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Reactions of the seven-membered heterocyclic potassium diamidoalumanyl, [K{ALSINPPP)}], (SINDPP =
{CH,SiMe,NDipp},; Dipp = 2,6-di-isopropylphenyl), with a variety of Cu(), Ag() and Au() chloride
N-heterocyclic carbene (NHC) adducts are described. The resultant group 11-Al bonded derivatives have
been characterised in solution by NMR spectroscopy and, in the case of [{SINPPPYAI-AU(NHC™)] (NHC"
= N,N’'-di-isopropyl-4,5-dimethyl-2-ylidene), by single crystal X-ray diffraction. Although similar reactions
of LAgCl and LAuCl, where L is a more basic cyclic alkyl amino carbene (CAAC), generally resulted in
reduction of the group 11 cations to the base metals, X-ray analysis of [(<YCAAC)AgAL(SINPPP)] (YCAAC =
2-[2,6-bis(1-methylethyl)phenyl]-3,3-dimethyl-2-azaspiro[4.5]dec-1-ylidene) provides the first solid-state
authentication of an Ag—Al ¢ bond. The reactivity of the NHC-supported Cu, Ag and Au alumanyl deriva-
tives was assayed with the isoelectronic unsaturated small molecules, N,N'-di-isopropylcarbodiimide and
CO,. While these reactions generally provided products consistent with nucleophilic attack of the group
11 atom at the electrophilic heteroallene carbon centre, treatment of the NHC-supported copper and
silver alumanyls with N,N'-di-isopropylcarbodiimide yielded less symmetric Cu-C and Ag—C-bonded
isomers. In contrast to the previously described copper and silver alumanyl derivatives, [[NON)AL(O,C)M
(Pt-Busz)] (M = Cu or Ag; NON = 4,5-bis(2,6-di-isopropylanilido)-2,7-di-tert-butyl-9,9-dimethylxanthene),
which were prone to facile CO extrusion and formation of carbonate derivatives, the NHC-supported
dioxocarbene species, [(NHC)M(CO,)AISINPPP)] (M = Cu, Ag, Au), are all stable at room and moderately
elevated temperatures. The stabilising role of the NHC co-ligand was, thus, assessed by preparation of the
t-BusP adducted copper-alumanyl, [(t-BusP)CUALSINP™®P)]. Treatment of this latter compound, which was
also structurally characterised by X-ray analysis, with both N,N’-di-isopropylcarbodiimide and CO, again
provided smooth heteroallene insertion and formation of the relevant Cu-C-bonded products. Although
both compounds were quite stable at room temperature, heating of [(t-BusP)Cu(CO,)ALSINPPP)] at 60 °C
induced elimination of CO and formation of the analogous carbonate, [(t-BusP)Cu(OCO,)ALSINPPP)],
which was identified by 13C and P NMR spectroscopy. Reflective of the more reliable nucleophilic
behaviour of the gold centres in these group 11 alumanyls, computational (QTAIM and NBO) analysis
highlighted a lower level of covalency of the Al-Au linkage in comparison to the analogous Al-Cu and
Al-Ag interactions. Although substitution of the co-ligand significantly perturbs the charge distribution
across the Cu—Al bond of [LCUAL(SINPP)] (L = NHC™" or t-BusP), only a negligible difference is observed
between the phosphine-coordinated copper systems derived from either the [SiNPPP]- or (NON)-based
alumanyl ligands. Computational mapping of the reaction profiles arising from treatment of the various
group 11 alumanyls with N,N'-di-isopropylcarbodiimide indicates that the observed formation of the Cu-
N and Ag—N bound isomers do not provide the thermodynamic reaction outcome. In contrast, examin-
ation of the CO,-derived reactions, and their potential toward CO extrusion and subsequent carbonate
formation, implies that the identity of the co-ligand exerts a greater influence on this aspect of reactivity
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Introduction

Progress in organometallic chemistry (i.e. M-C bonded com-
pounds) during the latter half of the 20™ Century was
accompanied by the similar development of metallated deriva-
tives of carbon’s heavier group 14 congeners. While the study
of heterometal-bonded silyl,"® germyl,*” stannyl®* ** and, to a
lesser extent, plumbyl'" species continues as a pursuit of some
significance, the first two decades of the 21% Century have
seen the emergence of a broadly comparable chemistry
derived from terminally-coordinated group 13-centred
anions.”>*® In this latter regard, the most significant activity
has centred on the exploitation of boron-centred (boryl) moi-
eties as strongly c-donating ligands to transition metal (TM)
centres and their attendant applications in synthesis and C-B
bond-forming catalysis."®™°

Although the synthetic utility of organoboranes ensures the
continuing prominence of TM-boryl complexes, the variations
in TM-E bond strength and polarity resulting from compar-
able species featuring transition metals bonded to heavier
group 13 elements (i.e. E = Al, Ga, In or Tl) promises to expand
the scope of complementary or contrasting TM-E reactivity. A
variety of gallium->°* aluminium-**3®* and indium-
centred®**® anions suitable for the further development of
TM-bonded species have now been described. Of most recent
origin is an assortment of group 1 alumanyls exemplified by
1-3 (Fig. 1),>**"*>*1%2 the availability and reactivity of which
as Al-centred nucleophiles enables the direct metathetical con-
struction of terminal TM-Al ¢ bonds by their reaction with
transition metal electrophiles.>***** Although some variability
of outcome was observed as a result of phosphine co-ligand
identity, treatment of ¢BusPAul with Aldridge and
Goicoechea’s [K{Al(NON)}], (1, where NON is the chelating tri-
dentate ligand 4,5-bis(2,6-di-isopropylanilido)-2,7-di-tert-butyl-
9,9-dimethylxanthene) allowed the synthesis of the two-coordi-
nate gold complex, [(NON)AlAu(Pt-Bus)] (4-Au, Scheme 1a).*°
The Au’~-Al°" polarisation intrinsic to the intermetallic bond
of compound 4-Au allowed it to function as an apparent
source of nucleophilic gold in reactions with CO, and N,N'’-di-
isopropylcarbodiimide.** The observation that the resultant
molecules exclusively comprise a carbenic (:CX,) (X = O, Ni-Pr)
unit with a {Cu-pn'-:C-x*(X,X’)-Al} mode of heteroallene brid-
ging inspired us to assay comparable reactions of the seven-

membered heterocyclic potassium diamidoalumanyl, [K{Al
tBu iPr‘Q Q/Pr JBu Q
e -\ /
O N PPy Q ProK P -
\ / s
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2: X = 0; 3: X = CH,CH,

Fig. 1 Structures of compounds 1-3.
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Scheme 1 (a) Contrasting reactivity of [(NON)Al-M(Pt-Bus)] (M =
Ag, Au) toward CO,;*%*° (b) reactivity of compounds 7 and 8 with
i-PrN=C=Ni-Pr and CO,.**

(SINP'PP)L], (3, SINP'PP = {CH,SiMe,NDipp},; Dipp = 2,6-di-iso-
propylphenyl) with the Cu(i) chloride carbene adducts,
[(NHC™")cucCl] and [(M*>CAAC)CuCl] (NHC*" = N,N'-di-isopro-
pyl-4,5-dimethyl-2-ylidene; ™M®CAAC = 1-(2,6-di-isopropyl-
phenyl)-3,3,5,5-tetramethylpyrrolidin-2-ylidene).** In contrast
to the consistent behaviour of 4-Au as an Au-centred nucleo-
phile, the resultant complexes, [LCu-Al(SIN®PP)] (7, L =
NHC™; 8 L = M®2CAAC), exhibited divergent behaviour with
carbodiimides and CO,, providing compounds 9-12, the struc-
tures of which imply the Cu-Al interaction displays an ambi-
philicity modulated by the identities of the carbene co-ligand
and the heteroallene electrophile (Scheme 1b).

Aldridge, Goicoechea, Frenking and co-workers’ study of
the reactivity of compound 1 was very recently extended to
encompass the synthesis of the full range of group 11 deriva-
tives, [(NON)AI-M(Pt-Bu;)] (M = Cu (4-Cu), Ag (4-Ag), Au (4-
Au)).*> Although treatment of these compounds with carbodii-
mides also yielded species comprising stable {Cu-p-n'-:C-*-
(NR),-Al} heteroallene bridging, the outcome of reactions with
CO, was found to be dependent on the identity of the group

This journal is © The Royal Society of Chemistry 2022
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11 metal. In contrast to the stability of [(NON)AI(O,C)Au(P¢-
Buj)] (5-Au), the analogous silver phosphine adduct (5-Ag)
completely converted to the corresponding carbonate complex,
[(NON)AI(O;C)Ag(Pt-Bus)] (6-Ag), via the extrusion of CO at
80 °C (Scheme 1a). Although this process was slow at room
temperature, the analogous copper system (4-Cu) was labile
toward carbonate formation (6-Cu) such that the initial dioxo-
carbene (5-Cu) could not be observed, even at —78 °C
(Scheme 1a). This behaviour was rationalised by a compu-
tational study to be consistent with a rate determining extrusion
of CO from the initially formed dioxocarbene {M(CO,)Al} units,
and subsequent reaction of the resultant M-O-Al bridged
oxides with CO,. This chemistry provides a notable contrast to
the ready isolation and stability of compounds 11 and 12
(Scheme 1b), an observation which implies that the reactivity of
the M-Al bonds of these systems displays significant malleabil-
ity contingent upon the electronic character of the alumanyl
unit itself and/or the identity of the neutral co-ligand. In an
attempt to further deconvolute these effects, therefore, we now
describe a synthetic and computational study of the use of com-
pound 3 to access a wider range of [LM-AI(SiN""PP)] (M = Cu, Ag,
Au; L = carbene or phosphine donor) derivatives along with an
assessment of the reactivity of the M-Al bonds toward a similar
range of heteroallene small molecules.

Results and discussion

Synthesis and reactivity of carbene-supported copper, silver
and gold alumanyl derivatives

To assess the impact of variations in the steric demands of the
N-heterocyclic carbene (NHC) co-ligand, we first prepared a
copper alumanyl species analogous to compounds 7 and 8 but
supported by the more sterically encumbered NHC, (1,3-bis
(2,6-di-isopropylphenyl)imidazol-2-ylidene) (IPr). A stoichio-
metric reaction of compound 3 with [(IPr)CuCl] in hexane pro-
vided [(IPr)CuAl(SiN"'PP)] (13) as an off-white solid. In
common with the syntheses of 7 and 8, but in contrast to the
analogous reactions of compound 1 with [(#BusP)Cul], which
resulted in the bis-alumanyl cuprate K[Cu{Al(NON)},],** substi-
tution of the chloride was straightforward. Although analysis
of compound 13 was limited to the solution state, its for-
mation was unambiguous and gave rise to a series of reso-
nances in the "H NMR spectrum consistent with a 1: 1 ratio of
carbene to SiNPPP-ligand environments. The corresponding
BC{'H} NMR spectrum displayed a resonance at § 185.1 ppm

View Article Online
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assigned to the (IPr)C-Cu donor carbon nucleus that is, thus,
symptomatic of a similar electronic environment at copper as
that observed in compound 7 (6 175.9 ppm).

Consistent with this latter inference, reactions of com-
pound 13 with N,N'-di-isopropylcarbodiimide and CO, pro-
vided a similar outcome as previously observed for compound
7 (Scheme 2).** The carbodiimide-based reaction resulted in
the gradual consumption of both starting materials at 40 °C
over the course of 3 days to provide clean access to compound
14. In common with our previous observations of compound 9
(Scheme 1b), the resultant 'H NMR spectrum was consistent
with significant asymmetry and/or limited conformational
flexibility such that the iso-propyl methine resonances of the
carbodiimide fragment in 14 are separated into two distinct
(1H by relative integration) multiplet signals at § 3.38 and
2.99 ppm. Significantly, and in clear contrast to the low field
resonance (6§ 220.9 ppm) assigned to the copper-coordinated
{Cu-C(Ni-Pr),} carbon centre in compound 10, no signal could
be observed for the formerly sp-hybridised carbodiimide
carbon. These observations, therefore, suggest that the consti-
tution of 14 is most likely reminiscent of that determined in
the solid state for compound 9, in which the 2-coordinate
copper centre is ligated by a molecule of IPr and a single nitro-
gen atom of the {CN,} fragment. These observations are also
again consistent, therefore, with a course of reaction in which
the aluminium centre has apparently maintained a level of
nucleophilic behaviour.

Additional evidence of the analogous nature of its Cu-Al
bond with that of 7 was provided by a further reaction of com-
pound 13 with 2 atm. of >CO, in benzene. In this case, com-
plete conversion to a single new compound (15) was achieved
within 30 minutes. Although the resultant "H NMR spectrum
was indicative of a symmetrical species, compound 15 was
most clearly characterised by the emergence of a single new
C-labelled resonance in its "C{'H} NMR spectrum at &
234.0 ppm. This chemical shift is closely comparable to
signals observed in the corresponding spectra provided by
both compound 11 (§ 236.2 ppm) and the copper CAAC
adduct, compound 12 (5 234.9 ppm).** This latter compound
was structurally characterised as a cupra-dioxocarbene deriva-
tive comprising a linear {NHC™™-Cu-CO,} unit and the current
data are, thus, strongly suggestive that a similar structure may
be ascribed to compound 15 (Scheme 2). These observations
again provide a significant contrast to the low temperature
instability of [(NON)AI(O,C)Cu(PtBu;)] (5-Cu),*® but infer that
moderation of the steric demands associated with the

Dipp ) ; ) ;
N > Dipp . . Dipp D /) Dipp Diep
E —Cu—N I i-PrNCNi-Pr __N _N-Si CO, N OL _N-Si
N ANy~ —— [ Cu—A ) L o—cue=C Al ]
Dipp N—""NNog” 40°C,3d N ' §\l~s|| ,30min. N o P‘Sll\
Dipp 1 Dipp Dipp Dipp Dipp
14 (13: Dipp = 2,6-i-Pr,CgH3) 15

Scheme 2 Reactivity of compound 13 with N,N'-di-isopropylcarbodiimide and CO, and the synthesis of compounds 14 and 15.
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Scheme 3 Synthesis of compounds 16 and 17.

N-heterocyclic carbene co-ligand exerts only a limited influ-
ence over the reactivity of the {(NHC)Cu-Al} bond.

With these results in hand, reactions of compound 3 were
performed with NHC™" adducts of both AgCl and AuCl
(Scheme 3). In both cases, overnight reactions performed in
hexane provided the respective silver and gold alumanyl
derivatives, compounds 16 and 17 (Scheme 3), as colourless
solids. Consistent with all three group 11 derivatives exhibiting
isotypical structures, the "H NMR spectra of both compounds
16 and 17 were strongly reminiscent of their previously
reported copper analogue, compound 7.** The (NHC™)-M
donor carbon atoms of the heavier group 11 congeners,
however, were observed to resonate at notably lower field (5 16:
230.5: 17: 216.1 ppm) in their "*G{"H} NMR spectra than the
C-donor environment of 7 (§ 175.9 ppm). These chemical shift
values are also significantly downfield of those reported for
the relevant chloride starting materials [NHC"")MCI] (§ M =
Ag: 172.3; M = Au: 166.0 ppm).*®*” Similar observations have
been reported, but not rationalised, for several borylsilver and
-gold(1) NHC complexes and,*®*® thus, evidence comparable
modulation of the electronic environments of the second and
third row transition metals by the introduction of the aluma-
nyl ligand.

Although analytically pure bulk samples of compound 16
could be obtained for further studies of its reactivity
(vide infra), all attempts to obtain single crystals were unsuc-
cessful. Slow evaporation of a methylcyclohexane solution of
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compound 17, however, yielded colourless single crystals suit-
able for X-ray diffraction analysis. The result of this analysis is
illustrated in Fig. 2a, while selected bond length and angle
data are provided in Table 1. The gold coordination environ-
ment of compound 17 is provided solely by its interaction with
the NHC™" and alumanyl donor ligands such that the C31-
Aul-All angle approaches linearity [178.3(2)°]. The unsup-
ported Au1-Al1 bond [2.369(2) A] is significantly contracted in
comparison to the corresponding distance in [(NON)AlAu(Pt-
Buz)] (4-Au: 2.402(3) A), which previously represented the
shortest reported Au-Al distance.”® The Al-Au interaction may,
thus, be anticipated to exert a significant ¢rans influence on
the almost colinear NHC™ ligand. The C31-Aul bond [2.094
(7) A, however, is only marginally elongated in comparison to
the C-Au distance observed in [(NHC™)AuCI] [1.996(9) Al.
Although no comparable examples have been described with
the identical NHC™" ligand, the bond length observed in 17 is
closely comparable to the Au-C distances reported [range:
2.048(1)-2.109(16) A] for the handful of 2-coordinate gold
species which have been shown to feature a similarly pseudo-
linear orientation of a NHC and boryl donor ligands.*®*°

In contrast to the smooth access to compounds 16 and 17
provided by silver and gold adducts of NHC™, attempts to

Table 1 Selected bond lengths (A) and angles (°) for the group 11 alu-
manyl derivatives, compounds 17, 18 and 23

17° 18° 23°

M1-All 2.369(2) 2.4694(6) 2.3755(3)
M1-C31 2.094(7) 2.182(2) 2.2807(3)7
Al1-N1 1.827(6) 1.8526(18) 1.8457(10)
Al1-N2 1.828(6) 1.8484(18) 1.8490(10)
C31-M1-All 178.3(2) 171.13(6) 175.879(14)°
N1-Al1-M1 122.8(2) 124.91(6) 120.28(3)
N2-Al1-M1 122.2(2) 121.48(6) 127.11(3)

“M = Au. ”M = Ag. °M = Cu. ? Cu1-P1. * P1-Cul-All.

Fig. 2 ORTEPs (30% probability ellipsoids) of (a) compound 17 and (b) compound 18. Hydrogen atoms and an occluded molecule of methyl-

cyclohexane solvent (17) have been omitted for clarity.
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extend this reactivity to the more basic ¥*>CAAC ligand utilised
in the synthesis of the copper alumanyl, 8, were unsuccessful.
In all cases, attempted reactions of either [(***CAAC)AgCl] or
[(V**CAAC)AuCl] with compound 3 led to immediate decompo-
sition and a complex mix of products by apparent reduction
and precipitation of the group 11 metals. Analogous reactions
performed with the more sterically encumbered cyclic (alkyl)
(amino)carbene, YCAAC (PCAAC = 2-2,6-bis(1-methylethyl)
phenyl]-3,3-dimethyl-2-azaspiro[4.5]dec-1-ylidene),  provided
similar observations. In one case, however, reaction of
[(?’CAAC)AgCl] with 3 in C¢Dg enabled the identification of the
silver alumanyl derivative, [(“YCAAC)AgAI(SiN""PP)] (18), by
X-ray diffraction analysis performed on a colourless single
crystal, which was isolated by its mechanical separation from
the mixture of products formed. Although a bulk sample for
further analysis could not be obtained, the resultant structure
(Fig. 2b) provides the first solid-state authentication of any
silver-aluminium bond. In a manner reminiscent of the
copper and gold centres of compounds 7, 8 and 17, the silver
atom occupies a pseudo-linear 2-coordinate environment pro-
vided by the CAAC and alumanyl donor atoms [C31-Ag1-All
171.13(6)°]. While the Ag1-Al1 bond [2.4694(6) A] is unique,
the Ag1-C31 separation [2.182(2) A] is only slightly longer than
the Ag-C distances observed in a variety of previously reported
silver() adducts of CAAC donors (e.g. [(V*>*CCAC)AgCl] 2.0769
(18) A .50—54

Our earlier communication documented the reactivity of
compounds 7 and 8 toward N,N'-di-isopropylcarbodiimide and
CO, (Fig. 1b) and highlighted that the regiochemistry of the
carbodiimide insertion was dictated by the nature of the
carbene co-ligand.** This apparent ambiphilicity of the Al-Cu
bond was mirrored by the behaviour of compound 13
(Scheme 2). Although a study of similar scope was precluded
by the instability of comparable alumanylsilver and -gold
CAAC adducts, the availability of compounds 16 and 17, and
the point of comparison provided by Aldridge and co-workers’
recent studies of the reactivity of [(NON)AIM(Pt-Bus)]
(Scheme 1, M = Cu, Ag, Au),*>** allowed an assay of their reac-
tivity toward the same heteroallene reagents to be performed
(Scheme 4).

:[N>—Ag N>/ Dipp
N — _N-Si
N—=A )
M= Ag ). N-si
N Dipp —< Dipr‘) [
T A C{Ni-Pr}, 19
o—weadt
N \I‘I‘Si\
)< Dipp | CX, Dip |
) _ S X R
A L & L
| 5\ X oipd 1N

(Dipp = 2,6-i-Pr,CgH3)
20: M = Au, X = Ni-Pr
21: M=Ag, X=0
22: M =Au, X=0

Scheme 4 Reactivity of the silver and gold alumanyl complexes, 16 and
17, with N,N’-di-isopropylcarbodiimide and CO,.
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Treatment of the silver and gold alumanyl derivatives, 16
and 17, with N,N'-di-isopropylcarbodiimide in benzene pro-
vided the respective compounds 19 and 20 within a few hours
at room temperature. The 'H and "*C{"H} NMR spectra of com-
pound 19 were reminiscent of those arising from the unsym-
metrical insertion regiochemistry of compound 9.** The Ni-Pr
methine resonances of the former carbodiimide were separ-
ated into two distinct (1H by relative integration) multiplet
signals at § 3.46 and 4.34 ppm. In contrast, compound 20
exhibited only a single set of NCH(CHj;), environments in its
'H NMR spectrum. These data are strongly suggestive, there-
fore, that compounds 19 and 20 are the respective products of
a contrasting carbodiimide insertion regiochemistry. This
deduction was confirmed by X-ray diffraction analysis of col-
ourless single crystals of compounds 19 and 20, which were
isolated by slow evaporation of methylcyclohexane solutions.
The results of these analyses are shown in Fig. 3, while
selected bond length and angle data are presented in Table 2.
In both cases, the asymmetric units comprise two molecules,
which are, in each instance, very similar. Discussion, therefore,
is restricted to the Agl- and Aul-containing molecules. The
structure of 19 features a two-coordinate silver centre, ligated
by NHC™" and a single nitrogen atom of the {CN,} fragment
[Ag1-C31 2.078(5) A; Ag1-N6 2.087(4) A]. The coordination
sphere of the aluminium is satisfied by a side-on n*interaction
with the C42-N5 bond of the {CN,} unit, resulting in the for-
mation of a constrained three-membered AICN metallacycle
with Al1-C42, Al1-N5 and C-N distances of 1.948(5), 1.853(4)
and 1.362(6) A, respectively. In contrast, compound 20 crystal-
lises as an aura-amidinate structure in which the NHC™'-
ligated gold centre is bound to the {CN,} fragment through the
central carbenic carbon atom. Despite the introduction of an
alternative NHC co-ligand, the Au1-C42 distance of 20 [2.046
(3) A] is closely comparable to that reported for [(NON)AI{(Ni-
Pr),C}Au(Pt-Bu,)], [2.058(10) A].*° Consistent with its assign-
ment as a delocalised aura-amidinate, the {(Ni-Pr),C} unit
coordinates the aluminium centre in a N,N’-bidentate fashion,
with essentially identical Al-N distances [Al1-N5 1.913(2); Al1-
N6 1.904(2) A].

Exposure of samples of compounds 16 and 17 to 2 atm. of
13C0, provided clean conversion to the respective new species,
21 and 22, within 30 minutes at room temperature. Although
the solid-state structure of neither compound could be crystal-
lographically corroborated, the assignments of their solution-
state constitutions were unambiguous. As discussed above for
the copper derivative 15, the emergence of low field C-
labelled resonances in the "*C{"H} NMR spectra at § 240.4 (21)
and 239.1 (22) ppm is characteristic of the formation of the
respective silver and gold dioxocarbene derivatives, [NHC™")M
{CO,}AI(SIN®PP)] (21, M = Ag; 22, M = Au; Scheme 4). These
3C NMR data are, thus, reminiscent of those reported for the
analogous group 11-bonded {"*CO,} environments of [(NON)AI
{0,CIM(Pt-Bu,)] (5-Ag, 6 220.2;*° 5-Au, § 242.3 ppm).*° In
addition, and like the former of these two previously reported
signals, the resonance arising from compound 21 is observed
as two doublets resulting from coupling to the high abun-
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Fig. 3 ORTEPs (30% probability ellipsoids) of (a) the Agl-containing molecule of compound 19 and (b) the Aul-containing molecule of compound

20. H atoms and disordered atoms have been omitted for clarity.

Table 2 Selected bond lengths (A) and angles (°) for compounds 19, 20
and 24

19° 20” 24°
M1-C42 2.087(4)7 2.046(3) 1.9383(15)'
M1-C31 2.078(5) 2.058(3) 2.2095(4)/
Al1-N1 1.842(5) 1.849(2) 1.8654(13)
Al1-N2 1.854(4) 1.839(2) 1.8620(13)
Al1-N5 1.853(4) 1.913(2) 1.9091(13)¢
Al1-N6 1.948(5)° 1.904(2) 1.9096(13)’
C42-N5 1.362(6) 1.364(4) 1.346(2)"
C42-N6 1.315(6) 1.335(3) 1.343(2)"
C31-M1-C42 174.9(2)" 179.41(12) 177.73(4)°
N1-Al1-N2 114.80(19) 110.37(10) 113.32(6)
N1-Al1-N5 121.54(19) 123.61(10) 122.64(6)
N1-Al1-N6 118.8(2)F 111.62(10) 112.16(6)7
N2-Al1-N5 121.54(19) 113.24(10) 110.72(6)"
N2-Al1-N6 124.22(19)" 123.65(10) 122.14(6)°
N5-C42-N6 127.7(5) 108.4(2) 108.75(13)"

“M = Ag. "M = Au. °M = Cu. ¥ Ag1-N6. ° Al1-C42./C31-Ag1-N6.  N1-
Al1-C42. "N2-Al1-C42. ' Cu1-C43.7 Cu1-P1. ¥ Al1-N3. ' Al1-N4. ™ C43-
N3. " C43-N4. ° P1-Cul-C43. P N1-Al1-N3. 9 N1-Al1-N4. "N2-Al1-N3.
S N2-Al1-N4. ' N3-C43-N4.

dance 1] =3 'Ag (48.2%) and '”Ag (51.8) isotopes (Vppl; =
252.6, 'Jag' ¢ = 218.9 Hz, Fig. S34%).

Stability of copper dioxocarbene species

Although the previously reported silver complex, [(NON)AL
{0,C}AgP#Bu;] (5-Ag, Scheme 1a), could be characterised, it
underwent slow conversion to the corresponding silver carbon-
ate (6-Ag) at room temperature or over 24 h when heated at
80 °C under CO, (Scheme 1).*> Notably, the putative copper
species, [(NON)AKO,C}Cu(Pt-Bu;)] (5-Cu), was prone to elimin-
ation of CO and sequestration of a molecule of CO, even at
—78 °C. This latter behaviour is in significant contrast to our
isolation of the copper carbene adducts 11, 12 and 15, which
appear to be indefinitely stable at room temperature and even
when heated to 60 °C.

3918 | Dalton Trans., 2022, 51, 3913-3924

To begin to assess the relative impact of alumanyl and co-
ligand identity, therefore, an equimolar reaction of compound
3 and the copper(i) phosphine adduct [(#BusP)CuCl] was
carried out. In contrast to the synthesis of [[NON)AICu(Pt-Bus)]
(4-Cu), which had to be performed with a twofold stoichio-
metric excess of the copper halide reagent to suppress the for-
mation of the cuprate K[Cu{Al(NON)},],** this procedure pro-
vided clean access to the phosphine-supported copper aluma-
nyl, [(t-BuzP)CuAl(SiN"'PP)] (23) (Scheme 5). The resultant ‘H
NMR spectrum confirmed a ratio of one phosphine per
{SiNPP} unit, while the *'P NMR resonance was recorded at &
43.9 ppm. Consistent with only a marginal perturbation to the
phosphorus and, by extension, the copper environments, this
latter value is only slightly downfield of that reported for
[(NON)AICu(Pt-Bu;)] (4-Cu, 6 38.3 ppm).*> The constitution of
compound 23 was confirmed by a further X-ray diffraction ana-
lysis performed on a single crystal isolated from hexane solu-
tion (Fig. 4a and Table 1). While the solid-state structure of 4-
Cu is not available for comparison, the Cul-Al1 bond length
[2.3755(3) A] of 23 lies between the corresponding measure-
ments provided by compound 7 [2.3449(4) A] and compound 8
[2.4028(7) A].** As these latter derivatives provided a contrast-
ing outcome in their reactions with N,N'-di-isopropyl-
carbodiimide (Fig. 1), which was tentatively attributed to the
relative basicity of the NHC and CAAC co-ligands, compound
23 was treated with the same heteroallene in benzene at room
temperature. Inspection of the resultant 'H spectrum con-
firmed the ready insertion of the carbodiimide and the for-
mation of a single symmetrical product (24) comprising a
1:1:1 ratio of {SiN®PP}, phosphine and carbodiimide reso-
nances (Scheme 5). The maintenance of the nucleophilic char-
acter of the copper centre of 24 through the introduction of
the strongly o-donating phosphine was confirmed by the
appearance of a low field signal at § 218.0 ppm in the *C{'H}
NMR spectrum. This chemical shift is, thus, comparable with
signals attributed to the Cu-bonded carbon nuclei of com-
pound 10 (5§ 220.9 ppm)*® and the data arising from Aldridge

This journal is © The Royal Society of Chemistry 2022
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Scheme 5 Synthesis of compounds 23 and 24.

Fig. 4 ORTEPs (30% probability ellipsoids) of (a) compound 23 and (b) compound 24. H atoms and disordered atoms have been omitted for clarity.

and co-workers’ [(NON)AI{(CyN),C}Cu(P¢-Bus)] (6 215.5 ppm).**
Indicative of closely related electronic environments, the *'P
{'"H} NMR spectrum of 24 displayed a single resonance at §
59.8 ppm, which is also effectively identical to that reported
for [(NON)AI{(CyN),C}Cu(Pt-Bus)] (5 59.6 ppm). These solution
state observations were supported by an X-ray diffraction ana-
lysis of 24 performed on a single crystal isolated from hexane
at room temperature (Fig. 4b and Table 2). The copper coordi-
nation geometry of compound 24 is close to linear [C43-Cul-
P1 177.73(4)°] and the C-Cu-P unit is broadly comparable to
that reported for [(NON)AK(CyN),C}Cu(Pt-Bus)]. Despite the
variation in the carbodiimide substituents and the diamidoa-
luminium supporting environments employed in their syn-
thesis, the Cul-P1 [2.2095(4) A] and Cul-C43 [1.9383(15) A]
bond lengths of 24 are also only marginally perturbed in com-
parison to the analogous distances in Aldridge and co-workers’
previously reported phosphine adduct [Cu-P 2.2163(13); Cu-C
1.952(4) Al.*

Compound 23 was also found to react rapidly with >CO, to
provide compound 25, which was readily identified as a dioxo-
carbene species analogous to compounds 11, 12 and 15
(Scheme 5). Most characteristically, the "*C{"H} NMR spectrum
displayed a low field doublet resonance, the chemical shift of
which (6 233.1 ppm, */pc = 73.9 Hz) was comparable to the
{CuCO0,} environments of the carbene-supported variants.*?
Furthermore, a near equivalence of the copper centres within
25 and its structurally characterised diaminocarbene analogue,
compound 24, was evidenced by the similarity of their phos-

This journal is © The Royal Society of Chemistry 2022

phorus environments, both of which resonated at § 59.8 ppm
in their respective *'P{"H} NMR spectra. Single crystals of com-
pound 25 suitable for X-ray diffraction analysis could not be
obtained due to its slow solution decomposition at room
temperature, which manifested most clearly in its *'P{'H}
NMR spectrum through the appearance of further signals at
62.5 and 66.0 ppm. Heating of this solution with the mainten-
ance of the atmosphere of CO, overnight at 60 °C resulted in
the complete disappearance of the *'P NMR signal assigned to
compound 25. This process was accompanied by the emer-
gence of a single copper phosphine species (27) observed as a
resonance at § 62.1 ppm, a chemical shift that is almost identi-
cal to that observed in Aldridge and co-workers’ spontaneously
formed carbonate, [(NON)AI(O3;C)Cu(Pt-Buz)] (6-Cu, &
62.5 ppm).*> Similarly, the disappearance after heating of 25 of
the {CuCO,} signal at 233.1 ppm and the emergence of new
sharp resonances at § 166.7, 168.4 and 176.7 ppm in the
corresponding "*C{'H} NMR spectrum are reminiscent of that
arising from the {O;C} environment of 6-Cu (5 170 ppm).
Although we have not succeeded in isolating a pure bulk
sample, we, therefore, assign compound 27 as the analogous
copper carbonate, [(SiN"PP)Al(O,C)Cu(Pt-Bus)], while the
further species apparent at § 66.0 ppm in the room tempera-
ture *'P NMR spectrum of 25 is tentatively attributed to the
oxo derivative, [(SIN®'PP)AIOCu(Pt-Bu;)] (26). This latter com-
pound is analogous to the (Al-O-Cu)-bridged intermediate
implicated computationally, but not spectroscopically identi-
fied, in Aldridge, Frenking and co-workers’ analysis of the for-
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Scheme 6 Synthesis of compound 25 and the proposed route to com-
pound 27 via compound 26.

mation of [(NON)AI(O,C)Cu(Pt-Bus)] (6-Cu).*” The balance of
probability, therefore, suggests that compound 27 is produced
by an analogous route (Scheme 6).

Quantum chemical studies

Characterisation of the E-M-Al (E = C, P; M = Cu, Ag, Au)
interaction

With these synthetic insights in hand, the electronic structures
of 7, 8,16, 17, 23 and, for comparison, Aldridge co-workers’ 4-
Cu, were initially probed with QTAIM analysis to discern how
the identities of both co-ligand and alumanyl backbone
perturb the nature of the central M-Al bond and, in turn, the
respective nucleo- and electrophilicity of each centre (see the
ESI for full computational details). Table 3 details relevant
bond critical point (BCP) data and atomic charges for the
atoms involved in the M-E bonds and the M-Al bonds in these
complexes.

The electron densities associated with the M-Al BCPs are
generally consistent across the trio of group 11 NHC*"-M-Al
(SiNP'PP) complexes [p(r) = 0.061 (7), 0.060 (16), 0.066 (17) e
bohr ™ ]. Moreover, the total energy density, H(r), is negative in
each case, indicating a similarly stabilising M-Al interaction.

View Article Online
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The associated Laplacians [ V?p(r) = —0.045 (7), —0.028 (16) and
+0.049 (17) e bohr™*], however, suggest that, while the Cu-Al
and Ag-Al interactions are covalent in nature, the Au-Al inter-
action is non-covalent with a contraction of p(r) towards each
nucleus. This latter inference is supported by the both the
diagnostic V(r) < 2G(r),”> for which the Au-Al BCP of 17 meets
the criterion to classify it as a non-covalent interaction, and
the delocalisation indices, DI(A|B), which are indicative of a
comparably lower bond order for the Au-Al [+0.618 (17)]
linkage in comparison to the Ag-Al [+0.719 (16)] and Cu-Al
[+0.752 (7)] interactions.”® The atomic charges, gc, = —0.323
(7), gag = —0.428 (16) and ga, —0.720 (15), identify that Au is
more electronegative in nature and thus lends itself to
enhanced nucleophilic reactivity, a supposition that is further
reinforced by inspection of Natural Localised Molecular
Orbitals via NBO analysis, and the respective atomic contri-
butions to each M-Al bonding orbital (see Table S6 in the ESI{
for further details). While 7 [51.0% on Al and 45.5% on Cu]
and 16 [53.1% on Al and 43.2% on Ag] have majority contri-
butions arising from the Al centre, this is reversed in 17
[41.8% on Al and 55.5% on Au] where Au is the more signifi-
cant contributor to the NLMO and so indicative of a greater
degree of M°-Al°" polarization across the trio of complexes.
Turning to a comparison of the four E-Cu-[Al] complexes
(7, 8, 23 and 4-Cu), the identity of both the co-ligand and the
alumanyl backbone can be seen to influence the electronic
behaviour of the Cu centre, albeit to differing degrees. While
all Cu-Al BCPs possess similar electron densities and
Laplacians, subtle changes to the computed atomic charges
arise across these complexes. Whereas the Cu atom of 8 bears
the least negative charge (gc, = —0.202), the effect of co-ligand
identity is highlighted by the marked step-change in gc,
observed upon changing from NHC™ in 7 (gc, = —0.323) to
t-BuzP in 23 (g¢, = —0.403). Conversely, a negligible difference
is observed in gc, between 23 and 4-Cu (gc, = —0.406), in
which the [SiN”"PP] alumanyl backbone is exchanged for
[NON]. This latter observation infers that the identity of the co-
ligand plays a much larger role in determining the Cu centre’s
electronic structure and potential nucleophilicity than the

Table 3 Selected BCP and atomic QTAIM data for 7, 8, 16, 17, 23 and 4-Cu computed at the BP86/BS2//BP86/BS1 level of theory. Electron density

units are in e bohr~® and energy units are in Hartrees

Complex BCP (A-B) p(r) *p(r) H(r) DI(A|B) da qs Aq (A-B)
7 Cu-Al 0.061 —0.045 —0.030 0.752 -0.323 +1.817 -2.140
Cu-C 0.105 0.275 —0.039 0.734 +0.622 —0.9445
16 Ag-Al 0.060 —-0.028 —0.029 0.719 —-0.428 +1.874 —-2.302
Ag-C 0.086 0.214 —0.025 0.665 +0.670 —1.098
17 Au-Al 0.066 0.049 -0.029 0.618 -0.720 +2.080 -2.800
Au-C 0.105 0.209 -0.037 0.799 +0.702 —1.422
8 Cu-Al 0.059 —-0.061 —0.028 0.762 —-0.212 +1.735 —1.947
Cu-C 0.106 0.272 —0.040 0.812 +0.325 -0.537
23 Cu-Al 0.060 —0.041 -0.029 0.725 —-0.403 +1.851 —2.254
Cu-P 0.072 0.119 —0.022 0.688 +0.667 -1.070
4-Cu Al-O 0.036 0.159 —0.002 0.134 +1.887 -1.117 +3.004
Cu-Al 0.060 —0.044 —0.030 0.723 —0.406 +1.887 —2.292
Cu-P 0.072 0.119 —0.022 0.688 +0.668 -1.074
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nature of the diamido backbone of the alumanyl ligand.
Conversely, the adjustment in g, between 23 (+1.887) and 4-
Cu (+1.851) is more marked than the change in gc,, indicating
that the A(NON)-bound Cu centre is likely to display a higher
degree of nucleophilic behaviour.

Reactivity of [[NHC)MAI(SiN""PP)] (M = Cu, Ag, Au) with
i-PrN—C=Ni-Pr and CO,

An initial thermodynamic analysis was undertaken via DFT at
the BP86-D3BJ,CqH/BS2//BP86/BS1 level of the reactions of the
NHC"-supported group 11 alumanyl complexes, 7, 16 and 17,
with CO, and i-PrN=C=Ni-Pr (Table 4). In all cases for the
reactions with CO,, formation of the experimentally-observed
“symmetric” dioxocarbene adducts (identified as “S” in
Table 4) was calculated to be thermodynamically favoured over
the asymmetric adduct “A”, [where AGs — AG, = —22.9, —23.5
and —33.6 for Cu (7), Ag (16) and Au (17), respectively]. This is
in line with the observation of the dioxocarbene species 11, 21
and 22 and supports a uniform mode of CO, activation irre-
spective of group 11 element identity. The exergonicity of diox-
ocarbene formation is larger with copper complex 7 over the
Ag and Au analogues, with a smaller difference calculated
between 16 and 17 (where AG = —19.3 < —11.4 < —10.8 kcal
mol™ for Scy, Sag and S,y, respectively). For i-PrN—C=Ni-Pr,
the symmetric insertion product was also thermodynamically
favoured in all cases (where AG = —40.0, —31.6 and —32.1 kcal
mol™" for Cu, Ag and Au, respectively), even for Cu and Ag,
where the characterisation of 9 and 19 implicated the aluma-
nyl group as the nucleophilic reaction partner. This indicates
that either the observed “A” product formation for Cu and Ag
is not under thermodynamic control, where onwards exergonic
A to S isomerisation is only kinetically accessible for [[NHC™)
AuAl(SiNPPP)] (17), or A and S are formed through two regiodi-
vergent pathways, whereby the kinetic dominance of pathways
switches to S formation for 17. Consistent with the trend
identified for CO, insertion, i-PrN=C=Ni-Pr activation is
notably more exergonic for 7 over 16 and 17, (where AG =
—-40.0 < —-31.6 < —32.1 kecal mol™" for Scy, Sau and Sug,
respectively).

Although profiles have also been computed for the carbodi-
imide-based processes (see Fig. S56 in the ESI}), we here con-

Table 4 Computed free energies (kcal mol™) of CO, and
i-PrN=C=Ni-Pr activation with compounds 7, 16 and 17 to form either
the symmetric (S" featuring a p-n*C):x(X,X’) binding mode) or asym-
metric (“A” featuring a p-n*(C):k*(X):x*(X’) binding mode) insertion pro-
ducts. Bold numbers indicate the experimentally observed product

AG (kcal mol™)

L X (in X=C=X)  Product Cu(7) Ag(16) Au(17)
NHC™ O A +3.6  +12.1 +22.8
S —-19.3 —11.4 —10.8
i-PrN A —24.0 —-13.6 -7.5
S —-40.0 -31.6 —-32.1

This journal is © The Royal Society of Chemistry 2022
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centrate on the reactions with carbon dioxide. The computed
free energy profile for the activation of CO, at 7, which for
comparison with the comparable Ag- and Au-derived reactions
is relabelled as “I¢,”, is shown in Fig. 5. From Ig,, initial
rotation of one of the i-Pr groups of the NHC™ co-ligand is
assumed to take place via TS(I-II)¢, (+8.5 keal mol™) to yield
conformer Ilg, (+1.5 keal mol™).”” Subsequent rate-limiting
addition of CO, can take place via TS(II-III)¢, (AG = +14.8 kcal
mol ™", relative to I¢, and reactants) to yield Illg, (—4.2 kcal
mol ™). Two divergent mechanistic pathways emerging from
this intermediate were characterised. The facile and kinetically
dominant pathway in which the “symmetric” and experi-
mentally observed dioxocarbene species 11 is formed (rela-
belled “S¢,” in the computed profile) proceeds via Cu-Al clea-
vage with concomitant reorientation via TS(III-S)¢, (+4.5 keal
mol ™), and via an overall energetic span relative to Illy; of AGH
=+8.7 keal mol ™", to afford Sc, (—19.3 kcal mol™). Conversely,
the thermodynamically disfavoured asymmetric adduct Acy
(+3.6 kcal mol™") forms via transition state TS(II-IV)c,
(+14.1 kcal mol™) and subsequent conformational rearrange-
ment of the resulting adduct, IV¢, (+6.7 kcal mol™*), via TS(IV-
A)cu (+10.8 keal mol™). This, therefore, indicates that the for-
mation of dioxocarbene complex 11 is both kinetically and
thermodynamically favoured in the activation of CO, at 7. A
similar qualitative picture of rate limiting CO, addition
emerges from the characterisation of CO, activation by the Ag
and Au analogues, 16 and 17 (labelled as I,y and Iy, respect-
ively, in Fig. 5). In both cases, subsequent formation of Sy
(M = Ag, Au) from III; is again both kinetically and thermo-
dynamically favoured over the formation of Ay, confirming
that changing the group 11 element has little qualitative
impact on the activation mode of CO,.

Computational analysis of CO extrusion

The observed uniformity of the spectral data across all the
various copper, silver and gold alumanyl derivatives, indicate
that only minor perturbations to the M-Al bonding are
induced by changing the carbene or phosphine co-ligand. In
contrast, the stability of the dioxocarbene derivatives resulting
from the reactions of these compounds with CO, appears to be
subtly modulated by the identity of the (NON) and (SiN"'PP)
alumanyl environments. In order to further address these
differences in observed CO extrusion reactivity between the
various copper-alumanyl compounds, the thermodynamics of
formation of the dioxocarbene derivatives, and the mecha-
nisms of subsequent CO extrusion were computed for 7, 23,
and 4-Cu.’® Fig. 6 summarises the kinetics and thermo-
dynamics of both CO, addition and CO extrusion from the
three corresponding dioxocarbene adducts.

While the disparity in the kinetic barriers toward CO,
addition between 23 (+12.1 kcal mol™) and 7 (+14.8 kcal
mol ™) is relatively minor, addition is kinetically more facile
for 4-Cu with a barrier of +6.4 kcal mol™. This observation
infers that the nature of the alumanyl group has a larger influ-
ence on the kinetics of electrophile addition than the carbene
or phosphine co-ligand. The previously discussed QTAIM ana-
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lyses of compounds 7, 23 and 4-Cu, highlighted that the
adjustment to the identity of the diamido backbone of the alu-
manyl group results in only subtle modulation of the Cu-Al
BCP and ¢cy, and a modest change to g, On this basis, there-
fore, we suggest that the backbone influence could be more
steric in nature, a deduction reinforced by inspection of the
more accessible molecular surface of 4-Cu orthogonal to the
Cu-Al bond vector in comparison to that of 23 (Fig. S551).

The energetic span of CO extrusion is notably higher for
the system derived from 7 (+28.4 kcal mol™" relative to Sc,)
than for 23 (+24.4 kcal mol ™", relative to Spy). This is consist-
ent with the observable CO extrusion reactivity from 25 at
60 °C and the contrasting stability of 11, highlighting the more
significant influence exerted by the co-ligand in effecting this
onwards reactivity from the dioxocarbene adducts. Indeed, a
much smaller kinetic difference is characterised between the
CO extrusion processes of 25 (where AAG* = 0.2 kcal mol™?),
which is qualitatively consistent with the observation that both
resulting dioxocarbene adducts (Spy and Spa) are amenable to
subsequent CO extrusion, and so confirms that the identity of
the transition-metal’s co-ligand exerts a greater influence on
this aspect of reactivity than the backbone of the alumanyl
anion.>

In conclusion, our observations suggest that variation in
the steric demands of the supporting NHC impacts only mar-
ginally on the reactivity of the intermetallic {(NHC)Cu-Al}
bond. In contrast to the previously reported copper-based
chemistry, silver and gold alumanyl species supported by
CAAC donors are more labile to reduction, albeit mechanical
separation of a single crystal has allowed the first structural
characterisation of an Ag-Al o-bond. The ready accessibility of
NHC-supported silver and gold alumanyl derivatives has
enabled an assessment of the reactivity of the {(NHC)Ag-Al}
and {(NHC)Au-Al} bonds with the representative heteroallenes,
N,N'-di-isopropylcarbodiimide and carbon dioxide. In contrast
to previously reported behaviour of [(NON)AIM(Pt-Buj)] (M =
Cu, Ag), the products of CO, insertion are stable and isolable.
Although NMR spectroscopic analysis argues that the introduc-
tion of a t-BusP co-ligand only induces a marginal perturbation
to the {(SiN”'PP)Al-Cu} interaction, the resultant product of
CO, insertion displays a resistance toward CO extrusion that is
qualitatively intermediate between the NHC-supported
{(SIN®PP)AI-C} and phosphine-coordinated {(NON)AI-Cu}
species. These apparent subtleties are supported by our paral-
lel computational study. The structures of both the neutral
base and the alumanyl backbone impact upon the electronic
character of all three group 11 metal centres. For copper in
particular, however, the identity of the co-ligand exerts a more
significant influence on the potential nucleophilicity of the
group 11 atom than the structure of the alumanyl donor.
Although these observations suggest that the influence of the
diamidoalumanyl backbone is, thus, more kinetic/steric in
nature, we opine that it is, as yet, imprudent to generalise too
liberally. We are, thus, continuing to study the emergent
behaviour of such metal-aluminium interactions with a wider
variety of transition metal centres and complex types.

This journal is © The Royal Society of Chemistry 2022
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