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ABSTRACT: Nature utilizes multimetallic sites in metalloenzymes to
enable multielectron chemical transformations at ambient conditions
and low overpotentials. One such example of multimetallic cooperativity
can be found in the C-cluster of Ni—carbon monoxide dehydrogenase
(CODH), which interconverts CO and CO,. Toward a potential
functional model of the C-cluster, a family of Ni—Fe bimetallic
complexes was synthesized that contain direct metal-metal bonding
interactions. The complexes were characterized by X-ray crystallography,
various spectroscopies (NMR, EPR, UV-—vis, Mossbauer), and
theoretical calculations. The Ni—Fe bimetallic system has a reversible

v Bioinspired

J v CO,to CO and CO,2-
Fe(III)/Fe(1l) redox couple at —2.10 V (vs Fc"/Fc). The Fe-based v Fe'/Fe'' redox
“redox switch” can turn on CO, reactivity at the Ni(0) center by
leveraging the Ni—Fe dative interaction to attenuate the Ni(0) electron density. The reduced Ni(0)Fe(II) species mediated the
formal two-electron reduction of CO, to CO, providing a Ni—CO adduct and CO;*~ as products. During the reaction, an

intermediate was observed that is proposed to be a Ni—CO, species.

B INTRODUCTION

Record high levels of atmospheric CO, and its detrimental PiPr,

impact on society motivate the development of energy-efficient o N
processes that “fix” CO, into industrially useful feedstocks.' ™ N—r-i—<( N /
Arguably, the most industrially relevant C1 feedstock is carbon o’ \;P)
monoxide, with its prominent roles in Fischer—Tropsch PiPr, ipr, |
processes and carbonylation chemistry.® In nature, CO

dehydrogenases (CODHs) are highly active enzymes that Lee et al.

use protons and electrons to interconvert CO, and CO: CO +
H,0 = CO, + 2H" + 2e¢”. Among CODHs, the Ni-based
enzymes employ a common active site, the C-cluster, to effect
this transformation.” Notably, when applied electrocatalyti-
cally, the reduction of CO, occurs with nearly no over-
potential.”

The C-cluster features a distorted NiFe;S,-cubane (Figure
1) that is coordinated via sulfide to an external iron site
denoted as the unique iron (Fe,).”'? Several crystal structures
of various intermediates have provided key insight into the Figure 1. A zoom of the C-cluster active site in Ni—CODH and
exact binding sites for both CO and CO, and thereby the heterobimetallic NiFe model complexes.
mechanism for their interconversion.'' ~'* Ni is believed to be
the redox-active site, while Fe, plays a supporting role in
stabilizing the H,0/OH and in assisting Ni in the cooperative
binding of CO,. Despite numerous crystallographic and
spectroscopic studies, the electronic structure of the C-cluster
remains elusive. Biomimetic complexes with similar cubane
motifs have been synthesized, but these models do not fully
mimic the position or the role of Fe,.'®"*° From the
standpoint of CO, reactivity, only one Ni—Fe biomimetic
complex has been reported that is capable of binding CO, to
both Ni and Fe, as shown in Figure 1 (top).”" Excitingly, C—O

cleavage ensued upon the addition of 2 equiv of HBF,-Et,O to
generate a Ni carbonyl product. We note that the reactive
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species in this example consisted of separate mononuclear Ni
and Fe precursors, as opposed to a multimetallic species that
would more closely resemble the C-cluster.

To address the lack of Ni-CODH C-cluster models that are
reactive toward CO, and feature both an active Ni center and a
proximal Fe site, we set out to prepare a Ni—Fe
heterobimetallic system supported by the “double-decker”
ligand shown in Figure 1. Herein, we describe a redox pair of
Ni—Fe complexes and their CO adducts, which were
characterized by X-ray crystallography, various spectroscopies
(NMR, EPR, UV-—vis, Mossbauer), and theoretical calcu-
lations. In particular, the reduced Ni—Fe species allows for the
observation of a presumed CO,-bound species, a key
intermediate in the overall process where CO, is reductively
cleaved to form carbonate and a Ni-bound carbonyl adduct.

B RESULTS AND DISCUSSION

Synthesis of Ni—Fe Bimetallic Compounds. The typical
synthesis of heterobimetallic complexes bearing the double-
decker ligand, (N(o-(NCH,P'Pr,)C¢H,);)*” (abbreviated as
L*7), begins with a salt-metathesis reaction of MCl; and L*~ to
afford the neutral metalloligand ML. However, attempts to
prepare FeL in this manner 1nstead formed the diiron species
ClFe,L as the major product.”> To circumvent this issue, a
synthetic approach was adopted where the deprotonated ligand
Li;L was first metalated with Ni(COD), (COD = 1,5-
cyclooctadiene) to afford Ni(LiyL) in situ.”> With the
phosphines precoordinated to Ni in Ni(Li;-L), the installation
of the Fe center into the triamidoamine pocket using
FeCL;(THF), proceeded cleanly, and the burgundy-colored
heterobimetallic complex NiFeL (1) was isolated in 90% yield.
The 'H NMR spectrum of 1 in C¢Dg4 displays six broad
paramagnetically shifted peaks ranging from —55 to 88 ppm.
The number of NMR peaks observed is consistent with fast
interconversion of the two C;-symmetric propeller isomers of 1
on the NMR time scale. Complex 1 is soluble in THF and
aromatic solvents, is sparingly soluble in Et,0, and is insoluble
in hexanes.

As shown in Scheme 1, the chemical reduction of 1 was
effected using KCq in THF to produce a deep-red solution.
The crude 'H NMR spectrum showed six broad signals
ranging from —21 to 103 ppm. Single crystals were grown from
a hexane-layered THF solution at —25 °C, and an X-ray
diffraction study revealed the product to be K(THF);"NiFeL
(K-2),”* where the K* ion is intercalated between two arene
rings of the ligand backbone (vide infra). Correspondingly, the
"H NMR spectrum of K-2 displays nine sharp signals from 100
to —21 ppm. To replace K" with a noninteracting cation, we
employed the phosphazenium cation, [P(NMeCy),]* (abbre-
viated as [P,]*), that was pioneered by Schwesinger and co-
workers. 25 27 The addition of [P,][BF,] to the reaction of 1
and KC,, followed by extraction into PhF, provided
[P(NMeCy),][NiFeL] ([P,]2), which can be further purified
by crystallization. Layering a THF solution of [P;]2 with
hexane resulted in black-colored needles in 65% yield. Both K-
2 and [P, ]2 are sparingly soluble in Et,O and readily soluble in
THF and the fluoroarene solvents PhF, o-F,C4H,, and PhCFj.

Because carbonyl ligands are a useful reporter of metal-based
electron density and CO is a pertinent substrate for Ni—
CODH enzymes, the carbonyl adducts of 1 and 2 were
targeted (Scheme 1). The addition of CO (1 atm) to a
burgundy solution of 1 resulted in the clean production of
forest green (CO)NiFeL (1-CO). In contrast, the carbonyl

Scheme 1. Synthesis of the Ni-Fe Bimetallic Compounds, K-
2, [P,]2, 1-CO, [P,]2-CO, and [Li]2-CO, Starting from 1
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adducts of the isostructural NiGaL and NiAlL complexes
cannot be prepared via CO addition to the NiML precursor
due to the formation of a complex mixture of species.”* "
Complex 1-CO is remarkably soluble and even dissolves in
hexanes. The addition of 1 equiv of LiHBEt; to 1-CO
generated yellow-orange Li(THF),[(CO)NiFeL] ([Li]2-CO),
which was isolated in moderate crystalline yield (50%) from a
THF solution layered with hexanes. Complex [Li]2-CO is
soluble in THF, Et,O, and the fluoroarene solvents PhF, o-
F,C¢H,, and PhCF;. Of note, the addition of 1 equiv of CO to
a THF-dg solution of [P,]2 generates [P,]2-CO (based on
NMR), indicating another route to the reduced carbonyl
complex. The CO stretch of 1954 cm™ for 1-CO (in THF)
indicates moderate CO activation (cf. vco = 2143 cm™! for free
CO)*" and is on par with that reported for (CO)Ni’(P-
(OMe),); (1952 cm™) and the isostructural (CO)NIAIL
complex (1953 cm™).”**” As expected, the reduced species,
[Li]2-CO, displays a lower stretching frequency of 1930 cm™
(THF, A = =24 cm™).

Electrochemistry of 1 and 1-CO. Cyclic voltammograms
of 1 and 1-CO (0.82 mM sample, 0.1 M ["Bu,N]PF,/THF,
100 mV/s) showed a reversible reduction event at —2.10 V
(AE = 184 mV, iy /i, = = 1.07) and —1.80 V (AE =92 mV,
zpc/zPa = 1.05) versus Fc'/Fc, respectively (Flgure 2).
Additionally, a reversible oxidation process was observed at
—0.37 V (AE, = 190 mV, i,./i,, = 0.92) for 1 and at —0.20 V
(AE, =95 mV ipc/ipa = 094) for 1-CO.

In general, the redox potentials for 1-CO are more positive
than those for 1, which is consistent with CO being a good 7-
acid. Because CO withdraws electron density from the Ni—Fe
core, 1-CO is both easier to reduce and harder to oxidize
compared to 1. Of note, the reduction potential of 1 is milder
than any of those recorded for the related Ni-group 13
compounds, NiML: —2.82 V (M = Al), —2.48 V (Ga), and
—2.34 V (In).***° Moreover, the oxidation of 1 occurs at a
more positive potential than that for NiAlL (—0.74 V) and
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Figure 2. Cyclic voltammograms of 1 (blue) and 1-CO (red).
Conditions: 0.82 mM complex and 0.1 M [N"Bu,]PF, in THF at 100
mV/s scan rate (referenced versus Fc/Fc redox potential).

NiGaL (—0.57 V), while being close to that for (N,)NiInL
(—036 V).28’30’33

X-ray Crystallography. The solid-state structures of the
Ni—Fe complexes were elucidated by single-crystal X-ray
diffraction. The structures are depicted in Figure 3, and the
relevant structural parameters are listed in Table 1. At
2.3168(4) A, 1 contains the shortest reported Ni—Fe bond
length to date. Previously, the shortest Ni—Fe bond length of
2.368(1) A was reported for CpNi(n*PrCCH)Fe,(CO),.**
The formal shortness ratio (FSR),*® or the ratio of the metal—
metal bond length to the sum of the metals’ single-bond
metallic radii,*® is 0.93, which is suggestive of some multiple-
bond character (FSR < 1). Upon one-electron reduction of 1
to K-2 or [P;]2, the Ni—Fe bond length increases substantially
to 2.482(1) A (FSR 0.99) and 2.4896(4)/2.5135(3) A (FSR
1.00/1.01), respectively. The most notable difference between
K-2 and [P,]2 is the distortion from trigonal symmetry at the
Fe site in the former because of the potassium ion interactin

with the aryl ring and the N,,—C(aryl) bond of the ligand.”

The addition of an apical carbonyl ligand in 1-CO causes a
similar elongation of the Ni—Fe bond to 2.5183(4) A (FSR
1.01). Moreover, the Ni center in 1-CO resides further above
the triphosphine plane by 0.2962(2) A compared to 0.0006(5)
A in 1. In this set, [Li]2-CO, the carbonyl adduct of the
reduced Ni—Fe core, has the longest intermetal distance of
2.7321(5) A. The FSR value of 1.09 is suggestive of either
noninteracting or weakly interacting metals. The C-O
distances of 1.150(2) and 1.159(3) A in 1-CO and [Li]2-
CO, respectively, align with greater activation of CO upon
reduction of the Ni—Fe unit (cf. 1.1283 A in free CO).”" This
trend in CO activation is also paralleled in the Ni—C bond
length, which decreases from 1.788(2) A in 1-CO to 1.755(3)
A in [Li]2-CO. The contraction of the Ni—C bond in [Li]2-
CO is consistent with increased 7-back-bonding from a more
electron-rich Ni—Fe unit into the CO ligand.

Méssbauer Spectroscopy. *’Fe Maossbauer spectroscopy
is a useful spectroscopic tool for assigning Fe oxidation and
spin states and even for understanding the bonding in a
number of covalently bonded and bimetallic iron com-
plexes.””**7* For the anionic complexes, [P,]2, K-2, and
[Li]2-CO, the zero-field Mossbauer spectra at 80 K showed
clear doublets (Figure 4, left). As listed in Table 2, the isomer
shift (5) values for [P,]2, K-2, and [Li]2-CO are all similar,
ranging from 0.71 to 0.75 mm/s, with quadrupole splitting
(IAEq|) values of 0.73, 1.04, and 1.05 mm/s, respectively.
These Mossbauer parameters are characteristic of high-spin S =
2 Fe(II) centers.

In contrast to their reduced analogues, both 1 and 1-CO are
S = 5/2 spin systems (based on Evans’s method and EPR data,
Figure S25) and displayed broad, ill-defined zero-field
Mossbauer spectra at 80 K. Such excessive broadening can
be observed for half-integer spin systems, where the Kramer
doublet states, being easily prone to magnetic polarization, can
engender large internal fields at the Fe center.””” The
corresponding wide magnetic Mossbauer splittings, however,

1-CO

[Li]2-CO

Figure 3. Solid-state structures of 1, K-2, [P,]2, 1-CO, and [Li]2-CO. Thermal ellipsoids set at the 50% probability level. Hydrogen atoms,
noninteracting counterions, and solvent molecules were omitted for clarity. In the case of [P;]2, the average Ni—Fe bond length of two

independent molecules was tabulated.
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Table 1. Selected Bond Lengths (A), Bond Angles (deg), and Other Relevant Metrics for 1, K-2, [P;]2, 1-CO, and [Li]2-CO

1 K-2
Ni—Fe 2.3168(4) 2.482(1)
FSR® 0.93 0.99
d-count 15 16
Ni to P; plane 0.006(3) 0.0951(9)
Ni—P 2.2258(6) 2.183(2)
2.2307(7) 2.191(2)
2.2434(6) 2.200(2)
P—Ni-P 118.63(2) 120.43(6)
120.21(2) 119.51(6)
121.16(2) 119.06(7)
Fe—N, 1.956(2) 1.997(S)
1.956(2) 2.017(4)
1.957(2) 1.979(4)
Fe—N,ine 2.2866(16) 2.227(5)
N,,—Fe-N, 116.17 (7) 118.65(21)
116.98 (7) 123.95(20)
118.67(7) 110.39(19)
c-0 N/A N/A
Ni—C N/A N/A

[P,]2¢
2.4896(4)
1.00
16
0.1435(4)
2.2002(5)
2.1958(5)
2.2082(6)
118.79(2)
120.60(2)
119.34(2)
1.978(2)
1.984(2)
1.992(2)
2.198(2)
119.66(7)
119.92(6)
114.17(7)
N/A
N/A

2.5135(3)
1.01

0.1240(4)
2.1923(5)
2.1962(5)
2.2035(5)
119.39(2)
119.70(2)
119.96(2)
1.981(2)
1.984(2)
1.986(2)
2212(2)
119.01(6)
116.86(6)
118.47(6)
N/A
N/A

1-CO
2.5183(4)
1.01
15
0.2962(2)
2.2571(5)
2.2629(5)
2.2865(5)
115.89(2)
118.33(2)
116.89(3)
1.957(1)
1.965(1)
1.966(1)
2.2963(14)
117.90(6)
113.16(6)
116.31(6)
1.150(2)
1.789(2)

[Li]2-CO
2.7321(5)
1.09
16
0.3786(4)
2.2499(7)
2.2589(8)
2.2886(8)
116.19(3)
115.79(3)
113.57(3)
2.000(2)
2.000(2)
2.005(2)
2.2735(22)
110.62(9)
120.29(9)
119.64(9)
1.159(3)
1.756(3)

“Two unique molecules in the unit cell. “See text for definition.

18 AE,
T PR AR, e
71073 Y [Py]12
0.985[ oA
L A ©0.99

0.97+ Yo s

8 E

50.98 £
b=} 0.73 1.04 @

Eo.96f ®

& =
= 0.94] -1 1

] [}
K] o« T 098
ey . 0.99 .
0.75 1.05 [Li]-2-CO 0.96
0.975} 0.98 0.94
0.95} N N s N , o7l —— ) 1 1 ! !
3 2 1 0 1 2 3 4 -10 0 5 10 -10 -5 0 5 10
Velocity (mm/s) Velocity (mm/s) Velocity (mm/s)

Figure 4. (left) The zero-field Mdssbauer spectra of [P;]2, K-2, and [Li]2-CO at 80 K. Magnetic Mossbauer spectra for 1 (middle) and 1-CO
(right) recorded at 1.6 K with fields of 4 and 7 T applied perpendicular to the y-rays. Experimental data are shown as black markers (X). The
colored traces represent fits with Lorentzian doublets for the zero-field spectra (left) and spin-Hamiltonian simulations for others. The values

obtained from parameter optimization are provided in Table 2.

Table 2. Mossbauer Parameters of 1, 1-CO, [P,]2, K-2, and [Li]2-CO from Data Collected at Various Temperatures and

Applied Fields®

complex S (mm/s) AE, (mm/s) temp (K)
1 0.24 +1.67° 1.6
1-CO 0.29 -0.78% 1.6
P12 0.71 0.73" 25
K-2 0.73 1.04" 80
[Li]2-CO 0.75 1.0s" 80

5/2
5/2
2
2
2

applied field (T) A /gy (T) D (ecm™) E/D
47 -17.7 —0.46 0

4,7 —15.0 —2.87 0.05

0 N/A N/A N/A

0 N/A N/A N/A

0 N/A N/A N/A

“The sign is extracted from the magnetic simulations, whereas the asymmetry parameter (7) was set to zero. bThese reflect the absolute value,
|AEq|, since the sign is not determined by zero-field spectra. “The g Zeeman value was set to g = 2, in accordance with EPR, Figure S25.

in weak- and zero-field measurements tend to collapse because
of spin-relaxation processes, yielding a broad, unresolved
coalescence pattern due to the intermediate spin-relaxation
rate.

Fortunately, the paramagnetic Mossbauer spectra of 1 and 1-
CO become resolved upon cooling to 1.6 K and applying

external fields of 4 and 7 T. The resulting wide split six-line
pattern reveals the presence of strong internal fields of more
than ca. 40 T, whereas the intensity distribution of lines
suggests situations with ‘easy axes of magnetization’, as
expected for spin sextets with low-lying m, = +5/2 Kramers
doublets. Corresponding global fits of the spectra were

https://dx.doi.org/10.1021/acs.inorgchem.0c02041
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Figure S. Proposed overall reaction between 2 and CO, with a plausible mechanism.

performed by using spin-Hamiltonian simulations for S = 5/2
to determine various parameters. The zero-field splitting
parameters (D) were found to be negative, —0.46 cm™" for 1
and —2.87 cm™' for 1-CO, rendering the m, = +5/2 levels
lowest in energy. (The rhombicity, E/D, for both 1 and 1-CO
is zero or close to zero, which is consistent with the trigonal
symmetry of these complexes and with EPR, Figure S25.) In
the case of 1-CO, only the m, = —5/2 level is populated at 1.6
K with 4 and 7 T applied field, and a clear single magnetic
Mossbauer sextet was observed (Figure 4, right). Specifically,
the combined effects of Zeeman splitting and substantial zero-
field splitting of +5/2 and +3/2 levels by 4D ~ 12 cm™, i.e,,
ca. 16 K, strongly stabilize this single m level. In contrast, 1,
which has a substantially smaller D value (4D/k = 2.6 K),
showed a more complex pattern that derives from population
of both the m, = —5/2 and m, = —3/2 levels (Figure 4, middle).
In particular, the ‘double-line’ structures of the high-energy
Mossbauer transitions at ca. 7 mm/s allow a sensitive
determination of D. Importantly, 1 and 1-CO both have
similar isomer shifts of 0.24 and 0.29 mm/s, respectively,
which are significantly lower than those for the ferrous
compounds and within the expected range for S = §/2 Fe(III)
centers.

For AE, two main factors are deterministic: the principal
component (V,,) of the electric field gradient tensor (V;) at
the iron center and the asymmetry factor, 77, which is equal to
Vi =

v,
2 However, as the trigonal symmetry of these complexes

causes vanishing #, like for E/D, the apparent quadrupole shift
of the magnetic six-line Mossbauer spectra (i.e., shift of the
inner four vs the outer two lines) immediately discloses AE,
including its sign. Isostructural FeML complexes that contain
Fe—M triple bonds (M = Ti, V, and Cr) are characterized by
unusually large IAE (| values (>4 mm/s). A detailed DFT study
of the Fe—Ti series revealed that polarization of the Fe core
electrons, which was attributed to the strong Fe—Ti bonding
interaction, increased V,,, substantially.”” Here, the AE, value
for 1 of 1.67 mm/s is the largest in this series and is also larger
than any other Fe center in this ligand pocket (SI). Because 1
has the uniquely short Ni—Fe bond, the presence of a strong
Ni—Fe dative interaction may explain the increase in AEq. In
closing this section, we conclude the following: (1) all Fe

centers are high-spin in these Ni—Fe complexes; and (2) the
one-electron reduction of both 1 and 1-CO to their anionic
counterparts is completely iron-based from Fe(III) to Fe(II).

CO, Reductive Disproportionation. In pursuit of
reactivity analogous to Ni—CODH, we tested the reactivity
of the reduced Ni—Fe species with CO,. Upon exposure of K-
2 and 2 equiv of benzo-15-crown-S (B-15-C-S) in THF-dj to 1
atm CO, at room temperature, a new paramagnetic species was
quantitatively formed based on a clean single "H NMR peak at
ca. 22 ppm (Figure S17). This intermediate is stable for a few
hours at room temperature. Further reaction by heating at 50
°C resulted in a final mixture of 1 (major), 2-CO (minor), and
CO;”". The latter was confirmed by *C NMR spectroscopy
using labeled "*CO, and performing a basic aqueous workup of
the reaction (Figure S21). In the absence of B-15-C-S, the
reaction proceeds to the same mixture of products at 40 °C,
though no intermediate was detected.

Based on the product mixture, we propose that 2 mediates
the reductive disproportionation of CO,, where 2CO, + 2e™ —
CO + CO;*7, according to the stoichiometry shown in Figure
5. Since each molecule of 2 supplies one reducing equivalent,
then one might expect consumption of 2 equiv of 2 and
formation of 1 and 1-CO in a 1:1 ratio. However, a third
molecule of 2 was further consumed to reduce 1-CO to 2-CO.
In the proposed mechanism, 2 simultaneously binds and
reduces CO, to form the Ni carboxylate species, [(CO,)-
NiFeL]™, which we tentatively assign to the observed
intermediate detected electrochemically (Epa = =137V,
Figure S24) and by UV—vis spectroscopy (Figure S27).
Next, a one-electron reduction would produce a Ni diolate that
performs a nucleophilic attack on a second molecule of CO,.
The immediate product could then cleave into 1-CO and
CO,". Finally, a second one-electron reduction would form 2-
CO, alongside 2 equiv of 1. In support of this last step,
combining [P;]2 and 1-CO did produce [P;]2-CO and 1
cleanly. To our knowledge, the standard reduction potential of
2CO, + 2e~ — CO + CO;*” in organic solvents has yet to be
measured. However, using thermochemical relationships, one
can calculate the potential to be —1.20 V vs Fc*/Fc in aqueous
solution.*® Hence, [P,]2 mediates the reductive disproportio-
nation of CO, with a large overpotential, not unlike many
other complexes capable of CO, disproportionation.*' ~*
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If [P,]2 was employed , where the countercation is
noninteracting, the same presumed intermediate, [(CO,)-
NiFeL]™, was immediately generated. Heating this reaction
overnight at 50 °C, however, showed minimal conversion to 1
and 2-CO. This suggests that the K* ions may be playing a
critical role during the reaction by driving the formation of
CO,*". Indeed, performing the reaction of K-2 in the presence
of the Li* source, LiAI(ORF), (where R = C(CF;);), led to the
instantaneous production of 1 and [Li]2-CO. A similar cation
effect has been previously observed for a dianionic
boranthracene CO, reduction system and was attributed to
the Iar§e enthalpic driving force of the formation of
Li,CO;.""* The observation of a potential CO, adduct is
notable, as previously reported systems for reductive CO,
disproportionation typically bypass any observable adduct and
proceed immediately to the metal carbonyl product or, as in
the case of s- and f-block complexes, a dinuclear carbo-

50—54 :
nate. Lastly, any attempts to remove the carbonyl ligand
from 1-CO or [Li]2-CO in THF-dg by thermolysis (50 °C,
under N, flow) or photolysis (mercury lamp, intermittent
freeze—pump—thaw cycles) resulted in no reaction.

Computational Study. In order to gain insights into the
electronic structure, multireference calculations were carried
out for 1, [P,]2, 1-CO, and [Li]2-CO, omitting any
countercations. Single-point energies were calculated at the
experimental structures for all possible spin states using
complete and restricted active-space self-consistent field
(CASSCF and RASSCF) methods, followed by second-order
perturbation theory (CASPT2 and RASPT2). Figure 6 shows
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Figure 6. Natural orbitals that arise from the CASSCF(15,15)
calculations for the sextet spin state for complex 1. The orbitals are
labeled 1 to 15, and the occupation numbers are shown in
parentheses.

the active orbitals obtained from the CASSCF(1S5,15)
calculation for 1, where the active space comprises 15 total
valence d-electrons in 15 orbitals, which are the full sets of Ni
and Fe 3d orbitals as well as the Ni 4d orbitals to account for
second-shell effects.” Since we expect the second-shell effects
to be more pronounced for orbitals that are doubly occupied
(namely, the 3d orbitals of Ni), we did not include a second
shell of d orbitals for singly occupied orbitals (such as the 3d
orbitals of Fe). The ground state of 1 is the sextet state (S =5/
2), which is also the highest possible spin (Table S4).

The occupation numbers are consistent with a Ni(0) d'°
center and a high-spin Fe(III) center. The Hirshfeld spin
densities corroborate this assignment with respective spin
densities of 0.17 and 4.51 for Ni and Fe, respectively.
Moreover, attempts to converge to the alternative config-
uration of Ni(I)Fe(II) as ground state were unfruitful. While
the majority of natural orbitals corresponds to localized atomic
orbitals, two orbitals, labeled 5 and 11 in Figure 6, show some
degree of covalency. These orbitals show some o(Ni—Fe)
bond character, even though they are still quite localized on
the Ni or Fe atom. Specifically, the 6(Ni—Fe) is 86% Ni 3d,
and 9.3% Fe 3d; (Table 3). Based on their respective
occupancies, we can determine a maximal Ni—Fe bond order
of 0.48.

Table 3. Ni—Fe Bond Length (A) and Ni and Fe
Contributions to the 6(Ni—Fe) Orbital for 1, [P,]2, 1-CO,
and [Li]2-CO

1 1-CO [p,]2 [Li]2-CO
Ni-Fe bond length ~ 2.3168(4)  2.5183(4)  2.4896(4)  2.7321(5)
Fe 3d; 9.3 8.1 2.4 1.8
contribution (%)
Ni 3d, 86.0 84.3 95.1 93.8

contribution (%)

For the anionic complexes, the corresponding active space of
(16,16) reaches the limit of computational feasibility. To
reduce the computational cost, the Ni—Fe complexes were
computed using RASSCF with the following active spaces:
(15,15)/(5,5)/2 for 1 and 1-CO and (16,16)/(4,4)/2 for
[P,]2 and [Li]2-CO (see the Experimental Section for
computational details). Using 1 as an example, the 15 valence
electrons in 15 orbitals are further restricted to S electrons in §
active orbitals (in the RAS2 subspace), while allowing for 2
particles (at maximum) to populate the virtual orbitals. The
predicted ground state and metal spin densities from the
RASSCE/PT?2 calculations of 1 were the same or highly similar
to those obtained from the CASSCF/PT2 study (Table S4).
Across the remaining Ni—Fe complexes, the highest spin
configuration was consistently predicted to be the ground spin
state. Moreover, the Ni spin density remains consistently near
zero, while the Fe spin density is consistent with high-spin
Fe(III) in 1-CO or high-spin Fe(II) in [P,]2 and [Li]2-CO
(Tables S5—S7). These results along with the Mossbauer data
reinforce the fact that the redox changes are Fe-based, via the
Fe(Il)/Fe(1ll) redox couple, while Ni remains primarily
invariant as Ni(0).

The extent of localization in the ¢(Ni—Fe) orbital for 1-CO
(84.3% Ni 3d,, 8.1% Fe 3d.?) is slightly greater than that for 1
(Table 3). The reduced analogues, [P,]2 and [Li]2-CO, show
even greater polarization with the Ni 3d, character as high as
93 to 95%. These results suggest that the Ni—Fe covalency is
greater in the oxidized Ni(0)Fe(III) species than in their
reduced Ni(0)Fe(II) analogues. However, considering the
strong localization of these molecular orbitals, the Ni—Fe
bonding interaction is highly dative in nature with Ni—Fe
donation. Hence, a highly Lewis acidic Fe(III) acceptor could
account for the short Ni—Fe bond found in 1. The ca. 0.2 A
metal—metal bond length increase upon reduction (c¢f 1 to
[P;]2 and 1-CO to [Li]2-CO) can also be explained by both
the decreased covalent character and the lower Lewis acidity of
Fe(II) in the reduced counterparts. Lastly, the ca. 0.2 A metal—
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metal bond length increase upon CO binding would also be
consistent with decreased electron density at Ni, which
weakens the Ni—Fe dative interaction.

Comparison with the C-Cluster of Ni—CODH. One key
aspect of Ni—CODHs is their high structural similarity across
different bacteria phyla, hinting at the fundamental nature of
the design principles that govern their function.” The C-
cluster, which mediates the interconversion of CO and CO,
(via CO + H,0 — CO, + 2H" + 2e7), has been investigated
extensively using varied spectroscopic and structural meth-
0ds.”*® While the consensus has been reached regarding its
geometric structure as a distorted NiFe;S,-cubane with a
dangling unique Fe (or Fe,), the electronic structure remains
elusive, and the specific metal oxidation states are not fully
known. Hence, there is ample opportunity for developing
model complexes to target the structural complexity of the C-
cluster in order to better understand how the cluster
works717/18:20

During the catalytic cycle, the C-cluster cycles between two
redox states: C,4; and C,.q,, where C,4; is reduced in two
single-electron steps to form C_g4,. More importantly, C,.q,
binds CO,, and an X-ray structure of the C,4,+CO, state
revealed the CO, substrate bridging between Ni and Fe, in a
Ni—C(O)—O—Fe, linkage.'"”” In the proposed mechanism,
subsequent protonation followed by full cleavage of the C—O
bond yields Ni—CO and Fe,—OH in the C_4,+CO state. The
Ni/Fe, oxidation states in C,q4; and C,.q, are proposed to be
Ni(I)/Fe,(II) and Ni(0)/Fe,(II), respectively, where the
reduction is Ni-based.'"* Moreover, Fe, was assigned as the
high-spin ferrous component that had been observed by
Mossbauer spectroscopy.

In comparison to the C-cluster, the synthetic Ni—Fe
complexes herein feature an overly simplified cluster
comprising a Ni atom paired with a single Fe ion. Nonetheless,
the reduced Ni(0)Fe(Il) core in 2 shares the same oxidation/
spin states as those proposed for Ni and Fe, in C.g4.
Moreover, 2 binds CO, akin to C.4,. However, CO, binding
to 2 presumably occurs solely at Ni because the ligand scaffold
precludes the Fe center from readily interacting with
substrates. Without the possibility to employ both Ni and Fe
to activate CO,, the cleavage of CO, does not ensue after CO,
binding like in Ni—CODH. Instead, a further reduction of 2-
CO, is needed to initiate CO, disproportionation to carbonate
and 1-CO. Because C .4, and C,4, differ by two electrons, 1/1-
CO, which only differ from 2/2-CO by a single electron, are
ill-suited models for C,4;/C,.q;+CO. Other key contrasts
between our synthetic system and the C-cluster are that the
reduction of 1 is Fe-based, rather than Ni-based for Ni—
CODH, and 1-CO does not release CO, which inhibits any
catalytic turnover.

Another difference in the synthetic system is the presence of
direct Ni—Fe bonding, where the Ni—Fe bond lengths vary
from 2.32 to 2.73 A. By contrast, Ni—Fe bonding is not
invoked in the structures of C,.4; and C,.4,, where the Ni---Fe,
distances are 2.85 and 2.88 A, respectively. An interesting side
note is that the Fe, site is disordered over two positions in
both the structures of C,4; and C_.q,. The minor Fe, position
(with 30% occupancy) is even closer to Ni with potentially
short Ni—Fe, distances of 2.38 and 2.44 A, respectively.
Though this partial occupancy was explained by the authors as
arising from a minor component where Ni is missing, the
mobility of the Fe, ion is clearly evident in a structure of the
oxidized C-cluster.® As an aside, it is also worth noting that in

[NiFe] hydrogenases the presence of a Ni—Fe bond in the
light-induced Ni—L state was strongly supported by a joint
spectroscopic and computational study.*”°

B CONCLUSIONS

Bimetallic complexes containing direct Ni—Fe bonding
interactions were synthesized and characterized. The nature
of their bonding is primarily dative, with a much stronger
interaction between Ni’ and the Fe™ supporting ion compared
to Fe'’. Both the poorer c-acceptor propensity of the ferrous
support as well as the overall anionic charge enable the Ni’Fe'
species 2 to reductively disproportionate CO,, in contrast to
Ni’Fe' 1. The identity of the countercation in 2 dictates the
following: (1) the stability of the CO, adduct, where
noninteracting ions, such as P; and K(B-15-C-S),, lead to
greater stability; and (2) the acceleration of CO, disproportio-
nation by Li" over K¥, which may result from the differing
driving forces for the carbonate products. Notably, the Ni’Fe'
core in 2 contains the same proposed oxidation/spin state of
the reduced state of the Ni—CODH C-cluster (C,4,) and is, to
our knowledge, only the second example of a Ni—Fe complex
that mediates the cleavage of CO, to CO. 2!

The Ni—Fe complexes feature an accessible one-electron
reduction potential that allows for switching between a Fe'!
support and a Fe'' support, the latter of which is much less
Lewis acidic toward Ni’. This facile Fe'/Fe"" redox couple is
reminiscent of redox switchable catalysts that employ a
ferrocene motif.”' "> Using metal—metal bonded complexes
to perform redox switchable catalysis is currently underex-
plored and may be a promising subsequent avenue of research.
In future work, catalysts with ligands more closely matching
the relevant ligand interactions in the NiFe;S, C-cluster will be
explored for their reactivity with CO,, ideally benefiting from a
more fluxional metal-metal interaction that can dynamically
adapt to the changing electronic states during catalysis.

B EXPERIMENTAL SECTION

General Considerations. Unless otherwise stated, all manipu-
lations were performed under a N, atmosphere in a glovebox. Celite
and molecular sieves were dried at 340 °C under vacuum. Standard
solvents were deoxygenated by sparging with inert gas and dried by
passing through activated alumina columns of a SG Water solvent
purification system. Deuterated solvents were purchased from
Cambridge Isotope Laboratories, Inc., degassed via freeze—pump—
thaw cycles, and stored over activated 4 A molecular sieves. KCg, N(o-
(NHCH,PPr,)C4H, ) (abbreviated as LH;), and [P(NCH,CH,,).]-
BE, (abbreviated as [P,]BF,) were prepared according to literature
methods.”>**®” Benzo-15-crown-5 was purified by double recrystal-
lization from hexanes at —78 °C and dried under vacuum. All other
reagents, including '*CO,, were purchased from Sigma Aldrich or
Strem Chemicals and used without further purification. Ultrahigh
purity CO, was passed through a column of anhydrous sodium sulfate
prior to use. Elemental analyses were performed by Robertson
Microlit Laboratories, Inc. (Ledgewood, NJ).

Physical Methods. 'H and *'P NMR spectra were recorded on a
Bruker 400 MHz spectrometer. NMR shifts were referenced to the
internal solvent residual signal (for 'H spectra) or an external H,PO,
reference (for *'P spectra). Evans’s method measurements were done
in triplicate according to previously outlined procedures.®®
Perpendicular-mode X-band EPR spectra were recorded with a
Bruker ESP 300 spectrometer equipped with an Oxford Instruments
ESR 910 liquid-helium cryostat and an Oxford Instruments
temperature controller. EPR spectra were simulated utilizing Easyspin
with the pepper function (frozen solution) and refined using esfit until
a satisfactory model was obtained. IR spectra were obtained in KBr
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Table 4. Crystallographic Details for 1, K-2, [P,]2, 1-CO, and [Li]2-CO

1 K-2

chemical formula C;39HgoN,P;FeNi C;39HgoN,P3KNiFe-
(OC,H;);
fw 792.38 975.68
cryst syst monoclinic monoclinic
space group P2,/n P2,/c
a (A) 13.5937(18) 22.0875(13)
b (A) 13.9349(18) 14.3441(8)
c (A) 20.817(3) 17.1129(9)
a (deg) 90 90
B (deg) 94.340(2) 97.447(2)
7 (deg) 90 90
vV (A%) 3932.0(9) 5376.1(5)
V4 4 4
Deyeq (g cm™) 1.339 1.205
0 range (deg) 1.731 to 27.521 2.340 to 28.282
T (K) 173(2) 100(2)
reflns collected 9029 13335
unique reflns 6330 10031
2 (A), u (mm™) 0.71073, 0.6228 0.71073, 0.5797
data/restraints/ 9029/0/445 13335/ 10 /560
param

R, wR, (I > 26(I))

R;, wR, (all data)
CCDC numbers

0.0340, 0.0673
0.0554, 0.0735
2015103

0.0861, 0.1980
0.1166, 0.2141
2015105

0.0401, 0.0915
0.0623, 0.1034
2015515

0.0468, 0.1117
0.0673, 0.1202
2015104

[P, ]2 1-CO [Li]2-CO
[C28H56N4P] C4oHgoN,OP;NiFe [Li(OC,Hy),]
[C3HgoN,P;NiFe] “CeHy [C4oHgoN,OP;NiFe]
1272.10 906.56 1114.73
monoclinic monoclinic triclinic
P2,/c P2,/c P1
23.1460(9) 11.8280(12) 11.2284(13)
32.7259(12) 16.0475(17) 12.6905(9)
21.4025(7) 24.308(2) 20.965(3)
90 90 83.337(4)
100.697(1) 101.262(3) 77.277(5)
90 90 89.334(4)
15930.1(10) 4525.1(8) 2894.1(5)
8 4 2
1.061 1.331 1.279
2210 to 26.48 2.198 to 30.568 2.442 to 30.546
125(2) 100(2) 100(2)
406948 13855 17597
39630 11019 12520
0.71073, 0.537 0.71073, 0.6897 0.71073, 0.4938
39630/0/1491 13855/0/519 17597/12/674

0.0590, 0.1444
0.0930, 0.1719
2015106

pellets using a Bruker Tensor-37 FTIR spectrometer with OPUS 6.5
software. MGssbauer spectra were modeled using the program MFit
written by Eckhard Bill from the Simulation Lab suite.”” Méssbauer
data were recorded on an alternating constant-acceleration
spectrometer. The minimum experimental line width was 0.24 mm/
s”' (full width at half-height). The *’Co/Rh source (1.8 GBq) was
positioned at r.t. inside the gap of the magnet system at a zero-field
position. Isomer shifts are quoted relative to Fe metal at 300 K. Cyclic
voltammetry was conducted using a CH Instruments 600 electro-
chemical analyzer. The one-cell setup utilized a glassy carbon working
electrode, a Pt wire counter electrode, and an Ag wire pseudorefer-
ence electrode. Analyte solutions were prepared in 0.4 M ["Bu,N]PF,
in THF and referenced internally to the FeCp,*/FeCp, redox couple.
UV—vis spectra were collected on a Cary-300 instrument.

Synthesis of NiFe(N(o-(NCH,P'Pr,)CgH,)3), 1. To a stirring
solution of LH; (237 mg, 348 umol) in 10 mL of toluene at —78 °C
was added dropwise "BuLi (2.5 M hexanes, 418 uL, 1.04 mmol). The
reaction was stirred for 30 min at —78 °C and then for 3 h at room
temperature before being filtered through a glass frit. The filtride was
washed with pentane (3 X 6 mL) to afford Li;L as a white solid. To a
stirring suspension of Li;L in 10 mL of toluene was added solid
Ni(COD), (95.8 mg, 348 umol), and the solution was stirred
overnight and then filtered through a glass frit. The red filtride was
washed with pentane (3 X 10 mL) and dried in vacuo to afford
Li;NiL, which was used immediately in the next step. To a stirring
solution of Li;NiL in 10 mL of THF was added dropwise a solution of
FeCl;(THF), (106.7 mg, 348 ymol) in 4 mL of THF. The reaction
was stirred for 3 h, and then all volatiles were removed in vacuo. To
the resulting residue was added ca. 4 mL of toluene, and then the
mixture was dried in vacuo. The dark red-brown solid was then
extracted into warm toluene (50 °C, 2 X 10 mL) and filtered through
Celite. The filtrate was dried in vacuo, and the burgundy residue was
washed with a 3:1 hexanes/ether solution, cooled to =78 °C (2 X §
mL), and further dried in vacuo to afford 1 (242.8 mg, 88% yield).
Single crystals were grown by the diffusion of pentane into a
concentrated benzene solution of 1. '"H NMR (400 MHz, C(Dy): 6
88, 56,21, —4.1, —42, —=57. pz (Evans) = 5.6(2) B.M. UV—vis [THF,
Amax (nm), & (M™" cm™)]: 350 (12,450), 410 (9300), 550 (3750).
Anal. Caled for CyHgN,PsFeNi (%): C, $9.12; H, 7.63; N, 7.07.
Found: C, 58.86; H, 7.56; N, 7.01.

Synthesis of (CO)NiFe(N(o-(NCH,P'Pr,)C4H,);), 1-CO. In the
glovebox was prepared in a resealable glass ampule a solution of
NiFeL (43.7 mg, 55.1 umol, 15 mL THF). Vacuum was briefly
applied to vacate the headspace of the reaction vessel. The vessel was
attached to a Schlenk line where CO gas was admitted. The vessel was
sealed and inverted several times to ensure proper gas mixing. The
solvent was then removed in vacuo to give a dark green residue. The
desired product was extracted into hexanes (4 X 4 mL), filtered over
Celite, and dried (32.9 mg, 75% yield). 'H NMR (400 MHz, C,Dy): §
75, 33, 21, 18, =51, —74. IR (KBr, cm™"): 1954 (vco). IR (THEF,
em™): 1953 (veo). UV—vis [THF, 4, (nm), & (M™' cm™)]: 350
(13,400), 475 (6200), 615 (3900). Anal. Calcd for
C4oHgoN,P;0FeNi-0.5(C¢Hy,) (%): C, 59.81; H, 7.82; N, 6.49.
Found: C, 59.73; H, 8.11; N, 5.92. Elemental analysis could be
consistent with some partial solvent loss, though N is low.

Synthesis of [Li(THF),]J[(CO)NiFe(N(o-(NCH,P'Pr,)C4H,)5)1,
[Li]2-CO. To a stirring solution of 2 (12.1 mg, 0.0148 mmol, 10
mL THF) was added dropwise a LiHBEt; solution (1.0 M THF, 15
uL). Over the course of 30 min, the solution darkened to a brown
color. After 12 h, the solution had turned orange. The solution was
concentrated in vacuo to ca. 6 mL and then layered with hexanes.
Orange/yellow needle crystals were observed after 3 d. The crystals
were separated from the mother liquor and washed with hexanes (8.6
mg, 50% yield). 'H NMR (400 MHz, THF-dg): 6 104, $6, 25, 20,
13.4, —5.4, —15.7, =22. IR (THF, cm™): 1930 (o).’ UV—vis
[THF, A, (nm), & (M™' em™)]: 305 (23,500). Anal. Calcd for
[LiO,Cy¢Hs][CyoHgoN,P,OFeNi] (%): C, 60.28; H, 8.31; N, 5.02.
Found: C, 57.17; H, 8.02; N, 4.97. The elemental analysis results are
consistent with partial solvent loss and oxidation of the phosphines.
Anal. Caled for [LiO5C,H,,][CyoHgoN,P30,FeNi] (%): C, §7.17; H,
7.16; N, 5.13.

Synthesis of K(THF);-NiFe(N(o-(NCH,P'Pr,)C¢H,);), K-2. To a
10 mL THF solution of 1 (31.6 mg, 39.9 umol) was added KC; (5.6
mg, 41.1 ymol). The wine-red solution was stirred for 3 h and then
filtered over Celite. The filtrate was concentrated in vacuo to ca. 2
mL. To this solution was added 8 mL of hexanes, and the volume was
slowly reduced in vacuo until crystalline precipate was observed. The
solution was then stored at —35 °C overnight to yield 28.5 mg of
black crystals after separation from the mother liquor. The mother
liquor was further concentrated to ca. 10 mL and layered with hexanes
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at —35 °C to obtain more crystals (total: 38.7 mg, 95% yield). 'H
NMR (400 MHz, THF-d,): 6 101, 71, 56, 10, 16, 16, 13.5, 12.3, —20,
—21. pg (Bvans) = 5.13 py UV—vis [THF, A, (nm), ¢ (M
em™)]: 515 (8,500), 655 (2400). Anal. Caled for [K(crypt-
222)][NiFeCyyHgP3N,], [K(C,sN,H306) |[NiFeCyoHgoP3N,] (%):
C, 56.67; H, 8.01; N, 6.96. Found: C, §7.06; H, 8.25; N, 6.54.

Synthesis of [P(NCH;CgH;,),l[NiFe(N(o-(NCH,P'Pr,)CeH,)s)l,
[P;]2. In a 20 mL vial, 1 (35.0 mg, 44.2 pumol) was stirred in ca. 10
mL of THF. To this solution was added portion-wise over a 5-min
period a slurry of KCq (7.8 mg, 57.4 pumol) in ca. 4 mL of THF. The
wine-red solution was stirred for 2 h and filtered over Celite. To this
solution was added ca. 3-mL THF slurry of [P,]BF, (25.0 mg, 44.2
umol). The slurry was stirred overnight, and then the solvent was
removed in vacuo. To ensure complete removal of THF, ca. 6 mL of
PhF was added to the residue. The solution was stirred and then dried
under vacuum. The residue was then extracted with 10 mL of PhF,
and the filtrate was filtered over Celite. This solution was directly
layered with ca. 10 mL of hexanes, and a crop of black needles was
obtained after 2 d. Crystals were washed with hexanes, crushed into a
fine powder with a spatula, and dried (36.3 mg, 65% yield). 'H{*'P}
NMR (400 MHz, THF—dy) &: 115, 81, 59, 20, 16, 14, 11, 2.34 (br,
NCH,) 1.7—0.59 (m, overlapped with solvent peaks, NC,H,,) —2.1,
—22.5, —25. 3P NMR (162 MHz, THF—dy) &: 45.3 (P,). e (Evans)
= 493(6) BM. UV-vis [THF, 4, (nm), ¢ (M™' ecm™)]: 350
(17,280), 410 (9150), 540 (4900).

X-ray Crystallography and Structure Refinement Details. A
black block of 1 (0.8 X 0.5 X 0.5 mm), a black plate of K-2 (0.4 X 0.2
% 0.2 mm), a green needle of 1-CO (0.2 X 0.2 X 0.1 mm), a red plate
of [P,]2 (0.2 X 0.2 X 0.1 mm), and a yellow needle of [Li]2-CO (0.4
X 0.2 X 0.2 mm) were placed on the tip of a glass capillary and
mounted on a Bruker APEX-2 Platform CCD diffractometer for data
collection at 173(2) K (for 1) or were mounted on a 100 um
MiTeGen microloop and placed on a Bruker PHOTON-II CMOS
diffractometer for data collection at 100(2) K (for 1-CO, K-2, and
[Li]2-CO) or at 125(2) K (for [P;]2). The data collection was
carried out using Mo Ka radiation with normal parabolic mirrors. The
intensities were corrected for absorption and decay with SADABS.”
Final cell constants were obtained from least-squares fits from all
reflections. Crystal structure solution was done through intrinsic
phasing (SHELXT-2014/5)"* which provided most non-hydrogen
atoms. Full matrix least-squares/difference Fourier cycles were
performed (using SHELXL-2016/6 and GUI ShelXle)”*”* to locate
the remaining non-hydrogen atoms. All non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen atoms
were placed in ideal positions and refined as riding atoms with relative
isotropic displacement parameters. The crystal structures of K-2 and
[P,]2 contained heavily disordered solvent molecules. The
SQUEEZE function of the PLATON program was used to remove
these solvent molecules from the void space.”> The SQUEEZE
function removed 213 electrons from a void-space volume of 642 A®
in K-2 and 643 electrons from a void-space volume of 3151 A® in
[P,]2. These values are consistent with the presence of approximately
4 THF molecules in the unit cell of K-2 and 8 Et,0 and 8 THF
molecules in the unit cell of [P,]2. Crystallographic details are
summarized in Table 4.

Computational Methods. Single-point multireference calcula-
tions were performed using the experimental geometries with the
MOLCAS-8.2 package.”® The complete active space self-consistent
field (CASSCF)”” and restricted active space self-consistent field
(RASSCF)"®”® methods were employed, followed by second order
perturbation theory (CASPT2%"%!'/RASPT27°~*%) to include dynam-
ical correlation. All-electron basis sets of atomic natural orbital type
with relativistic core corrections (ANO-RCC) were used®® employing
a triple-¢ plus polarization basis set (VITZP) for Fe and Ni, a double-¢
plus polarization basis set (VDZP) for N, P, and the CO fragment,
and a minimal basis set (MB) for the peripheral C and H atoms. The
two-electron integral evaluation was simplified using the Cholesky
decomposition technique.** Scalar relativistic effects were included by
means of the Douglas—Kroll-Hess Hamiltonian.*> The CASPT2/
RASPT?2 calculations were performed using an IPEA shift of 0.25 au

and an imaginary shift of 0.2 au. The first 70 (72) orbitals were frozen
during the CASPT2/RASPT?2 calculations for the complexes without
(with) the CO molecule. The Hirshfeld spin populations® were
computed using the MultiWfn package.”’

In the CASSCF calculations, an active space (AS) of n electrons in
m orbitals (n,m) is chosen, and all configurations that arise from all
possible excitations of the n electrons in the m orbitals are included in
the wave function. In the RASSCEF calculations, the active orbitals are
divided into three distinct subspaces, RAS1, RAS2, and RAS3. In
RAS]1, the orbitals are doubly occupied, and at most n excitations
from RASI are allowed. In RAS2, n,, electrons in n,, orbitals are
included, and a full configuration interaction is performed. In RAS3,
virtual orbitals are included, and at most n excitations to RAS3 are
allowed. The following notation is used: RASSCF (n,, in n,,)/ (1, in
f1,02)/ 1, where n indicates the maximum number of electrons excited
from RAS1 or into RAS3 (n = 2 in this work), (n,, in n,,) describes
the global RAS(1—3) active space, and (n,, in n,,) describes the
RAS2 space.
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