Open Access Article. Published on 20 July 2023. Downloaded on 1/24/2026 2:23:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton
Transactions

i)

Check for updates

Cite this: Dalton Trans., 2023, 52,
10672

Received 4th July 2023,
Accepted 19th July 2023

DOI: 10.1039/d3dt02094k

Herbert W. Roesky () *°

rsc.li/dalton

[NHC — GeN(Ar)Cu,NArl,, the formal adduct of germanium ana-
logue of organic isonitrile [GeNAr] with Cu() imide [(Cu;NAr),]
(Ar = 2,6-iPr,CgHz) was prepared from the N-heterocyclic carbene
(NHC) stabilized acyclic germylene Ge[N(H)Ar]l, by reacting with
two equivalents of nBuLi and CuCl(PPh;)z. As elucidated by X-ray
crystal structural characterization, the two separated [GeNAr] moi-
eties interacted with [(Cu,NAr),] core in the side-on mode.

The synthesis of the heavier group 14 element analogues of
organic isonitriles, in the form of MNR (M = Ge, Sn, Pb; R =
organic group), is both structurally interesting and reactively
attractive. Due to the large size of the M(1) elements as well as
the weak = bonds, compared to the congeneric C, such heavier
analogues mostly exist as oligomers (MNR),, (n = 2, 3, 4), rather
than monomers like the organic isonitriles C=NR. For
example, using the moderately sterically hindered diisopropyl
phenyl ligand, Power and co-workers synthesized the trimeric
cyclic (GeNR); (R = 2,6-iPr,C¢H3), which contained a planar
Ge;Nj; six-membered ring." Other instances included cubanes
(MyNy;, M = Ge,”> Sn,>” and Pb®) or the double cubane
(Sn,Ng).® However, germanium derivatives with lower aggrega-
tion, like dimers, which could involve multiple bonding of Ge
(n) and N, are still rare. Limited available examples included
the dimeric (GeNR),, containing the Ge,N, four-membered
ring, supported by exceptionally bulky R ligands (R = 2,4,6-
(CF3);C6H,,° 2,4,6-tBuzCgH,,™° and 2,6-(2,4,6-
Me;CH,),CsH; '1). In relevant reactivity studies,'® the dimeric
Ge(n) imido complexes (GeNR), were found to be reactive in
oxidative addition or coordination to transition metals. So far,
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neither example of splitting the dimer (GeNR), into separated
GeNR species has been reported, nor the interaction of GeNR
with metals through both Ge and N sites. So far, the inter-
action mode in the side-on bonded isonitrile complex [Mo,(p-
1n>-CNtBu)-(CO),Cp,],"* is known.

It is noteworthy that in the above reports of dimeric
(GeNR),,">"" the key precursor Ge[N(H)R], was specially men-
tioned, which was found to spontaneously generate dimeric
(GeNR), and release the primary amine H,NR, as shown in the
reaction eqn (1).

2Ge[N(H)R], — (GeNR), + 2H,NR (1)

2Ge[N(M)R], — 2[GeNR] + 2[M,NR] —= ? (2)

This gives us a hint of whether a similar reaction would
occur if the amine proton H in (1) is replaced by the mono-
valent metal M(1) (as shown by reaction eqn (2))? If so, would
the in situ generated [GeNR] moiety preferentially coordinate
with the in situ formal [M(1),NR] to bring about the possibility
of the two [GeNR] species being split? For this end, we
planned to carry out the reaction exploration outlined in eqn
(2) using Cu(1) of group 11 metals as the costar metal element,
which has a good affinity for both germanium and nitrogen."?
To make this methodology more representative and compar-
able, we proposed to use the common commercially available
primary amine H,NAr with large steric hindrance (typically
Ar = 2,6-iPr,CgH;) rather than extra bulky ones® ™' to realize
our synthetic intention. However, as known, it is more challen-
ging to carry out the reaction using 2,6-diisopropyl aniline as
the starting material due to two possible difficulties derived
from the literature work. First, if the route of intermolecular
deamination of primary amines is used, ie., if the synthesis
starts from Ge[N(SiMe;),], with H,NAr (Ar = 2,6-iPr,C¢Hs), the
more stable trimeric (GeNAr); rather than the expected Ge[N
(H)Ar], is obtained regardless of the ratio of reactants. Second,
if the route of intermolecular elimination of salt is used, it
could result in very low yields of impure products, as suggested
by the previous unsuccessful attempt in which GeCl,-dioxane
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was treated with even greatly hindered LiN(H)Ar" (Ar" = 2,6-
(2,4,6-Me;C6H,),CeH; ™). Thus, the two-electron-donor groups
(D) was considered, which may offer additional steric protec-
tion and help the adduct D — Ge(NHATr), to be a much stron-
ger Lewis base. Among such donors, N-heterocyclic carbene
(NHC) has been applied in a number of previous studies on
the synthesis and reactions of germylenes.'*® Therefore, our
work started with the synthesis of NHC — Ge[N(H)Ar],.

The primary amine ArNH, (Ar = 2,6-iPr,C¢H3) was treated
with the equivalent molar of nBuLi to generate the lithiated
product [LiN(H)Ar] (Scheme 1). The latter with or without sep-
aration was further reacted with GeCl,-1,4-dioxane in the pres-
ence of NHC (:C[N(iPr)C(Me)],) to give the expected product
NHC — Ge[N(H)Ar], (1, Scheme 1) as yellow solids in relatively
high yield (80%). Alternatively, 1 can also be obtained in mod-
erated yield (74%) by the treatment of GeCl,-1,4-dioxane with
equimolar [NHC — LiN(H)Ar], (2), which was formed by the
addition of NHC to the solution of the intermediate [LiN(H)
Ar].

The melting point of NHC — Ge[N(H)Ar], (1) is 135 °C,
which is much lower than that of Ge[N(H)R], (R = 2,6-(2,4,6-
Me;CeH,),CeHj;) (198 °C)."" In the FT-IR spectrum of 1, the
strong adsorption at 3349 cm™" was attributed to NH stretch-
ing. The 'H NMR spectrum of 1 exhibited resonances for
amide protons observed at § 5.98 ppm as a broad signal, while
the septet at § 3.51 ppm for the methine protons of isopropyl
groups of Ar groups showed a correct integral ratio relative to
that of NHC methine protons (2 : 1), consistent with the theor-
etically chemical formulation. The elemental analysis of 1
further confirmed the chemical compositions by comparing
the measured elemental ratios with the theoretically calculated
results.

The saturated solution of 1 in Et,O was stored at room
temperature for one day to produce yellow crystals suitable for
single-crystal X-ray diffraction measurement. Compound 1
crystallizes in the triclinic space group P1. Its molecular struc-
ture is depicted in Fig. 1. Due to the steric hindrance among
NHC and amine ligands, the molecular structure of 1 is not
symmetric. The pyramidal geometry of the Ge(u) centre was
completed by two amide nitrogen atoms and one carbene
carbon atom, where Ge(ir) was 1.0267(13) A away from the
C(35)-N(1)-N(2) plane. The sum of bond angles around Ge(u)
is 288.19(25)°, indicating the presence of the lone pair of elec-
trons on the vertex Ge(u) atom. In contrast, the carbene C(35)
atom is located in an almost trigonal planar environment, as
revealed by the sum of the angles at C(35) (360.00(47)°). The

1) NHC
nBuLi l l 2) GeCly, /Ge
ArNH ArNHLi —_—
e 11 T 2:1:1 NHC \\NHAr
-nBuH -2LiCl NHAr

Prt 1
P

Scheme 1 Synthesis of NHC — Ge[N(H)Ar], (1).
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Fig. 1 Molecular structure of NHC — Ge[N(H)Ar], (1). Ellipsoids are
drawn at 30% probability. H atoms except for NH groups have been
omitted for clarity. Selected bond lengths (A) and bond angles (°): Ge(1)—
C(35) 2.144(2), Ge(1)-N(1) 1.951(2), Ge(1)-N(2) 1.950(2); N(1)-Ge(1)-N(2)
97.04(9), N(1)-Ge(1)-C(35) 89.75(8), N(2)—Ge(1)-C(35) 101.40(8).

Ge(1)-C(35) bond length is 2.144(2) A, which is longer than the
Ge-C single bond in general (~2.04 A).?° (Fig. Sict). The Ge-N
bond lengths (1.950(2) and 1.951(2) A) and N-Ge-N bond
angle (97.04(9)°) of 1 are found to be larger than those of Ge[N
(H)Ar*], (1.896(2) A), (88.6(2)°).**

Interestingly, the Ge(u) atom of the acyclic compound 1 pos-
sesses a highly similar environment to that in a cyclic germy-
lene L'Ge « NHC (L' = HC[C(CH,)N(Ar)]C(Me)N(Ar), Ar = 2,6-
iPr,C¢Hs; NHC = :C[N(Me)C(Me)],), in terms of the bond
lengths and bond angles of CGeN, core with angle around Ge
(1) (288.01°), Ge-C bond length (2.147(3) A), Ge-N bond
lengths (1.927(3) and 1.929(3) A), and N-Ge-N bond angle
(95.1(1)°).*°

To gain a deeper understanding of the electronic nature of
1, the quantum chemical calculations were performed using
PBE1PBE/genecp (def2-TZVP basis set for Ge and def2SVP
basis set for C, N, H) with Gaussian 16 program suite,”* and
analysed with Multiwfn.>* The optimized structure of 1’ is the
global minimum and Cartesian coordinates were listed in
Table S1 (ESI)f with a geometry similar to that determined
experimentally. The frontier molecular orbitals, Ge(u)-C bond,
and the interaction between carbene and germylene fragments
were investigated. The HOMO and LUMO surfaces are depicted
in Fig. 2.

The HOMO and LUMO energies are —4.73 and —0.30 eV,
respectively, and the energy gap is 4.43 eV (426.99 kJ mol™),
which falls in the common range for germylenes.>®

To investigate the electron transfer between the NHC and
[ArN(H)],Ge fragments, the extended charge decomposition
analysis (ECDA) was performed, which suggested the 0.38 net
electrons obtained by Ge[N(H)Ar], from NHC (Fig. S117).

The lithiation of 1 was carried out in situ and the sub-
sequent transmetallation was performed with CuCl(PPh;); to
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Fig. 2 HOMO (a) and LUMO (b) of NHC — Ge[N(H)Ar], (1') (H atoms are
omitted for clarity). Optimized geometry: Ge(1)-C(35) 2.14101 A, Ge(1)-

N(1) 1.9537 A, Ge(1)-N(2) 1.9467 A; N(1)-Ge(1)-N(2) 97.2133°, N(1)-Ge
(1)-C(35) 87.3829°, N(2)-Ge(1)-C(35) 100.3288°.

NHAr 1) nBuLi
NHC\G J/ 2) CuCI(PPhg)n
ZE>NHAr
1
?r
N—_ . ~(PPhy)n
2|NHC—Ger _
-PPhg
N—
| “(PPhg)y
Ar
3A

Scheme 2 Synthesis of [INHC — GeN(Ar)Cu,NAr];, (3) and the possible
intermediates (3A and 3B).

afford the separation of 3 as dark yellow solid in 40% yield
(Scheme 2).

NMR characterizations and elemental analysis have shown
that compound 3 may preclude the presence of PPh; ligand
and suggested a 2:1 composition of Ar and NHC moieties in
it. As expected, X-ray single crystal diffraction proved this com-
position and further indicated the cleavage of Ge-N bonds and
the concurrent formation Ge-Cu and N-Cu bonds (Fig. 3).

It is therefore proposed as illustrated in Scheme 2 that, the
reaction may proceed four steps, ie. lithiation, transmetalla-
tion (3A), dimerization (3B), and rearrangement, to give [NHC
— GeN(Ar)Cu,NAr], (3), as a unique adduct of (HNC — GeNAr)
with (Cu,NAr), in a 2: 1 ratio.

As shown in Fig. 3, compound [NHC — GeN(Ar)Cu,NAr],
(3) crystallizes in the monoclinic P2,/n space group with an
inversion center, in which Ge(1) centre is located in a four-co-
ordinated environments by bonding to C(1), N(3) and two Cu
atoms. The Cu-linked N atoms adopted two different coordi-
nate environments, in which the amino N(3) is four-co-
ordinated in tetrahedral geometry, while the imino N(4) is
three-coordinated in trigonal planar geometry; each of them
bonded to two Cu atoms with shorter average Cu-N bond
lengths (1.867(4), 1.880(4) A) for the former and longer
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Fig. 3 The molecular structure of [NHC — GeN(Ar)Cu,NArl, (3).
Ellipsoids are drawn at 30% probability. H atoms have been omitted for
clarity. Selected bond lengths (A) and bond angles (°): Ge(1)-C(1) 1.910
(5), Ge(1)-N(3) 1.878(4), Ge(1)-Cu(1) 2.8909(8), Ge(1)-Cu(2) 2.6988(9),
Cu(1)-N(3) 1.867(4), Cu(2)—N(3) 1.880(4), Cu(1)—-N(4) 1.893(4), Cu(2)-N
(4A) 1.927(4), Cu(1)-Cu(2) 2.6333(8), Cu(1)-Cu(2A) 2.7573(8); N(3)-Ge
(1)-C(1) 175.68(19), Cu(1)-N(3)-Cu(2) 89.30(16), Cu(1)—-N(4)-Cu(2A)
92.41(16); A=1-X,-Y,1-Z

averages for the latter (1.893(4), 1.926(4) A). The Cu,N, core is
highly planar, with nearly right angles of Cu-Cu-Cu (88.75(2)°
and 91.25(2)°) and Cu-N-Cu (89.3(2)° and 92.4(2)°). This is
significantly different from the previous related examples,
where either ligands used were homoleptic,>*** or the Cu,N,
plane was very distorted.*® The Cu-Cu separations (2.6334(9) A
and 2.7572(7) A) in 3 are in the common range,?*">° while Ge-
C (1.909(6) A) and Ge-N (1.878(4) A) bond lengths are greatly
shortened compared to those in 1 (2.146(3) A and 1.946(2)-
1.950(2) A, respectively), and can be seen to fall between the
single and double Ge-C/N bonds.>”*® Interestingly, Ge(1) and
N(3) were found to be right on the NHC backbone plane (0.002
(9) A and 0.078(15) A deviation, respectively), and the C(1),
Ge(1), and N(3) atoms were almost arranged in a straight line
(C(1)-Ge(1)-N(3) 175.6(2)°). Compound 3 represents the first
example separating the GeNR monomers by interaction with
metals in the side-on bonded isonitrile mode.

Using the density functional method PBE1PBE/genecp
(def2-TZVP basis set for Ge and Cu and def2SVP basis set for
C, N, H), the optimized structure 3’ was obtained with con-
straints of heavy-atom positions. Calculation of the vibrational
frequencies revealed no imaginary frequencies, indicating that
this structure is at a minimum on the potential energy surface.
The optimized Cartesian coordinates of 3' were listed in
Table S2.t Fig. 4 presented the HOMO and LUMO surfaces of 3'.

The HOMO/LUMO energies 3’ were —3.21 and —2.29 eV,
respectively, leading to a HOMO-LUMO gap of 0.92 eV
(89.14 k] mol™"). The Wiberg bond order of the Ge(i)-N (0.92)
and Ge(u)-C (0.98) bonds (Fig. S131) in 3’ suggested the inter-

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 HOMO (a) and LUMO (b) of [NHC — GeN(Ar)Cu,NArl, (3) (H
atoms are omitted for clarity).

mediate nature between single and double bonds, when com-
pared with those in 1’ (0.56 and 0.62). The Ge(1)-N(3) bond is
largely occupied (1.89¢) (Fig. S147), in which the Ge(u) centre
uses sp®’® hybrid orbital bonding to N (sp®*®) with high p
character. The lone pair of electrons (1.33e) on Ge(1) is found
somewhat reduced, in a natural bond orbital of high p charac-
ter (sp>®°"). The ECDA (notes in Fig. S157) showed that each
NHC gave 0.69 net electrons to the rest fragment of 3’, while
each NHC — GeN(Ar) moiety rendered 0.35 net electrons, evi-
dencing the donor role of NHC in carbene-germylene tandem
interaction.

In conclusion, we have synthesized and characterized the
N-heterocyclic carbene stabilized acyclic germylene Ge[N(H)
Ar], (Ar = 2,6-iPr,CgHj3) (1). The introduction of an extra auxili-
ary carbene donor proved to be effective in decreasing the
bulky demand of the Ar group. The reaction of lithiated 1 with
CuCl(PPh;); underwent rearrangement to form [NHC — GeN
(Ar)Cu,NAr], (3), the formal adduct of germanium analogue of
organic isonitrile GeNAr with Cu(i) imide Cu,NAr. Further
exploration of the reactivity and properties of compound 3 can
be expected to lead to certain discoveries. In addition, acyclic
germylene 1 can be considered as an important and versatile
precursor for the preparation of the title product and possibly
more other M(1), M(u1) or M(m) derivatives to bring out interest-
ing compounds.
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