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Abstract

Chemisorption on organometallic-based adsorbents is crucial for the controlled separation
and long-term storage of gaseous molecules. The formation of covalent bonds between the metal
centers in the adsorbents and the targeted gases affects the desorption efficiency, especially when
the oxidation state of the metal is low. Herein, we report a pressure-responsive nickel(0)-based
system that is able to reversibly chemisorb carbon monoxide (CO) at room temperature. The use
of N-heterocyclic carbene ligands with hemi-labile N-phosphine oxide substituents facilitates both
the adsorption and desorption of CO on nickel(0) via ligand substitution. lonic liquids were used
as the reaction medium to enhance the desorption rate and establish a reusable system. These
results showcase a way for the sustainable chemisorption of CO using a zero-valent transition-
metal complex.

One-Sentence Summary

A reusable, reversible pressure-responsive CO chemisorption system based on a Ni(0)
complex in ionic liquids is reported.
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Main Text

Carbon monoxide (CO) is an essential feedstock that is widely used in the synthesis of
commodity chemicals such as alcohols, carboxylic acids, and polycarbonates (1). CO has also been
used for metal-refining processes, e.g., the Mond process, which consists of the carbonylation of
crude Ni(0) at around 50 °C and thermolysis of gaseous Ni(CO)s at 180-280 °C (2,3). Huge
amounts of high-purity CO are thus produced during the removal of contaminants such as Hz, N,
COo, and CH4 from crude materials obtained from the gasification processes of hydrocarbon
resources (1) and the steel production industry (4). In these cases, cryogenic distillation technology
is typically applied for CO purification, although technologies based on adsorption, absorption,
and membranes have also been explored intensively (4,5). In terms of the purity of the produced
CO, repeatable adsorption/desorption sequences based on the coordination/dissociation of CO on
metal ions such as Fe(ll) (6-8), Co(Il) (8,9), Ni(ll) (10), Cu(l) (11), Cu(ll) (12), and Ir(l11) (13)
incorporated in solid-state adsorbents have shown exceptional results (Fig. 1A). For example,
Kirschner et al. reported the use of the crystalline solid of a Fe(ll)-carbonyl complex that bears a
PNP pincer-type ligand for the reversible chemisorption of CO (6). In this reaction, the adsorption
proceeded smoothly under ambient conditions, while the efficient desorption required heating
(100 °C) under reduced pressure. The crystalline coordination polymers known as metal-organic
frameworks (MOFs) have also been used for the purification of CO (5,14). Matsuda and Kitagawa
et al. demonstrated the separation of CO from a gaseous mixture including nitrogen (N2), which is
the most competitive gas for CO in physisorption-based separation processes due to its similar
molecular size, using a Cu(ll)-based nanoporous crystalline material; this separation was enabled
by the coordination of CO to Cu(ll) ions under cryogenic conditions (12). In this report, desorption
was carried out by raising the temperature to 27 °C in a closed system that had undergone a single
degassing cycle. Similarly, Long et al. proposed the application of Fe(ll)-, Co(ll)-, and Ni(ll)-
based MOFs for the purification of CO based on their high susceptibility to adsorb CO (10,15).
Various metal-containing sorbents dispersed in activated carbons, zeolite, and silica have also been
proven to be potential materials for CO purification (5,16-19); however, these are usually
associated with higher costs and lower metal density compared to molecular-based systems and
MOFs. Given the significant impact of purification processes on capital and operating costs in
industry (accounting for 40-70%) and on global energy consumption (accounting for 10-15%)
(20), the establishment of a novel strategy for less-energy-consuming and sustainable
chemisorption systems is desirable.

To design such systems for CO purification, the affinity between the metal and CO is a
central point of consideration (Fig. 1B). In principle, more rapid and selective adsorption of CO
can be achieved by the introduction of low- (or zero-) valent, d-electron-rich metals, as such metals
can form thermodynamically favorable metal-CO interactions through their stronger metal-to-CO
n-backdonation compared to higher-valent metals (21,22). However, the strong interaction
between low-valent metals and CO greatly affects the desorption efficiency. In fact, the reversible
chemisorption of CO with zero-valent transition metals has been achieved under the extreme
conditions used in the Mond process (vide supra). Thus, hitherto reported adsorption technologies
have predominantly relied on the chemisorption of CO by higher-valent metals to minimize the
influence of metal-to-CO n-backdonation. Temperature-swing operations, i.e., the use of a higher
operation temperature during CO desorption than during CO adsorption, are frequently applied,
and desorption is often carried out under reduced pressure (pressure-swing operation)
(6,8,9,12,13,15). Against this background, we envisioned the development of a process for the
reversible chemisorption of CO using a zero-valent transition metal that could potentially exhibit
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strong metal-to-CO n-backdonation to showcase a novel strategy for the controlled purification
and long-term storage of CO.

Herein, we present a method for the reversible pressure-swing chemisorption of CO on a
Ni(0) complex at room temperature (rt, indicating a temperature of around 22-27 °C in this work)
via ligand substitution (Fig. 1D). This mechanism for CO adsorption/desorption is based on using
a multifunctional carbene ligand with a hemi-labile coordination site, whereas previously reported
systems rely on the simple coordination/dissociation of CO on coordinatively unsaturated metal
centers (6,9,10,13) (Fig. 1C). Furthermore, we demonstrate that the use of an ionic liquid (IL) as
the reaction medium, i.e., as a dispersant and/or solvent for the adsorbents enhances the desorption
effectively, which stands in sharp contrast to the typical use of ILs for the absorption of CO (23,24).

A B Backdonation
+CO Metal Y Adsorption Desorption
@ < @—CO valency M——2C=0 efficiency efficiency
-Cco o
Examples of M: High Weak Low High
Fe(ll), Co(ll), Ni(ll), Cu(l), Cu(ll), Ir(lll), etc. Low Strong High Elusive
C D
+CO +CO
M - co - > Koz@—co
-CO -CO
Coordination/dissociation processes Ligand substitution process
(Previous work) (This work; M = Ni(0))

Fig. 1. Reversible chemisorption of CO using organometallic-based adsorbents. (A)
Simplified scheme of the adsorption/desorption of CO on transition metals (M). (B) General
comparison of the strength of M-to-CO backdonation and the efficiency of adsorption/desorption
for high- and low-valent metals. (C and D) Comparison of the design strategies between previous
systems using high-valent metals and the Ni(0)-based system in this work.

For the design of the Ni(0)-based system, the choice of ancillary ligand is critical. This
ligand should be equipped with a hemi-labile coordination moiety that can compete with the
coordination of CO to the Ni(0) centers even in the solid (crystalline) state. We thus focused on
the use of N-phosphine-oxide-substituted imidazolylidenes (PoxIms; 1a—b) and the corresponding
imidazolinylidene (SPoxIm; 1c), as the N-phosphinoyl group can serve as a hemi-labile ligand to
coordinate Ni(0) in addition to the diaminocarbene moiety (Fig. 2A) (25,26). To date, (S)PoxIms
have demonstrated various coordination modes toward metals, including coordination by only the
carbene atom (x-C) (27,28), by only the N-phosphinoyl oxygen atom (x-O) (29,30), and by both
the carbene and oxygen atoms (x-C,0) (31,32); however, dynamic coordination exchange between
the x-C and x-C,0 modes remains unknown.

Initially, we explored a method that can selectively afford Ni(x-C,0-1)(CO)2 (2) or Ni(x-
C-1)(CO)3 (3) (Fig. 2A). Treatment of a THF solution of PoxIm 1a, which bears an N-2,6-
diisopropylphenyl (Dipp) group, and Ni(cod). with 2.2 equivalents of ex-situ-generated CO at rt
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resulted in the formation of 2a, which was isolated in 85% yield. The selective preparation of 3a
was achieved by using an excess of CO (ca. 8.0 eq.) at rt in toluene, and 3a was isolated in 92%
yield. The yield of 3a slightly decreased to 70% when the reaction was carried out in THF.
Similarly, di-/tri-carbonyl complexes 2b/3b, which bear PoxIm 1b with an N-mesityl group, and
dicarbonyl complex 2c, which bears SPoxIm 1c with a Dipp group, were prepared in excellent
yields, whereas Ni(x-C-1c)(CO)s (3c) was isolated in 85% after recrystallization due to its rapid
conversion to 2c during the removal of volatile species in vacuo. These compounds were
unambiguously characterized using multinuclear NMR and IR spectroscopy as well as single-
crystal X-ray diffraction (SC-XRD) analysis. For example, in the 3P NMR spectra, the resonance
of the N-phosphinoyl moiety in 2a is observed at &, 66.9, which represents a significant downfield
shift compared to that of 3a (& 58.4). The Ai-symmetrical carbonyl stretching frequencies of 3a/3c
(2048-2049 cm™!; in CH2Cly) are nearly identical, but slightly lower than the values of Ni(x-C-
1d/1e)(CO)s (3d/3e; 2052 cm™') (33), where 1d is 1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene and le is 1,3-bis(2,6-diisopropylphenyl)imidazolidin-2-ylidene, indicating a negligible
difference in the electron density on their Ni(0) centers (34).

The molecular structures of 2a, 2c, 3a and 3c obtained from SC-XRD analysis are shown
in Fig. 2B. In these cases, the C1 and O1 atoms adopt a syn-orientation with respect to the N-P
bonds (C1-N2-P-O1 torsion angle: 5.8(2)° in 2a; 8.5(1)° in 2c; 1.3(3)° in 3a; 6.5(2)° in 3c),
indicating that the complexation proceeded via the rotation of the N-phosphinoyl group in free 1,
wherein the C1 and O1 atoms adopt an anti-orientation (C-N-P-O: 175.9(1)° in 1a; 179.7(2)° in
1c) (25). The interatomic distances between Ni and O1 suggest the absence of a bonding interaction
between these atoms in 3a (3.148(2) A) and 3¢ (3.099(2) A), while the formation of Ni-O1 bonds
is clearly confirmed in 2a (2.269(2) A) and 2c (2.227(1) A). Stronger interactions are expected
between the Ni and C1 atoms in 2a (1.937(2) A) and 2c (1.929(2) A) compared to those in 3a
(1.986(3) A) and 3c (1.977(2) A), which can be rationalized in terms of the decreased number of
n-acidic CO ligands. Ni K-edge X-ray absorption spectroscopy confirmed that the electronic states
and local structures around the Ni centers are almost identical for 3a and 3c (Fig. S52—54). In their
entirety, these results demonstrate the first example of the selective formation of Ni(0) complexes
that bear two or three carbonyl ligands in the presence of a single NHC ligand.
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Fig. 2. Selective preparation of Ni(x-C,0-1)(CO)2 (2) and Ni(x-C-1)(CO)s (3). (A) Synthesis of
2 and 3. Isolated yields are shown. #NMR yield confirmed in situ. (B) Molecular structures of 2a,
2¢, 3a and 3c with thermal ellipsoids at 30% probability; H atoms (except those bounded to C4
and C5 atoms) are omitted for clarity. Selected bond lengths/interatomic distances (A) and angles
(°) for 2a: Ni—C1 1.937(2), Ni-C3 1.742(3), Ni-O1 2.269(2), C1-N-P-O1 5.8(2); 3a: Ni—C1
1.986(3), Ni-C2 1.794(4), Ni-C3 1.789(5), Ni---O1 3.148(2), C1-N-P-O1 1.3(3); 2c: Ni—C1
1.929(2), Ni-C3 1.757(2), Ni-O1 2.227(1), C1-N-P-O1 8.5(1); 3c: Ni-C1 1.977(2), Ni-C2
1.807(3), Ni-C3 1.792(3), Ni---01 3.099(2), C1-N-P-01 6.5(2).

During the preparation of the aforementioned complexes, we noticed the partial formation
of 2c when a solution of 3c was concentrated in vacuo. In fact, stirring the crystalline powder of
3c at rt for 10 h in vacuo (0.3 mmHg) resulted in the formation of 2c in 50% vyield (Fig. 3A).
Prolonging the reaction time resulted in a slight improvement in the efficiency of CO desorption
from 3c (20 h, 59%). Nevertheless, further desorption was not expected, as the solids adhered to
the inner surface of the reaction vessel, limiting the surface area of 3c exposed to the reduced
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pressure even under stirring conditions (Fig. S22). To promote the desorption, we explored the use
of a dispersant. Dispersing 3c into tetradecane (C14Hso) in the reaction flask (V = 50 mL) resulted
in a significant improvement of the desorption, and 2c was obtained in >99% vyield after 2 h at rt
with concomitant loss of the crystallinity (Fig. 3A); however, ca. 2 wt% of C14Hzo was removed
under the applied reaction conditions. Desorption also proceeded quantitatively within 30 minutes
when 3c was fully dissolved in 1,3-dimethoxybenzene (DMB), albeit that the partial removal of
DMB (ca. 2 wt%) was again inevitable (Fig. S26).

To achieve a fully reusable and reversible chemisorption system that can produce CO of
high purity, the concomitant removal of reaction media should be avoided. We thus turned our
attention to the use of ionic liquids (ILs), which exhibit negligible vapor pressure. ILs including
Cu(l) ions have been explored as potential CO absorbents (24); however, these have not yet been
used as the dispersant/solvent in the desorption process, probably because ILs can occupy the pores
of nanoporous materials. The dispersion of the crystalline powder of 3c in imidazolium-based IL-
1 with the anion OSO,CFs;~ (OTf) (350 mg) under reduced pressure resulted in obvious
improvement of the desorption to afford 2c in 90% vyield (run 1, Fig. 3B). It should be noted that
the yield of 2c was calculated via NMR analysis after the addition of THF-dg to the resulting
mixture. We experimentally confirmed that the addition of THF-ds causes negligible changes to
2c over a short period at rt; however, after 24 h, 2c partially decomposed to give 1¢c-HOTT (36%)
via deprotonation of the proton at the C2 position in IL-1 (Fig. S34). In contrast, 3c did not show
any decomposition under identical conditions.

Subsequently, we explored the optimization of the desorption conditions. The use of C2-
methylated IL-2 with the anion NTf,™ resulted in the formation of 2c in 98% vyield by preventing
the aforementioned decomposition (run 2). IL-3 with the anion PFe also exhibited good
compatibility with the applied conditions, although a slight decrease in the desorption efficiency
was observed (90%; run 3). In contrast, a black precipitate was immediately generated after mixing
3c and IL-4 with the anion CH3SO4-, and 2c was not formed (run 4). Thus, IL-2 was used in the
following experiments. It should be noted that up to 2.1 X102 M of 3¢ can be dissolved in IL-2 at
25 °C, which corresponds to a 20% loading of 3c, while 2¢ shows higher solubility (6.7 x102 M
at 25 °C) (Fig. S32). Thus, a significant amount of solid 3c remained during the initial stage of the
CO desorption, while little solid was observed after the reaction had completed, as most of the
formed 2c was dissolved in IL-2 (vide infra).

The loading amount of 1L-2 was optimized by comparing the average yields of 2c obtained
in five independent experiments under each loading condition (runs 5-8). When 350 mg of I1L-2
was used, an average yield of 65(3)% was confirmed (run 5), while using 100 mg of IL-2 (run 6)
furnished a yield of 54(3)%; however, this difference was not confirmed to be statistically
significant. Nevertheless, the desorption efficiency significantly decreased when 500 mg (39(3)%;
run 7) or 1000 mg (45(3)%; run 8) of 1L-2 was employed, even though more 3c could be dissolved
in 1L-2 under these conditions. Based on the aforementioned results, the CO desorption should
occur predominantly on the dispersed solids of 3c, and the amount of IL should influence the
efficiency of its dispersion. The amount of IL should be optimized based on the reaction apparatus;
accordingly, we employed 350 mg of IL-2 in the reaction vial (V = 2.0 mL) in subsequent
experiments.

Under the optimal desorption conditions using IL-2 as the reaction medium, 3c was
converted into 2c in 97% yield after 4 h at rt under reduced pressure (Fig. 3C). Interestingly, only
9% desorption of CO from 3a proceeded under identical conditions (35), even though the
geometric and electronic features of 3a and 3c are almost identical (vide supra). This significant
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difference in the desorption rate could be interpreted in terms of the structural flexibility of the
ancillary ligands. Complex 3b was also subjected to identical desorption conditions, but the
resulting yield of 2b was only 19%. No reaction occurred for 3d or 3e. To evaluate the role of the
N-phosphinoyl oxygen atom in 3c, we synthesized Ni(x-C-1f)(CO)s (3f), which underwent
desorption of CO to generate Ni(x-C,P-1f)(CO)2 (2f) in 39% yield, where 1f is a N-phosphanyl-
substituted imidazolidin-2-ylidene. These results demonstrate that the hemi-labile behavior of the
N-phosphinoyl moiety (3c vs 3e—f) and the structural flexibility derived from the ethylene moiety
in the imidazolidin-2-ylidene ring (3c vs 3a) are both essential to achieve the efficient desorption
of CO from the Ni(0) center under the applied conditions.

Then, we explored the adsorption of CO by 2 in the presence of IL-2 at rt; this adsorption
should predominantly occur in the solvated state given the sufficient solubility of complexes 2 in
IL-2 (Fig. 3D). Stirring 2a/2c and 350 mg of 1L-2 under a CO/N2 (1 atm each) atmosphere afforded
3a/3c in 98% yields via the selective adsorption of CO with concomitant precipitation of fine
crystals of 3 (3c is shown as an example in Fig. 4B). The reversible coordination of the N-
phosphinoyl oxygen atom was again confirmed to be effective, as treatment of 2f with CO/N;
resulted in the formation of 3f in 47% after 30 minutes. In addition, CO was directly stored in 3c
from gaseous mixtures of CO/CH4/N2 (1 atm each) and CO/H2/N2 (1 atm each) in excellent yields
through adsorption by 2c. Thus, the present system could also be used for the purification of CHs
and H through the removal of the accompanying CO. Ni(0) dicarbonyl complexes 2g and 2h,
which bear a bidentate carbene (1g) or phosphine (1h) ligand, respectively, did not react with
excess CO even after being dissolved in THF-dg (Fig. 3E). We also explored the preparation of
Ni(0) dicarbonyl complexes that bear the bidentate ligands with a phosphine oxide group 1i and
1j. Asaresult, Ni(x-C-1i)2(CO)z2 (4i) and Ni(x-P-1j)2(CO)2 (4j) were obtained even in the presence
of excess CO (Fig. 3F). The results of these experiments show that our strategy based on the use
of (S)PoxIm ligands and IL-based media is effective for the precise separation of CO from gaseous
mixtures including N2, H2, and CHa.



10

15

reaction medium IL-2 (350 mg)
3c » 2c 3 =
in vacuo, rt, time in vacuo, rt,4 h
-co Ni = Ni(CO), -Co
medium: OMe N/—:\N ;Bu . . \ ‘?u I\ ‘\\Bu
. S g S S St
None  Cub Dipp—Hap P —Bit Mes—H o Hop—Bu Dipp—Hpi-p =t
OMe nNi—9 Ni—O Ni—©
i Di: d Dissolved
Solid state Isperse Issolve 2a (9%) 2b (19%) 2¢ (97%)

10 h, 50% 2 h, >99% 30 min, >99%

NN N N Bu
iDD— ; inn—N : : N S
Dipp x» ~Dipp Dipp 7 "TDipp DippT ¥ Sp—tgy
IL Ni Ni Ni
3c » 2c
I VacHO, T O 2d (N.D.) 2e (N.D.) 2f (39%)
-co
D CO source
/\ IL-1 (R =H, X = OTf) 5 I2S00ma) . 5
Me-N&N~rgy 1.2 (R = Me, X =NTF) rt, time
@ =2 (R U= FEq) CO source 3a 3c 3f
IL IL-4 (R = H, X = CH,S0,)
COIN, (1atmeach) 98%, 15 min 98%, 15 min  47%, 30 min
run time IL yield COICH4/N, (1 atm each) & 89%, 30 min
CO/H,/N, (1 atm each) - 86%, 30 min
1 6h IL-1 (350 mg) 90%
2 6h  IL-2(350 mg) 98% E (\N/\N/S /\
;K )& Cy:R PCy, CO(5atm)
3 6h  IL-3(350 mg) 90% N /N o e ——— > NR
) Dipp N'\ Dipp BN THF-dj, rt
4 <5min IL-4 (350 mg) N.D. as X8 oc co
5 2h IL-2(350 mg)  65(3)% 29 -
F = Ni(x-C-1i),(CO)
6 2h  IL-2(100mg)  54(3)% —. ﬁ N"ég")z i 240
— N e
7 2h  IL-2(500mg)  39(3)% Mes N\H/ ~'\"'Bu or Ph,P e or
Bu Bh Ni(x-P-1j),(CO),
8 2h IL-2 (1000 mg)  45(3)% 1i 1j 4j: 71%

Fig. 3. Reversible chemisorption of CO on Ni(0) complexes. (A) Effect of C14H30 as a dispersant
and DMB as a solvent. (B) Effect of the structure and amount of the IL. General procedure for the
CO desorption: 3¢ (3.0 x102 mmol) was dispersed in the IL in the reaction vial under reduced
pressure (0.3 mmHg), followed by the addition of THF-ds for NMR analysis to estimate the yield
of 2c. (C) Effect of the ligand. For the reaction from 3f, a mixture of 3f/2f (86/14) was employed.
(D) Adsorption of CO by 2. General procedure: a mixture of 2 (3.0 x102 mmol) and 1L-2 (350
mg) was stirred in the reaction vial (V = 2.0 mL) at rt in the presence of a CO source, followed by
the addition of THF-dg for NMR analysis to estimate the yield of 3. (E) Reaction between 2g/2h
and CO. (F) Reaction between 1i/1j and Ni(cod) in the presence of CO (2.2 eq. for 1i; >17 eq. for

1j).

We then investigated the reusability of the present chemisorption system and found a
significant acceleration of the rate of CO desorption between the first and second cycles (Fig. 4A).
In fact, 2c was afforded in 87-88% yield within 2 h from 3c prepared under the optimized
conditions via either the adsorption of CO on 2c or sequential CO desorption—adsorption reactions
from crystalline 3c, whereas 2c¢ was obtained in 65(3)% yield from crystalline 3c (run 5, Fig. 3B).
This result can be explained by the increase in the total surface area of 3c exposed to the reduced



pressure, as the crystals of 3c that were re-precipitated after CO adsorption were significantly
smaller than those used in the first desorption process (Fig. 4B). Furthermore, CO was effectively
desorbed from 3c even after five desorption—adsorption cycles. It should be noteworthy that 3c can
be used for the purpose of CO-storage, as solid-state 3c and the mixture of 3c/IL-2 were stable for

5 at least 7 days at rt and —30 °C, respectively (Fig. S36). In the aforementioned five cycles, the
mixture of 3c/IL-2 was stored at —30 °C for 14-16 h after each desorption/adsorption cycle
completed. These results shed light on the key features of the Ni(0)-based reversible chemisorption
of CO, i.e., this system can be reused without the removal/addition of the IL, and crystallization is
not essential for the preparation of the adsorbents.

A
+§3 = COI/N, (1 atm each), rt, 15 min
2c &
O =in vacuo,rt,6 h
= stored at -30 °C, 14~16 h
1st cycle 5th cycle
-CO +CO -CO +CO
3c 3¢ 3c
-CO -CO -CO
(2h) (2h) (2h)
2c 2c 2c
67% 87 or 88% 88%
B

3c 3c from 2¢

Large crystals Fine crystals
(in-situ recrystallization)

4 AL
-co 1 _ O +co

2c from 3c
Homogeneous solution

10

Fig. 4. Repeated use of the present CO chemisorption system. (A) Five cycles of repeated CO
adsorption/desorption with I1L-2 (350 mg). (B) Photographs and micrographs of reaction samples
during the 1% cycle of CO desorption from 3c to give 2c and subsequent CO adsorption to again
furnish 3c. The scale-bar shown in red is equivalent to 3.0 mm.

9



10

15

20

25

30

35

To clarify the reason for the obvious difference in the CO desorption rates of 3a and 3c,
density functional theory (DFT) calculations were carried out at the @B97X-D/Def2-
TZVPD//MO06-L/Def2-SVPD (for Ni and O) and Def2-SVP for others//gas phase level of theory.
First, we identified two plausible pathways that connect 3c and 2c; in the first, the C2=02 moiety
at the distal position with respect to the N-phosphinoyl oxygen atom dissociates from 3c, while in
the second, the C3=03 moiety at the proximal position dissociates (for atomic labels, see Fig. 5B.
For details of these two pathways, see Fig. S40). A significant difference in the activation energy
barriers (AG?) of these pathways was observed (+13.3 kcal mol~" for the former; +17.0 kcal mol™
for the latter), indicating that the dissociation of CO from 3c should proceed via cleavage of the
C2-Ni bond (Fig. 5A). In the optimized structure of TS1c shown in Fig. 5B, the interatomic
distance between Ni and O1 is shortened to 2.53 A from the 3.14 A found in the optimized structure
of 3c, while the distance between Ni and C2 is elongated to 2.73 A from 1.82 A in 3c. Although
these results are based on the structures optimized in the gas phase, the transformation of 3c to 2¢c
should proceed via ligand substitution even under the applied experimental conditions. This ligand
substitution results in the formation of the intermediate [2c---CO] (AG" = +12.9 kcal mol™" with
respect to 3c). The 2c moiety in [2c---CO] exhibits a geometry that is nearly identical to that of
the optimized 2c, e.g., the Ni—O1 lengths are 2.31 A in [2¢---CO] and 2.30 A in 2c.

Next, the activation energy barriers for the dissociation of CO from the Ni(0) centers of 3a,
3c, and 3f were compared (Fig. 5A). The values of AG* (with respect to that of 3) increase in the
order TS1c (+13.3 kcal molt) < TS1f (+14.2 kcal mol™) < TS1a (+14.9 kcal mol ). This trend is
consistent with the experimental results that show that the efficiency of CO desorption increases
in the order 3a (9%) < 3f (39%) < 3c (97%) under the applied experimental conditions (Fig. 3C).
The presence of the N-phosphinoyl oxygen atom in 3c minimizes the change in the spatial
environment around the Ni(0) center during the CO substitution process, which was evaluated
using the percent buried volume (%Vuur) calculated based on the geometrical parameters obtained
from DFT calculations (36,37). The change in %Vpur (A%Vour) (26) was found to be 3.3 when
the %Vpur Values of the 1c moieties in 3c, TS1c, and [2c---CO] were compared; this value is
obviously smaller than the A%V, Of 7.5 calculated for the transformation of 3f into [2f---CO] via
TS1f, thus rationalizing the faster interconversion in the former case compared to that of the latter.

A comparison of the coordinates of the Ni, C5, C6, P, and O1 atoms between 3 and TS1
reveals that larger deviations are generated in these atoms during the transformation from 3c to
TS1c than during that from 3a to TS1a, highlighting the enhanced flexibility of the skeleton of 1c
(Fig. 5C). The C2, Ni, and O1 atoms in 3c can thus smoothly adopt a suitable orientation for the
ligand substitution by reducing the Ni---O1 distance by 0.61 A to reach TS1c. In contrast, in the
case of the formation of TS1a from 3a, the Ni---O1 distance must be shortened by 0.69 A under
more structurally restricted conditions, resulting in a larger AG* to reach TS1a.
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program SambVca (r = 3.5 A; d = 2.0 A; bondi radii scaled by 1.17; H atoms are omitted) based
on the structural parameters optimized by DFT calculations: 3c, 40.5; TS1c, 43.6; [2c---CO], 43.8;
2c, 45.2; 3a, 40.2; TS1a, 43.5; [2a---CO], 44.0; 2a, 42.7; 3f, 39.1; TS1f, 43.6; [2f---CO], 46.6; 2f,
46.9. 2 A%V is the difference between the maximum and minimum %Vy.r values obtained for 3,
TS1,and [2---CO]. (B) Optimized gas-phase structures of 1c, TS1c, and [2c---CO]. Selected bond
lengths (A) are shown. (C) Comparison of the geometric deviations generated during the
transformations from 3c to TS1c (left) and from 3a to TS1a (right). The structures for each 3/TS1
pair are overlaid with respect to their N1-Ni-N2 planes. The deviation distances (&) for the Ni, O1,
and P atoms are also shown.

The reported monodentate NHCs yielded either nickel dicarbonyl (e.g., 2k—I) or tricarbonyl
(e.g., 3d—e and 3m—p) complexes, depending on their steric demand when a single molecule of
NHC was treated with a Ni(0) species (Fig. 6) (33, 38-40). Interestingly, %Vuur values of around
39.5-40.0 seem to represent a plausible boundary that determines whether di- or tri-carbonyl
complexes are generated as isolable species. In this context, (S)PoxIms la—c and N-phosphanyl-
substituted 1f demonstrate unprecedented reactivity to afford both di- and tri-carbonyl complexes
and realize their interconversion beyond the possible boundary of %Vy.r by effectively scaling the
spatial volume around the Ni center.
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Fig. 6. A plausible %Vour boundary for the formation of Ni(0) di- or tri-carbonyl complexes
that bear NHCs. The %Vy.r values were calculated based on the geometric parameters obtained
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from the SC-XRD analysis, reported in this work (2a—c, 2f, 3a—c and 3f) and the previous works
(2k—I, 3d—e and 3m-—p) (33, 38-40).

The presented preliminary results serve as proof-of-concept for a reusable and reversible
chemisorption system for CO based on the use of zero-valent transition-metal complexes at room
temperature driven only by pressure-swing manipulation. We believe that the strategy shown in
this work, i.e., (i) the construction of a ligand system that functions even in the solid-state for the
reversible CO substitution using flexible multifunctional ligands and (ii) the use of an ionic liquid
as the reaction medium, will pave the way for the design of an unprecedented molecular-based
chemisorption system that can effectively purify (or remove) CO in a low-energy-consuming and
sustainable manner.
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