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ABSTRACT: The reaction of Na[Co(CO)4] with M(IPr)Cl (M = Cu, Ag, and Au; IPr
= C3N2H2(C6H3

iPr2)2) affords the neutral heterometallic complexes [Co(CO)4{M-
(IPr)}] (M = Cu, 1; Ag, 2; and Au, 3). Formation of 2 is accompanied by traces of
[Ag(IPr)2][Ag{Co(CO)4}2] (4). The reaction of Na[Co(CO)4] with M(IMes)Cl
(IMes = C3N2H2(C6H2Me3)2) results in mixtures of [Co(CO)4{M(IMes)}] (M = Cu,
5; Ag, 6; and Au, 7) and [M(IMes)2][M{Co(CO)4}2] (M = Cu, 8; Ag, 9; and Au, 10).
In the cases of Cu and Ag, ionic complexes 8 and 9 are the major products, whereas
neutral species 7 is the major product for Au. All species 1−10 have been
spectroscopically characterized by IR and 1H and 13C{1H} NMR spectroscopy.
Moreover, the molecular structures of 2, 3, and 8 have been determined by single-crystal X-ray diffraction (SC-XRD). Bimetallic
Co−M−NHC complexes 1−3 and 7−9 have been tested as catalysts for the dehydrogenation of ammonia−borane (AB) in THF as
solvent, and their performances compared to [Fe(CO)4{M(NHC)}2], M(NHC)Cl, and Na[Co(CO)4]. DFT computations have
been performed to provide information on the structure, IR spectroscopy, and the thermodynamics of Co−M carbonyl clusters.

1. INTRODUCTION

Heterometallic complexes and clusters represent an emerging
class of compounds for the activation of small molecules and
catalytic applications.1−4 Heterobimetallic catalysts of the type
(NHC)M−[M′CO] (NHC = N-heterocyclic carbene; M = Cu,
Ag, and Au, and ZnCl; [M′CO] = FeCp(CO)2, Mn(CO)5,
WCp(CO)3, and Co(CO)4) can be assembled upon mixing
M(NHC)Cl and [M′CO]− precursors.1,5 Because of the
polarization of the M−M′ bond of (NHC)M−[M′CO], M is
positively charged (electrophilic character), and M′ is
negatively charged (nucleophilic character). Activation of
small molecules (e.g., H2, CS2, and N2O) is obtained under
mild conditions due to this cooperative bifunctionality.
Heterometallic systems containing a coinage metal and a
metal carbonyl fragment may be described as metal-only Lewis
pairs, since they contain a transition metal Lewis acid (coinage
metal) and a transition metal Lewis base (metal carbonyl
fragment). In this respect, they resemble main group frustrated
Lewis pairs (FLPs).4,6−8

Several heterometallic complexes of the type [Fe(CO)4{M-
(NHC)}]−, [Fe(CO)4{M(NHC)}2], and [Fe(CO)4{Zn-
(IPr)}]2 (M = Cu, Ag, and Au; NHC = C3N2H2(C6H2Me3)2
(IMes) and C3N2H2(C6H3

iPr2)2 (IPr)) can be prepared
starting from the Collman reagent Na2Fe(CO)4.

5,9−13 [Fe-
(CO)4{Cu(IPr)}2] displays bifunctional N2O activation and is
a promising candidate for CO2 and other small-molecule

activation.5 In contrast, the chemistry of related [Co(CO)4]
−-

based systems is less developed, and to the best of our
knowledge, only the compounds [Co(CO)4{Cu(IPr)}] and
[Cu(IMes)2][Cu{Co(CO)4}2] have been previously de-
scribed.1

Ammmonia−borane (NH3BH3, AB) dehydrogenation may
represent a proof-of-concept target for bifunctional activation
by means of heterometallic complexes. Indeed, AB contains
both hydridic (B−H) and protic (N−H) hydrogens, which
could be activated by interaction with the Lewis acid site and
the Lewis base site, respectively, of a heterometallic metal-only
Lewis pair.14 AB dehydrogenation is a very interesting reaction
for the potential application of AB as hydrogen storage
medium for transportation.15−20 Several monometallic tran-
sition metal complexes have been investigated as catalysts for
AB dehydrogenation, including NHC complexes and the use of
noninnocent ligands and homometallic carbonyls.21−24 Bifunc-
tional AB dehydrogenation may be promoted by [LnM]−H
transition metal hydrides,25 where the [LnM] fragment acts as
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Lewis acid and the hydride holds a negative charge (Lewis
base). Thus, it was of interest to test heterometallic complexes
containing both acid and base metal sites for the same reaction.
Herein, we report a detailed study on the reactions of

Na[Co(CO)4] with M(NHC)Cl (M = Cu, Ag, and Au; NHC
= IMes and IPr), which results in heterometallic Co−M
complexes. These have been characterized in solution by
means of spectroscopic methods (IR and NMR), and their
molecular structures are revealed by single-crystal X-ray
diffraction (SC-XRD). The new heterometallic complexes
have been tested as catalysts for AB dehydrogenation, and their
behavior in solution was further elucidated by means of DFT
methods.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization. The reactions of
Na[Co(CO)4] with M(NHC)Cl (M = Cu, Ag, and Au; NHC
= IMes and IPr) have been carried out by mixing the two
species in THF in equimolar amounts and stirring at room
temperature for 1 h. The outcome of the reactions depends on
the nature of M and NHC. The general synthesis scheme
involves two reactions as depicted in Scheme 1. Precipitation
of NaCl seems to be the driving force of the first reaction.
Thus, by using [PPN][Co(CO)4] ([PPN]+ = [N(PPh3)2]

+)
instead of Na[Co(CO)4], no reaction was observed. Moreover,
reaction (1) is favored by low polarity solvents such as CH2Cl2
and THF, whereas more polar solvents such as CH3CN and
dmso lead to dissociation of the Co−M adducts and formation
of the starting [Co(CO)4]

− anion. Reaction (2) involves the

self-ionization of [Co(CO)4{M(NHC)}] to [M(NHC)2]
+ and

[M{Co(CO)4}2]
−. This second reaction is strongly influenced

by the nature of NHC and M.
When NHC = IPr, the neutral complexes [Co(CO)4{M-

(IPr)}] (M = Cu, 1; Ag, 2; and Au, 3) are the major species
obtained as evidenced by IR spectroscopy (Figures S1−S6).
Indeed, for M = Cu and Au, 1 and 3 are the only species
formed, whereas there is no evidence for ionic compounds
such as [Cu(IPr)2][Cu{Co(CO)4}2] and [Au(IPr)2][Au{Co-
(CO)4}2]. Thus, 1 displays νCO bands in CH2Cl2 solution at
2041 (s), 1960 (s), 1935 (s), and 1913 (sh) cm−1 as previously
reported in the literature.1 In more polar solvents such as
CH3CN and dmso, the intensities of these bands decrease and
a strong band at 1889 cm−1 typical of [Co(CO)4]

− appears.
This indicates that according to reaction (1) in polar solvents 1
dissociates into [Co(CO)4]

− and [Cu(IPr)(solv)]+. Similarly,
3 displays νCO bands in CH2Cl2 solution at 2047 (s), 1968 (s),
and 1951 (s) cm−1, and dissociation is observed in more polar
solvents, even if to a lower extent compared to that of 1. The
nature of 3 has been further corroborated by means of SC-
XRD (Figure 1) and 1H and 13C{1H} NMR analyses (Figures
S9 and S10).
The reaction between Na[Co(CO)4] and Ag(IPr)Cl is

slightly more complicated, since it affords 2 as the major
product, accompanied by traces of [Ag(IPr)2][Ag{Co-
(CO)4}2] (4) and [Co(CO)4]

−, as clearly evidenced by IR
spectroscopy (Figure S2). After workup, 2 has been isolated,
and its molecular structure determined by SC-XRD (Figure 2).
Complex 2 seems to be in equilibrium with 4, as evidenced by
IR spectroscopy. Indeed, the νCO bands of 4, even if

Scheme 1. Syntheses of the Complexes
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significantly weaker, are also always present in solution by
dissolving the pure crystals of 2. Moreover, by employing polar
solvents such as CH3CN and dmso, the νCO band of
[Co(CO)4]

− is also present beside those of 2 and 4.
The molecular structures of 2 and 3 are very similar to that

previously reported for 1,1 as well as [Co(CO)4{Au(PPh3)}]
26

and the monoanions [Fe(CO)4{M(IPr)}]− (M = Cu and Au)
and [Fe(CO)4{Au(IMes)}]−.9,11 Complexes 1−3 adopt a
trigonal bipyramidal (TBP) structure, with the M(NHC)
fragment in an axial position. They contain close M−Co, Co−
C(O), and M−Ccarbene interactions as well as some weak M···
C(O) contacts. The nature of the latter contacts is rather

debated in the literature, since they could be merely due to
steric requirements of the CO ligands, rather than any real
attraction (even van der Waals) between the carbonyls and the
coinage metal.27 M···C(O) contacts in Figures 1−4 have been
represented as dotted lines for distances below the sum of the
van der Waal radii of C and M. Such contacts are further
discussed in section 2.3.
The Co−M distances of 1−3 can be compared using

Cotton’s formal shortness ratio (FSR),28 which accounts for
the different metal sizes on the basis of the differences of their
Pauling’s atomic radii (Co 1.157 Å, Cu 1.173 Å, Ag 1.339 Å,
and Au 1.336 Å).29 The FSR values for 1−3 (Table 1) are very

close to 1, as expected for single bonds. Actually, the FSR value
of 2 (1.015) is slightly greater than those of 1 (1.005) and 3
(1.008), suggesting a slight elongation of the Co−Ag bond
compared to Co−Cu and Co−Au, even if the difference is very
small. Moreover, the Co−Au distance of 3 [2.5132(5) Å, FSR
1.008] is very similar to that found in [Co(CO)4{Au(PPh3)}]
[2.503 Å, FSR 1.004].26

Compounds 1−3 have been also characterized by means of
1H and 13C{1H} NMR spectroscopy (Figures S7−S14). Data
for 1 are in accord to the literature. The CO ligands of 2 and 3
show a broad resonance at 205.8 and 207.6 ppm, respectively,
in the 13C{1H} NMR spectrum, in view of the high quadrupole
moment of cobalt. This broadening is probably the reason why
the carbonyl resonance was not observed in the case of 1.1 The
carbene carbon appears as a singlet at δC 187.2 ppm in the
13C{1H} NMR spectrum of 3, whereas two doublets with
1JC−109Ag = 234 and 1JC−107Ag = 202 Hz centered at δC 185.3
ppm are present in the case of 2.
When NHC = IMes, both neutral species [Co(CO)4{M-

(IMes)}] (M = Cu, 5; Ag, 6; and Au, 7) and ionic complexes
[M(IMes)2][M{Co(CO)4}2] (M = Cu, 8; Ag, 9; and Au, 10)
are formed in mixture, even if their relative ratio strongly
depends of M. Thus, in the case of Cu and Ag, ionic species 8
and 9 are the major products observed by IR spectroscopy, and
only traces of 5 and 6 are detected. In contrast, in the case of
Au, neutral species 7 is the major product formed, whereas
only traces of ionic compound 10 have been detected. Indeed,
the IR spectra in solution of all these species show two strong
and broader νCO bands in the region of 1930−1968 cm−1, as
well as a sharper band at 2022−2026 cm−1 for the ionic species
[M(NHC)2][M{Co(CO)4}2], that moves to 2038−2047 cm−1

for the neutral species [Co(CO)4{M(NHC)}] (Figures S5 and
S6).
The molecular structure of 9 has been also confirmed by SC-

XRD. It consists of an ionic packing of [Ag(IMes)2]
+ cations

and [Ag{Co(CO)4}2]
− anions (Figure 3). The structure of

[Ag{Co(CO)4}2]
− has been recently reported as a [NEt4]

+

salt,30 showing very similar geometry and structural parame-
ters. It closely resembles the related [Cu{Co(CO)4}2]

− and
[Au{Co(CO)4}2]

− species.1,31−33 The Ag−Co distances
[2.5375(4) and 2.5500(4) Å] are similar to that of 2

Figure 1. Molecular structure of [Co(CO)4{Au(IPr)}] (3). Thermal
ellipsoids are at the 50% probability level. Au···C(O) contacts [2.67−
2.86 Å] are represented as fragmented lines. Hydrogen atoms have
been omitted for clarity (green, Co; yellow, Au; blue, N; red, O; gray,
C). Main bond distances (Å) and angles (deg): Co−Au 2.5132(5),
Au−Ccarbene 2.007(4), Co−C(O) 1.775(5)-1.781(4), Co−Au−Ccarbene
178.21(12).

Figure 2. Molecular structure of [Co(CO)4{Ag(IPr)}] (2). Thermal
ellipsoids are at the 50% probability level. Ag···C(O) contacts [2.71−
2.85 Å] are represented as fragmented lines. Hydrogen atoms have
been omitted for clarity (green, Co; orange, Ag; blue, N; red, O; gray,
C). Main bond distances (Å) and angles (deg): Co−Ag 2.5344(3),
Ag−Ccarbene 2.1062(19), Co−C(O) 1.774(3)−1.781(2), Co−Ag−
Ccarbene 177.49(6).

Table 1. Co−M Distances (Å) and Formal Shortness Ratio
(FSR) of 1−3

complex Co−M (Å) FSR

1a 2.3423(6) 1.005
2 2.5344(3) 1.015
3 2.5132(5) 1.008

aFrom ref 1.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.1c00363
Organometallics 2021, 40, 2724−2735

2726

https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00363/suppl_file/om1c00363_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00363/suppl_file/om1c00363_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00363/suppl_file/om1c00363_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig2&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.1c00363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


[2.5344(3) Å] and slightly shorter than in the neutral tetramer
[Ag4{Co(CO)4}4] [2.59 Å].34 The Ag(I) ion displays a linear
coordination and the two Co-centers adopt both a TBP
geometry as previously found also in [Au{Co(CO)4}2]

−.33

Regarding [Cu{Co(CO)4}2]
−, four crystal structures have

been previously reported in the literature with miscellaneous
cations,1,31,32 comprising that of 8 (space group P21/n).
During this work we have also isolated a second polymorph of
8 (space group C2/c). In all of these salts, the two Co-centers
of [Cu{Co(CO)4}2]

− adopt a TBP coordination (TBP−TBP
isomer), except in the [PPN][Cu{Co(CO)4}2] salt, where one
Co center is TBP and the second one displays a tetrahedral
coordination of the four CO ligands, with Cu capping one edge
of the Co(CO)4 tetrahedron (TBP−Td isomer). In all of the
other structurally characterized salts, the [M{Co(CO)4}2]

−

anion adopts the TBP−TBP geometry with the two Co(CO)4
fragments in a staggered conformation. An exception is
represented by [Cu(dmpe)2][Cu{Co(CO)4}],

31 which pos-
sesses the TBP−TBP structure, but within the unit cell there is
one anion adopting the most common staggered conformation,
whereas a second anion displays an unique eclipsed
conformation. A detailed experimental and computational
study on the different isomers of [M{Co(CO)4}2]

− has been
recently published.30

Compounds 1−3 and 7−9 are thermally stable, and they do
not react with oxidizing or reducing agents (e.g., I2, HBF4·
Et2O, Na/naphtalene, Cp2Ni, [Cp2Fe]

+, PPh3, and Me3NO).
By contrast, the thermal reactions of 2 and 8 with Co2(CO)8 in
refluxing THF for 300 min afforded traces of [HIPr]2[Ag2{Co-
(CO)4}4] (11) and [Co4(CO)8(μ-η

7-IMes)] (12), respec-
tively.
Compound 11 consists of an ionic packing of [HIPr]+

cations and [Ag2{Co(CO)4}4]
2− anions (Figure 4). The latter

anion has been recently characterized as miscellaneous salts,30

whereas no Cu- and Au-related species are known. It may be
viewed as a dimer of [Ag{Co(CO)4}2]

−, as previously
described. The Ag−Ag contact [2.8631(3) Å] is indicative of
an argentophilic interaction35 as found in other salts containing
the same [Ag2{Co(CO)4}4]

2− anion.30 [Ag2{Co(CO)4}4]
2−

contains two types of Co(CO)4 group, indicated as Cot
(terminal) and Cob (bringing). As expected, the Cot−Ag
contact [2.6451(3)Å] is shorter than Cob−Ag [2.7510(3) and
2.8494(3) Å]. Moreover, the Cot−Ag distance of [Ag2{Co-

(CO)4}4]
2− is longer than in 2 and 9, in view of the fact that

Ag displays coordination number of two in 2 and 9 and three
(four considering also the Ag−Ag contact) in 11. Indeed, the
Ag−Co contact [2.75 Å] in the mononuclear complex
Co(CO)4{AgAs3(CH3)5(C6H4)2}, that contains a Ag center
strongly bound to three As atoms (Ag coordination number of
four), is even longer than that in 11.26

Neutral cluster 12 may be viewed as a derivative of the
tetrahedral cluster Co4(CO)12, where four CO ligands have
been replaced by a μ-η7-IMes ligand (Figure 5). The cluster

possesses a tetrahedral Co4 core with three μ-CO ligands on
the basal Co3 triangle. Within this triangle, two Co atoms are
bound to one axial and one equatorial terminal CO, whereas
the third Co is bound to one axial CO and the Ccarbene of IMes
in the equatorial position. One aromatic ring of IMes is η6-
bound to the fourth Co atom. The μ-η7-coordination (six
aromatic carbons plus one carbene carbon atom) is
unprecedented for IMes, but it has been previously reported

Figure 3. Molecular structure of the [Ag{Co(CO)4}2]
− anion present

in [Ag(IMes)2][Ag{Co(CO)4}2] (9). Thermal ellipsoids are at the
50% probability level. Ag···C(O) contacts [2.42−2.83 Å] are
represented as fragmented lines (green Co; orange Ag; red O; gray
C). Main bond distances (Å) and angles (deg): Co−Ag 2.5375(4)
and 2.5500(4), Co−C(O) 1.763(3)−1.783(3), Co−Ag−Co
175.082(17).

Figure 4. Molecular structure of the [Ag2{Co(CO)4}4]
2− anion

present in [HIPr]2[Ag2{Co(CO)4}4] (11). Thermal ellipsoids are at
the 50% probability level. Ag···C(O) contacts [2.60−2.99 Å] are
represented as fragmented lines (green, Co; orange, Ag; red, O; gray,
C). Main bond distances (Å) and angles (deg): Ag−Ag 2.8631(3),
Cot−Ag 2.6451(3), Cob−Ag 2.7510(3) and 2.8494(3), Cot−C(O)
1.757(2)−1.782(2), Cob−C(O) 1.784(2)−1.789(2), Cot−Ag−Ag
171.812(10), Ag−Cob−Ag 61.462(8).

Figure 5. Molecular structure of [Co4(CO)8(μ-η
7-IMes)] (12).

Thermal ellipsoids are at the 50% probability level. Hydrogen atoms
have been omitted for clarity (green, Co; blue, N; red, O; gray, C).
Main bond distances (Å): Co−Ccarbene 1.968(2), Co−η6-C6
2.038(2)−2.167(2), Co−COterminal 1.773(3)−1.792(3), Co−
CObridging 1.886(2)−1.976(2), Co−Co 2.4275(4)−2.4954(5).

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.1c00363
Organometallics 2021, 40, 2724−2735

2727

https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig5&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.1c00363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


for other NHC ligands possessing aromatic substituents,36−39

including the HRu7(CO)17(μ-η
7-NHC) cluster [NHC =

C3H2(Me)(Ph)].40 It is well-known that Co2(CO)4 is
thermally transformed into Co4(CO)12.

41 In the presence of
IMes, the latter may lose four further CO ligands, resulting in
12.
2.2. Ammonia Borane Dehydrogenation. Bimetallic

Co−M−NHC complexes 1−3 and 7−9 have been tested as
catalysts for the dehydrogenation of ammonia borane (AB) in
THF as solvent. In view of the results discussed in section 2.1,
compounds 1−3 and 7 are present in THF mainly (or solely)
as neutral species [Co(CO)4{M(NHC)}], whereas 8 and 9 are
ionic species [M(NHC)2][M{Co(CO)4}2]. For comparison,
also bimetallic Fe−M−NHC complexes have been tested, that
is, [Fe(CO)4{M(NHC)}2]. Moreover, in order to verify the
relevance of the bimetallic nature of these species in catalysis,
also related homometallic species have been tested under
similar experimental conditions, that is, M(NHC)Cl and
Na[Co(CO)4]. All these catalysts have been preliminarily
tested by NMR at 298 or 323 K. In a typical test, the catalyst,
AB, and THF were mixed in an oven-dried NMR tube
containing a capillary with BF3·Et2O as reference, and the
sample was maintained at 298 and 323 K. The disappearance
of AB with time has been monitored by 11B NMR comparing
the integral of the resonance of AB with that of BF3·Et2O The
results are summarized in Tables 2 and 3.

Complex 1 displays the complete conversion of AB after 24
h at 298 K, and after 4 h, the conversion is already 94%. The
catalytic performance of 1 significantly decreases at 323 K.
Conversely, [Fe(CO)4{Cu(IPr)}2] displays an opposite trend:
the conversion is 80% after 24 h at 298 K and increases up to
100% at 323 K. Related homometallic species are almost
inactive. Bimetallic Co−Ag complexes such as 2 and 9 are
inactive at 298 K, and only the latter displays 47% conversion
after 24 h at 323 K. Co−Au and Fe−Au are less active
compared to Co−Cu and Fe−Cu complexes. Moreover, their
catalytic performances increase significantly with temperature.
According to these preliminary studies, the best catalyst

seems to be 1. Indeed, 1 displays the complete conversion of

AB after 24 h at 298 K, and after 4 h, the conversion is already
94% (Figure 6).
In order to obtain further information on the catalytic AB

dehydrogenation promoted by 1, the reaction was monitored
by in situ IR spectroscopy. The experiments were conducted in
a FT-IR cell with CaF2 windows and in a 200 mL batch reactor
by employing the same concentration of reagents employed in
the NMR tube experiments.
In Figure 7, the IR spectrum of the substrate and the catalyst

before the catalytic reaction are reported. As far as AB is
concerned, its spectrum presents three bands at 3310, 3239,
and 3180 cm−1 due to the different N−H stretching modes
and four bands at 2356, 2317, 2275, and 2220 cm−1 referred to
the B−H stretching modes.42−45 In the νCO region, it is
possible to observe four bands belonging to the catalyst 1
(2046, 1966, 1943, and 1924 cm−1).
During the reaction, the consumption of AB is followed by

the decrease in intensity of the bands relative to the N−H and
B−H stretching modes in the regions of 3400−3100 and
2400−2200 cm−1, respectively. The dehydrogenation of the
substrate is promoted by the catalyst which during the reaction
evolves in a deactivated form. This transformation is
accompanied by the disappearance of the four νCO bands of
1 and the growth of a band centered at 1892 cm−1, attributable
to the monoanion [Co(CO)4]

− (Figure 8). This trend was
observed in both the two reaction systems, that is, the reactor
and the IR cell. The reaction progress in the reactor is
highlighted with a light purple solid line (start of reaction) and
a black dashed and dotted line (end of reaction). It is
noteworthy that the evolution of the catalyst toward the
deactivated form is slow, and after 10 h, it is still incomplete
(Figure 8, black dashed and dotted line). Similarly, the
conversion of AB is not complete after the same reaction time.
To better highlight the trend observed in the reactor and to

see if there are other carbonyl species originating from the
catalyst, the spectra recorded in the IR cell, after subtraction of
the first spectrum, were analyzed in the CO stretching region
(Figure 9). The negative bands at 2046, 1966, 1943, and 1924
cm−1 and the concomitant growth of the band at 1892 cm−1

confirm the transformation of the catalyst 1 into [Co(CO)4]
−.

The composition of the gas in the reactor head space was
analyzed at different time intervals. These analyses allowed to
quantify the amount of H2 evolved during the dehydrogenation

Table 2. Catalytic Dehydrogenation of AB at 298 K
Monitored by 11B NMR Spectroscopya

AB conversion (%) by 11B
NMR

catalyst solvent 1 h 4 h 24 h

none THF 0 0.3 10
1 THF 60 94 100
1 diglyme 66 - 100
2 THF 0 0 3
3 THF 0 0 33
7 THF 0 0 9
8 THF 1 1 1
9 THF 0 5 7
[Fe(CO)4{Cu(IPr)}2] THF 39 43 80
[Fe(CO)4{Au(IPr)}2] THF 28 35 43
[Fe(CO)4{Cu(IMes)}2] THF 17 28 39
[Fe(CO)4{Au(IMes)}2] THF 33 29 32
Cu(IPr)Cl THF 32 27 26
Cu(IMes)Cl THF 13 23 18
Na[Co(CO)4] THF 0 0 0

aCatalyst load 5% mol/mol.

Table 3. Catalytic Dehydrogenation of AB at 323 K
Monitored by 11B NMR Spectroscopya

AB conversion (%) by 11B
NMR

catalyst solvent 1 h 4 h 24 h

none THF 0 8 21
1 THF 45 49 70
2 THF 0 0 0
3 THF 0 7 78
7 THF 3 18 52
8 THF 7 18 54
9 THF 49 50 47
[Fe(CO)4{Cu(IPr)}2] THF 18 43 100
[Fe(CO)4{Au(IPr)}2] THF 23 24 69
[Fe(CO)4{Cu(IMes)}2] THF 21 32 70
[Fe(CO)4{Au(IMes)}2] THF 23 22 31
Na[Co(CO)4] THF 14 13 35

aCatalyst load 5% mol/mol.
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of AB. After 300 min of reaction, 0.63 equiv of H2 referred to
the initial moles of AB were formed (Figure 10, black line).
Hydrogen production shows a maximum after ca. 40 min
(Figure 10, blue line). Then, the reaction rate rapidly decreases

Figure 6. 11B NMR spectra acquired during the catalytic dehydrogenation of AB with 1 in THF at 298 K. Catalyst load 5% mol/mol. A capillary
with a BF3·Et2O is used as reference.

Figure 7. FT-IR spectrum of a solution of NH3BH3 and 1 in THF,
after subtraction of the THF spectrum.

Figure 8. FT-IR spectra after subtraction of the THF spectrum. The
IR spectra were recorded by monitoring the dehydrogenation of AB
catalyzed by 1. Solid light purple line: spectrum recorded at the
beginning of the reaction. Intermediate dashed and dotted blue line:
spectrum recorded after 5 h of reaction in the reactor. Dashed and
dotted black line: spectrum recorded after 10 h of reaction in the
reactor.

Figure 9. FT-IR spectra after subtraction of the first spectrum at the
beginning of reaction. The IR spectra were recorded by monitoring
the dehydrogenation of AB in the presence of 1. From light blue to
blue lines: spectra recorded over time in the IR cell.

Figure 10.Moles of H2 produced by reacting AB with 1 in the reactor
(black line) and moles of H2 formed per minute (blue line).
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in the next 10 min; after this point, the reaction proceeds with
a very slow rate. Further studies are required in order to
rationalize and explain this behavior.
The formation of a white precipitate is observed during the

catalytic reaction. This solid has been recovered by filtration,
stored in air at room temperature, and analyzed by powder X-
ray diffraction (Figure 11, red line). The solid is a mixture of

crystalline and amorphous phases, whose identification is not
so straightforward. The crystalline phases present in the
mixture can be tentatively assigned to unconverted AB, boron
hydroxide, and boron oxide. The absence of nitrogen-
containing compounds suggests that N−B bonds are broken
during reaction. This point is further corroborated by the
presence of ammonia in the head space of the reactor at the
end of the catalytic process.25

For the sake of comparison, the diffraction pattern of the
solid obtained from the decomposition of pure AB under
similar conditions (at room temperature, in THF under air) is
reported (Figure 11, black line). Under these conditions, AB
decomposed, mostly affording an amorphous solid. Moreover,
the peaks relative to the crystalline phases do not match with
the peaks of the solid produced during the catalytic reaction.
2.3. Computational Investigations. DFT computations

have been performed to provide information on structure, IR
spectroscopy and thermodynamics of Co−M carbonyl clusters
that could support experimental evidence.
The computed geometry of 1 in the gas phase is close to the

X-ray one, featuring equatorial COs with carbons partially
pulled toward Cu due to Cu···C(O) interactions (see section
2.1). This implies that the Co−C−O angles are also not
exactly 180° (i.e., ∼176°) for 1 in vacuum, indicating that
crystal packing interactions do not have a significant effect on
the structural features of isolated complex 1. In order to get
further insights into the nature of the most relevant
interactions in complexes 1−3, a natural bond order (NBO)
analysis was carried out, and the Wiberg bond index (WBI)
was computed,46 suggesting that the Co−M bonds do not
feature any strong covalent character, in line with their lability
and with the similarities of the IR spectra of the complexes
(i.e., carbonyl groups vibrational frequencies are not

dramatically affected by the M type). Nevertheless, an
increasing covalent character was found going from Cu to
Au (with WBIs of 0.26, 0.31, and 0.38 for 1, 2, and 3,
respectively) and from IPr to less hindered IMes ligands (with
WBIs of 0.30, 0.32, and 0.39 for 5, 6, and 7, respectively).
Moreover, natural atomic charges47 suggest the presence of
electrostatic interactions between negatively charged Co and
positively charged M centers, confirming the overall electro-
static nature of these complexes.
Regarding the weak Cu···C(O) interactions, while as

expected they do not feature any strong covalent character,
the second-order perturbation theory analysis of the Fock
matrix in NBO basis of complex 1 revealed significant
interactions between both the 3d and 4s Cu orbitals and the
antibonding π* orbitals of equatorial carbonyl groups.
Moreover, the inspection of occupied molecular orbitals of 1
indicated the presence of an occupied frontier orbital
(HOMO−2) associated to these interactions, as shown in
Figure 12. A semibridging character for the equatorial COs can

be assigned computing the “bridge asymmetry” parameter (α)
and the WBIs for Cu···C(O), as already reported by Mankad et
al.48 The computed α values for complex 1 are in the range of
0.31−0.32, and the WBIs are within 0.12−0.13, falling in the
category of weak semibridging interactions.48

The simulated IR spectrum of 1 reproduces the
experimental spectra recorded in toluene (Figure S1) and
THF (Figure S16), which features, as previously described, a
sharp (characteristic) band at around 2040 cm−1 and a much
broader band at 1950 cm−1. While the former peak is
associated to CO stretchings involving (coupled) axial and
equatorial carbonyls, the broad band is related to stretchings of
just equatorial CO groups. As mentioned above, the variation
of M does not imply significant changes in the IR spectra of
complexes 1−3, with theoretical predictions corroborating the
experimental evidence of almost identical spectra for 1 and 2,
while the IR spectrum of 3 features a slight rigid blueshift of
both the sharp (ca. + 5 cm−1) and broad (ca. + 10 cm−1) bands
(Figure S17). For NHC = IMes, the simulated IR spectra do
not show critical changes with respect to those with NHC =
IPr (Figure S18). This observation and the fact that our
previously reported simulated and experimental IR spectra of
the ionic species30 featured a sharp band red-shifted by ca. 40

Figure 11. Diffraction pattern of the solid produced during the
reaction stored at room temperature in air (red line) and AB
decomposed in THF at room temperature in air.

Figure 12. Occupied molecular orbital (HOMO−2) of complex 1,
involving Cu orbitals and π* orbitals of equatorial CO groups.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.1c00363
Organometallics 2021, 40, 2724−2735

2730

https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00363/suppl_file/om1c00363_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00363/suppl_file/om1c00363_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00363/suppl_file/om1c00363_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00363/suppl_file/om1c00363_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00363?fig=fig12&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.1c00363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cm−1 as compared to the spectra of the neutral species (i.e.,
those reported in this work) shows an overall good agreement
between experimental and theoretical IR spectra that strongly
supports the above discussion on the detection of ionic species
in the mixtures (see section 2.1).
Since the [Co(CO)4{M(NHC)}] formations are sponta-

neous, due to the NaCl precipitation previously described, we
focused our DFT investigations on the thermodynamics of the
subsequently formed ionic species [M(NHC)2]

+ and [M{Co-
(CO)4}2]

− (see Scheme 1), in order to gather more
information on the behavior of these ionic pairs in solution.
As shown in Scheme 2 and Table 4, we computed the free

energies of formation (ΔG1) and dissociation (ΔG2) of the
ionic [M(IPr)2]

+[M{Co(CO)4}2]
− species, looking at the

influence of M and solvent dielectric. Considering a small
dielectric constant (ε = 7, i.e., a solvent with low polarity), we
observed that formation of tight ionic pairs is energetically
costly for M = Cu (ΔG1 = 11.9 kcal/mol) if compared to M=
Ag and Au, whose ΔG1 is halved. By increasing the solvent
polarity (to ε = 78), this trend is even more marked, with a
ΔG1 similar to low dielectric for Cu. For Ag and Au, it tends to
isoergonicity, and values for Ag are generally lower than for Au.
These results are consistent with the experimental IR spectra,
since spectral features associated to ionic species have never
been detected in the case of Cu (Figures S1 and S16). For Au,
only a spectral shoulder of the sharp band at 2045 cm−1 could
be identified in dmso (Figure S3), and for Ag, a clear peak at
2025 cm−1 is recorded (Figure S2).
The dissociation reactions of [M(IPr)2]

+[M{Co(CO)4}2]
−

tight ionic pairs are endergonic in solvents with either low or
high polarity, while the corresponding free energies values
(ΔG2) are small enough (around 5 or 1 kcal/mol, respectively)
to expect that dissociated species can be still easily formed in
the solution mixtures.
Finally, for complex 5 (with NHC = IMes) we also

computed the ΔG1 for the formation of [Cu(IMes)2]
+[Cu-

{Co(CO)4}2]
− species, which resulted to be an exergonic

spontaneous process (by −2.4 kcal/mol), in contrast with the
large positive ΔG1 computed for NHC = IPr (i.e., complex 1,
see Table 4), corroborating the experimental evidence that
IMes ligands generally favor the formation of ionic species in
the reaction mixtures, due to the steric properties of the
[M(NHC)2]

+ cation.

3. CONCLUSIONS
Heterometallic complexes 1−10 have been prepared starting
from Na[Co(CO)4] and M(NHC)Cl. Neutral [Co(CO)4{M-
(NHC)}] and ionic [M(NHC)2][M{Co(CO)4}2] species may
be obtained, depending on the nature of M and NHC. In some
cases, both species are present at the same time in solution.
The bulkier IPr ligand seems to be the best one in order to
stabilize heterometallic Co−M(NHC) bonds, as previously
found for related Fe−M(NHC) bonds.9−13 Such hetero-
metallic Co−M(NHC) and Fe−M(NHC) carbonyl complexes
have been tested as catalysts for AB dehydrogenation. The best
results have been obtained using [Co(CO)4{Cu(IPr)}] (1)
and [Fe(CO)4{Cu(IPr)}2], which both contain the Cu(IPr)
fragment. This might be related to the higher capacity of Cu
compared to that of Ag and Au to stabilize M−H (hydride)
interactions.49 Indeed, AB contains both hydridic (B−H) and
protic (N−H) hydrogens, and its activation is likely to proceed
through the concomitant interactions of B−H with the
positively charged Cu(IPr) fragment and of N−H with the
negatively charged Co(CO)4 or Fe(CO)4 fragment. Further
work is required in order to better elucidate the mechanism of
the catalytic process both from an experimental and theoretical
point of view.

4. EXPERIMENTAL SECTION
4.1. General Experimental Procedures. All reactions and

sample manipulations were carried out using standard Schlenk
techniques under nitrogen and in dried solvents. All the reagents
were commercial products (Aldrich) of the highest purity available
and used as received, except Na[Co(CO)4]

50 and M(NHC)Cl (M =
Cu, Ag, and Au; NHC = IMes and IPr)51 which were prepared
according to the literature. Analyses of C, H, and N were obtained
with a Thermo Quest Flash EA 1112NC instrument. IR spectra were
recorded on a PerkinElmer Spectrum One interferometer in CaF2
cells. 1H, 13C{1H}, and 11B NMR measurements were performed on a
Varian Mercury Plus 400 MHz instrument. The proton and carbon
chemical shifts were referenced to the nondeuterated aliquot of the
solvent. The boron chemical shifts were referenced to BF3·Et2O using
an internal capillary.

The XRD powder analysis was carried out using a PANalytical
X’Pert diffractometer equipped with a copper anode (Cu Kα, λ =
0.15418 nm) and a fast X’Celerator detector. A 2θ range of 5−80°
was investigated, using a step size of 0.1° and a time per step of 2 s.

4.2. Synthesis of [Co(CO)4{Cu(IPr)}] (1). Na[Co(CO)4] (0.410
g, 2.12 mmol) and Cu(IPr)Cl (1.06 g, 2.17 mmol) were charged in a
Schlenk tube under a nitrogen atmosphere, and THF (15 mL) was
added. The mixture was stirred for 20 min at room temperature, and
then, the solvent removed under reduced pressure. The crude product
was extracted in toluene (15 mL), and crystals of 1 were obtained by
slow diffusion of n-pentane (30 mL) at −20 °C (yield 1.02 g, 76%).
These crystals displayed the same unit cell reported in the literature.1

C31H36CuCoN2O4 (622.13): calcd (%): C 59.79, H 5.83, N 4.50.
Found: C 60.08, H 5.67, N 4.33. IR (nujol, 293 K) νCO: 2039 (mw),
1961 (m), 1927 (ms) cm−1. IR (toluene, 293 K) νCO: 2041 (s), 1964
(s), 1934 (s), 1917 (sh) cm−1. IR (CHCl3, 293 K) νCO: 2041 (s),
1962 (s), 1936 (s), 1918 (sh) cm−1. IR (CH2Cl2, 293 K) νCO: 2041
(s), 1960 (s), 1935 (s), 1913 (sh) cm−1. IR (THF, 293 K) νCO: 2039
(ms), 1961 (s), 1935 (s), 1915 (sh) cm−1. IR (acetone, 293 K) νCO:
2040 (ms), 1961 (s), 1937 (s), 1913 (sh) cm−1. IR (CH3CN, 293 K)
νCO: 2041 (w), 1962 (m), 1935 (m), 1892 (s) cm−1. IR (dmso, 293
K) νCO: 2039 (w), 1957 (m), 1934 (m), 1889 (s) cm−1. 1H NMR
(C6D6, 298 K): δ 7.23 (t, 2JHH = 7.5 Hz, 2H, CHAr), 7.08 (d, 2JHH =

Scheme 2. Equilibria of Formation (ΔG1) and Dissociation (ΔG2) of the Ionic [M(NHC)2]
+[M{Co(CO)4}2]

− Species

Table 4. DFT Free Energies of Formation (ΔG1) and
Dissociation (ΔG2) of the Ionic
[M(IPr)2]

+[M{Co(CO)4}2]
− Species (M = Cu, Ag, and Au)

and Considering Two Different Solvent Dielectric
Constants (ε)

ε = 7 ε = 78

ΔG1
(kcal/mol)

ΔG2
(kcal/mol)

ΔG1
(kcal/mol)

ΔG2
(kcal/mol)

Cu (1) 11.9 4.2 12.0 0.1
Au (3) 6.3 5.4 2.2 1.3
Ag (2) 5.7 5.1 0.8 1.1
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7.5 Hz, 4H, CHAr), 6.29 (s, 2H, CHimid), 2.59 (sept, 2JHH = 6.3 Hz,
4H, CH(CH3)2), 1.38 (d, 2JHH = 5 Hz, 12H, CH(CH3)2), 1.05 (d,
2JHH = 5 Hz, 12H, CH(CH3)2).

13C{1H} NMR (C6D6, 298 K): δ
160.3 (C−Cu), 145.4, 134.9, 131.0, 124.5, 122.7 (CAr and CHimid),
29.0 (CH(CH3)2), 24.5, 24.2 (CH(CH3)2). No peak corresponding
to bound CO was located.
4.3. Synthesis of [Co(CO)4{Ag(IPr)}] (2). Na[Co(CO)4] (0.200

g, 1.04 mmol) and Ag(IPr)Cl (0.440 g, 1.04 mmol) were charged in a
Schlenk tube under a nitrogen atmosphere, and THF (15 mL) was
added. The mixture was stirred for 60 min at room temperature, and
then, the solvent was removed under reduced pressure. The crude
product was extracted in toluene (15 mL), and crystals of 2 were
obtained by slow diffusion of n-pentane (30 mL) at −20 °C (yield
0.45 g, 65%).
C31H36AgCoN2O4 (667.42): calcd (%): C 55.85, H 5.45, N 4.20.

Found: C 55.61, H 5.74, N 4.49. IR (nujol, 293 K) νCO: 2037 (s),
1958 (s), 1925 (s) cm−1. IR (toluene, 293 K) νCO: 2040 (s), 1962 (s),
1933 (s) cm−1. IR (CHCl3, 293 K) νCO: 2040 (s), 1959 (sh), 1937 (s)
cm−1. IR (CH2Cl2, 293 K) νCO: 2040 (ms), 1958 (s), 1935 (s) cm−1.
IR (THF, 293 K) νCO: 2039 (s), 2024 (w), 1958 (s), 1935 (s) cm−1.
IR (acetone, 293 K) νCO: 2039 (s), 1959 (s), 1936 (s) cm−1. IR
(CH3CN, 293 K) νCO: 2041 (m), 1959 (s), 1934 (s), 1893 (mw)
cm−1. IR (dmso, 293 K) νCO: 2038 (m), 1955 (s), 1935 (s), 1890 (m)
cm−1. 1H NMR (CD2Cl2, 298 K): δ 7.67 (s, 2H, CHimid), 7.49 (t,

2JHH
= 7.8 Hz, 2H, CHAr), 7.36 (d, 2JHH = 7.8 Hz, 4H, CHAr), 2.65 (sept,
2JHH = 6.8 Hz, 4H, CH(CH3)2), 1.39 (d, 2JHH = 6.8 Hz, 12H,
CH(CH3)2), 1.31 (d, 2JHH = 6.8 Hz, 12H, CH(CH3)2).

13C{1H}
NMR (CD2Cl2, 298 K): δ 205.8 (br, CO), 185.3 (C−Ag, 1JC−Ag =
234 and 202 Hz), 144.8, 134.2, 129.5, 123.2, 123.1 (CAr and CHimid),
27.9 (CH(CH3)2), 23.1, 22.4 (CH(CH3)2).
4.4. Synthesis of [Co(CO)4{Au(IPr)}] (3). Na[Co(CO)4] (0.190

g, 0.984 mmol) and Au(IPr)Cl (0.610 g, 0.984 mmol) were charged
in a Schlenk tube under a nitrogen atmosphere, and THF (15 mL)
was added. The mixture was stirred for 30 min at room temperature,
and then the solvent was removed under reduced pressure. The crude
product was extracted in toluene (15 mL), and crystals of 3 were
obtained by slow diffusion of n-pentane (30 mL) at −20 °C (yield
0.58 g, 78%).
C31H36AuCoN2O4 (756.51): calcd (%): C 49.20, H 4.80, N 3.70.

Found: C 49.36, H 4.52, N 3.94. IR (nujol, 293 K) νCO: 2044 (s),
1969 (s), 1939 (s) cm−1. IR (toluene, 293 K) νCO: 2048 (s), 1973 (s),
1949 (s) cm−1. IR (CHCl3, 293 K) νCO: 2047 (s), 1970 (sh), 1952 (s)
cm−1. IR (CH2Cl2, 293 K) νCO: 2047 (s), 1968 (s), 1951 (s) cm

−1. IR
(acetone, 293 K) νCO: 2046 (s), 1969 (s), 1952 (s) cm−1. IR
(CH3CN, 293 K) νCO: 2048 (s), 1971 (s), 1950 (s) cm−1. IR (dmso,
293 K) νCO: 2045 (s), 1964 (s), 1949 (s), 1892 (m) cm−1. 1H NMR
(CD2Cl2, 298 K): δ 7.53 (t,

2JHH = 7.8 Hz, 2H, CHAr), 7.34 (d,
2JHH =

7.8 Hz, 4H, CHAr), 7.27 (s, 2H, CHimid), 2.63 (sept, 2JHH = 6.8 Hz,
4H, CH(CH3)2), 1.35 (d, 2JHH = 6.8 Hz, 12H, CH(CH3)2), 1.25 (d,
2JHH = 6.8 Hz, 12H, CH(CH3)2).

13C{1H} NMR (CD2Cl2, 298 K): δ
207.6 (br, CO), 187.2 (C−Au), 145.7, 134.1, 130.4, 124.0, 122.8 (CAr
and CHimid), 28.8 (CH(CH3)2), 23.9, 23.7 (CH(CH3)2).
4.5. Synthesis of [Cu(IMes)2][Cu{Co(CO)4}2] (8). Na[Co(CO)4]

(0.410 g, 2.12 mmol) and Cu(IMes)Cl (0.880 g, 2.18 mmol) were
charged in a Schlenk tube under a nitrogen atmosphere, and THF (15
mL) was added. The mixture was stirred for 20 min at room
temperature, and then the solvent was removed under reduced
pressure. The crude product was extracted in toluene (15 mL), and
crystals of 8 were obtained by slow diffusion of n-pentane (30 mL) at
−20 °C (yield 0.59 g, 50%). The crystals obtained are a polymorph
(space group C2/c) of the previously reported structure (space group
P21/n).

1

C50H48Cu2Co2N4O8 (1077.86): calcd (%): C 55.76, H 4.50, N
5.21. Found: C 55.35, H 4.84, N 5.04. IR (THF, 293 K) νCO: 2039
(w), 2022 (m), 1950 (s), 1936 (s), 1885 (s) cm−1. 1H NMR (C6D6,
298 K): δ 6.74 (s, 4H, CHAr), 5.96 (s, 2H, CHimid), 2.07 (s,6H, CH3),
1.96 (s, 12H, CH3).

13C{1H} NMR (C6D6, 298 K): δ 178.8 (C−Cu),
139.6, 135.1, 134.5, 129.5, 121.4, (CAr and CHimid), 17.3, 16.8 (CH3).
No peak corresponding to bound CO was located. During the several

attempts to crystallize 8, a few crystals of [Cu(IMes)2][Co(CO)4]
were also obtained.

4.6. Synthesis of [Ag(IMes)2][Ag{Co(CO)4}2] (9). Na[Co-
(CO)4] (0.200 g, 1.04 mmol) and Ag(IMes)Cl (0.370 g, 1.04
mmol) were charged in a Schlenk tube under a nitrogen atmosphere,
and THF (15 mL) was added. The mixture was stirred for 60 min at
room temperature, and then the solvent was removed under reduced
pressure. The crude product was extracted in toluene (15 mL), and
crystals of 9 were obtained by slow diffusion of n-pentane (30 mL) at
−20 °C (yield 0.31 g, 51%).

C50H48Ag2Co2N4O8 (1166.52): calcd (%): C 51.55, H 4.16, N
4.81. Found: C 51.89, H 3.89, N 4.52. IR (nujol, 293 K) νCO: 2022
(s), 1934 (s) cm−1. IR (toluene, 293 K) νCO: 2040 (m), 2025 (m),
1959 (s), 1935 (s) cm−1. IR (CHCl3, 293 K) νCO: 2039 (mw), 2025
(w), 1956 (sh), 1937 (s) cm−1. IR (CH2Cl2, 293 K) νCO: 2038 (w),
2026 (m), 1937 (s) cm−1. IR (THF, 293 K) νCO: 2038 (w), 2025
(m), 1939 (s), 1887 (w) cm−1. IR (acetone, 293 K) νCO: 2038 (w),
2027 (m), 1944 (s), 1940 (s), 1892 (w) cm−1. IR (CH3CN, 293 K)
νCO: 2039 (sh), 2028 (sh), 1940 (m), 1895 (w) cm−1. IR (dmso, 293
K) νCO: 2038 (sh), 2027 (m), 1937 (s), 1890 (ms) cm−1. 1H NMR
(CD2Cl2, 298 K): δ 7.53 (s, 4H, CHimid), 7.04 (s, 8H, CHAr), 2.46 (s,
12H, CH3), 1.78 (s, 24H, CH3).

13C{1H} NMR (CD2Cl2, 298 K): δ
206.0 (br, CO), 182.5 (C−Ag, 1JC−Ag = 207 and 180 Hz), 139.2,
135.2, 134.5, 129.1, 123.3 (CAr and CHimid), 20.3, 16.5 (CH3).

4.7. Synthesis of [Co(CO)4{Au(IMes)}] (7). Na[Co(CO)4]
(0.190 g, 0.984 mmol) and Au(IMes)Cl (0.530 g, 0.988 mmol)
were charged in a Schlenk tube under a nitrogen atmosphere, and
THF (15 mL) was added. The mixture was stirred for 30 min at room
temperature, and then the solvent was removed under reduced
pressure. The crude product was extracted in toluene (15 mL), and a
microcrystalline powder of 7 was obtained by slow addition of n-
pentane (30 mL) (yield 0.49 g, 74%).

C25H24AuCoN2O4 (672.07): calcd (%): C 44.64, H 3.60, N 4.17.
Found: C 44.25, H 3.91, N 3.87. IR (THF, 293 K) νCO: 2044 (s),
2023 (w), 1967 (s), 1947 (s) cm−1. 1H NMR (CD2Cl2, 298 K): δ
7.19 (s, 2H, CHimid), 7.06 (s, 4H, CHAr), 2.36 (s, 6H, CH3), 2.16 (s,
12H, CH3).

13C{1H} NMR (CD2Cl2, 298 K): δ 208.0 (br, CO),
185.5 (C−Au), 139.7, 134.8, 134.7, 129.1, 121.9 (CAr and CHimid),
20.8, 17.4 (CH3).

4.8. Synthesis of [HIPr]2[Ag2{Co(CO)4}4] (11). Complex 2
(0.350 g, 0.524 mmol) and Co2(CO)8 (0.180 g, 0.527 mmol) were
charged in a Schlenk tube under a nitrogen atmosphere, and THF (15
mL) was added. The mixture was heated at refluxing temperature for
300 min, and then the solvent was removed under reduced pressure.
The crude product was washed with H2O (20 mL) and toluene (15
mL) and extracted in CH2Cl2 (15 mL). Slow diffusion of n-pentane
(30 mL) at −20 °C afforded a few crystals of 11, whereas the majority
of product recovered was unreacted 2. Because of this, yields were not
calculated, and 11 was only characterized by SC-XRD.

4.9. Synthesis of [Co4(CO)8(μ-η
7-IMes)] (12). Compound 8

(0.828 g, 0.768 mmol) and Co2(CO)8 (0.450 g, 1.32 mmol) were
charged in a Schlenk tube under a nitrogen atmosphere, and THF (15
mL) was added. The mixture was heated at refluxing temperature for
300 min, and then the solvent was removed under reduced pressure.
The crude product was washed with H2O (20 mL) and extracted with
toluene (15 mL). Slow diffusion of n-pentane (30 mL) at −20 °C
afforded a few crystals of 12·0.5(toluene), whereas the majority of
product recovered was unreacted 8. Because of this, yields were not
calculated, and 11 was only characterized by SC-XRD.

4.10. X-ray Crystallographic Study. Crystal data and collection
details for [Co(CO)4{Ag(IPr)}] (2), [Co(CO)4{Au(IPr)}] (3),
[Ag(IMes)2][Ag{Co(CO)4}2] (9), [Cu(IMes)2][Cu{Co(CO)4}2]
(8), [Cu(IMes)2][Co(CO)4], [HIPr]2[Ag2{Co(CO)4}4] (11), and
[Co4(CO)8(μ-η

7-IMes)]·0.5(toluene) (12·0.5(toluene)) are reported
in Table S1. The diffraction experiments were carried out on a Bruker
APEX II diffractometer equipped with a PHOTON100 detector using
Mo Kα radiation. Data were corrected for Lorentz polarization and
absorption effects (empirical absorption correction SADABS).52

Structures were solved by direct methods and refined by full-matrix
least-squares based on all data using F2.53 Hydrogen atoms were fixed
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at calculated positions and refined by a riding model. All non-
hydrogen atoms were refined with anisotropic displacement
parameters.
4.11. NMR-Scale Catalytic Test. In a typical test, a capillary

containing BF3·Et2O as reference was inserted into an oven-dried
NMR tube, and then the catalyst was added as a solid, followed by
1.00 mL of a solution of AB (45 mg, 1.46 mmol) in freshly distilled
THF (10 mL). The catalytic load was 5% mol/mol that in the case of
1 corresponded to 4.5 mg of complex (0.00723 mmol) per 4.5 mg of
AB (0.146 mmol). The NMR tube was stored at 298 or 323 K, and
the disappearance of AB was monitored by 11B NMR comparing the
integral of the resonance of AB vs that of the BF3·Et2O reference.
4.12. In Situ FT-ATR Experiments. In situ FT-ATR experiments

were carried out using a Bruker Tensor II instrument equipped with a
CaF2 cell. The general procedure for the investigations is the
following: First, 3.2 mg of 1 was completely dissolved in anhydrous
THF (0.5 mL) in a Schlenk tube under nitrogen atmosphere. In
another Schlenk tube, 3.2 mg of AB was completely dissolved in
anhydrous THF (0.5 mL) under nitrogen atmosphere. The two
solution were mixed closely before transfer to the IR cell under
nitrogen atmosphere. The spectra were acquired every 30 s.
4.13. Reactor-Scale Catalytic Test. A solution of AB (64 mg) in

THF (10 mL) was mixed with a solution of 1 (64 mg) in THF (10
mL) under nitrogen atmosphere at room temperature in a 200 mL
stirred glass reactor. The reactor is equipped with a digital pressure
controller and a rubber septum for syringe sampling. During reaction,
the reactor head was sampled every 5 min and analyzed in a gas
chromatograph equipped with a TCD detector. The pressure of the
system was monitored and used to determine the amount of H2
produced.
4.14. Computational Details. All density functional theory

(DFT) calculations were carried out using the Gaussian 16 package54

and the B3LYP functional.55−57 Geometry optimizations and
frequencies computations were performed using the 6-31G(d,p)
basis set for all atoms,58 except for transition metals, for which the
LANL2DZ basis set with pseudopotentials59 was used. The nature of
each optimized geometry was confirmed by analytical frequencies
analysis carried out at the same level of theory, along with natural
bond analysis,47 as implemented in Gaussian 16. Computed IR
frequencies reported were rescaled using a 0.961 scaling factor.60

Refined energies for thermodynamics were obtained by single-point
calculations computed on optimized geometries, using a larger basis
set (i.e., 6-311+G(2d,2p) for all atoms but transition metals), adding
Gibbs free energy corrections at room temperature and Grimme-D3
corrections61 for dispersion, and including the conduction-like
polarizable continuum model (C-PCM) for solvation effects.62,63
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