Ru, Rh, and Ir have been extensively employed
in the past few decades for the production of formate,
achieving turnover numbers (TON) and turnover frequencies
of ∼3.5 × 106 and 150,000 h−1, respectively,15−21 indicating
the remarkable potential of metal-based catalysts toward CO2
activation. In 2015, a pincer-based noble metal complex,
[(PhPMeNP)RuClH(CO)], was reported as the most efficient
catalyst for N-formylation reaction until now, achieving a TON
of 1,850,000 toward the synthesis of 4-formylmorpholine.22

Although these precious metal catalysts are proven to be highly
effective, in recent times, concentration has been centered on
the synthesis of the catalysts containing earth-abundant, low-
cost, non-toxic base metals23,24 such as Fe, Co, Mn, Ni, Cu,
and Zn as the substitution of toxic noble metals (Ir, Ru, Rh), in
expecting a greater economic and environmental advantage.13

A series of PNP-pincer ligand-supported base metal-mediated
catalysts reported to date are proven to be very effective in the
activation and conversion of this highly stable species in a mild
reaction condition with a satisfactory yield. Among them, the
leading examples include a tetraphosphine-based Fe(II)
catalyst and an iPrPNHP-supported Co(II) chloride complex
[(iPrPNHP)CoCl2].

25,26 The former shows a better TON of
5100 as a pre-catalyst for the N-formylation of dimethyl and
diethylamine, while the latter shows reactivity toward a large
variety of primary and secondary amines with a TON of 130.
Recently, several PNP-pincer supported iron(II) carbonyl

hydride catalysts, for instance, [(iPrPNMeP)FeH2(CO)] (1),
[(iPrPNMeP)FeH(CO)(BH4)] (2), [(iPrPNHP)FeH(CO)-
(BH4)] (3), and [(iPrPNMeP)FeH(BH4)] (4) (Figure 1a)
[where iPrPNMeP = MeN{CH2CH2(PiPr2)}2 and iPrPNHP =
HN{CH2CH2(PiPr2)}2], have been reported and were proven
to be excellent candidates for promoting the catalytic
hydrogenation of CO2 to formate and formamide. A TON as
large as 2790 has been achieved with the 0.003 mol % of
[(iPrPNMeP)FeH(CO) (BH4)] catalyst forming formate salts in

tetrahydrofuran (THF). This reaction was carried out under
69 atm pressure with a 1:1 CO2/H2 ratio at 80° in the presence
of poor nucleophil ic amine such as DBU (1,8-
diazabicyclo[5.4.0]undec-7-ene). The TON is found to be
largely enhanced and reached as high as ∼60,000 in the
presence of the Lewis acid co-catalyst LiOTF.13 This TON is
the highest reported for any earth-abundant catalyst to date
toward formate production. In a similar study by the same
group, catalytic conditions for the N-formylation of morpho-
line by the same catalysts have been optimized, having a TON
of 2440. It is shown that the [(iPrPNMeP)FeH(CO)(BH4)]
complex in the presence of excess amine rapidly eliminates
BH3 and forms a [(iPrPNMeP)FeH2(CO)] complex, which also
shows very similar activities for both formate formation and N-
formylation reactions. In a structural analogous [(iPrPNMeP)-
FeH(BH4)] complex where the carbonyl group is absent, the
catalytic activity is found to be drastically reduced with a TON
of less than 10. These four catalysts with the TON varying
from 10 to 2970 with small variations in their ligand
architecture are intriguing examples to understand the role of
ligand architecture in CO2 sequestration.

11

Several experimental and theoretical studies were devoted to
understand the mechanism of CO2 activation and to fine-tune
the efficiency by varying the nature of the metal ions, ligand
architecture, and various external additives such as Lewis acids
and bases.27−34 Besides the chemical ways to modify the
efficiency of a catalyst, in recent times, an oriented external
electric field (OEEF) has been suggested as a green co-catalyst
to fine-tune important mechanistic steps in several reactions.
For instance, it has been shown that a significant ionic
character can arise in the homonuclear bonds such as H−H
and Li−Li while applying OEEFs along the bond axis. It is
argued that an X−Y type covalent bond can be viewed as the
mixture of several resonance contributors like [X−Y ↔ X+Y−

↔ XY+].35,36 In a certain electric field, these charged

Figure 1. (a) Schematic geometry of the catalysts [(iPrPNMeP)FeH2(CO)] (1), [(iPrPNMeP)FeH(CO)(BH4)] (2), [(iPrPNMeP)FeH(CO)(BH4)]
(3), and [(iPrPNMeP)FeH(BH4)] (4) with experimentally reported TONs, and density functional theory (DFT) optimized ground state geometries
of (b−e) 1−4 along with selected structural parameters.
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contributors are found to be stabilized, which in turn stabilizes
a structure. Application of OEEFs in the high-valent FeIV�O-
dependent porphyrin radical cation (CpdI) is found to regulate
reactivity as well as regioselectivity of hydroxylation versus
epoxidation during the reaction with propene as the
substrate.37 Moreover, the oxidative addition step in aryl
halides (Ph−X) in a nucleophilic aromatic substitution CSNAr
process can be affected by the external electric field.38 The
tweezing effect of OEEFs is found to lower the reaction barrier
of the halogen displacement reactions.39 Therefore, the effect
of external electric fields on the reactivity and product
selectivity of a catalyst is wide ranging. Although the effect
of OEEFs as an “invisible catalyst” has been explored in tuning
the reactivity of various catalysts, its impact on the CO2
activation reactions is unestablished.40

In this work, employing a combination of DFT and ab initio
[complete active space self-consistent field (CASSCF)]
calculations, we have explored the mechanism of formate
production from CO2 by complexes 1−4 with the aim to
answer the following intriguing questions: (i) What are the
important mechanistic steps in the reductive CO2 hydro-
genation to formate? (ii) Why do the TON numbers vary
drastically from several thousand (2) to a few (4) with a slight
alteration in the first coordination sphere? (iii) Is it possible to
employ an OEEF as a non-chemical additive to enhance
TONs?

■ COMPUTATIONAL DETAILS
All the DFT calculations were carried out using the Gaussian
16 (Revision C.01) suit.41 The geometries of all stationary
points were optimized without any restrictions using the
dispersion corrected (D3) meta-generalized gradient approx-
imation (GGA) M06-L density functional42 in conjunction
with a double-ξ quality LanL2DZ basis set with Los Alamos
effective core potential43 for the metal (Fe) and 6-31G(d)
basis set for the rest of the atoms such as H, B, C, O, N, and P.
The choice of the functional is based on the previous literature
and related benchmarking available and the ability of the
functional to account for noncovalent interactions. For
instance, Truhlar and co-workers have shown that meta-
GGA M06-L density functional successfully reproduces the
ground state of most of the Fe(II)/Fe(III)/Fe(IV) species
under investigation.44 Ye and Neese groups have studied the
CO2 hydrogenation reactions catalyzed by [M(H)(η2-H2)-
(PP3

Ph)]n+ (M = Fe(II), Ru(II), and Co(III); PP3
Ph = tris(2-

(diphenylphosphino)phenyl)phosphine)-type complexes em-
ploying the M06-L functional and have successfully established
the rate-determining step which was in line with the
experimental data.27 We have performed a limited benchmark-
ing to assess the spin state energy and their gap using various
functionals and basis sets. This includes employing larger basis
sets such as SDD (Fe) and 6-311G** (H, B, C, O, N, P) and
all-electron basis sets such as TZVP in combination with other
hybrid density functionals such as B3LYP-D345 and B3LYP*46
with 15% of HF exchange and so forth (Table S1a).
Calculations reveal that the ground S = 0 state remains
unaltered with an energy gap of >170 kJ/mol between the
ground state and high-spin (HS) state, offering confidence in
the methodology chosen. The harmonic vibrational frequency
calculations have been performed to characterize the nature of
all stationary points. All global minima are identified by all
positive frequencies, while the transition state is indicated by a
single imaginary negative frequency. Intrinsic reaction

coordinate calculations were performed at the same level to
verify that the transition states connect the minima on either
side of the saddle point. Dispersion correction to the optimized
geometry and computed energetics is incorporated using the
EmpiricalDispersion = GD3 keyword.47 The energies were
refined by the single-point calculations on the DFT optimized
structures at the same level of theory using an all-electron
Def2-TZVPP basis set.48 The effect of solvation has been
incorporated by employing the SMD solvation model49 using
THF as a solvent. Therefore, the final energies are the
solvation and zero-point energy corrected higher-level
electronic energies. To assess and analyze the stability of the
wavefunction computed in DFT calculations, we have
performed additional stability check using the stable = opt
keyword in G16. All the species and their energies reported
here are obtained from a stable wavefunction tested under this
condition.
The effect of a finite electric field has been incorporated into

the calculations using the “field = M ± N” keyword available in
Gaussian 16. The notation defines the axis of OEEF (M) and
its direction (±) and magnitude (N) in au. The strength of the
electric field has varied between F = −4.5 × 10−3 au and F =
+4.5 × 10−3 au (where 1 au = 51.4 V/Å). The electric field is
oriented along the Z-axis, which is the Fe−H bond direction
from where the CO2 approaches and interacts with the catalyst.
Other than the chosen Z-axis, it is also possible to apply the
electric field in other directions, such as that along the Fe−CO
bond, which can either enhance the crystal field if the Fe−CO
bond shortens or weaken the crystal field if the Fe−CO bond
elongates. The weakening of the crystal field is expected to
worsen the catalytic efficiency because this is expected to bring
the excited state closer to the ground state (vide infra).
At first, complete geometry optimization of various

reactants, intermediates, and transition states was performed
using the same level of theory in the presence of an electric
field of various strengths. This results in the evaluation of
geometrical changes in the presence of OEEFs. Further, to
account for the variation in energy on the optimized
geometries, single-point calculations have been performed in
the presence of OEEFs. Similar to the field-free methods, the
effect of solvation on the net energy has also been explored
with THF using the SMD solvation model with the UM06-L/
Def2-TZVPP methodology. Here, simultaneous use of
solvation and electric fields may lead to a variety of issues
related to solvent dynamics; nevertheless, since the applied
field is of moderate range in a non-polar solvent, this problem
should be less relevant.
The natural bonding orbital (NBO) and deformation energy

analysis have been performed using the Gaussian 16 suit of
program. To ascertain the nature of the oxidation state of the
metal ion during the course of the reaction, natural population
analysis (NPA) charges were computed for catalyst 1 for all
species in the potential energy surface, and it was found to vary
only by ∼0.25 across all species, suggesting that the oxidation
state is maintained. The deformation energy (ΔEdef)50−52 has
been calculated to obtain the destabilizing steric energy
associated with the transition states, which is known to be
the main factor behind the energy barrier. The transition states
are divided into two fragments: A (catalyst part) and B
(substrate part). The solvent phase single-point calculation, as
well as frequency calculations, has been performed on them.
Then, the summation of these two energies was subtracted
from the summation of energies of the free catalyst and
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substrate (Esolvation + ZPC). While the deformation energy
reflects the amount of strain present in the geometries at the
transition state, there are cases where H···H bond cleavage has
also been incorporated due to the nature of fragments chosen
(e.g., as in the case of TS2reg).
Therefore,

E E

E E

TS(A B)( ZPC)

A( ZPC) B( ZPC)
def solvation

solvation solvation

= + +
+ +

All ab initio single-point calculations have been performed
on the DFT-optimized geometries of the intermediates and the
transition states using the ORCA 4.2.1 program.53 The
Douglas−Kroll−Hess (DKH) Hamiltonian has been employed
to account for the scaler relativistic effect. During the
calculations, the DKH-contracted version of the basis sets
was used�DKH-def2-TZVP for Fe, DKH-def2-TZVP(-f) for
directly coordinated atoms (N, P, C, H in 1−3 and N, P, H in
cat 4) to the metal, and DKH-def2-SVP for the rest of the
atoms which are not directly connected to the metal.54 We
have also tested the role of the relativistic effect by performing
additional calculations using ZORA, and the results obtained
from these tests are very similar to those obtained from DKH
methods. The calculations performed excluding any relativistic
effects yielded slightly different percent contributions but have
not dramatically altered the overall trend. In the next orbital-
optimization step, the state-averaged CASSCF (SA-
CASSCF)55 calculations have been performed using the
same basis set. A CASSCF calculation including six metal
electrons distributed in 5 metal d-orbitals with 5 quintet, 45
triplet, and 50 singlets roots have been considered. We have
also performed additional calculations using extended refer-

ence space, a CAS(8,6) calculation, wherein the hydride atom
and its electrons were incorporated in the reference space
along with 5d orbitals. While this extended reference space was
found to alter the per cent contribution, the minor-major
component, as well as the trend, remained unaltered. These
additional benchmarking results are given in Table S1a. As the
exact percent contribution is subject to variation with respect
to the active space and basis set, we have focused mostly on the
trend among different species that remain similar. All
stationary points were denoted as (2S+1)YX. Here, Y is RC for
the reactant complex, INT for intermediates, and TS for
transition states, and X denotes the catalysts 1−4 employed.
The overall spin multiplicity is mentioned as a superscript on
the extreme left to the general description as (2S + 1). This is
mentioned for all spin states except for the S = 0 spin state
corresponding to the catalysts 1−4.

■ RESULTS
Spin-State Energetics of 1−4. The ground state

optimized structures of 1−4 are shown in Figure 1b. While
1 contains an iPrPNMeP pincer type ligand along with two
hydrides in a trans-position, and one carbonyl, the Fe(II)
center in 2, has a [BH4]− unit in a cis-position to the tertiary
amine group and trans to another hydride. In 3, a secondary
amine group (iPrPNHP) is utilized to investigate the role of the
methyl group attached to the amine in the PNP ligand. In 4,
the equatorial CO ligand is absent so that the role of a stronger
π-acceptor ligand and spin state could be explored. DFT
calculations yield an S = 0 spin state as the ground state for all
four catalysts 1−4 with the S = 2 high-spin (HS) and the S = 1
intermediate-spin (IS) states lying above 84.0 kJ/mol for 1−3.
A very large energy gap between the ground state (S = 0) and

Scheme 1. Regeneration of 2 to 1 and the Participation of 1 in the CO2 Hydrogenation Reaction to Produce Formate
(HCOO−) Followed by the Regeneration of 1 in the Absence/Presence of BH3
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the high-lying HS/IS states is indicative that these spin states
are unlikely to participate in the reaction mechanism,
eliminating the possibility of two-state/multistate (TSR/
MSR) reactivity for these catalysts. This is affirmed by the
potential energy surface computed where all the transition
states and intermediates at the S = 0 surface were found to be
lower than the ballpark number of 84 kJ/mol (vide infra). For
4, on the other hand, S = 2 and S = 1 states are close lying, that
is, at 34.5 and 19.2 kJ/mol, respectively, from the ground state,
suggesting a possibility for the observation of TSR/MSR
reactivity. The S = 0 ground state observed in 4 indicates that
BH4

− also is a strong field ligand, though the strength of the
ligand field is relatively weaker compared to the CO ligand
leading to close-lying S = 2 and S = 1 states.
Mechanism of Base-Assisted Hydrogenation of CO2.

The reductive hydrogenation of CO2 resulting in the formation
of formate salt (HCOO−) takes place in four fundamental
steps: (i) approach of the CO2 molecule toward the catalyst,
leading to the formation of the reactant complex (RC
[LFe(H)(X)[CO2]); (ii) transfer of the hydride from the
metal center to the electronically deficient CO2, leading to the
hydrogen-bound formate intermediate (INT1 [LFe···H−
COO]) via TS1; (iii) base-assisted release of formate followed
by the activation of dihydrogen (INT2reg [LFe−H2]); and
finally, (iv) regeneration of the metal-hydride species (R,
[LFe(H)]) via heterolytic H−H cleavage in the presence of a
base (Scheme 1) via TS2reg. Alternatively, after forming the
hydrogen-bound formate intermediate (INT1) species, the
reaction can diverge to oxygen-bound formate intermediate
LFe···O−COH (INT2poi) via the formate rebound transition
state TS2poi. The formation of INT2poi can be considered
catalytic poisoning as the Fe−O(formate) bond is expected to
be very stable, rendering the removal of formate, resulting in an
energy-demanding process. Therefore, the catalyst is unlikely
to be regenerated, reducing the catalytic efficiency. To
untangle the response of various stationary points (inter-
mediates and transition states) in the presence of bases with
different pKa values and steric crowding, we have studied CO2
to formate production energetics in the presence of three
bases: pyrrolidine (pKa = 11.27), morpholine (pKa = 8.51),
and DBU (pKa = 24.34).56,57

Computed energetics (Figure 2, Table S1b) reveal that the
formation of RC is exothermic in the presence of pyrrolidine

by −37.5 kJ/mol (−40.5 and −39.3 kJ/mol for morpholine
and DBU), indicating that the interaction of the catalyst with
CO2 and bases is favorable. A closer look at the RC (Figure 3a)
suggests strong (ipr2)C−H···O(CO) interactions between the
isopropyl groups of PNP-pincer ligand, and the CO2 (2.505
and 2.583; 2.502 and 2.564; 2.438 and 2.601 Å for pyrrolidine,
morpholine, and DBU, respectively) molecule along with a
(Pyrr)N−H···O(CO) interaction (2.478 and 2.605 Å for
pyrrolidine and morpholine respectively, Figures S1, 3a) helps
to anchor the CO2 to the catalyst in this step. Further, we
detected a weak interaction between the electron-deficient
carbon atom of the CO2 and hydride H atom with an (Fe)H···
C(O2) distance of 2.796 Å (2.789 and 2.952 Å in morpholine
and DBU, respectively), which is also reflected in the
computed charges, suggesting partial activation of CO2 at
this stage.
In the next step, this hydride gets transferred to the CO2

forming INT1, which is found to be slightly endothermic in the
presence of pyrrolidine by 6.6 kJ/mol with a barrier of 45.7 kJ/
mol from the respective RC (−22.5 and 82.4 kJ/mol for
morpholine and −19.8 and 26.2 kJ/mol for DBU,
respectively). In TS11‑pyrr, the Fe−H bond is elongated to
1.718 Å (1.699 and 1.640 Å, respectively, for TS11‑mor and
TS11‑DBU) with H···C(O2) distance shortening to 1.535 Å
(1.555 and 1.596 Å, respectively, for TS11‑mor and TS11‑DBU;
Figure S2). The nature of this transition state is product-like
for pyrroline, while it is reactant-like for DBU, rationalizing the
relatively lower barrier observed with the latter. In INT11‑pyrr,
the Fe−H bond is further elongated by 0.125 Å (0.136 and
0.077 Å, respectively, for INT11‑mor and INT11‑DBU) in addition
to the formation of a new H−C bond of 1.272 Å (1.268 and
1.276 Å, respectively, for INT11‑DBU and INT11‑mor; Figure S3)
between the hydride and the electron-deficient C-atom in CO2.
In INT11‑pyrr, although the hydride is transferred to CCOd2

, a frail
interaction between the Fe and the hydride is still present.
Also, at this intermediate, the (Pyrr)N−H···O(CO) interaction
is very strong (2.223 Å), aiding the removal of formate ion,
forming an unstable penta-coordinated mono-cationic Fe(II)
species which upon reaction with H2 gas forms INT2reg [LFe−
H2]+ (Figure S4). The formation of the [LFe−H2]+ species is
found to be endothermic by 37.5, 40.4, and 33.9 kJ/mol from
the free catalyst in pyrrolidine, morpholine, and DBU,

Figure 2. DFT computed energy profile diagram (kJ/mol) for (a) the hydride transfer followed by the (b) catalyst regeneration vs the formate
rebound pathway in catalytic hydrogenation of CO2 by 1.
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Figure 3. DFT optimized ground state geometries of (a) RC1‑pyrr, (b) TS21‑reg‑DBU, (c) TS21‑reg‑pyrr, (d) INT13, (e) INT11‑pyrr, (f) INT23‑poi‑pyrr, (g)
TS21‑reg‑BH3, (h) TS21‑reg‑LiOTf, (i,j) definitions of the z-directions, along with the definitions of a positive OEEF (Fz > 0) Gaussian 16 in 1 and 4,
and (k) closed-shell vs open-shell singlet configuration.
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respectively. In the next step, catalytic regeneration assisted by
the base is assumed to take place via TS2reg, which is found to
have a barrier of 58.9, 64.9, and 38.2 kJ/mol for pyrrolidine,
morpholine, and DBU bases, respectively. This step is
estimated to be the rate-limiting step, and therefore, the
differences in the estimated barrier heights are correlated to
the rate of the reaction and hence the associated TONs. As the
DBU is the strongest base among the three, the barrier is
substantially smaller. To understand the steric contribution to
the rate-limiting transition state, we have calculated the
deformation energy of the corresponding step, which is
found to be 127.9, 129.9, and 100.4 kJ/mol in the presence
of pyrrolidine, morpholine, and DBU, respectively. Lower
deformation energy and hence the barrier height found for
DBU are associated with the fact that the corresponding
TS21‑reg‑DBU (Figure 3b) is more reactive compared to
TS21‑reg‑pyrr (Figure 3c) and TS21‑reg‑mor. The strongest basic
character of DBU facilitates proton abstraction even with a
longer N···H distance (1.468 Å) which is not possible with the
other two bases (1.372 and 1.336 Å for pyrrolidine and
morpholine, respectively, Figure S5). In other words, the
morpholine and pyrrolidine approach closer to the hydrogen
atom at the transition state creates a significant steric strain.
The catalytic poisoning step is found to be highly

exothermic in nature, with −63.5, −64.6, and −56.8 kJ/mol
for pyrrolidine, morpholine, and DBU, respectively, due to the
formation of a favorable Fe−O bond. The kinetic requirement
for the formation of INT2poi (Figure S6) is estimated to be
12.8, 37.5, and 46.7 kJ/mol (R1→ TS21‑poi, Figure S7) in the
presence of morpholine, pyrrolidine, and DBU, respectively.
This energy penalty is also in line with the calculated
deformation energies in these species (84.8, 86.3, and 94.3
kJ/mol). For DBU, the barrier is much larger as the steric
strain is higher, suggesting the unfavorable formation of this
catalytic poison step among the three bases discussed. The
cleavage of formate from INT2poi is found to be exceedingly
endothermic (>200 kJ/mol), suggesting that the catalytic
poisoning step is not favorable for this catalyst. To understand
the kinetic requirements for the Fe−O bond cleavage in
INT2poi versus Fe−H bond cleavage in INT1, we have

performed relaxed potential energy scans along the Fe−O
and Fe−H bonds (Fe−O {Fe−H bond lengths varied from
2.023{1.843} to 3.166 {3.243} Å), respectively (Figure S8). As
we elongate the Fe−H bond, the energy increases until 2.543
Å, reaching ∼78.0 kJ/mol, suggesting a favorable reaction
beyond which the energy drops. For the Fe−O bond, on the
other hand, the energy penalty of elongating the Fe−O bond
exceeds 100 kJ/mol at 3.125 Å, beyond which, due to the
bidentate character of formate, the other oxygen is found to
bind with Fe, leading to a monotonous increase of energy. This
suggests that the Fe−O bond is rather hard to cleave without
external stimuli.
Catalyst 3 (Scheme S1) also follows the same mechanistic

pathway as 2 (Figures S9−S12). The INT13 formations
estimated to be highly exothermic. This is attributed to a
strong intramolecular hydrogen bonding interaction between
one of the oxygen atoms of the formate and the hydrogen atom
of the secondary amine group in the PNHP pincer (1.719 Å).
This PNP(H)···O(HCO) interaction results in the formation
of a highly stable six-membered ring, which facilitates the
formation of INT13 with a lower energy penalty (Figure 3d).
In catalyst 1, on the other hand, there is no scope for
intramolecular hydrogen bonding, and hence, it was com-
paratively uphill by 44.1 kJ/mol from RC (Figure 3e). This
stability due to H-bonding interaction remains intact in
INT23‑poi (Figure 3f). Because of this, the formation of
INT23‑poi is exceedingly exothermic (−71.6 kJ/mol) among all
species studied here. Further, the conversion of INT13 to
INT23‑poi has a very low kinetic requirement (20.4 kJ/mol) via
TS23‑poi. The O···C bond of the formate involved in
intramolecular H-bonding interaction was found to be longer
in 3 compared to 2 (1.241 vs 1.223 Å), which enables relatively
free rotation, leading to the lowest rebound barrier. In TS23‑poi,
the limiting values of breaking Fe−H and forming Fe−O are
found to be 2.130 and 2.682 Å, while the oxygen end is in close
contact (2.030 Å) with the secondary hydrogen of amine
(Figure S12). This Fe−O bond is completely formed (2.094
Å) in INT23‑poi, and the Fe−O oxygen remains hydrogen
bonded (1.728 Å) (Figures 3f and S13). Thus, the N−H
moiety was found to significantly influence catalytic poisoning,

Figure 4. DFT computed energy profile diagram (kJ/mol) for (a) the hydride transfer followed by the (b) catalyst regeneration vs formate rebound
pathway in catalytic hydrogenation of CO2 by 1−3.
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leading to faster poisoning by catalyst 3 than 2. Further, the
regular catalytic regeneration is found to be exceedingly
endothermic by 91.3 kJ/mol (INT13 to INT23‑reg, the highest
among all catalysts; Figure 4, blue graph). The steps in the
catalytic regeneration were also found to have an energy
penalty (18.2 kJ/mol for INT23‑reg→ TS23‑reg; Figure S14),
suggesting that catalytic regeneration in 3 has a steep energy
penalty diminishing TONs. A part of this energy penalty stems
from intramolecular hydrogen bonding PNP(H)···O(HCO)
interaction which needs to be ruptured to yield a product,
adding additional energy costs. This drastically reduces the
TON as observed in the experiments.
Effect of Lewis Acids. Experimental results suggest that 2

acts as a pre-catalyst which, in the presence of an excess base
(here we are taking pyrrolidine as a base), rapidly removes the
BH3 unit forming the active catalyst 1 (Scheme 1). The DFT
computed intrinsic barrier for the removal of BH3 forming
active species 1 is estimated to be 56.8 kJ/mol (conversion of 2
to 1 via TS2‑1). This barrier is relatively smaller than other
steps discussed for 1, and the conversion is also exothermic by
29.2 kJ/mol, easing the energy penalty further. After the
conversion of 2 to 1, the pathway for CO2 activation is the
same for both. Experimentally, the TON measured for 2 is
higher than that for 1 (2440 vs 2270 in morpholine),57 and this
mechanistic proposal does not explain this observation. The
catalyst 2, upon conversion to 1, also generates the BH3
molecule, and therefore, we explored the possible role of this
Lewis acid in the rate-determining step, that is, catalytic
regeneration. A combination of pyrroline and BH3 leads to a
quaternary adduct which is expected to aid the H−H cleavage
via TS21‑BH3‑reg (Figure 3g), and this is found to have a barrier
of 49.2 kJ/mol compared to 58.4 kJ/mol found in the absence
of BH3 (Figure 4, green line). This lower barrier in the rate-
limiting step, along with the exothermic conversion of 1 to 2,
results in a larger TON for 2. Although there is a barrier to the
transformation of 2 to 1, this is a one-time energy penalty and
therefore does not hinder the TON. Even though the rate-
determining barrier is decreased only by ∼9 kJ/mol in the
presence of BH3, this step is part of the catalytic cycle that
dictates the TON. Therefore, any reduction, however small,
facilitates a larger TON.
The experiment suggests that the reaction TON of 1 and 2

enhanced drastically in the presence of Lewis acid and LiOTf
and reached as high as ∼60,000. To understand this process,
we have modeled the CO2 hydrogenation of 1 in the presence
of Lewis acid LiOTf. Calculations reveal that the formation of
RC is highly exothermic in nature RCLiOTf (−288.7 kJ/mol,
Figure S15). The very high exothermicity is attributed to
several ionic as well as noncovalent C−H···N(O) interactions
between the cationic/anionic part of the Lewis acids, catalysts,
and DBU. Unexpectedly, the formate rebound mechanism
leading to catalyst poison product (INT2poi) via TS2poi is found
to be very less energy demanding (<28 kJ/mol). This is
contradictory to the very high TON in the presence of external
stimuli like Lewis acid. Therefore, we have calculated the
energy required to break the Fe−O bond in INT2poi in the
presence of these chemical stimuli. Li ion is found to facilitate
the Fe−O bond cleavage from INT2poi with a very less energy
penalty (<25 kJ/mol) in all cases, and therefore, the catalyst is
regenerated from the catalytic poisoning (Figure S16). This
enhances the TON significantly as there is no catalytic
poisoning in the presence of such salts. The H−H bond
cleavage is found to be highly energy demanding for TS2reg‑LiOTf

(100.4 kJ/mol; Figure 3h). In the presence of LiOTf as an
external stimulus, although the energy barrier for the H···H
bond cleavage is not smaller, it can be fully compensated by
the exothermicity of the RC formation. The TS2reg‑LiOTf
transition state lies at −195.9 kJ/mol, followed by the
formation of the product, which is at −257.7 kJ/mol.
Therefore, per catalytic cycle, the energetic gain will be
−188.3 kJ/mol (RCLiOTf − TS2reg‑LiOTf), which will be carried
to the next cycle. This is in line with the highest obtained TON
in the presence of LiOTf in DBU.
Mimicking the Role of External Additives Using OEEF

by 1. In the chemical approach, different bases and Lewis acids
have been employed to attain catalytic efficiency toward CO2
activation. Our DFT calculations have shown that external
stimuli lower the barrier for catalytic regeneration and augment
the barrier for the formate rebound. For instance, the strongest
base DBU reduces the intrinsic barrier for the catalyst
regeneration and, at the same time, hinders the formate
rebound step, resulting in greater efficiency. From this
mechanistic perspective, it clearly emerges that an external
additive is required whose basicity should be so high that it can
cleave dihydrogen from a long distance to avoid energy penalty
due to steric crowding. However, finding a perfect additive
which is highly basic as well as results in less steric effect is
challenging and requires a rigorous optimization process. In
this direction, we have explored an alternative approach to
enhance the efficiency of these catalytic reactions using an
OEEF as a green additive.35,37−39,58

An external electric field ranging from ±0.1 × 10−3 au to
±4.5 × 10−3 au has been applied by orienting it along the Fe−
H1 axis (z-axis, Figure 3i). From the energy profile diagram
depicted in Figure 5, it is seen that the electric field oriented
along both the +z-axis (H2−Fe−H1 direction) and the −z-axis
(H1−Fe−H2 direction) stabilizes the RC compared to the
field-free condition. However, the stability of RC is much
greater for the +z-direction (energy margin of 30.3 kJ/mol
with the highest OEEF value of 4.5 × 10−3) compared to the
−z-direction (energy margin of 8.3 kJ/mol with highest OEEF
value of −4.5 × 10−3; Figure 5a). In the +z-direction, the H2−
Fe distances become shorter and Fe−H1 distances become
longer with increasing field strength (by ∼0.011 Å; Table S2),
while a reverse scenario is noted for the −z-direction. An
increase in the Fe−H1 distance along the positive z-direction
was also found to diminish the H1···C(O2) distance, leading
to greater interaction with CO2 and larger stability. Moreover,
the CO2 was found to be also better anchored with stronger
noncovalent interactions to the catalyst by applying an electric
field in the +z-direction ((Pyrr)N−H···O(CO): 2.461 Å and
(ipr2)C−H···O(CO): 2.544, 2.591, 2.519, 2.766 Å in 4.5 ×
10−3 au), and the reverse was noted while applying a field in
the −z-direction, regenerating a weaker noncovalent inter-
action ((Pyrr)N−H···O(CO): 2.534 Å and (ipr2)C−H···
O(CO): 2.561, 2.633, 2.486, 2.851 Å in 4.5 × 10−3 au). All
these factors are directly correlated to the higher stability along
the H2−Fe−H1 direction.
Similarly, the hydride transfer transition (TS11) state is

stabilized (as high as 20.7 kJ/mol), yielding lower barriers
along the +z-direction if the field strength varies from 0.1 ×
10−3 to 4.5 × 10−3 au. The same transition state gets
destabilized in the −z-direction (as much as 31.4 kJ/mol).
This alters the corresponding kinetic requirement; for example,
at the highest field value applied along the +z-direction, the
barrier is 24.9 versus 45.7 kJ/mol in field-free conditions.
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However, along the −z-direction, the barrier is enhanced to
77.1 kJ/mol, though from the free reactant, the barrier is only
31.4 kJ/mol. Careful investigation of the transition state
structure during hydride transfer reveals that increasing the
field strength in the +z-direction increases the polarity of the
Fe−H1 bond along with a gradual increase of negative charge
on the hydride H1 atom (−0.050 vs −0.080 in the field-free vs
4.5 × 10−3 au field), enabling the hydride attack from a larger
(Fe)H···C(O2) distance, reducing the intrinsic energy barrier
(Table S3). A reverse scenario is noted if we apply an electric
field in the −z-direction. A similar trend is also observed in
INT1, whose exothermicity increases along the +z-direction by
a margin of 75.5 kJ/mol. The formation of INT1 is
endothermic in the −z-direction, leading to +27.2 kJ/mol of
endothermicity at −4.5 × 10−3 au OEEF. While the formation
of INT2reg is mostly isothermal with respect to the field-free
state (40.4 kJ/mol) in the presence of an electric field in the
+z-direction, the stability of this intermediate increases
gradually with the application of OEEF in the −z-direction.
The intrinsic barrier for the heterogeneous H2 cleavage was
found to increase from 58.8 kJ/mol in the field-free state to
80.2 kJ/mol in the presence of an electric field of +4.5 × 10−3

au. For the −z-direction, the energy barrier diminishes
significantly and reaches as low as 18.4 kJ/mol at the highest
value of OEEF applied. A careful analysis of the geometry

reveals that in the +z-direction, the Hp···Hd (here subscript p
and d denote proximal and distal positions with respect to Fe)
distance increases (∼0.15 Å at +4.5 × 10−3 au) with an
increase in the applied field strength, and this, in turn, brings
the base closer to the Hd (shorter Hd···N(Pyrr) distance; Table
S3), enhancing the steric strain and resulting in a larger barrier.
For the −z-direction, on the other hand, the Hp···Hd distances
shorten by ∼0.08 Å (−4.5 × 10−3 au), which in turn keeps the
base away, reducing the strain and resulting in a lower barrier.
The computed NBO charges also support the idea that at a
shorter Hp···Hd distance, the charge on the N(Pyrr) is larger
(−0.679 vs −0.689 in the field free vs −4.5 × 10−3 au). Hence,
electrostatic interactions are favorable even at a larger distance
for proton abstraction (Table S4), facilitating the H−H
cleavage.
Alternatively, a formate rebound can occur from INT1,

forming INT2poi, which is proposed to be a catalytic poison
step in this study, found to show a contrasting behavior in the
presence of an electric field as compared to its competitive
counterpart, that is, the catalyst regeneration pathway. While
an electric field in the −z-direction favors the catalyst
regeneration process by drastically reducing the heterogeneous
H2-cleavage barrier, the same amount of OEEF in the same
direction considerably increases the formate rebound energetic
cost as high as 76.2 kJ/mol at −4.5 × 10−3 au field. As
expected, an electric field in the +z-direction results in the
reduction of the formate rebound energy barrier to merely 23.2
kJ/mol from the respective INT1, facilitating faster catalytic
poisoning. With an electric field operation through the H2−Fe
direction (+z-direction), the natural charges on the metal
center decrease gradually, from −1.138 in the field-free state to
−1.086 at 4.5 × 10−3 au field, with an accumulation of negative
charge on the oxygen atom (−0.705 in the field-free state to
−0.724 in −4.5 × 10−3 au field; Table S4) which is involved in
the rebound process. This increase in charge separation
between two centers involved in bond formation facilitates the
formate rebound. In the −z-direction, on the other hand, the
charge on the rebound oxygen remains unaltered (−0.706 in
−4.5 × 10−3 au field) and the charge on Fe is slightly decreases
(reaches −1.125 in −4.5 × 10−3 au field), making the rebound
step unfavorable. Therefore, in an electric field of −4.5 × 10−3

au, catalytic poisoning is expected to be quenched significantly,
leading to a tremendous increase in the reaction TONs. In the
absence of an electric field, the heterogeneous H2-cleavage
forming a regenerated catalyst step is identified as the rate-
limiting step, while the application of OEEF in the −z-
direction reduces this barrier to 18.4 kJ/mol at 4.5 × 10−3 au,
revealing that this step is no longer rate determining. In the
same condition, the energy requirement for the hydride
transfer was found to be increased to 77.1 kJ/mol from the
respective RC species (4.5 × 10−3 au along the H1−Fe−H2
axis). Therefore, at the 4.5 × 10−3 au electric field in the −z-
direction, the hydride transfer step becomes the rate-
determining one, and the energy penalty of 31.3 kJ/mol is
compensated by the energy gain of 40.4 kJ/mol during the
catalyst regeneration as compared to the field-free state (Figure
5b). The computed deformation energy suggests that in TS2reg
along the +z-direction, the higher barrier for catalyst
regeneration is contributed by the steric contributions (Table
S5). While experimental proof for this prediction is not
available yet, it is important to note here that LiOTf, when
used, increases the TON by 60,000, and this is likely to play a

Figure 5. DFT computed energy profile diagram (kJ/mol) for (a) the
hydride transfer followed by the (b) catalyst regeneration vs the
formate rebound pathway in catalytic hydrogenation of CO2 by 1 in
different magnitudes of OEEF.
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role similar to the one described with the electric field
rationalizing the observed experimental values.
Mechanism of Base-Assisted Hydrogenation of CO2

by 4. A nucleophilic hydride trans to the methyl group of
PNMeP pincer participates in the activation of CO2 in 4
(Scheme S2). As mentioned earlier, all spin states in 4 are close
lying and likely to compete in the reaction mechanism (Figure
6). Although the approach of CO2 is exothermic in all spin
states and the spin-state ordering [5RC4 (−4.5 kJ/mol) >3RC4
(−19.5 kJ/mol) >1RC4 (−33.4 kJ/mol)] (Figure S9b−d) is
similar to a free catalyst, the energy requirement for the
hydride transfer step is the lowest in the quintet energy surface
[17.0 kJ/mol (5RC4 → 5TS14)]. The energetic cost for the
hydride transfer follows the order 1TS4 (46.7 kJ/mol) >3TS4
(45.1 kJ/mol) >5TS14 (17.0 kJ/mol). This lower energy of the
quintet transition state suggests the presence of a two-state or a
multistate reactivity in 4. In the next step, the newly forming
hydride bound HCOO− intermediate (INT1; Figure S10b−d)
is found to have a triplet ground state (−3.6 kJ/mol) followed
by a quintet (2.7 kJ/mol) and singlet (11.8 kJ/mol) state. This
suggests the involvement of two minimum-energy-crossing
points (MECP), first from S = 0 to S = 2 during the formation
of TS1 and later from S = 2 to the S = 1 conversion during the
formation of INT1. These MECPs are likely to add significant
energy penalties.59,60 At 5TS14, the hydride is found to attack
the electrophilic carbon from a distance of 1.726 Å (1.628 and
1.558 Å in S = 1 and S = 0 spin state, respectively; Figure
S11b−d). In 5INT1, the H−C bond is completely formed,
having a bond length of 1.206 Å (1.214 and 1.269 Å in S = 1
and S = 0 spin states, respectively). The catalytic poisoning
step, that is, conversion of INT1 to INT2poi (Figure S13b−d)
via TS2poi (Figure S12b), is analyzed. Although at the S = 0
surface, this transition state was found to have a barrier of 70.8
kJ/mol, at S = 1 and S = 2 surfaces, extensive relaxed potential
energy scans were performed, revealing that this step is barrier-
less. At the same time, the formation of INT2reg from INT1 is
endothermic by 68.7 kJ/mol at a low-spin state. Further down
the catalytic cycle, the energy penalty increased even further
with the TS2reg barrier of 78.4 kJ/mol at the S = 0 surface. This
barrier height for the regeneration of the catalyst is significantly
higher compared to other catalysts, suggesting a very slow
reaction reducing the TON significantly (<10 vs 2270 for 1).
Much more than the difference in the barrier height, the real
reason for a drastic reduction in the TON for 4 arises from the
extremely facile catalytic poisoning step at the S = 1 and S = 2

spin surfaces, which leads to the formation of INT2poi
predominantly. This leaves the only option for the
regeneration of the catalyst to cleave the Fe−O bond, which
is an energy-demanding process. Given a favorable MECP, the
reaction is thus likely to get quenched soon, suggesting that
TSR/MSR hinders the catalytic reaction�an observation that
is contrary to the established fact on biomimic catalysts/
enzymes.
Employing OEEF to Boost the Catalytic Efficiency in

4. Any catalyst like 4, which is devoid of a strong donor ligand
in their ligand architecture, can be expected to show
diminished efficiency toward formate production. Strategically,
the reaction TON in this catalyst where more than one spin
states are involved can be increased by (i) lifting the energies
of these high/intermediate state as compared to the S = 0
ground state in the free catalyst or (ii) making the catalytic
poison step unfavorable in the high/intermediate spin surface
with the simultaneous reduction in the energy barrier for the
catalyst regeneration process. For the second scenario, two-
state reactivity during INT1 → INT2poi via TS2poi must be
hindered, which is a complicated phenomenon. Can the use of
OEEF help in this scenario by regulating the energetics of
different spin states?
First, we have applied an electric field ranging from ±1.5 ×

10−3 to ±4.5 × 10−3 au oriented along the Fe−H2 axis (Figure
3j) in the free catalyst 4. It is found that by increasing the field
strength in the −z-direction, the energy gap between the
ground S = 0 and excited S = 2 spin states increases steadily
from 34.5 kJ/mol (field-free state) to 102.4 kJ/mol in +4.5 ×
10−3 au field. The higher separation between the LS and HS
states in the +4.5 × 10−3 au field eliminates the participation of
the S = 2 HS state in the reaction mechanism (Table S6).
Here, the intermediate S = 1 spin state responds weakly in the
presence of an electric field, and the energy gap between the
ground state and first-excited intermediate S = 1 state remains
smaller, indicating that the S = 1 spin state participates in
further reaction mechanism.
Reaction energetics reveal that an electric field oriented

along both the +z (Fe−H2 direction) and −z (H2−Fe
direction) axes stimulates the RCs in S = 1 spin states
significantly as compared to the S = 0 spin state. The stability
of RCs decreases (or increases) with the field in the +z- (or −z-
) direction drastically in the S = 1 spin surface (energy margin
of 29.8 kJ/mol with the highest OEEF value of −4.5 × 10−3 au;
Figure 7a). Similarly, the energy barrier for the hydride transfer

Figure 6. DFT computed energy profile diagram (kJ/mol) for (a) the hydride transfer followed by the (b) catalyst regeneration vs the formate
rebound pathway in the catalytic hydrogenation of CO2 by 4.
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gradually decreases (reaches as low as 20.5/12.8 kJ/mol in the
S = 0/1 spin state) along the +z-direction and increases
steadily (reaches as high as 68.9/86.0 kJ/mol in the S = 0/1
spin state) along the −z-direction (Figures 7a and 8a).
Although the barrier height calculated from the RCs in a
specific field seems to be very high in the −4.5 × 10−3 au field,
the barrier height from the free catalyst is <45 kJ/mol;
therefore, the reaction can move forward in this field.
Increasing the field strength in the +z-direction increases the
negative charge on the hydride center (−0.048 to −0.063 in
the S = 0 and −0.166 to −0.184 in the S = 1 spin state), so that
hydride can attack from a longer (Fe)H···C(O2) distance
(1.595 to 1.668 Å in S = 0 surface) (Tables S7 and S8). A
similar trend is also followed in INT1, which gets stabilized

with a gradual increase in the field strength along the +z-
direction by a margin of 75.6 kJ/mol in S = 0 and S = 1 spin
states, respectively.
In the next catalyst poison step, a barrier-less mechanism

was observed in the S = 1 spin state in a field-free condition,
which contributes to reduced efficiency. Although there was a
significant rebound barrier in the S = 0 surface, it also
competed with a similar barrier height (70.8 vs 68.7 kJ/mol)
for the catalyst regeneration. Therefore, in a field-free
condition, the higher-excited intermediate spin state plays a
more significant role compared to the ground spin state in
dictating efficiency. Interestingly, in both spin states, applying
an electric field in the −z-direction gradually reduced the
energy barrier for the catalyst regeneration process and

Figure 7. DFT computed energy profile diagram (kJ/mol) for (a) the hydride transfer followed by the (b) catalyst regeneration vs the formate
rebound pathway in the catalytic hydrogenation of CO2 by 4 in the S = 0 surface in different magnitudes of OEEF.

Figure 8. DFT computed energy profile diagram (kJ/mol) for (a) the hydride transfer followed by the (b) catalyst regeneration vs the formate
rebound pathway in the catalytic hydrogenation of CO2 by 4 in the S = 1 surface in different magnitudes of OEEF.
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simultaneously lifted the formate rebound barrier. Calculations
reveal that at a field of −4.5 × 10−3 au, the catalyst
regeneration barrier is decreased to 40.0 kJ/mol from 78.4
kJ/mol (field-free state) in the S = 0 spin state. At the same
time, the energy requirement for the formate rebound
increases to 110.7 kJ/mol, which was 70.8 kJ/mol in the
field-free state. A similar scenario is observed in the
intermediate S = 1 state. In the S = 1 surface, the energy
barrier for the catalyst regeneration in −4.5 × 10−3 au is even
lower than the barrier obtained for the S = 0 state (36.2 kJ/
mol). In the same field, the energy penalty for the catalyst
poison step increases from barrier-less (field-free) to 63.4 kJ/
mol. A completely reverse scenario is observed with the electric
field in the opposite direction.
The TS2reg geometries reveal that with the variation of

OEEF in the −z-direction, the Hp···Hd distance decreases
(0.946 to 0.915 and 0.947 to 0.905 Å in S = 0 and S = 1 states,
respectively, for −1.5 × 10−3 Å au to −4.5 × 10−3 au field)
with a gradual increase in the Hd···N(Pyrr) distance (1.482 to
1.533 and 1.385 to 1.447 Å in S = 0 and S = 1 states,
respectively, for −1.5 × 10−3 Å au to −4.5 × 10−3 au field)
(Table S7 and S8). The negative charge on the N(Pyrr) atom
also increases to −0.685 (−0.683 in S = 1) at 4.5 × 10−3 au
from −0.679 (−0.678) at −1.5 × 10−3 au (Tables S9 and S10).
All these parameters indicate that the field along the negative
z-direction enables attacks from a longer Hd···N(Pyrr)
distance, facilitating the catalyst regeneration in both spin
states. By increasing the field strength in the negative z-
direction, the C−O(formate) bond distances decrease (1.238/
1.257 to 1.237/1.253 Å from +1.5 × 10−3 Å au to −4.5 × 10−3

au field), increasing the C−O double bond character, therefore
hampering the C−O rotational motion required to facilitate
the formate rebound transition state. This led to an easier
rebound in the more positive field and hindered the rebound in
the more negative field. Moreover, the charge separation
between the metal center and Oformate decreases toward the
−4.5 × 10−3 au field, hampering the catalytic poisoning. The
catalyst regeneration versus catalyst poison energetics in
various applied fields indicate that in both spin states, the
application of a field in the −z-direction (H2−Fe direction)
facilitates the catalyst regeneration process; therefore, it can be
helpful in increasing the reaction TON.
The above studies show that OEEF not only regulate or

control the selectivity or reactivity of a particular reaction but
also capable to alter the energetics of various spin states. In the
absence of OEEF, 4 was found to be unreactive due to the
participation of high-lying spin states, which was contradictory
to the conventional two-state reactivity in Fe(IV)�O species.
However, with the application of an electric field, we are able
to alter the reactivity of these high-lying states. First, we have
successfully made the HS state inaccessible in the reaction
mechanism by increasing crystal field stabilization energy with
the help of OEEF, therefore mimicking the role of a strong
field ligand. Second, we were able to alter the electronic flow in
such a way that the high-lying intermediate state and low-spin
states behave similarly, resulting in lower catalyst regeneration
energy. Even at a certain electric field value (−4.5 × 10−3 au),
the S = 1 spin state crosses the S = 0 state during TS2reg,
following a two-state reactivity mechanism which results in a
decrease in the regeneration barrier, leading to higher
efficiency. Therefore, for the first time, we have shown the
response of various spin states in the presence of OEEF.

Role of Multiconfigurational Mixing in Controlling
the Reaction Efficiency. Although the reaction mechanism
studied occurs in the closed-shell S = 0 spin state, we
performed multiconfigurational ab initio CASSCF calculations
to assess and analyze the role of the other S = 0 state in the
reactivity and to see if there are any configurational mixing
which have been witnessed by us and others while studying the
reactivity of Mn-oxo species.61−63 Particularly, we performed
ab initio calculations on TS21‑reg and TS21‑poi, which are the
pivotal steps in the reaction mechanism. Our calculations yield,
as expected (dxy)2(dxz)2(dyz)2 is the ground state with another
open-shell singlet (dxy)2(dxz, dyz)3(dz2)1, is found to mix
strongly with the ground state wavefunction (Figure 3k). This
is a surprising twist, as open-shell singlet states are not
expected to influence the reactivity and therefore have
generally been neglected. The ground state wave function of
TS21‑reg‑DBU is composed of 71.3% contribution from the
closed-shell S = 0 configurations, with 25.8% contribution from
another open-shell S = 0 state, suggesting a significant mixing
of the ground state with the higher excited state of the same
spin multiplicity. From the catalyst regeneration transition
state, it is evident that the amine base is directly involved in the
H−H bond cleavage, with the H···N(base) bond distance
falling within <1.5 Å. As H2 is directly attached to the Fe atom,
this alters the electronic configuration as the H···H bond
elongates. The open-shell contribution in TS21‑reg‑pyrr and
TS21‑reg‑mor is estimated to be 37.3 and 49.8%, which are in line
with the energy barrier for these transition states. On the
contrary, the ground state configuration of TS21‑poi‑DBU consists
of a negligible (<1%) amount of open-shell contribution. The
ground state configuration of TS21‑poi‑mor consists of only 8.4%
closed-shell confirmation with the lion’s share (73.7%) from
the open-shell one, suggesting that catalytic poisoning is
predominantly routed via the open-shell singlet state (Table
S11). In the catalytic poison transition state (given in Figure
S7), the bond distance between the base and the formate
group is 2.085, 2.163, and 5.385 Å, respectively, for TS21‑poi‑pyrr,
TS21‑poi‑mor, and TS21‑poi‑DBU. This suggests that the base with
less basicity and smaller size can approach closer to the
formate to facilitate the rebound mechanism, while for the
DBU, which is larger in size, this is challenging. Therefore,
TS21‑poi‑DBU is associated with the highest barrier for catalyst
poisoning than pyrrolidine and morpholine. Also, a larger
distance between DBU and formate results in a negligible
amount of open-shell contribution, affecting the closed-shell
configuration the least. If we compare and contrast the barrier
height and the degree of mixing, it is clear that the greater the
percentage of open-shell singlet, the larger will be the energy
penalty for the catalyst regeneration transition state. This is
correlated to the crystal field splitting, nature of transition
state, and external stimuli such as Bronsted acids and bases.
Among the three reactions studied, clearly open-shell singlet
character for DBU is least at the catalytic regeneration step and
the most at the catalytic poisoning step, making catalyst
regeneration facile, aiding larger TON numbers. For morpho-
line, on the other hand, the open-shell singlet character is
relatively higher both at the catalytic regeneration step and at
the catalytic poisoning step, making it the least efficient
reaction.
A closer look at why the BH3 results in a lower barrier

reveals a less steric strain at the transition state TS21‑reg‑BH3
(lower deformation energy 112.8 vs 129.9 kJ/mol in the
absence of BH3). Further, at this particular transition state, a
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less percentage of open-shell singlet (14.5 vs 37.3% in the
presence/absence of BH3) is found, leading to a lower barrier.
In the presence of LiOTf, the open-shell singlet configuration
to the closed-shell configuration is found to be the lowest (2%
contribution from the open-shell configuration to 94% from
the closed-shell configuration) in TS2reg‑LiOTf, indicating the
lowest energy barrier for catalyst regeneration. Thus, the
presence of Lewis acid BH3 and LiOTf in the solution
enhances the catalytic ability by offering less steric strain at the
rate-determining step and also reduces the flexibility of the
electronic structure, favoring the overall reaction rate/TONs.
Although the BH3 reduces the barrier, a stronger base such as
DBU reduces the barrier even further (48.9 vs 38.2 kJ/mol in
pyrrolidine-BH3 and DBU, respectively), rationalizing the
larger efficiency observed with DBU compared to pyrrolidine
in the presence of Lewis acid (6900 vs 4620).56,57 The lower
barriers for DBU stem from very less steric strain at the
transition state, though the electronic factor (percentage of
open-shell singlet character) is not that favorable. Similar to
the external additives, the effect of the external electric field is
observed in terms of closed-shell versus open-shell config-
urations in the different electric fields. The CASSCF calculated
mixing of various singlet states suggests that in TS2reg along the
−z-direction, the electronic flexibility diminishes drastically
compared to the filed free state. After the −1.5 × 10−3 au field,
the mixing is the least (<3% contribution from the open-shell
configuration) among all computations performed, suggesting
that this multiconfigurational mixing can be used as a
qualitative tool to assess the reactivity order as seen in C−H
bond activation by metal-oxo species.
Correlation to Experiments. (i) Experimental studies

suggest that all four catalysts (1−4) react via the same reaction
mechanism for the reductive CO2 hydrogenation reaction, and
our study solidifies this observation, with 2 acting as a co-
catalyst of 1. (ii) Our theoretically predicted barrier heights
(rebound vs regeneration) agree with experimental observa-
tions that 2 shows the highest TON of 2440, followed by 1
(2270). The efficiency of 4 is the lowest, with the TON less
than 10. (iii) Experiments suggest the formation of [(iPrPNP)-
Fe(H)CO(HCO2)] species as the resting state for the formate
production, and removal of the product from this species is
found to be extremely difficult without strong external stimuli
such as Li+ ion. Even in the presence of a strong base and long
reaction hours, the reaction was found not to proceed further.
All these experimental observations strongly supported our
proposal of catalytic poisoning. (iv) Experiments suggest that
the catalyst regeneration step is rate determining, and our
mechanism and computed energetics support this argument,
providing confidence in the computed energetics.
The experimental TON and turnover frequency for the

reaction of 1 are reported to be 3.897 × 104 and 1.841 × 104
h−1, respectively, in 7.5:1 DBU and LiOTf conditions.56 The
reported TON value is 2790 in excess DBU. Therefore, t1/2 of
those reactions will be 1.467 as per the established literature.64

As the fate of the reaction, whether it will regenerate the
catalyst or undergo rebound, is decided by INT1 (Fe−
H(formate) species), the catalyst regeneration transition state
(TS2reg) is considered as the rate-determining transition state
(TDTS) and INT1 species as the rate-determining inter-
mediate (TDI) during the CO2 hydrogenation to formate. The
energy barrier [TDTS−TDI] for 1 in DBU is found to be 58.0
kJ/mol. Using energetic span approximation,64,65 we have
calculated the TOF for the above reaction, which is 424.1 h−1.

Further, we have calculated TON from the value of TOF,
which is estimated to be 900. It is noted that these quantitative
values are based on the energy barriers calculated in the
presence of 1:1 Lewis base DBU and Fe. Therefore, an
underestimation of the calculated TON is reasonable as it is
calculated only in the presence of DBU, while the reported
values are in the presence of LiOTf (38,970) and excess DBU
(2790 h−1). Therefore, we have estimated the TOF in the
presence of LiOTf based on the energy barrier of 43.0 kJ/mol.
In the presence of Lewis acid, the first hydride transfer step is
considered rate limiting. The calculated TOF and TON in 1:1
DBU and LiOTf (i.e., with 50% LiOTF) are 2.54 × 105 and
5.37 × 105 h−1, respectively. These values are an order of
magnitude larger than the experimental TOF (1.841 × 104
h−1). However, as experimental conditions are 1:7 (LiOTf/
DBU), with excess DBU and lower LiOTf, the TOF is
expected to be reduced, and this is consistent with our
calculated values.

■ DISCUSSION
In this work, using a combination of the DFT and ab initio
CASSCF calculations coupled with studies utilizing an OEEF,
we have explored the mechanism of CO2 hydrogenation to
formate by earth-abundant Fe catalysts exhibiting TONs as
high as 60,000.56,57 DFT calculations yield an S = 0 spin state
as the ground state for all four catalysts 1−4, with other S = 1
and S = 2 states lying significantly higher in energy for 1−3
and a relatively in accessible range for 4, suggesting a possible
TSR activity.
Chemical Ways to Boost the Reaction Efficiency. This

mechanistic study brings forth various design clues for efficient
CO2 hydrogenation: (i) the reductive CO2 hydrogenation
initiated by the approach of the CO2 molecule to the periphery
of the catalyst along with the base, resulting in the formation of
a stable RC species, {LFe(H)(X)[CO2]} (X = H, BH4). At this
RC, there are several noncovalent interactions observed by the
peripheral isopropyl groups [(ipr2)C−H···O(CO)] and the
pyrrolidine (morpholine or DBU) base as [(Pyrr)N−H···
O(CO)], which is found to activate CO2 weakly even before
the hydride transfer step kicks in. This illustrates the
importance of alkyl substituents and the utilization of a strong
base in CO2 hydrogenation. While this finding applies to all
catalysts 1−4, several base metal catalysts that activate CO2
reported in the literature were found to possess such
substituents in the ligand periphery,25,66−73 suggesting the
generic applicability of this step in CO2 activation. Our
findings are contrary to the general understanding that steric
crowding using the alkyl tethering groups is expected to hinder
catalytic efficiency. For CO2 activation, on the other hand,
these tethering groups are an essential ingredient in enhancing
efficiency, thereby establishing a hitherto unknown strategy in
the ligand design in CO2 activation.6,26,69,71,72 (ii) In the
presence of external stimuli like Li+ salts, the catalyst poison
step is found to be very facile, forming the LFe···O−HCO
(INT2poi) species. In the next step, the Fe−O bond in INT2poi
gets cleaved with the help of Lewis acid, which eventually
reacts with the molecular hydrogen and undergoes a catalyst
regeneration process. The reaction TON is found to be
dependent on the following factors: (a) energetic gain during
the RC formation and (b) energy loss in the catalyst generation
process. Higher factor (a) and lower factor (b) dictate the
reaction efficiency in the presence of external stimuli. Thus,
with the apt Lewis acid such as LiOTf, the catalyst is
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regenerated from the catalytic poisoning, thus avoiding the
catalytic poisoning step altogether. As this is the important
fundamental step that diminishes the efficiency, its absence
boosts the reaction efficiency significantly. This, coupled with
additional stability of RC that eases further energy require-
ments, makes LiOTf a potent additive to boost TON to as
high as 60,000. (iii) While catalysts 1−3 react via a single
energy surface (S = 0), catalyst 4 reacts via TSR/MSR. The
involvement of various spin states in the reactivity is attributed
to the absence of strong-field carbonyl ligation to Fe in 4. The
S = 2 HS and S = 1 IS states lie closer to the ground S = 0 low-
spin state in 4. These slightly high-lying HS/IS spin states are
found to participate in the reaction further and even control
the reaction course. The barrier-less formate rebound step in
the high-lying HS/IS state monopolizes the reaction toward
the catalyst poisoning step, hindering the product formation
and lowering the TON. This suggests that any ligand that
offers a weaker ligand field results in catalytic poisoning. This
has greater implications beyond these catalysts studied. Earlier
CO2 hydrogenation by the Co-catalyst reported by Liu and co-
workers reveals weak/no reactivity for the Co catalyst having a
PNN ligand framework compared to the PPN ligand
framework. The Co-PNN ligand framework is known to
yield a very small gap among the spin states or even stabilize
HS as the ground state,74 suggesting strong involvement of
TSR. In these complexes, the TSR hindrance is expected to be
greater than that found in 4 (note that 4 has a PNP
framework), leading to no reactivity. (iv) Further, it is found
that a stronger Bronsted base not only lowers the barrier for
the heterogeneous H2-cleavage but also spikes the formate
rebound, facilitating the formate release and the catalyst
regeneration step by lowering the flexibility in an electronic
configuration. This is also found to be true in many of the CO2
hydrogenation reactions, including that of Beller and co-
workers.72 (v) In the present study, we have shown the
dependency of the intrinsic barrier of various transition states
during CO2 hydrogenation to formate production on two
factors: steric requirement and electronic flexibility of the
ground state wavefunction. The first factor is straightforward;
the reaction barrier depends linearly on the extent of
deformation in the transition state structures compared to
the reactants. The second factor is the presence of multi-
configurational states in the ground state wave function. It is
observed that although the ground state of the electron-rich
Fe(II) species is composed of a closed-shell configuration, the
probability of the admixing of the higher excited open-shell
singlet states cannot be ignored. Our ab initio CASSCF
calculation has depicted this scenario and concluded that the
higher the mixing of the open-shell singlet state to the closed-
shell single state, the higher will be the energy barrier.
Therefore, higher electronic flexibility hinders reactivity.
Non-Chemical Way to Boost the Reaction Efficiency

by Employing OEEFs. The response of various stationary
points during the CO2 hydrogenation reaction catalyzed by 1
has been noted towards the OEEF as an external stimulus. Our
motive was to mimic the role of Lewis acids during the
catalytic hydrogenation reaction by facilitating the heteroge-
neous H2-splitting step and at the same time retarding the
catalyst poison step with the help of OEEFs. Our study affirms
that the application of an electric field of 4.5 × 10−3 au along
the H1−Fe−H2 direction (−z-axis) is suitable for enhancing
the catalytic efficiency as the energy requirement for the
catalyst regeneration is the least in this particular direction. At

the same time, the same amount of electric field increases the
energy penalty for the formate rebound drastically. The
alternation in the reaction rate in the presence of OEEFs is
attributed to the occurrence of the following factors: (i) an
electric field along both +z- and −z-directions strengthens the
noncovalent (Pyrr)N−H···O(CO), (ipr2)C−H···O(CO), and
(Fe)H1···C(O2) interactions, anchoring the CO2 molecule to
the catalyst strongly in comparison to the field-free state. The
stronger hold on the CO2 molecule contributed to either the
catalyst regeneration or catalyst rebound process depending on
the direction of an electric field applied. (ii) In the +z-
direction, the hydride transfer to the CO2 barrier increases due
to the accumulation of negative charges on the hydride, and
the reverse is true for the electric field in the −z-direction. In
the −z-direction, the hydride transfer barrier increases as much
as 77.1 kJ/mol, below which which all other transition states
fall, making this step rate limiting while applying an electric
field along the H1−Fe−H2 direction. (iii) In the −z-direction,
with increasing OEEF strength, the H···H distances become
shortened with the increase in the charge on N(Pyrr), which
makes the N(Pyrr) moiety abstract the distal hydride (Hd)
from a longer distance, resulting in the reduction of steric
crowing as well as barrier height. (iv) In the −z-direction, with
increasing OEEF strength, the negative charge on the metal
increases, along with the decrease in the negative dipole on the
rebound oxygen, making the Fe−O bond formation in the
subsequent intermediate difficult. If we calculate the EP ratio
in the presence of the apt OEEF, it is found to be 4.14, which
is even higher than the value obtained in the presence of
LiOTf, suggesting a non-chemical way to tune the TON even
beyond 60,000. This finding is very new in the case of the
catalytic reactivity of electron-rich transition metal catalysts
(Fe, Co, Ni, Pt, Ru, and Pd), which are believed to react via a
single low-spin energy surface and raise a fundamental
question about the true involvement of only closed-shell
configurations,
The catalysts without any strong field ligands in their ligand

architecture are found to be a bad candidate in terms of TON
due to the participation of other excited states in the reaction
mechanism. These higher excited states are found to favor the
catalyst poisoning step over the catalyst regeneration process,
therefore being toxic in terms of catalytic efficiency. Employing
an OEEF in an apt direction can avoid all the issues
mentioned, can boost the catalytic efficiency as high as the
best catalyst, and avoid elaborate chemical modifications that
are often required to improve the catalytic efficiency.

■ CONCLUSIONS
Herein, employing a combination of DFT and ab initio
CASSCF method, we have studied the mechanism of reductive
CO2 hydrogenation to formate by PNP pincer-based earth-
abundant Fe(II) catalysts, [( iPrPNMeP)FeH2(CO)],
[(iPrPNMeP)FeH(CO)(BH4)], [(iPrPNHP)FeH(CO)(BH4)],
and [(iPrPNMeP)FeH(BH4)], which exhibit a TON varying
from 10 to as high as 60,000�one of the highest reported for
this type of reaction. Despite having a similar ligand
architecture, the variation observed in TON is puzzling, and
this is universally true also for other catalysts based on Fe and
Co. Our calculations unveil three fundamental mechanistic
steps: (i) anchoring CO2 in the vicinity of the metal, (ii)
regeneration of the catalyst upon formate formation, and (iii)
catalytic poisoning via formate rebound. Attempts to facilitate
steps (i) and (ii) and disfavor step (iii) were found to yield
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greater efficiency. The TON observed for the catalysts studied
here were rationalized based on their ligand architecture and
the associated energy penalties. Further, the role of additives
such as Lewis acid and strong bases in influencing the
efficiency was correlated to a lower barrier for regeneration and
a higher barrier for poisoning, suggesting a generic mechanism
that can also be adapted to other metals. Our study also offers
several important design clues to improve the TONs for this
reaction: (a) facilitating C−H···O(CO) and N−H···O(CO)
interactions in the ligand framework, (b) avoiding the metal−
ligand cooperativity containing metal−NH secondary amines
to reduce the chance of catalytic poisoning, and (c) avoiding a
paramagnetic ground/close-lying excited states as it facilitates
faster catalytic poisoning. Thus, the two-state reactivity�a
celebrated concept to enhance the efficiency of metal-oxo
species�is found to be lethal for this reaction. A strong ligand
field around the metal center with the π-acceptor ligand is
desired as it destabilizes the HS states, leading to enhanced
efficiency. (d) Even if a singlet ground state results, the catalyst
that exhibits strong mixing with other open-shell singlet
configurations in the catalyst regeneration process is found to
diminish the reactivity. Thus, the presence of Lewis acids such
as BH3/LiOTf was found to offer less mixing of various singlet
states to the ground state, facilitating greater reactivity. (e) A
non-chemical way to fine-tune the catalyst based on an OEEF
is proposed. In the present catalyst studied, a small electric
field in the opposite direction to the reaction axis (in the
present case, along H1−Fe−H2) was found to enhance the
catalytic efficiency significantly even beyond the reported
TONs. This process eliminates the need to tune the ligand
architecture and optimize the reaction conditions via various
bases/acids to boost the TONs and henceforth has scope
beyond the examples presented. The proposed mechanism, as
well as the computed TONs and TOFs for some of the
catalysts, is consistent with the experimental trend.
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