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Mechanistic studies on NaHCOs hydrogenation and HCOOH
dehydrogenation reactions catalysed by a Fe(ll) linear

tetraphosphine complex

Rocio Marcos,® Federica Bertini, ®! Zilvinas Rinkevicius,® Maurizio Peruzzini,’! Luca Gonsalvi,[®! and

Marten S. G. Ahlquist*@

Abstract: We present a theoretical extension of the previousﬁ/3
published bicarbonate hydrogenation to formate and formic acid
dehydrogenation catalysed by Fe(ll) complexes bearing the linedD
tetraphosphine ligand tetraphos-1 The hydrogenation reaction w6
found to proceed at the singlet surface with two competing pathwayé-:?
A) H, association to the Fe-H species followed by deprotonation #8
give a Fe(H), intermediate, which then reacts with CO, to give format#9
B) CO; insertion into the Fe-H bond, followed by H, association arb0
subsequent deprotonation. B was found to be slightly preferred withl
an activation energy of 22.8 kcal mol?, compared to 25.3 for A. Furth&?2
we have reassigned the Fe-H complex, as a Fe(H)(H,), whidd3
undergoes extremely rapid hydrogen exchange.

55

56
57
58

The hydrogenation of CO, or NaHCO3; to HCOOH or NaHCO, argg
important reactions, which hold promise within carbon dioxidg]
utilisation processes to obtain higher added-value chemicals. 2
combined with its reverse reaction, HCOOH dehydrogenatiqg3
(FADH), a carbon-neutral hydrogen storage and release cyc{g4
can be envisaged, as recently demonstrated by various researggg
groups wordwide.® In order to bring about bicarbonate
hydrogenation (BCH) with high yields, the reaction needs the
presence of a catalyst. Many solutions have been proposed,
generally based on noble transition metals, which have
intrinsically the drawback of being rare and expensive.? Iron is a
particularly attractive metal in catalysis as it is abundant,
environmentally benign and generally non-toxic, and inexpensiv,
compared to noble metals-based catalysts.® Iron catalys 6
containing various types of P-based ligands have been reporteg7
in the last few years for these reactions, and in particul&§8
multidentate phosphines*® and pincer-type ligands® gave the best
performance for CO, and/or NaHCOs reduction. To date, the
highest turnover number (TON) described without the use of
additives for an iron-based catalyst was obtained using
tetradentate phosphines as ligands. Complexes [FeH(PP3)]* (PP3
= P(CH2CH2PPh2)3) and [FeF(PPth)]* (PPhP3 = P(C6H4PPh2)3)
described by Beller and coworkers showed remarkable activities
for both FADH’ and BCH* reactions. Recently, some of us
reported DFT mechanistic investigations on BCH-FADH reactions
in the presence of Beller's catalysts, showing that the solvents
used in these reactions play a central role,® i.e. changing the
solvent the reaction can be reversed. Moreover, it was predicted
that for BCH the experimentally used solvent (MeOH) could be

Introduction

replaced with 'BUOH or DMSO to enhance the activity of the
system.

Another active catalytic system for BCH and FADH reactions,
obtained in situ from Fe(BF4), and a linear tetradentate
phosphine (tetraphos-1, P4) as stabilising ligand, has been
reported by Gonsalvi and coworkers.® In particular, it was shown
that the rac-isomer of the ligand gave the best results and in
contrast, worse catalytic activities were observed in the presence
of the meso-P4 isomer, as the former gave preferentially a cis-a
conformation in the corresponding Fe(ll) complexes, most
suitable for substrate coordination and hydride transfer. By NMR
and HPNMR experiments, mechanistic details of both reactions
were obtained, and the common active species for both BCH and
FADH reactions was proposed to be the monohydrido cationic
complex [FeH(rac-P4)]* (1) in analogy with Beller's [FeH(PP3)]*
complex. In this paper we report a density functional theory (DFT)
calculations study on the mechanism for BCH and FADH
reactions in the presence of 1. By combination of theoretical and
new experimental data it was possible to propose reaction
pathways for BCH and FADH reactions. The reasons underlying
the missing experimental observation of the expected Fe-hydrido
dihydrogen intermediate (2), derived from H, coordination to 1,
are also explained (Figure 1).

Ph, /— Ph |* Ph, /\ Ph "
PP H R P
s 2 §
thp~l=|é—PPh2 \ Ph,P—Fe—PPh,
H H% H

[FeH(rac-P,)l* [FeH(n-H,)(rac-P4)l*
1 2

Figure 1. Monohydrido cationic complex [FeH(rac-P4)]* (1) and iron-hydrido
dihydrogen intermediate [FeH(n-Hz)(rac-P4)]* (2).
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The first issue for the DFT calculation study was to choose43
reliable functional. Based on the reported experimental datdbd
and our previous work on the theoretical investigation® a5
FADH and BCH reactions on the system described by Bellei6
Laurenczy and co-workers,* complex 1 was selected as td7
initial species for this investigation. In a previous study,94t8
was shown that [FeH(PP3)]* has a triplet ground state (m=31ﬂ,9
which agrees well with our calculated results (Table 1). 0
contrast to the PPs-based catalyst, complex 1 wasl
experimentally isolated and characterised by NMR in th®2
singlet ground state (m=1). However, when we used th23
same functional of our previous studies, namefy4
B3PW91/MO06, complex 1 was found to be more stable in th®D
triplet state than in the singlet state by 13.5 kcal mol™. 6
order to understand the reason for this disagreemer{i_ﬂ
between the calculated and experimental results, differem8
functionals were tested, since the spin state of metals &9
highly sensitive to the exchange functional used. 60

Results and Discussion

Table 1. Calculated free energies AG (kcal mol ) for the singlet and triplet states
of [FeH(PP3)]* and [FeH(rac-P4)]* (1).&

PPh, It PPh, . N
(/\r:\Pth ‘ 1 Ph, /—\ Ph |
{7%’ P Fer—H P\ P
154 “PPh. —Fe—
P’ 118 2 Ph,P—Fe—PPh:
Phy kPPh2 z A :
[FeH(PP3)]* [FeH(PP3)]* [FeH(rac-P4)]" (1)
m=1 m=3 m=1 m=3
B3PW91/M06 17.3 0.0 13.5 0.0
B3PW91/M06-L 6.6 0.0 0.0 0.7
B3PW91/M06-L"! 4.8 0.0 0.0 2.5
[a] Functional/LACV3P**++. [b] 6-311++G-3df-3pd on phosphorus 61

The geometry of 1 was optimised with B3PW91 an@?
LACVP** level core potential and basis set, which was alsp3
used for calculating the solvation free energy, the ZPE, the

AHzes and the Syes terms. The electronic energy was

calculated by single point energy corrections with the M06, 84
MO6-L1 or MO6-L* with a larger 6-311++G-3df-3pd basis sé&5
on phosphorus. For iron the LACV3P**++ basis set and cor@6
potential was used, which was further augmented with two 67
functions at the Fe center with parameters as suggested 498
Martin and Sundermann.? For all other atoms 6-311++G89
was used. The larger basis set on phosphorus was tested if0
order to evaluate the effect of a more polarised and flexibié1l
basis on the spin states. We reasoned that a more flexibié2
basis set could improve the electron back-donation from thg3
metal, which would favour the mare tightly bound singlgt4
state. From the results in Table 1 we see that the hybrigb
functional with a fraction of Hartree-Fock (HF) exchange MOB6
predicts a triplet ground state for 1, in disagreement with thé7
experimental results. A better agreement was found with8
MO6-L functional, suggesting that M0O6-L/LACV3P**++ withQ
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6-311++G-3df-3pd on P method are more reliable for this
study. For geometry optimisations and frequency
calculations of these species we did not use M06-L since we
found it to be less numerically stable for gradients and
hessian calculations, and sometimes give artificial imaginary
frequencies. We also tested the different functionals for
[FeH(PP3)]* and observed that all agreed with the
experimental data and that also for this iron-hydride complex
a triplet ground state is more stable than the singlet state
even using the M06-L functional (Table 1).

To further test our methodology we performed NEVPT2
calculations on a model system, where all phenyl groups of
1 were replaced by methyl groups. This change would likely
affect the singlet triplet splitting, however we could
benchmark our methods and we reasoned that the method
that agrees for the model complex will also be the better
choice for the full system. The computations are described in
more detail in the computational details, and both M0O6-L and

NEVPT2 show a clear preference for the singlet
configuration over the triplet.
Ph, /\ Ph]+
Vel
thp—,F,é—Pth
SLH Ts1.2
H-H m=1
a) TS1_2 b)
7.7
m=3 _2'5 ///_‘\ 0.0
= ‘\\ 6.3 _,__—-/"'Vﬂ
0.0 103 -
—_—
1+H, 2 1_MeOH 1+ MeOH
Ph, /—\ Ph]* Ph _— Ph* Ph, /—\ Ph 1" Ph, —\ Ph )"
P P P P PP PP
(A5 (NS (NS (NS
thP—Fle—Pth Ph,P—Fe—PPh, Ph,P—Fe—PPh, thP—Fle—Pth
H Hf H MeOH H H
1 2 1_MeOH 1
m=1 m=1 m=1 m=1

Scheme 1. Free energy profiles calculated starting with 1. The relative solvation
corrected Gibbs free energies (in MeOH) are given in kcal mol ™.

Mechanism of BCH reaction. A first striking difference
between the Fe-PP3; and Fe(rac-Ps) systems was their
observed reactivities with H,. Previous studies!® showed that
the reaction of [FeH(PP3)]* with H, gave the dihydrogen
adduct [FeH(n?-Hz)(PP3)]*. The rate of the exchange of the
hydrogen atoms between n2-H, and the hydride ligands was
determined by low temperature NMR, showing peaks
decoalescence at -60 °C. The activation free energy for the
process was determined as ca. 12-13 kcal mol L. In the case
of complex 1, reaction with H; did not show the formation of
the expected complex [FeH(n2-H)(rac-P4)]* (2) and only the
signal corresponding to the hydrido ligand was observed in
the 'H NMR spectrum even under a pressure of hydrogen at
low temperature.® This behaviour was previously described
for the corresponding meso-isomer complex [FeH(meso-
P.)]*.** Thus, we decided to reinvestigate this apparently odd

This article is protected by copyright. All rights reserved.
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behaviour from a theoretical viewpoint. Indeed, 008
calculations showed that 2 should be significantly mor29
stable than 1, with a calculated free energy difference of60
10.3 kcal mol in favour of 2 (Scheme 1a). The H, (H1-HH1
molecule is tightly bound with a Fe-H1 distance of 1.59 A arfd2
a Fe-H2 distance of 1.57 A. The H1-H2 distance is elongated3
to 0.87 A from 0.74 A in vacuum. Moreover, the calculatedd
structures showed that in MeOH a solvent molecule bindd5
strongly to 1 to give the adduct 1_MeOH, with an energy gaﬁG
of 6.3 kcal mol! (Scheme 1b), in turn suggesting that the 7
putative pentacoordinate geometry assumed for 1 should He8
disfavoured in presence of coordinating molecules such B9
H2 or MeOH. 70
A possible explanation for the lack of decoalescence of the
NMR signals of 2 could be that the rate of hydrogen
exchange is too fast at the NMR timescale to be observed
even at low temperature. We therefore calculated the
exchange mechanism for [FeH(n?-H,)(PP3)]* and 2 (Scheme
2). The former complex has two inequivalent sites and the
mechanism for exchange of the hydrogens atoms of the H;
and the hydride involves initial formation of the higher energy
isomer, followed by rotation of the H, ligand and finally
reformation of hydrido-dihydrogen complex. The highest
point on the calculated free energy surface is the rotation of
the n2-H; ligand at 14 kcal mol?, in good agreement with the
experimental value of 12-13 kcal mol1.1%2 In the case of 2 the
formation for the hydride dihydrogen isomer is
thermoneutral, since the two coordination sites are
symmetric. The activation energy is predicted to be much
lower than in the previous complex, only 4.4 kcal mol?. The
rotation of the n?-H; ligand is also facile with a calculated
activation energy of merely 3.5 kcal mol?. This result
indicates that even at low temperature decoalescence
should not be observed and that under a pressure of
hydrogen, complex 1 most likely should give 2.

We then tried to further support the computational results anZIl
prove indirectly the formation of 2 by experimental methods
Rac-P4 (20 mg; 0.03 mmol), Fe(BF4)2:6H.0 (10 mg; 0.033
mmol) and 1 mL dg-THF were placed into a screw cap NMi4
tube, resulting in the formation of a deep purple suspension.
In the 3!P{*H} NMR spectrum no signals were observed at
this stage due to the low solubility of the purple complex. 0.5
mL of propylene carbonate (PC) were added to dissolve thé6
purple complex, affording a clear deep purple solutior.7
31p{1H} NMR analysis showed two broad signals of equdl8
intensities at 97.0 and 57.9 ppm, which are typicali§9
observed upon mixing rac-P4 and Fe(BF.):6H.0 in P80
alone, and other two weaker signals of triplet appearance &1
99.9 and 55.4 ppm, which are due to THF coordination to th82
(rac-P4)Fe moiety, as previously observed by addition &3
MeOH or CDsOD, in PC).5 H, (1 bar) was then bubbled ini84
the purple solution until the solution turned light pink (ca. 85
min), resulting in the quantitative formation of a new comple36
characterized by two triplets at 116.9 and 96.3 ppm. ThesB7
31p{l1H} NMR signals correspond to those that wer88
previously attributed to the in situ formed monohydrid89
complex 1, albeit slightly shifted due to the use of a differei@0
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solvent mixture. Accordingly, a broad triplet was observed in
the hydride region (6 -10.9 ppm). Next, NEt; (80 mL) were
added to this mixture, which turned into a bright yellow
solution. 3P{*H} NMR analysis showed two new peaks at
123.4 and 112.7 ppm, which we attributed to dihydride
[FeH(rac-P4)] (4; reported values for the isolated complex 4
in pure dg-THF: &p 123.8 and 113.1 ppm). The corresponding
Fe-hydride signal was observed around -13 ppm in the H
NMR spectrum.

The formation of dihydride 4 by treatment of the described
mixture obtained form rac-P4, Fe(BF4),:6H,0 and H, with a
base provides indirect evidence for the formation of 2,
namely by deprotonation of the n2-H, ligand.

PPh,
a)  [FeHm™H)(PPyI" (;rgph '
- 2
P—Fe-H
PPh, I* <—P/¢11 PPh, 1
/"\\\Pth Bra /| “PPh,
P—rFe—H 1 P o H
QP/J‘_,,,,H TN <_p/|L_,,.H
Ph, Ph,
89 8.8 .~ L R 89
(\Pth 1 PPh, |
"jpph2 ‘ PPh,
00 PCFé H P—Fe-H 0.0
L e P
PPh, P H\_H oM PPh, |
/‘ PPh, Ph; Ph; /"\\pphz
P—Fe—H p—re—H
= S
Ph, ph,
b) [FeH(n?-H,)(rac-P,)I" (2)
Ph, Ph " Ph, /—\ Ph "
I\ ] P P X W
P N
Ph,P—Fe—PPh, Ph,P—Fe—PPh,
/ Ph,P—Fe—PPh,
H /H & H H
~ H \H/
H H-H
44 3. A4
00, 00 00 0.0
Ph //—\ Ph " Ph, /— Ph]* Ph, //\ Ph " Ph, /— Ph]*
R P P\ P R P R P
Ph,P—Fe—PPh, thF’:Fé*Pth thP-/F'é*PPhZ Ph,P—Fe—PPh,
Hh H H =y L HH H
H” H

Scheme 2. Free energy profiles for hydrogen-hydride ligand exchange for (a)
[FeH(n-H2)(PPs)]* and (b) [FeH(n-Hz)(rac-P4)]* (2). The relative solvation
corrected Gibbs free energies (in MeOH) are given in kcal mol™.

Next, we set out to calculate the reaction pathway for the Fe-
catalysed reduction of bicarbonate (BCH). Two possible
mechanisms were investigated, namely Pathway A, where a
dihydrogen molecule coordinates first to 1 (Scheme 3) and
Pathway B, where CO; coordinates first to 1 (Scheme 4). In
Pathway A, the first step is the coordination of H, to 1 to form
2. The second step is the deprotonation of the n2-H, ligand
by a bicarbonate molecule to form the neutral dihydrido
complex [Fe(H)z(rac-P4)] (4) and carbonic acid, which
proceeds via TS3_4 with a free energy barrier of 25.3 kcal
mol* relative to 2. Prior to the H-H cleavage an ionpair
complex 3 is formed, in a step that was found to be
endergonic. We could like to note that steps involving
formation or combination of charged species are more likely
associated with larger errors, simply due to the magnitude of
the free energy of solvation, meaning that even small

This article is protected by copyright. All rights reserved.



OCoOoO~NOOITRhWN -

Chemistry - A European Journal

percental errors could be of large magnitude. The carbonic
acid that is generated in this step is then assumed to
generate water and CO;, and CO; insertion into the Fe-H
bond of 4 yields the hydrido-formate complex
[FEH(O.CH)(rac-P4)] (5) via TS4-5 with a free energy barrier
of 21.8 kcal moll. The elimination of the formate molecule
from 5 regenerates complex 1 and completes the cycle.
Thus, the (n2-Hy) ligand deprotonation step from 2 is the rate-
determining step of the reaction in this pathway.

This article is protected by copyright. All rights reserved.
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Ph, —\ Ph |*

Ph, /\ Ph
P P P
S (- \s TS3_4
Ph,P—Fe—PPh, Ph,P—Fe—PPh, 7~
Wor T2 ho HoH
m= )—0—H 1S3 4
TS1_2 + HCOy o 15.0 TS4_5 + Hy0
2 13.8
/ ‘\ ’ \
7.7 85
25 | / 253 | / \
M=3 e/ | \ 7 \
m=1 "7 55
14103/ N
1+ Hy+ HCOy 2+ HCOy 4+ CO, + H,O 5+ H,0 1+ H,0 + HCO,
Ph, — Ph]* Ph_— Ph " Ph_/—\ Ph  Ph  Ph PP PRV P '
P P PP PP PP PP
\s \s NS \s ) \ Ph,P—Fe—PPh
thP—Fle-Pth Ph,P—F: thP?F%*Pth thP—ng—Pth PhaP—Fe—PPh, PhoP—F 2
H H4 H /H H H H H
o}
m=1

= m=1
mol ™.

m=1
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Scheme 3. Free energy profiles for BCH reaction via Pathway A starting from 1. The relative solvation corrected Gibbs free energies (in MeOH) are given in kcal

Ph ph "
Ph,— Ph | AN

.
Ty Ph_P/—\P,Pﬂ Ph, /—\ Ph " Ph.P/_\ Ph ]
P, P N (A )
TS(6-7) (A Ph,p—Fe—PPh, ~ Ph,P—Fe—PPh, ~PPh, Ph,P—Fe—PPh,
e Ph,P—Fe—PPh, A ),
B il N [¢]
- /25 Wyt TS0 L TS(10-11)
0=%0 J H O m=1 H7 O~ m=1
TS(6-7)+H,0  TS(7-8) +Hy+  TS(8-9)+ Hy + TS(9-10) + TS(10-11) + H,0
+COz% + H, H,0 + COz* H,0 + COz* H,0 + CO3* +COz%
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9.2 o8 Y
B4 S 49 T / |
- e 39 —_— ; |
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m=1 9.0 -~ \ H A —
00 | i \ 2.1
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1+ 2(HCOy) + 6+H,0 + 7+H,0 + 8+H,0+ 9+ H,0+COs% 10+ H0+ 1M+ HO+ 5+ H,0+ 1+ HO+
H, COZ +H, COs% +H, COs% +H, +H, coZ [feX3 HCOy HCOy + HCO,"
Ph Ph1* Ph ,— Ph]" Ph ,— ph]" Ph,\Ph  Ph /\ Ph]"
Ph PR " P\ PRI PR PR 1T P PRt Y g b B ¥ P
P (P\\p/\ (’P\f”‘\ P P s s CASD O+ \s
\ s Ph,P—Fe—PPh, Ph,P—Fe_PPh, —PPh, Ph,P—Fe—PPh, Ph,p—Fe—PPh,
PP —Fe—PPh,  PhgP— \~F'th PhoP—Fe—PPh, \ A\ N, S\ {%
: $ oM H o
H 0.0 H
H
)//H Y H/&O H H’&
H
1 7 o 8 9 10
m=1 m=1 m=1 m=1
mol ™.

m=1

3
I
@

1
m=1
Scheme 4. Free energy profiles for BCH reaction via Pathway B starting from 1. The relative solvation corrected Gibbs free energies (in MeOH) are given in kcal
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In Pathway B (Scheme 4), the reaction was assumed to be
initiated by two HCOg3 disproportionating to CO», H,O and
COz%*. This reaction is slow but observable at room
temperature in sea water,5 but should be accelerated at the
reaction temperature and higher bicarbonate concentrations
in the current catalytic system. This step is followed by
coordination of CO; to 1, then insertion of CO; in the Fe-H
bond to generate the Fe formate complex [Fe(O.CH)(rac-
P4)]* (9). The rate determining step of this mechanism is the
coordination of hydrogen to 9, which first gives complex
[Fe(n?-H2)(O2CH)(rac-P4)]* (10). The free energy barrier of
this transition state, TS(9-10), is 20.9 kcal mol from 9. If we
consider 2 as the resting state then the free energy barrier is
22.8 kcal mol?. From 10, deprotonation of the Fe-
coordinated dihydrogen molecule occurs intramolecularly
resulting in intermediate 11, where a FA molecule is bonded
to the regenerated [Fe(H)(rac-P4)]+ fragment. The FA th
loses a proton to solution and the formate finally leaves to
regenerate 1. 36
Mechanism B thus seems to be the preferred pathwgz3
starting from 1 for BCH reaction, having a lower ener
barrier. In both cases the overall reaction is exergonic with a
reaction free energy of -5.5 kcal mol?, which is in good
agreement with the experimental results.® 39
One experimental result to control against is the reactih0
where 1 with CO; in THF to give [Fe(nz-OZCH)(raC-P4)]BPhﬁll
Our calculations agree well with the reactivity showed
experimental results (Scheme 5). The formation of t
coordinated formate complex 9 is exergonic by -6.0 kcal m

I respect to 1, which indicates a significant thermodyna1m|495
driving force. The activation energy of 13.1 kcal mol?
indicates also a high rate for the insertion, in agreement with
the experiments.

10.1002/chem.201704927
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Ph, — Ph 1"
P \\P—x
Ph,P—Fe—PPh,
o}, Ts78
m=1
e)
134
00 Ts78
1+CO, 9
Ph —\ ph " Ph — Ph1"
PP P P
(NS (NS
Ph;P—Fe—PPn; Ph,P—Fe—PPh,
H OSYO
H
m=1 m=1

Scheme 5. Free energy profiles for CO: insertion starting with 1. The relative
solvation corrected Gibbs free energies (in tetrahydrofuran which was the
solvent used in this particular experiment) are given in kcal mol™.

Mechanism of FADH reaction: The reverse reaction of
BCH, namely FADH, was also modelled by DFT calculations
methods (Scheme 6). Reaction of 1 with HCOOH initially
forms the formic acid hydrido complex 11. Intramolecular
protonation of the hydrido ligand by the coordinated acid
follows, giving in turn complex [Fe(O.CH)(n2-H.)(rac-P4)]*
(10). Hydrogen elimination and binding of the formate anion

Ph, /— PhT]* Ph, /—\ Ph] * Ph, /—\ >Ph—| T Ph, M\ >F’h<| * Ph, //\ 'PhT *
P P R P TS10-9 PR P P P PP
W CAs DY 0T O\S s )
Ph,P—Fe—PPh, PPh, PhoP—Fe—PPh, Ph,P—Fe—PPh,  Ph,P—Fe—PPh,
O H Ol  "H O _ TS9-8 o ., TS8-7 P
7\ Ts11-10 LiOH =0 199 H =° 0=XLn~ TS7-6
HAO«H m=1 H O 11/ =1 m=1 =So T
o}
TS11-10 TS10-9 TS9-8 + H, TS8-7 + H, TS7-6 + H,
m=1 0.0 0.7
N ,” \ N -2.8 5.8
102 55 1 = g, =R
— -11.5 / _— —_ -10.3
T 14/ ; .89
1-20.5/
1+ HCO,H 1 10 9+H, 8+H, 7+H, 6+H, 1+CO,+H,
Ph, /— Ph]*
3 ) . Ph PR+ Ph *  Ph ph |*
P Ph.P/—\ Phl VY i Ph,/— Ph1" Ph — Phl" -Pﬁ\P.Pﬂ Y. hl Ph ek
PhoP—Fe—PPh, [T\ 7 O N AP \s TN,
| Ph,P—Fe—PPh, —fesPPhe S bBh. Phop—Fa_ppnhP—Fe—PPhy PhoP—Fe—PPh, NEE
4 i S PRPTEeTPPR, ProPLem i 7 S SA Ph,P—Fe—PPh,
o H H Sy S o_H 0 |
=y Y »H il ¢
11 10 Ho9 J 8 o 7 o 6
m=1 m=1 m=1 m=1 m=1 m=1 m=1 m=1

Scheme 6. Free energy profiles for FADH reaction starting from 1. The relative solvation corrected Gibbs free energies are given in kcal mol™* (solvent continuum
model used parameters dimethyl sulfoxide as a model for the experimentally used propylene carbonate).
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to the Fe metal centre in a x2-O,0 fashion generates compl&3
9. The free energy barrier of this step (TS10-9) is calculat 4
to 14.8 kcal mol? relative to 10. Subsequent decoordinati 2
of one of the oxygen atoms of the formate and coordinati
of the hydrogen generates the «?-O,H formate intermedialnjg
7. This isomerization step is the rate determining step of thg§Q
reaction with a free energy barrier of 17.7 kcal mol. Then [0
hydride elimination from complex 7 yields complex 6 whidhl
regenerates the iron hydride complex 1 by CO, eliminatidd
closing the cycle. The complex 2 lies at -10.5 kcal mol?* wi
respect to 1 so the formate coordinated complex 9
preferentially formed under these conditions, as observ
experimentally. The computed mechanism for the FADU7
process is in accord with previously reported experimentgg
studies, which highlighted the role of hydride- and format&9
complexes 1 and 9 as key intermediates.

Conclusions

In summary, the mechanism of the Fe-catalysegg
hydrogenation of bicarbonate in the presence of a Fe(I}7
complex stabilised by the tetradentate linear phosphine rad-8
P, has been elucidated by DFT methods, and the activ
species was reassigned based on theoretical a
experimental results. Two different pathways were propose
as possible candidates with similar activation free energies.
The pathway that appears to be more favourable is the on
where two bicarbonate anions were disproportionated
carbonate, water and carbon dioxide which coordinates%

1

the iron hydride pre-catalyst. The activation energy w
calculated at 22.8 kcal/mol. This activation energy is relati

to the most stable structure in presence of H,, [FeH(n?-
Hy)(rac-P4)]*. This complex was found to be the complex that
was previously assigned as the monohydrid§,
experimentally. We showed here that the absence of
decoalescence of the hydride peak at low temperature in thd6
IH-NMR was due to extremely rapid exchange of thd 7
hydrogen atoms in the complex. The alternative reactiod8
mechanism was initiated by reaction between the [FeH(n89
Hz)(rac-P4)]* and bicarbonate to generate [Fe(Hz)(rac-P4)$0
The dihydride complex could then react with the CC8l
generated from the carbonic acid in the first step to give the
[FeH(O,CH)(rac-P4)] complex. The activation energy of th@2
mechanism was calculated to be slightly higher at 25.3 kcg3
molt. In addition, the mechanism of formic acid
dehydrogenation in the presence of the same pre-catalysf4
has been calculated and found to be in agreement with th@5

experimental results 96
97
98
Computational details 188
01

All geometry optimizations were performed with Jaguar 7.6, uq_rgz
B3PWO91' and the LACVP** basis set and core potential.’® Harmdn(}3
frequency analyses were performed on each geometry to confirm thgt(4
had no negative vibrational frequencies for ground states, and one sir}_;@5
imaginary vibrational frequency for transition states. Single point solvation
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free energies of all Fe complexes were calculated using the PBF solvation
model in Jaguar.® For all small molecules and ions SM8 was used since
it generally gives more accurate values.?’ The doubly anionic carbonate
was solvated by two explicit methanol molecules. To describe propylene
carbonate we used parameters for DMSO since the two has similar size
and dielectric constant, and both are aprotic solvents. For the final
electronic energies, we used the M06-L functional in combination with the
LACV3P**++ basis set and core potential? for iron which employs the 6-
311++G** for all other atoms. The iron basis was further extended with two
f-functions with exponents set to the values suggested by Martin.?? For
phosphorous we used the larger 6-311++G-3df-3pd basis for adequate
treatment of the polarization of the phosphorus due to the coordination to
the metal. Our choice of the M06-L functional was based on its general
good performance for both main group elements, transition metals,
activation energies, and its reasonable ability to predict the correct spin
state of a model complex.?® This benchmark was performed with ORCA
4.0 using NEVPT2?* calculations of singlet and triplet states of iron
complex 1-Me, which is 1 with all phenyl groups replaced by methyl groups.
The calculations were carried out using common CAS space of 10
electrons in 10 orbitals. The molecular orbitals included in CAS space have
been selected from analysis of natural orbitals obtained with CEPA-2
method.? All calculations we have been carried out in def2-TZVP basis
set.?® The singlet/triplet splitting was calculated to 9.9 kcal mol in favor of
the singlet. M06-L/ LACV3P**++(6-311++G-3df-3pd) gave 4.8 kcal mol?,
which is a bit lower compared to the NEVPT2 calculations, but still in favor
of the singlet. Gibbs free energies were finally calculated for each species
Gwmos = E(Mos/Lacvap++2f on Fe) + Gsolv + ZPE +H208-TS298, With an additional
1.9 kcal mol** concentration correction for all solvated species, since
Jaguar by default use 1M gas concentration instead of 1 atm.

Experimental Section

Experimental procedures and NMR spectra are included in the supporting
information.
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