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Divergent CO, Activation by Tuning the Lewis Acid in Iron-Based

Bimetallic Systems

Helena Corona®, Marina Pérez-Jiménez", Felipe de la Cruz-Martinez, Israel Fernandez,* and

Jesus Campos*

Abstract: Bimetallic motifs mediate the selective activa-
tion and functionalization of CO, in metalloenzymes
and some recent synthetic systems. In this work, we
build on the nascent concept of bimetallic frustrated
Lewis pairs (FLPs) to investigate the activation and
reduction of CO,. Using the Fe° fragment [(depe),Fe]
(depe=1,2-bis(diethylphosphino)ethane) as base, we
modify the nature of the partner Lewis acid to accom-
plish a divergent and highly chemoselective reactivity
towards CO,. [Au(PMe,Ar)]" irreversibly dissociates
CO,, Zn(C4Fs), and B(C4Fs); yield different CO, adducts
stabilized by push-pull interactions, while Al(CFs);
leads to a rare heterobimetallic C—O bond cleavage, and
thus to contrasting reduced products after exposure to
dihydrogen. Computational investigations provide a
rationale for the divergent reactivity, while Energy
Decomposition Analysis-Natural Orbital for Chemical
Valence (EDA-NOCV) method substantiates the heter-
obimetallic bonding situation. )

Introduction

The selective transformation of CO, into reduced C,;
products is one of the most challenging and environmentally
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appealing reactions pursued by chemists in the last
decades.! Inspiring designing principles come out from
nature, where CO-dehydrogenase (CODH) enzymes medi-
ate the redox interconversion between CO, and CO. Crucial
for their efficiency are their Ni/Fe and Mo/Cu bimetallic
active sites,” capable of cooperatively activating carbon
dioxide by means of complementary Lewis acidic/Lewis
basic behaviour of the two metals. Not surprisingly, artificial
bioinspired approaches that rely on this type of bimetallic
synergism have attracted great attention in recent times.*
In a similar vein, Frustrated Lewis pairs (FLPs) operate
upon analogous premises for the activation of CO,,”
including metal-containing FLP-type structures! that resem-
ble as well the active site of CODH enzymes.["! It has also
been well recognized that Lewis acidic metals drastically
influence the capacity of redox active sites to reduce CO,,"
either by serving as Z-type ligands™ or by directly contribu-
ting to stabilize key intermediates during CO, reduction.!”!

Regardless of the precise mode of action, the use of
bimetallic combinations based on non-precious metals to
reduce CO, remains an important challenge. Mankad and
co-workers have very recently described a heterobimetallic
complex based on the two most abundant metals in the
Earth crust, iron and aluminium, which activate CO, via
radical intermediates.'!! The use of aluminium has indeed
shown success in other bimetallic combinations, both with
transition? and main group™ metals. In fact, a recent study
by Camp et al. evidenced the cleavage of a C—O bond of
CO, by induced umpolung reactivity at an Ir/Al system.[']
Reverse polarity has been exploited by Aldridge and
Goicoechea for group 11-aluminyl bimetallic complexes in
CO, activation!" (Figure 1a). Inspired by these results and
building on our prior studies on bimetallic FLPs['! we
decided to investigate the cooperative activation of CO,
using the synthon [(depe),Fe] (depe=1,2-
bis(diethylphosphino)ethane) as a Fe’ metallic base. We
report divergent CO, reactivity resulting from varying the
nature of the partner Lewis acid. This spans from CO,
dissociation in the case of gold to different modes of
bimetallic activation for fluorinated zinc and borane Lewis
acids and even C—O bond cleavage in the case of the highly
electrophilic Al(C¢Fs); (Figure 1b).

Results and Discussion

We decided to use the Fe’ fragment [(depe),Fe] as a metallic
Lewis base because its corresponding CO, adduct (1) is

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


http://orcid.org/0000-0001-7891-4273
http://orcid.org/0000-0003-3720-9345
http://orcid.org/0000-0002-0186-9774
http://orcid.org/0000-0002-5155-1262
https://doi.org/10.1002/anie.202207581
https://doi.org/10.1002/ange.202207581

GDCh
~~

(a) Representative examples of bimetallic CO, activation

N * '

o Py
[ \/

\\\\\ge—— 4 All\N ? Ire— Al
CO co Medipp I-{ \I:!/ \R OAr
'Bu

,iep Mes, i
N \ Mes 'Prp
) N-\—~P

N—2=

iy

. P'Pr,
N >—AuP'Bug : 2 B
THF->Zr\<—/Co—

iPI’Z P—

Mes

(b) This work: divergent bimetallic CO, activation

Lewis Acid = G
ewis Aci Fel—C
B(CeFs)3
PEt
EtzP 2 ;
\“J:e_r Zn(CeFs)2 [Fe]—C" zn]
Et,P\" d S
| Al(CoFs)s
k/PEtz .| co—[Fel—0—Ian
. [(PMe,AnAU]
[Fe]—>[Au]

Figure 1. a) Representative examples of bimetallic CO, activation path-
ways relevant to the present work; b) divergent bimetallic CO,
activation routes as a function of the Lewis acid (this work).

readily accessible!™ and exhibits a rich carbon dioxide
functionalization chemistry.'”< Besides, Szymczak and co-
workers used the latter to investigate the activation of
dinitrogen by push-pull interactions.”® In line with that
work, we started our investigations by treating complex
[(depe),Fe(CO,)] (1) with the acidic borane B(C.Fs);
(Scheme 1a). The addition of the borane to toluene or

(a)
Ep.  PE B(CsFs)3 / P‘ Et,
wFe—CO \
Et,P" | <5min Etzp\w':'e\;,,;;:,,/B(CGFS)
PEt, 25°C K/PEtz ¢
1 2
(b)
PEt Al(CeFs)s Et,Pq  PEt
Et,P. 2 2 2
N CeDs \ /
EtZP“"Fe_/ > : ol¢ VTFe—Q—‘N(CsFS)s
| <5min £V \
K/PEtz 25°C K/PEtz
1 3

Scheme 1. Activation of CO, by treating Fe—CO, adduct 1 with Lewis
acids B(C4Fs)5 (a) and Al(C4Fs)s5 (b).
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benzene solutions of 1 promotes an immediate change in
colour from orange to pink solutions due to the formation of
complex 2, which could be isolated in 82 % yield after the
workup.

Monitoring the reaction by *'P{'H} NMR we observed
the complete consumption of the starting iron species (87.0,
79.0, 70.0 and 62.6 ppm) and the appearance of a new set of
three broad signals (85.1, 80.4 and 70.4 ppm, with relative
intensities 1:1:2 in benzene-d;). The corresponding ''B-
{'H} NMR spectrum exhibited a broad signal at —1.6 ppm
similar to the chemical shift observed for the somewhat
related [(depe),Fe(N,)B(C4Fs);] product (—6.3 ppm) from
N,-activation.'"¥ IR spectroscopy provided relevant informa-
tion, as two stretch bands were found at 1641 cm™ and
1251 cm™ indicative of a CO, unit."¥ Moreover, a *C-
{'H} NMR signal at 214.8 ppm in thf-dy evidences that a
carbonyl group is still retained in complex 2.1}

We were able to confirm its structure as the binuclear
product [(depe),Fe(u-CO,)B(C¢Fs);] (2) (Figure 2a), in

(@)

(b)

Figure 2. ORTEP diagrams for complexes 2 (a) and 3 (b). Hydrogen
atoms have been excluded, and ethyl groups of depe ligand are
represented in wire-frame format for clarity. Thermal ellipsoids are set
at 50% probability.
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which the activated CO, bridges the Fe/B pair in a u-
CO,—1x0":C'2kO* fashion. The molecular structure is
comparable to the other four crystallized bridging CO,-
adducts stabilized by push-pull interactions between a basic
metal (Ni, Pt, Mo and Re) and a borane.*® »*- Coordina-
tion to iron is evidenced by the corresponding Fel-O2
(2.212(2) A) and Fel—C21 (1.861(3) A) bond lengths. The
other oxygen atom is linked to the borane with an O1-B1
bond length of 1.531(5) A. The 02-C21-O1 angle of
126.61(3)° is practically identical to that one found for
precursor 1 (124(2)°) (Figure 2a)."”! Nonetheless, the pres-
ence of the borane results in the elongation of the connected
C21-01 bond (1.305(4) A) compared to the one bound to
iron (C21-02, 1.249(3) A), being also the former C21-O1
bond longer than in adduct 1 (1.25(3) and 1.28(2) A).
Increasing the acidity of the Lewis acid partner by
treating 1 with the analogous Al(CF5);,™"! likewise resulted
in an immediate reaction leading to a yellow solution in
benzene-d,. However, the first hint pointing to a contrasting
reactivity arose from *'P{'"H} NMR analysis, where a single
signal was recorded at 67.9 ppm. At variance with compound
2, this suggests the formation of a new compound (3) with
high symmetry (Scheme 1b). Moreover, its corresponding
IR spectrum presents an intense band at 1914 cm™', charac-
teristic of a CO moiety. Crystals suitable for X-ray
diffraction studies were grown by placing a concentrated
toluene solution of 3 in the glovebox freezer at —30°C for
one day (27 % yield), revealing the bimetallic cleavage of a
C—O bond to yield [(depe),(CO)Fe(u-O)AI(CFs)s] (Fig-
ure 2b). The *C{'"H} NMR experiment of complex 3 (in thf-
dy) features a signal at 213.6 ppm which further confirms the
presence of a CO ligand." For comparison, we performed
the analogous reaction using AIEt; as the electrophilic
fragment. Although the resulting product could not be
isolated, we were able to record a *'P{'"H} NMR spectrum
(Figure S13) which exhibited the same pattern and multi-
plicity as complex 2, suggesting the formation of a similar
CO,-adduct and pointing out to the need of the perfluori-
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nated substituents to accomplish the cleavage the C-O
bond.

The formation of 3 constitutes a highly unusual event
from different standpoints. First, while examples of bimet-
allic CO, activation have grown in number in the last
decade,”! those in which the cleavage of a C—O bond is
achieved are more limited.?" In like manner, heterobimetal-
lic versions are even scarcer.’' Structurally, compound 3
represents the first example of an oxo-bridged Fe/Al
complex, which is of interest considering the limited
accessibility but high reactivity of oxo-bridged heterobime-
tallic motifs, for instance in the context of C—H bond
functionalization.” The Fel-O1-All angle is almost linear
(171.9(4)°), while the O1-All and Fel-O1 bonds feature
distances of 1.685(7) and 2.007(7) A, respectively. Note that
the latter is larger than those reported for oxo-bridged
diiron complexes,® probably as a result of the interaction
with the highly acidic and crowded alane fragment. The
Fe(CO) group presents the characteristic structural data for
an iron carbonyl fragment™ and is in trans position to the
Fe—(u-O)Al bond.

We next wondered whether the contrasting reactivity of
Fe/B vs Fe/Al pairs would result in dissimilar reduction
pathways for CO,. Firstly, it is important to remark that the
reaction of 1 with dihydrogen leads to the quantitative
formation of the previously described Fe" dihydride species
[(depe),Fe(H),],*" a result that is in stark contrast to the
reaction outcomes in the presence of both borane and alane.
Thus, exposure of 2 to dihydrogen under mild conditions
(1 bar, 25°C) resulted in the formal hydrogenation of the
Fe—C bond towards compound 4 in a quantitative manner
(Scheme 2a). This ion pair exhibits distinctive resonances at
92.3 ppm and —3.0 ppm in the *P{'H} and "B{'H} NMR
spectra, respectively. Besides, a characteristic '"H NMR
signal at 8.6 ppm due to the formate and two low-frequency
signals at —11.0 and —15.1 ppm due to the dihydrogen and
hydride ligands respectively, which match prior data for the
individual fragments of 4?1 further confirm its formulation
(Figures S14-S16). In accordance, its IR spectrum reveals a

(a) r\ +
Et,Py PEt
EtP TE‘Z H, (1 bar) N
e P“"'Fe< B(CeFs) tol-dg H,—Fe—H H|™
to 6r5)3 NS
| - 24h e | B(CeFs)s
PEtZ 25°C K/PEtZ
2 4,100%
(b)
N\ *
EtzP\ TEtz H, (1bar) | Et,Pq  PEt,
—Fe—0—AI(CeFs)s tol-dg ~Fe—H l -
Et,P" \ 24h e HO—AI(CeFs)3
25°C
K/PEtZ K/PEtz
3 5, 40%

Scheme 2. Reactivity of compounds 3 and 4 with H,. Spectroscopic yields were measured by *'P{"H} NMR using triphenyl phosphine oxide as

internal standard.
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band at 1643 cm™ assigned to the v(C=0) stretching
vibration (Figure $17).2%%

Interestingly, when complex 3 is exposed to dihydrogen
atmosphere under the same reaction conditions, the oxo
Fe(u-O)Al bridge is broken resulting in the appearance of a
new Fe-H fragment inferred from a distinctive low-
frequency signal in the '"H NMR spectrum at —14.7 ppm
(br). This hydride ligand belongs to a new major species (5)
that is formed in around 40% spectroscopic yield and
resonates in the *P{'"H} NMR spectrum at 65.4 ppm (Figur-
es S18-S19). IR spectroscopy of the reaction mixture
revealed two bands at 1902 and 3396 cm™' (Figure S20).
While we attribute the former to the corresponding CO
ligand of §, the latter broad band accounts for the formation
of a new OH bond. We attribute the moderate yield
measured for compound 5§, at least in part, to its poor
solubility in toluene. In fact, performing the reaction in a
more polar solvent such as CD,Cl,, we could achieve full
conversion of 3 and formation of 5 in better yields (ca.
75 %), although accompanied by the appearance of other
minor unidentified species (Figure S21). These results are in
agreement with the hydrogenolysis of the Fe—O bond in 3 to
yield compound 5 (Scheme 2b), once more matching the
spectroscopic data available for related ion pairs based on
the [(depe),Fe(H)(CO)]* cation.” Overall, this sequential
transformation is reminiscent of that mediated by CODH
enzymes, where bimetallic CO, activation is followed by
reduction with an electron transfer reagent, dihydrogen in
the present case.

The complete selectivity towards either CO, activation
or C-O bond cleavage resulting from an apparently
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innocent modification of the Lewis acidic site prompted us
to investigate the bimetallic mechanism in more detail. To
this end, Density Functional Theory (DFT) calculations
were carried out at the dispersion corrected PCM(toluene)-
BP86-D3/def2-TZVPP//BP86-D3/def2-SVP level. Figure 3
shows the computed reaction profiles for the reactions of
[(depe),Fe(CO,)] (1) with B(C4Fs); and Al(CyFs)s.

In both cases, the reaction begins with the highly
exergonic formation of the dative bond between the lone-
pair of the O(=C) moiety of 1 and the vacant p atomic
orbital of the group 13 atom of the Lewis acid leading to the
observed species 2 and the analogous complex 2-Al
Although both processes are highly exergonic, the higher
Lewis acidity of Al(C4Fs); becomes evident from the much
higher exergonicity computed for the formation of 2-Al
(AGgr=—46.6 kcalmol ™' vs —23.0 kcalmol ™). Species 2-Al is
then transformed into INT1 through TS1, a saddle point
associated with the slippage of the bridging CO, ligand with
a feasible activation barrier of 17.7 kcalmol™ in a slightly
endergonic transformation (AGg=7.4 kcalmol™'). Inter-
mediate INT1 evolves to INT2 via TS2, which is associated
with the rupture of the OC-O bond. This crucial step
requires a low barrier of only 9.1 kcalmol™' and is again
slightly endergonic (AGg=2.9 kcalmol™'). The transforma-
tion ends up with the isomerization of INT2, where the
carbonyl ligand is placed cis to the O—Al moiety, into the
corresponding trans-3 complex. This final step is highly
exergonic (AGr=—16.6 kcalmol™) and compensates the
previous endergonic steps therefore driving the complete
transformation forward towards the formation of the
observed complex 3. A similar reaction profile was com-

[Fe]ézz @
, 0 0 TS2-B__ [Fel-O—[¢]
—_ TS1-B [Fe] // 19 . INT2-B -
00 %, T IR O8] / 7 .0=C—IFel-O—E]
\ v+ B(CoFs)3 J . INT1-B / . N 3B
0] N /
W T13.7 125
T ) —— TS1 P 2
LBl BTN 2 ooy
\ ;=289 O—[A] , . [Fe]=0—
v+ Al(C6Fs)3 / \ - =30.1 N INT2
o\ __INT1 \
[Fel—\ __2-Al 7
O—[A] _ .
e \ 46.6 “}( \ —52.9
| Et,Py PEL : 0=C—[Fe]—O—[All
: | Fol 3
| Epp-Fe = [Fely

CO,-slippage

CO-bond breakage
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Figure 3. Computed reaction profiles for the reactions of [(depe),Fe(CO,)] (1) with B(C¢Fs); and Al(C4Fs)s. Relative free energies (AG, at 298 K) are
given in kcalmol™'. All data have been computed at the PCM (toluene)-BP86-D3/def2-TZVPP//BP86-D3/def2-SVP level.
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puted for the boron counterpart 2, but at variance, the
formation of the related species 3-B is thermodynamically
not favoured. Despite the computed barriers involving TS1-
B and TS2-B are again feasible at room temperature (AG”
=22.4 and 15.6 kcalmol ™', respectively), a similar thermody-
namic driving force to that commented above for the profile
involving AIl(C4Fs); is lacking for the process involving
B(C¢Fs); and for this reason, the experimentally observed
complex 2 remains the global minimum on the potential
energy surface. The transient formation of 2-Al could be
substantiated by monitoring the reaction between 1 and
Al(C¢Fs); at —80°C, which starts with the formation of a
new species characterized by *'P{'"H} NMR resonances at
87.2, 80.3, 74.1 and 70.0 ppm that cleanly evolves to
compound 3 upon mild warm-up.

The above divergent reactivity encouraged us to examine
the role of other metallic Lewis acids to be combined with
CO,-adduct 1. We first investigated the addition of the
highly electrophilic Au' compound [(PMe,Ar®?)Au-
(NTE,)],BY where Ar®? stands for CgH;-2,6-(CsH;-2',6-
(CHs3),), and NTf, for [N(SO,CF;),] . This Au' species has
been exploited in our group for the design of bimetallic
FLPs,' since it contains a sterically shielding terphenyl
phosphine and a weakly-coordinating triflimidate ligand that
facilitates access to  the aimed  electrophilic
[(PMe,Ar®?)Au]" moiety. Treating 1 with an equimolar
amount of [(PMe,Ar™?)Au(NTf,)] under nitrogen atmos-
phere (Scheme 3) resulted in dissociation of the CO, ligand
and formation of an Fe’—Au' metal-only Lewis pair (6).!
In fact, the same compound can be easily prepared by
adding [(PMe,Ar®™?)Au(NTf,)] to the nitrogen adduct
[(depe)Fe(Ny)].

Interestingly, the former reaction entails an irreversible
ligand substitution defined by the coordination of a N,
molecule from the reaction atmosphere, in a trans position
towards the Fe—Au bond. It is important to remark that
substitution of CO, by the very weakly coordinating N,
ligand is rare” and, for this system, it has only been
observed in the presence of gold, further certifying the
crucial influence exerted by coordination of Lewis acids to

[(PMeAPY2)Au(NTH,)]

Et,Py  TER CgDg, <5min, 25 °C
’ N, atmosphere,
EtzP““'Fe_ —

(_ree (5 bar)
1

|

[(PMe,ArY2)Au(NTf,)]
CgDg, <5min, 25°C

CeDe, <5min, 25 °C | [(PMe,ArY2)Au(NTF,)]

I N or Ar
Ar atmosphere f \
N /CO, (1:1) e PEG
atmosphere \ 2 \ |
¢ Et,p" ‘Fe—!
1+ Au(0) + PMe,ArY2 EP™
146 + [Au(PMe,ArY12),]INTY,] PEt
ca. 1: 1 ratio [(depe)2Fe(N2)]

Scheme 3. Reactivity of 1 with gold complex [(PMe,Ar¥?)Au(NTF,) as a
function of the atmosphere.
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transition metals. Formation of 6 from either [(depe),Fe-
(CO,)] or [(depe),Fe(N,)] contrasts with prior studies from
Simonneau where Au' compounds are prone to participate
in push-pull interactions to activate dinitrogen,*” while
herein the formation of the Fe’—Au' dative bond prevails.
Changing the atmosphere to an approximate equimolar N,/
CO, mixture led to the presence of both precursor 1 and
bimetallic adduct 6, along with other decomposition prod-
ucts. In contrast, under argon atmosphere we could only
observe decomposition of the gold complex, forming a black
solid precipitate, free terphenyl phosphine and [Au-
(PMe,Ar™"),][NTf,], as detected by *'P{'H} NMR monitor-
ing experiments, which evinces the surprisingly important
stabilizing role played by the dinitrogen ligand. Nonetheless,
complex 6 is thermally unstable and decomposes to metallic
gold and free phosphine after minutes in benzene or toluene
solutions. Attempts to prepare analogous species with
bulkier phosphine ligands (PMe,Ar”"? or PCyp,Ar™?)
directly led to decomposition products.

Despite its reduced stability, we managed to characterize
compound 6 by spectroscopic means ('H, P NMR and IR
spectroscopy) and authenticate its molecular structure by X-
ray diffraction studies (Figure 4). It exhibits two character-
istic signals in the *P{'H} NMR spectrum, a doublet at
72.4ppm (Jpp=42Hz) and a quintet at 31.0 pm (Jpp=
42 Hz). The N=N bond of the coordinated dinitrogen is
slightly shorter (1.12(2) A) than in its monometallic parent
species [(depe),Fe(N,)] (1.139(13) A),* which we attribute
to reduced donation from Fe’ to a n*(NN) orbital as a result
of the competing donation from iron to gold (see below). In
fact, the Fe—N bond in 6 is elongated to 1.83(1) A compared
to 1.748(8) A in [(depe),Fe(N,)], while the formation of a
dative Fe—Au bond is characterized by a distance of
2.530(2) A (Figure 4). All these metrics are in accordance
with an IR stretching band for N, in complex 6 sharply
shifted to 2057 cm™ with respect to 1955 cm™ found for
[(depe),Fe(N,)].F*!

Figure 4. ORTEP diagram for complex 67. Hydrogen atoms have been
excluded, and ethyl groups of depe ligand and flanking aryl rings of the
terphenyl phosphine are represented in wire-frame format for clarity.
Thermal ellipsoids are set at 50% probability.
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The particular bonding situation of the newly prepared
complex 6 in comparison with the parent species [(depe),Fe-
(N,)] deserves further analysis. With the help of the Energy
Decomposition Analysis-Natural Orbital for Chemical Va-
lence (EDA-NOCV) method, we first compared the nature
of the Fe-N, bond in [(depe),Fe(N,)] and the bimetallic
cation [(N,)(depe),Fe—Au(PMe,Ar*?)]* (6%) at the relativ-
istic and dispersion corrected ZORA-BP86-D3/TZ2P//
BP86-D3/def2-SVP level. Our calculations indicate that the
presence of the gold(I) fragment makes the Fe-N, bond
weaker as confirmed by the computed lower interaction
energy in 6% (see Table S1 in the Supporting Information).
The partitioning of the AE;, term indicates that the strength
of the orbital and electrostatic interactions is comparable
being the former slightly stronger in both species. Interest-
ingly, three different orbital interactions dominate the total
AE,, term, namely the o-donation from the N, to the
transition metal fragment (denoted as AE(p,)) and two n-
backdonations from the transition metal into both n*
molecular orbitals of the N=N ligand (denoted as AE(p,)
and AE(p;), respectively, Figure5). From the data in
Table S1 and Figure 5, it becomes evident that the out-of-
plane n-backdonation (p,) is significantly weaker (AAE(p,) =
20 kcalmol™) in the cationic complex 6% as a result of the
reduced electronic density at the Fe’ centre by coordination
to the Au' fragment. As a consequence, the N=N bond is
stronger in 6 which is reflected in the observed higher IR
stretching and shorter distance. Finally, we also analyzed the
Fe—Au bond in 6" with the EDA-NOCYV method. Although
the Fe—Au interaction is mainly electrostatic (the AFE,y

AE(p,) = -26.9 keal/mol
N=N:— Fe c-donation

(b)
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term contributes ca. 56 % to the total AE;,), our calculations
confirm the dative nature of the Fe’—Au' bond (associated
AE(p)=—68.4 kcalmol ', see Table S1) involving the dona-
tion from a doubly-occupied d atomic orbital of Fe° to the
vacant s atomic orbital of Au'.P

As aforementioned, we were intrigued by the ability of
gold to promote irreversible ligand substitution between
CO, and N,. Although exposure of 6 to CO, under more
forcing pressure conditions (5 bar) did not offer any hint of
CO, coordination (Scheme 3), the addition of one equiv-
alent of B(C4Fs); under CO, atmosphere (0.5 bar) immedi-
ately generates complex 2. Our calculations are in line with
this observation as the highly endergonic reaction 6%
(NTf,) 4+ CO,—1+ AuNTf,+N, (AGgr= +14.6 kcalmol )
becomes exergonic in the presence of B(C¢Fs); to produce 2
(AGgr=—8.4 kcalmol ™). This behaviour contrasts with the
ability of the gold complex to displace the borane in
[(depe),Fe(N,)B(C¢Fs);], which readily occurs to form
complex 6 upon mixing the two species. Analogously, we
have proved the inertness of the Fe/Au bimetallic compound
6 towards B(CFs); in the absence of carbon dioxide, which
according to our calculations is indeed a highly endergonic
(thus, unfeasible) process (AGy= +43.8 kcalmol™). These
results suggest that the most thermodynamically stable
compound of the series is compound 2.

To complete these studies, we finally examined the use
of Zn(C4Fs), as a Lewis acid, owing to its higher oxophilicity
compared to gold™ and thus a presumed enhanced ability
to activate CO,. In fact, treating a thf solution of precursor 1
with Zn(C4Fs), in equimolar amounts resulted in a rapid

AE(p;) = -27.2 kecal/mol
Fe — N=N n-backdonation

AE(p4) = —25.9 keal/mol
N=N:— Fe o-donation

AE(p,) = —28.2 kcal/mol
Fe — N=N n-backdonation

AE(p;) = -27.2 kcal/mol
Fe — N=N n-backdonation

Figure 5. Contour plots of NOCV deformation densities Ap and associated energies AE(p) (computed at the ZORA-BP86-D3/TZ2P//BP86-D3/
def2-SVP level) in [(depe),Fe(N,)] (a) and 6* (b). Electron-density charge flows in the direction red—blue.
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colour change from orange to pink. The formation of a new
compound 7 (Scheme 4a) is evidenced by *P{'"H} NMR,
where a broad signal at 77.8 ppm was recorded in thf-dg at
25°C. This signal becomes a set of four broad multiplets
(89.1, 80.9, 74.7 and 67.9 ppm) when the temperature was
decreased to —20°C. Single-crystals suitable for X-ray
diffraction analysis were grown from a concentrated toluene
solution at —30°C (35 % yield), unveiling the anticipated
activation of CO, in a bimetallic manner (Figure 6). At
variance with B(C4Fs);, the CO, molecule now bridges the
two metals in a u-CO,~1xC':2kO0":0* fashion. The corre-
sponding structural parameters are comparable to previous
examples that exhibit this type of binding.™'>'* j-coordina-
tion to zinc forces the O—C—O angle to diminish to 114(2)°
(c.f. 124(2)° in 1). Activation of CO, upon zinc coordination
is also discernible by a slight elongation of the C—O bonds
to an average value of 129 A (1.27(2) for O1-C21 and
1.31(2) A for O2—C21 distances) compared to the average
value of 1.26 A in complex 1 (1.28(2) and 1.25(3) A values
for the two C—O distances).I'"” Intriguingly, a molecule of N,

(a) r\
Py PER Eup, PEt or
\l Zn(CeFs)o, Na . \FI N
were— —_—— 2——Fe— zZn'
Eti/ | thf-dg e Et2P( l V4 \CGFS
PEt, <5min, 25 k/PEtz
1 7
(b)
PEt PEt
Et,P, 2 Et,P, 2
N Zn(CeFs)a, -N; 2
“Fe—N, ————m wFe— Zn(CgFs)
w 2 ! 6Fs5)2
Et,P | thf-d Et,P
PEt, 25°C K/PEtz
[(depe)2Fe(Ny)] 8

Scheme 4. Reactivity of Fe® compounds with Zn(CgFs),.

Figure 6. ORTEP of complex 7. Hydrogen atoms have been excluded,
and ethyl groups of depe ligand are represented in wire-frame format
for clarity. Thermal ellipsoids are set at 50% probability.””
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coordinates to the Fe’ centre upon CO, activation to yield a
highly unusual structure, namely the first organometallic
species structurally characterized in which both N, and CO,,
typically very poorly coordinating ligands, are bound to the
same metal. Their presence is in accordance with its
corresponding IR spectrum, where bands at 1633 and
2105 cm™' are assigned to CO, and N,, respectively. The
function of the iron centre as a Lewis base for the activation
of CO, results in a reduced N=N bond length of 1.07(2) A,
even shorter than in compound 6 (1.12(2) A).

The unexpected coordination of dinitrogen in 7 led us to
examine the reactivity of [(depe),Fe(N,)] with Zn(CFs),
(Scheme 4b). Conversely, in the absence of CO,, the metal
only Lewis adduct 8 characterized by a dative Fe’—Zn"
bond (dp.z,=2.561 A; see Figure S36) is produced as the
major species, with concomitant release of dinitrogen. None-
theless, complex 8 exhibits a dynamic equilibrium in solution
with its separated fragments, being the Fe—Zn bond
cleavage favoured at low temperatures (see Supporting
Information). In fact, compound 8 could be isolated as green
crystals at —30°C in 28 % yield. The lability of the bimetallic
bond is also confirmed by the addition of one equivalent of
B(C¢Fs); under CO, atmosphere, which results in quantita-
tive formation of 2. However, exposure of 8 to CO, (1 atm)
results in the formation of unidentified products and
phosphine ligand dissociation.

Comparing the C—Zn—C angle of both zinc-based
structures, it diminishes from 135.6(7)° in 7 to 100.2(1)° in 8,
significantly reduced compared to other transition metal
base-zinc Lewis adducts.’! Once more, this result contrasts
with the push-pull activation of N, observed before for the
same iron fragment in the presence of B(C4F;);® and attests
the importance of tuning the nature of Lewis acids in
bimetallic architectures as a crucial designing principle for
bond activation studies.

Conclusion

We have demonstrated that the choice of Lewis acid for the
binuclear activation of carbon dioxide through push-pull
forces is of paramount importance to modulate reaction
selectivity. In fact, maintaining a common Lewis basic Fe’
synthon ([(depe),Fe(CO,)]), we disclose a completely diver-
gent reactivity that span from irreversible CO, dissociation,
to its activation by two dissimilar modes and up to the rare
bimetallic cleavage of one of the C-O bonds. We have
performed computational studies that provide solid under-
standing on the observed divergent reactivity and substan-
tiate the bonding scenario by means of state-of-the-art
methods. Overall, the results of this work offer fundamental
knowledge on the way to developing bimetallic efficient
strategies for the valorisation of carbon dioxide.
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