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NON-Ligated N-Heterocyclic Tetrylenes
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Dedicated to Prof. Hansgeorg Schnéckel on the occasion of his 80™ birthday

We report on the synthesis of N-heterocyclic tetrylenes ligated
by the NON-donor framework 4,5-bis(2,6-diisopropylphenyl-
amino)-2,7-di-tert-butyl-9,9-dimethylxanthene. The molecular
structures of the germylene (3), stannylene (4) and plumbylene
(5) where determined by X-ray diffraction studies. Furthermore,
we present quantum chemical studies on the o-donor and -
acceptor properties of 3-5. Additionally, we report on the
reactivity of the tetrylenes towards the transition metal carbon-
yls [Rh(CO),Cl],, [W(CO),] and [Ni(CO),]l. The isolated complexes

Introduction

N-heterocyclic carbenes (NHCs) and their transition metal
complexes have been extensively studied within the past
30 years. They have found application in catalysis as well as in
medical, luminescent and functional materials."” However,
various efforts have been made to modify the electronic and
steric properties of NHCs by varying the ring-size, the
substituent pattern or the composition of the N-heterocyclic
backbone.”

N-heterocyclic tetrylenes (NHTSs), i.e. the heavier analogs of
NHCs, contain a divalent group 14 element (Scheme 1). Due to
their great potential in many fields of organometallic and
coordination chemistry, NHTs have been frequently reviewed.”
One key feature of these ligands is their Lewis-amphoteric
character. In their electronic ground-state, they possess an s-
type donor orbital (lone pair) and a vacant p orbital serving as
acceptor orbital.®®* One difference to NHCs is that NHTs are
weaker o-donors and stronger m-acceptors.”’ Their electron
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(6 and 7) show the differing reactivity of NHTs compared to
NHCs. Instead of just forming the anticipated complex [(NON)
Sn—Rh(CO),Cl], 4 inserts into the Rh—Cl bond to afford [(NON)
Sn(CI)Rh(CO)(CeHe)1 (6, additional CO/C¢H; exchange) and
[(NON)Sn(CI)Rh,(C0O),Cl] (7). By avoiding halogenated transition
metal precursors in order to prevent insertion reactions,
germylene 3 shows “classical” coordination chemistry towards
{Ni(CO);} forming the complex [(NON)Ge—Ni(CO),] (8).
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Scheme 1. Selected examples of insertion of tetrylenes into transition metal
chlorine bonds and NON compounds.

donating capacity thus decreases upon descending the group
149

The coordination chemistry of N-heterocyclic tetrylenes has
developed remarkably since their first report.” Transition metal
complexes bearing NHSi and NHGe as ligands were applied in
catalysis by the group of Driess.”"® Theoretical studies by the
group of Szilvasi showed that several N-heterocyclic silylenes
and germylenes can compete or even outperform “classical”
ligands such as carbenes and phosphines in relevant properties
like o-donor and m-acceptor strength, ligand-to-metal charge
transfer and steric properties.” Khan, Pati and Jones showed
that N-heterocyclic germylenes and stannylenes even catalyze
cyanosilylation and  hydroboration of aldehydes by
themselves."” A rare example for the application of an N-

1 © 2021 The Authors. European Journal of Inorganic Chemistry
published by Wiley-VCH GmbH


http://orcid.org/0000-0002-0759-1806
http://orcid.org/0000-0001-5060-1689
http://orcid.org/0000-0002-6615-1712
https://www.aoc.kit.edu/breher/index.php
https://doi.org/10.1002/ejic.202100446
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fejic.202100446&domain=pdf&date_stamp=2021-09-03

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

Eur]JIC . ..
doi.org/10.1002/ejic.202100446

European Journal of Inorganic Chemistry

heterocyclic plumbylene in catalysis has been presented by
Chiu and co-workers.!”

Besides the coordination chemistry, the tendency of
divalent group 14 compounds to participate in insertion and
oxidative addition reactions towards main group element-
element bonds is well described in the literature.®” Several
examples for insertion into TM—X bonds are known (TM=
transition metal). For instance, Cabeza and Garcia-Alvarez
described the reaction between E[N(SiMe;),], (E=Ge(ll) or Sn(ll))
and [AuCl(tht)] (tht=tetrahydrothiophene), which led to the
insertion of E[N(SiMe;),], into the Au—Cl bond producing A and
B (Scheme 1). They showed as well that PEP pincer 2-germa-
and 2-stannabenzimidazol-2-ylidenes undergo insertion reac-
tions with various group 9-11 metal halides (one example (C) is
shown in Scheme 1).1'2

The NON ligand (NON=4,5-bis(2,6-diisopropylphenyl-
amino)-2,7-di-tert-butyl-9,9-dimethylxanthene) has been em-
ployed in some actinide, yttrium, and zirconium complexes."
In main group chemistry, however, fewer examples are known.
For instance, Aldridge and Goicoechea have described recently
a highly reactive nucleophilic Al(l) compound stabilized by the
NON-backbone (D in Scheme 1)."” We became interested in
employing the NON ligand for the synthesis of heavy tetrylenes
due to the flexibility and feasible coordination of the oxygen
donor to the group 14 element, in particular when compared
with other diamido tetrylenes. Effects of the large ring-size were
also of interest. We report herein on the synthesis and
characterization of the target compounds [(NON)E] (with E=Ge,
Sn, Pb), including quantum chemical studies on the o-donor
and m-acceptor capacities. Furthermore, we present initial
reactivity studies of the tetrylenes towards selected transition
metal precursors such as [Rh(CO),Cl],, [W(CO)], and [Ni(CO),].

Results and Discussion
Synthesis and characterization of the tetrylenes 3-5

Stepwise deprotonation and metathesis are commonly applied
methods for the preparation of tetrylene heterocycles, which we
also wanted to exploit for the synthesis of NHTSs. Initially, we tried
to synthesize the germylene [(NON)Ge] (3) and the stannylene
[(NON)Sn] (4) via metalation of the readily available literature-
known diamine [NON]H, (1) (INONJH,=4,5-bis(2,6-diisopropyl-
phenyl-amino)-2,7-di-tert-butyl-9,9-dimethylxanthene) with n-BulLi
and further reaction with GeCl,-dioxane and SnCl,. NMR spectro-
scopic analysis showed that 3 and 4 could not be obtained in
pure form via this route. Therefore, we tried transamination
between 1 and E[N(SiMe;),], (E=Ge, Sn, Pb). For Ge and Sn, no
reaction occurred up to 100°C in toluene. Only the reaction with
Pb[N(SiMe;),], led to the desired product [(NON)Pb] (5) as a purple
crystalline solid in 81% yield (Scheme 2). During our studies it
turned out that for a full conversion of the reaction it is essential
that 5-10 mol% LiN(SiMe;), are present in the reaction mixture.
Although the exact reason for the necessary presence of LiN
(SiMe;), remains unknown, it appears reasonable to assume that
the reaction of 1 with LiN(SiMe;), gives [NONILi,, followed by
transmetallation to 5 and re-generation of LiN(SiMe;),. With pure
Pb[N(SiMe;),],, no reaction occurred even after days at 50°C
(Figure 1, top). By addition of LiN(SiMes),, the reaction mixture
turned deep purple within minutes (Figure 1, bottom).

Since the direct transamination between 1 and E[N(SiMe;),],
(with E=Ge, Sn) failed, 5 was subsequently used as the starting
material for the synthesis of 3 and 4 by transmetalation with
SnCl, and GeCl,-dioxane in a mixture of toluene and THF. After
recrystallization from toluene, 3 was obtained as yellow
crystalline material in 51% yield; 4 as orange crystals in 28%
yield. As metathesis of Pb is inconvenient due to sensitivity of 5
towards air and moisture, further trials were carried out with
the readily available potassium salt [NONIK, (2), which is
prepared within seconds by the reaction of [NON]JH, with

N _/Dipp N _Dipp
NH NK KN
490 490
1 2
E[N(SiMes3),] GeCly dioxane/ 2 K[N(SiMej),]/
E =Ge, Sn, Pb SnCl, 2 BzK
Dipp oy Dipp Dipp Dipp 1) 2 n-BuLi Dipp Dipp
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Scheme 2. Reaction scheme for the synthesis of compounds 2-5.
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Figure 1. Sections of the "H NMR spectra of the reaction mixture of [NONIH, and Pb[N(SiMe;),], at 50 °C (C¢,Ds) for 3 days (top) and with addition of LiN(SiMe;),
(bottom). Signals marked with # belong to [(NON)Pb] (5). Signals marked with * belong to [NON]Li,.

benzyl potassium in toluene in an ultrasonication bath (molec-
ular structure in Figure S18, ESI). The reactions between 2 and
SnCl, and GeCl,-dioxane in THF gave 3 and 4 in yields up to
80%. Crystals suitable for X-ray diffraction were obtained by
concentration of toluene solutions of 3 and 4 (Figure 2; space
group P2,/n). Crystals of 5 suitable for X-ray analysis were

®
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Figure 2. Molecular structures of 3 and 4 (ellipsoids are drawn at the 30%
probability level). Hydrogen atoms are omitted for clarity. Selected bond
lengths (A) and angles (°): 3: Ge1-N1=1.983(3), Ge1-N2=1.973(3),
Ge1-01=2.213(2); N1-Ge1-01=74.65(10), N2—Ge1-0O1=75.02(9), N2—Ge
1-N1=117.6(13), C1-01-C13=110.7(2), C6—C7—C8=106.6(3). 4:
Sn1-N1=5n1-N2=2.182(3), Sn1-01=2.369(2); N1-Sn1-01=70.11(8),
N2—-Sn1-01=69.59(8), N2—Sn1-N1=115.8(10), C1-01-C13=112.6(2),
C6—C7—C8=107.2(3).
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obtained by slow evaporation of a benzene solution (Figure 3;
space group P2,/n). All structures contain one co-crystallized
solvent molecule, either toluene (3, 4) or benzene (5). Due to
the sensitivity of 3-5 towards air and moisture, no satisfactory
elemental analyses were obtained. For the reason that the
hydrolysis product 1 has the same solubility and crystallization
properties as 3-5, we could just isolate them containing small
amounts (ca. 7-10%, see NMR spectra compiled in the ESI) of
the diamine.

As can be seen from the molecular structures depicted in
Fig. 2 and 3, the group 14 atoms are bonded to both nitrogen
atoms of the NON framework (N1 and N2). The angles
N2—-Ge1-N1=117.6(12)°, N2—-Sn1-N1=115.83(10)°, and
N2—Pb1-N1=113.55(10)° are considerably larger compared to
other NHTs composed of five- and six-membered rings (80-
90°),%¢"! ferrocene backbones (100°)"® and even of acyclic
structures (100-105°).51

Due to the coordination of the oxygen atom with a distance
of Ge1-01=2213(2) A, Sn1-01=2369(2) A, and Pb1-01=
2.486(2) A, and the fact that the NON scaffold and the group 14
element atom produce an eight-membered ring structure, a
wider angle is expected. Typical N-E—N angles in structurally
related [(NON)M(L),] compounds with M=Th, U, Y, Al(lll) and
Al(l) fall in the range of ca. 124-135°."*<' The NON backbone
is folded by 46-42° (Figure 3), which falls in between the Al(l) (~
47°)0 and the AI(ll) (~39°) compound;™*? however, the
structures of 3-5 are far more bent than the similar thorium
and yttrium complexes (~25°.%9 H NMR spectroscopic
studies revealed, however, that the backbone is rather flexible;
only one signal is observed for the two backbone-associated
methyl groups in 3 at §;;,=1.65 ppm, which is indicative for a
dynamic “butterfly” interconversion of the NON framework in
solution.

Reactivity towards [Rh(CO),Cl],

In order to explore the donor properties of the title compounds,
we intended to extract TEP values from the corresponding
{Rh(CO),Cl} complexes of 3-5. We therefore treated benzene
solutions of 3-5 with 1/2 equiv. of the dimer [Rh(CO),Cl],. With
the germylene (3) and plumbylene (5), no reaction occurred as

© 2021 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH
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evidenced by 'H NMR spectroscopic monitoring of the reaction.

e P e-a Instead of simply forming an NHT complex of {Rh(CO),Cl}, the
® « Q‘b’ ° stannylene 4 undergoes an insertion into the Rh—Cl bond
oo b e g (Scheme 3).1"”
’ e * e, z By replacing one CO ligand with a n°-coordinated benzene,
o Lo the stable complex [(NON)Sn(CI)Rh(CO)(C4He)] (6) is formed.
® . . 'S * : Crystals suitable for X-ray diffraction were obtained by concen-
L] cn® o1 @ci . . . .
& * o o trating a benzene solutlorg of 6 (Figure 4; space group Pmn2,).
° s - o o The SN1-N=2.125(6) A and Sn1-01=2.338(7) A bonds in 6
® ® are shortened compared to the distances in 4. In addition, the
; angle N1-Sn1-N2=122.8(3) ° is much more acute as compared
to 4. Due to the poor solubility of the product after
<> . crystallization and the slow decomposition in solution, we were
o ./. : unfortunately not able to obtain clean NMR spectra. Never-
:' .‘ theless, the IR spectrum (Figure 5) shows one CO vibration at
€ o ¥ o 2024 cm™'
d 5t o tPe ® '
o » : In addition to this, three vibrations of the n°-coordinated
o0 4 il benzene at 678 cm™' (C—H deformation), 1978 cm™' and
PN ® 9 2089 cm™' (overtone vibrations) are observed. To further
° o support the experimental findings, we carried out DFT calcu-

lations at the TPSS/def2-TZVP level of theory. The measured CO

Figure 3. Molecular structure of 5 (ellipsoids are drawn at the 30%
probability level). Hydrogen atoms are omitted for clarity. Selected distances
(A) and angles (°): Pb1-N1=2.278(3), Pb1-N2=2.295(3), Pb1-01=2.486/(2);
N1-Pb1-01=67.25(9), N2-Pb1-01 =66.68(9), N2—Pb1-N1=113.55(10),
C1-01-C13=113.1(2), C6—C7—-C8=107.1(3).

vibration is in good agreement with the calculated value of
1993 cm™.

Reacting one equivalent of the dimer [Rh(CO),Cl], with 4
also furnished a Rh—Cl insertion product (Scheme 4), although

of different composition as evidenced by the IR spectrum (see
below).

Suitable single crystals of the complex [(NON)Sn(Cl)
Rh,(CO),Cl] (7) were obtained by slowly concentrating a
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Scheme 3. Synthesis of 6. |
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Figure 4. Molecular structure of 6 (ellipsoids are drawn at the 30% 4 N\_) =NON 7

probability level). Hydrogen atoms are omitted for clarity. Selected distances
(A) and angles (°): Sn1-N =2.125(6), Sn1-01=2.338(7), Sn1—Cl1 =2.383(3),

Sn1-Rh1=2.5517(11), CI1-Sn1-Rh1=116.61(8), N1-Sn1—N1'=122.8(3). Scheme 4. Synthesis of 7.
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benzene solution of 7 and studied by X-ray diffraction (Figure 6;
space group P2,/n).

The molecular structure depicted in Figure 6 reveals a
largely intact [Rh(CO),Cl], dimer in which the stannylene
inserted into one Rh—Cl bond. The tin nitrogen bond lengths of
2.115(2) (Sn1—N1) and 2.111(2) A (Sn1-N2) as well as the
distance Sn1—01=2.287(2) A in 7 are shortened compared to
the stannylene 4. Noteworthy is the slight shortening of the CO
bond of the carbonyl ligand trans to the tin atom, which is
about 2 pm shorter than the other carbonyl bonds. This is in
good agreement with the 10 pm elongated Rh1-C55 bond
(1.922(4) A) due to trans-influence and thus weakening of the
trans-Rh—CO bond.""®

The Sn1-Rh1 bond length of 2.5998(3) A is ca. 5 pm longer
as compared to complex 6; we also detected a slightly larger
N1-Sn1-N2 angle of 118.87(9)°. As expected for the unsym-
metrical structure of 7, NMR studies in solution gave two sets of
signals for the isopropyl moieties of the Dipp substituents. Four
doublets at §,,=1.66; 1.61; 1.39 and 1.12 ppm were detected,
which belong to the methyl groups. Also, the C—H protons gave
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Figure 6. Molecular structure of 7 (ellipsoids are drawn at the 30%
probability level). Hydrogen atoms, isopropyl groups and one toluene
solvent molecule are omitted for clarity. Selected distances (A A) and angles
(°): SN1-N1=2.115(2), SN1-N2=2.111(2), Sn1-01 =2.287(2),
Sn1—CI1=2.5433(8), Sn1-Rh1=2.5998(3), 02—C54 1.144(5), C55—-03
=1.126(5), 04—C56 = 1.144(4), 05—C57 =1.140(4), N1-Sn1-N2=118.87(9),
Rh1—CI2=2.3835(10), Rh2—Cl1 =2.3727(8), Rh2—CI2 =2.3725(9),

Rh1-C54 =1.812(4), Rh1—C55 = 1.922(4), Rh2—C57 = 1.836(4),

Rh2—C56 = 1.824(4).
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two septets at 8,,=4.06 and 3.61 ppm, respectively. In contrast
to 3-5, the “butterfly” interconversion of the NON framework is
hindered in 7, which is indicated by two signals for the
backbone-associated methyl groups showing two distinct
signals at &,,=1.61 and 1.39 ppm. In the "°Sn NMR spectra,
one doublet at 8,45, = —174.2 ppm with a coupling constant of
'Joo.rn=2802.23 Hz is observed. The IR spectra of 7 (Figure 7)
shows four stretching vibrations between 2004-2094 cm™,
which was also supported by DFT calculations at the PBEQ™*/

def2-SVP level of theory.

Reactivity of 3-5 towards transition metal carbonyls

Generating {W(CO)s} fragments in situ from [W(CO),] by oxida-
tion of one CO with ONMe,, followed by addition of a donor
ligand, is a common synthetic route to generate {W(CO)s}
complexes (Scheme 5)."" After adding THF to a mixture of
[W(CO)¢] and ONMe;, followed by stirring for one hour at room
temperature, the tetrylenes 3-5 were added to the respective
reaction mixtures.

Additional stirring overnight, evaporation of all volatiles and
'H NMR spectroscopic monitoring revealed, however, that the
remaining powders solely contain [Me;N-W(CO);] (0,4(NMe;) =
2.00 ppm) and the hydrolysis products of 3-5 (8,4(NH)=
5.95 ppm). Furthermore, two signals in the *C NMR spectra at

Y - 100
| A S 95
| FI ]
H ! 90
|
| H| 85
‘{ L g0
ml 75 8
N o £
65 c
@
J
7t
AW
8888
2200 2000 1800

wavenumber / cm™

Figure 7. Region of CO vibrations of the IR spectrum of 7.

Dipp L Dipp
~ E s cO
NN oc, €0
TH 00' ~CO

W(CO)g + ONMe: +>
O O ’ > -Co, /E\
- NMe; N N
N
NJ = NON

Scheme 5. Anticipated scheme for the synthesis of the [([NON)E-W(CO)5]
complexes.
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013c=199.6 and 201.3 ppm belonging to the CO carbon atoms,
further underline the formation of [Me;N-W(CO),] (for details
see ESI, Section S1). We believe the inhibited reactivity of the
NHTs can at least partly be attributed to steric and kinetic
effects.

In order to further probe the coordination properties of the
NHTs, 3-5 were reacted with [Ni(CO),] in toluene (Scheme 6).

Dipp v Dipp
N Ge Fd cO
N TN 00, £ €O
o toluene N
O O +Ni(CO), ——en® AL
-CO s

N
NJ = NON u
3 8

Scheme 6. Synthesis of [[NON)Ge—Ni(CO),] (8).

02 03

Figure 8. Molecular structures of 8 (ellipsoids are drawn at the 30%
probability level). Hydrogen atoms are omitted for clarity. Selected distances
(A) and angles (°): Ge1-N1=1.890(3), Ge1-N2 = 1.893(3),
Ge1-01=2.4911(2), Ge1-Ni1 = 2.3012(6), 02—C50=1.147(5),
03—-C49=1.142(5), 04-C48=1.146(5), N2—Ge1-N1=121.27(12).
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Figure 9. Region of CO vibrations of the IR spectrum of 8.
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Whereas 4 and 5 showed no reactivity, germylene 3 reacted
fast with evolution of CO gas after adding [Ni(CO),], forming the
complex [(NON)Ge—Ni(CO);] (8). Crystals suitable for X-ray
diffraction were obtained by concentrating a toluene solution
of 8 (Figure 8; space group P1.

The Ge1-01 distance of 2.4911(2) A is elongated by 28 pm,
accompanied by a 9 pm shortening of the germanium nitrogen
bonds of Ge1-N1=1.890(3) and Gel-N2=1.893(3) A, com-
pared to the parent compound 3. The Ge1-Ni1 bond length of
2.3012(6) falls in the typical range of germylene nickel carbonyl
complexes.”® 'H and "*C NMR spectroscopic studies further
confirmed the formation of 8. *C NMR spectra of the reaction
mixtures in toluene (8,5c=193.36 ppm for the CO ligands; ESI
Figure S3) showed a 2 ppm downfield shifted as compared to
[Ni(CO),] (815c=191.32 ppm). As can be seen from Figure S4
(ESI), the "H NMR chemical shifts of the iso-propyl moieties, as
well as the shifts for the backbone-associated tert-butyl and
methyl groups and the aromatic protons, changed significantly.
The IR spectrum of 8 (Figure 9) shows two bands in the typical
carbonyl region, one at 2001 cm™' for the unsymmetrical CO
stretch (E, v.) and one at 2069 cm™' for the symmetrical CO
stretch (A,, v,). The latter can be correlated to the TEP value,
which is similar to that of PPh; (2069 cm™")?" and close to the
range reported for “typical” N-heterocyclic germylenes (2073-
2080 cm~').2? Nevertheless, lower TEP values have also been
reported for germylenes with a [3]ferrocenophane backbone,
for instance."®

Quantum chemical studies

To further support the experimental findings, DFT*® calcula-
tions were performed on the TPSS**'/def2-TZVP** level of
theory for a series of complexes [(NON)E—Ni(CO);] (E=Si, Ge, Sn,
Pb). As can be seen from Table 1, the calculated vibrational
frequencies for [[NON)Ge—Ni(CO);] are in good agreement with
the experimentally observed vibrations of complex 8. Due to
decreasing [(NON)E—Ni(CO);] bond strengths descending the
group 14 coordinating atom, the A, CO vibration frequencies v,
increase (Table 1).

To compare the o-donor and m-acceptor properties of 3-5,
DFT calculations (TPSS/def2-TZVP) were performed (Figure 10).
For comparison, the not yet synthesized silylene [(NON)Si)] (qSi)
was also included in our study. In order to obtain a
comprehensive picture, the proton affinities were calculated for
determining the donor capacities of the (potential) ligands.
Furthermore, we have calculated the rotational barriers of the

Table 1. Calculated average asymmetrical CO vibrations avg v, and
symmetrical CO vibrations v, of [[NON)E-Ni(CO);] complexes with E=Si, Ge,
Snand Pbincm™.

compound avg v, v,

[(NON)Si—Ni(CO)] 1994.945 2046.08
[(NON)Ge—Ni(CO),] 2006.545 2057.28
[(NON)Sn—Ni(CO)s] 2014.335 2063.01
[(NON)Pb—Ni(CO);] 2014.895 2059.86

© 2021 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH
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qSi

qGe

qSn qPb

Figure 10. Calculated minimum structures optimized at the TPSS/def2-TZVP level of theory: The sequence silylene qSi, germylene qGe, stannylene qSn and

plumbylene qPb

E=P bond in the hypothetical structures [NON]E=P-H, relative to
H,E=P-H for determining the acceptor properties.” However,
due to inconsistencies of the calculated values caused by the o-
proportion to the E=P bond no clear trend was obtained (for
more information see ESI page S17). To compare the influence
of the NON scaffold towards donor and acceptor capacities,
four model systems with different ring-sizes and with or without
an oxygen donor were calculated (Scheme 7).

Table 2 shows selected parameters of the optimized
structures in comparison to experimental XRD data. The agree-
ment between 3-5 and the computed bond length for qGe,
gSn and qPb is satisfactory. It has to be noted, however, that
the gas-phase calculations of 4 and 5 predict a rather flat
backbone with bending angles of only ca. 2°, which is in stark
contrast to the molecular structures showing values of ca. 42-
46°.

Nevertheless, this finding would be in accordance with the
NMR spectroscopic results of the structural flexibility of the
scaffold, once coordinated to the divalent group 14 element.

R = Dipp; E = Si, Ge, Sn, Pb

The calculated proton affinities span a wide range depend-
ing on the identity of both the group 14 element and the
backbone. Values between ca. 776 and 1096 kJ/mol have been
obtained. The donor capacities decrease upon descending the
group 14 element center (Table 3). The compounds 3-5 as well
as qgSi are stronger o-donors than the six-membered ring
systems B and C (and most five-membered ring systems D as
well) due to their higher proton affinity. We assume that this is
an effect of the relatively short E-O distances and the
accompanying electron donation to the group 14 element
center. In this line of thought, the tetrylenes 3-5 show very
similar donor capacities as the eight-membered model systems
A.

For closer investigation of o and m interactions and their
dependence on E, we calculated the complexes [(NON)
E—Ni(CO);] with E=Si, Ge, Sn, Pb, with the E—Ni axis oriented in z
direction. As evident from Table 4, the energy for breaking this
bond without structure relaxation of the fragments, E,, is
highest for Si and lowest for Pb, whereas Ge and Sn are in-
between with similar values. The same holds for the energies
after structure relaxation. With the orientation mentioned
above, m-acceptance may be quantified by the differences in

R = R R £ R 4 the population® of the p,(E) and p,(E) orbitals in [(NON)
'N’E‘N' N rl\| R~N‘E-N'R R‘N N’R E—Ni(CO);] compared to that in the NHTs [(NON)E], Ap,, o-
~Si._ Si— - \_ donation by corresponding differences for the s(E) and p,(E)

&/O\) -0 )\/I\ orbitals, As and Ap,. They are listed in Table 4, together with
A B C D the resulting /o ratio and the sum of the absolute values, as a

Scheme 7. Calculated model systems: A: eight-membered ring with oxygen
donor; B: six-membered ring with oxygen donor; C six-membered ring
without oxygen donor; D five-membered ring without oxygen donor.

measure for the total electron density change, Z|A|. The
sequence for Z|A| follows the sequence of fragmentation or
bond energies. The accepting character of p,(E) systematically
decreases from Si to Pb, whereas the numbers for o-donation

Table 2. Selected geometry parameters (bond length in A, angles in °) of
3-5 and the optimized structures. Table 3. Calculated proton affinities of 3-5 and the model compounds in
. kJ/mol.
compound E-N/A E-O/A N—E-N/° bending/°
Backbone E=Si E=Ge E=Sn E=Pb
3 (XRD) 1.978 2.213 117.6 46
qGe 1.926 2,672 122.8 50.7 NON 1086.83 962.44 902.20 873.10
4 (XRD) 2.182 2.369 115.8 43 A 1096.43 961.35 910.67 836.39
qsSn 2.164 2.714 127.7 24 B 1017.72 919.60 848.78 776.28
5 (XRD) 2.287 2.486 113.6 42 C 964.30 870.51 801.18 819.29
qPb 2213 2.732 126.8 1.4 D 927.74 902.38 917.02 927.83
Eur. J. Inorg. Chem. 2021, 1-11 www.eurjic.org 7 © 2021 The Authors. European Journal of Inorganic Chemistry published
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Table 4. [(NON)E-Ni(CO),], E=Si, Ge, Sn, Pb. Eq,, (in ki/mol) is the energy
needed for the fragmentation to [(NON)E] and {Ni(CO),}, without structure
relaxation of the fragments, E,,.q that with relaxation. E, is the rotation
barrier, E wimou ni 1S the difference of single point energies with Ni
removed from both the rotational transition state and the minimum
structure. As, Ap, and Ap, are the differences of Mulliken populations at
the E atom between the entire molecule and the (non-relaxed) fragment
[(NON)E] for the s functions (As), the p-functions along the E—Ni axis (Ap,),
and the sum of the p-functions perpendicular to the axis (Ap,).

E=Si E=Ge E=Sn E=Pb
Efrag 173.3 118.4 94.4 56.2
Evond 1184 65.0 63.6 33.0
Eo 756 83 343 388
Erot, without Ni 429 -22 16.6 20.0
As 0272 0318 0.240 0.127
Ap, 0.263 0.051 0.085 0.012
Ap, —0.215 —0.187 —0.132 —0.045
X|A|=As+Ap,~Ap,  0.750 0.556 0.457 0.184
/6 =—Ap./(As+Ap,) 0.401 0.507 0.406 0.324

are less systematic. Donation from s(E) is by far smallest for Pb,
because of its comparably low energy due to scalar relativistic
effects, but also donation from its p, orbital is very small.
Overall, the m/oc ratios range from 0.32 and 0.51, which is
significantly less than e.g. for a C atom in [Ni(CO),], where /0
amounts to 0.98 (calculated with the same method). On the
other hand, the total electron density changes, Z|A|, for E=Si
(or Ge) are similar to that for a C atom in [Ni(CO),], 0.602, and
same holds for the bond energy of the fourth CO in [Ni(CO),]
122.4 kJ/mol. The strengths of the m interactions are not well
correlated to the height of the rotational barriers. The latter
were estimated with a nudged-band type optimization tool.?”
The highest barrier, 75.6 kJ/mol, is observed for E=Si, the lowest
for E=Ge (8.3 kJ/mol)), the barriers for the Sn and Pb ligands are
in-between. Obviously, there are other effects like the inter-
actions of CO with H atoms of Dipp that are at least as
important for the barrier height. In fact, when removing the
source of m interactions, that is, removing the Ni atom from
both the minimum and the rotational transition state for each
compound, the differences of the single point energies for
transition and ground state reveal a very similar pattern as with
Ni. The largest difference is found for E=Si (42.9 kJ/mol), the
lowest for E=Ge (—2.2 kJ/mol), and Sn and Pb are in-between
again.

Conclusion

In this work, we report different pathways for the synthesis of
N-heterocyclic tetrylenes stabilized by the NON-donor ligand
4,5-bis(2,6-diisopropylphenyl-amino)-2,7-di-tert-butyl-9,9-

dimethyl-xanthene. The title compounds 3-5 have been fully
characterized and their molecular structures were determined
by X-ray diffraction. Quantum chemical studies on the o-donor
and m-acceptor capacities revealed that 3-5 feature high donor
and acceptor strengths compared to related model systems.
Furthermore, the reactivity towards transition metal carbonyls
[Rh(CO),Cl],, [W(CO)¢] and [Ni(CO),] were investigated. Complex
6 and 7 showing the diverse reactivity of NHTs compared to
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NHCs. Instead of simply coordinating to the {Rh(CO),Cl} frag-
ment, 4 undergoes insertion into the Rh—Cl bond. When
insertion reactions are prevented by avoiding halogenated
transition metal precursors, germylene 3 shows “classical”
coordination chemistry by forming the {Ni(CO);} complex 8. The
exemplary investigation of [(NON)E—Ni(CO);] showed that the
bond strength of this ligand for E=Si is similar to that of CO, for
E=Ge or Sn it is about half of that of CO, and for Pb about a
quarter of that of CO. Similar trends hold for the changes of the
sum of absolute numbers of occupations of o- and m-type
orbitals when {Ni(CO);} approaches CO or [(NON)E]. In contrast,
the ratio of changes in occupations o- and m-type orbitals is
different: Whereas for CO, they are almost identical (t/0~ 1), for
[(NON)E] this ratio amounts to 1/2 or less, depending on the
choice of E. Studies in our lab continue to further explore the
coordination chemistry and general reactivities of the NON-
ligated and related tetrylens.

Experimental Section

General methods. All operations were carried out under dry argon
using standard Schlenk and glovebox techniques. [NON]JH,!¥,
EIN(SiMe,),],%® where synthesized according to literature proce-
dures. Solvents where dried over Na/K and rigorously degassed
before use. NMR spectra where recorded on Bruker AV 300 and 400
spectrometers in dry degassed deuterated solvents. 'H and "*C{"H}
chemical shifts where reported against TMS. '°Sn and **Pb
chemical shifts with respect to SnMe, and PbMe,. Coupling
constants (J) are given in Hertz as positive values, regardless of their
real individual signs. The multiplicity of the signals is indicated as s,
d, g, sept, or m for singlet, doublet, quartet, septet, or multiplet,
respectively. The assignments were confirmed, as necessary, with
the use of 2D NMR correlation experiments. IR spectra were
measured with a Bruker Alpha spectrometer by using the
attenuated total reflection (ATR) technique on powdered samples,
and the data are quoted in wavenumbers (cm™"). The intensity of
the absorption band is indicated as vw (very weak), w (weak), m
(medium), s (strong), vs (very strong), and br (broad). Elemental
analyses were carried out in the institutional technical laboratories
of the Karlsruhe Institute of Technology (KIT). Due to extremely
high sensitivity towards air and moisture no satisfactory elemental
analysis were obtained for 3-8.

Safety Precautions in Handling with [Ni(CO),]: Special care has
been taken while manipulating the extremely toxic, flammable and
volatile (b.p. 43 °C) [Ni(CO),]. All manipulations were carried out in a
well-ventilated hood or a glovebox. Safety glasses, an apron and
gloves using additional protective gloves should be worn when
handling this reagent. [Ni(CO),] should be maintained at temper-
atures below 0°C. Traces of [Ni(CO),] can be disposed by treatment
with half-concentrated nitric acid and all glassware used should be
treated with half concentrated nitric acid.

[NONIK,-toluene (2). A Schlenk flask was charged with [NONIH,
(1.5 g, 2.23 mmol) and BzK (0.595 g, 4.57 mmol) in toluene (18 ml).
After five minutes in an ultrasonic bath, filtration, removing of the
volatiles and drying under high vacuum 2 was isolated as colorless
powder (1.6 g, 1.9 mmol, 80%). Crystals suitable for XRD were
obtained by concentration and cooling a solution in toluene to
4°C. "H NMR (300 MHz, C¢D): & 7.30-7.18 (m, 6H, Ar-H), 6.59 (d, 2H,
*J 219 Hz, CH’), 6.19 (d, 2H, *J 2.05Hz, CH'), 2.91 (sept, 4H, *J
7.02 Hz, CHMe,), 1.85 (s, 6H, CMe,), 1.40 (s, 18H, CMe,), 1.24 (d, 12H,
3J 6.75 Hz, CHMe,), 1.00 (d, 12H, *J 7.15 Hz, CHMe,).

© 2021 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH


https://doi.org/10.1002/ejic.202100446

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

Eur]JIC . ..
doi.org/10.1002/ejic.202100446

European Journal of Inorganic Chemistry

[(NON)Ge]-toluene (3-toluene). Via transmetalation: A Schlenk
flask was charged with 1 (70 mg, 72 umol), GeCl,-dioxane (20 mg,
86 umol) and toluene (5 ml). After addition of THF (1 ml), the color
changed immediately to yellow. After stirring over night, the
reaction mixture was filtrated and concentrated. Cooling to 4°C,
removal of the supernatant and drying in high vacuum yielded 3
(30.7 mg, 37 umol, 51 %) as yellow crystalline solid.

Via salt metathesis: In an argon filled glovebox a vial was charged
with 2 (0.5 g, 0.59 mmol) and THF (8 ml). After addition of a solution
of GeCl,-dioxane (127 mg, 0.59 mmol) in THF (2 ml), the color
changed from slightly green to yellow and the mixture becomes
cloudy. Filtration, evaporation of all volatiles and drying under high
vacuum vyielding 3-THF (350 mg, 0.47 mmol, 80%) as a yellow
powder. Crystals suitable for XRD were obtained by concentration a
solution in toluene. 'H NMR (300 MHz, C,D¢): 8 7.27 (s, 6H, Ar-H),
6.84 (d, 2H, *J 1.9 Hz, CH?), 6.37 (d, 2H, *J 1.9 Hz, CH’), 3.51 (sept, 4H,
3) 6.79 Hz, CHMe,), 1.65 (s, 6H, CMe,), 1.22 (d, 12H, 3/ 6.98 Hz,
CHMe,), 1.19 (s, 18H, CMe;), 1.13 (d, 12H, *J 6.78 Hz, CHMe,). *C{'H}
NMR (75 MHz, C;Dq): & 149.1 (Ar-C,,o), 148.6, 145.1, 140.6 (Xanth-Q),
137.8 (Ar-Comno)r 1358 (Ar-CH,,.), 1246 (Ar-CH,..), 1108 (CHY),
109.81 (CH"), 38.6 (CMe,), 35.2 (CMes), 31.8 (CMe,), 29.0 (CMe,), 27.0
(CHMe,), 25.5, 24.4 (CHMe,).

[(NON)Sn]-toluene (4-toluene). Via transmetalation: A Schlenk
flask was charged with 1 (70 mg, 72 pmol), SnCl, (16.4 mg, 86 umol)
and toluene (5 ml). After addition of THF (1 ml), the color changed
immediately to deep orange. After stirring over night, the reaction
mixture was filtrated and concentrated. Cooling to 4°C, removal of
the supernatant and drying in high vacuum yielded 4 (17.5 mg,
20 pumol, 28 %) as orange crystalline solid.

Via salt metathesis: In an argon filled glovebox a vial is charged
with 2 (1.0g, 1.19 mmol) and THF (10 ml). After addition of a
solution of SnCl, (225 mg, 1.19 mmol) in THF (5 ml), the color
changed from slightly green to orange and the mixture became
cloudy. Filtration, evaporation of all volatiles and drying under high
vacuum yielded 4-THF (820 mg, 0.95 mmol, 80%) as an orange
powder. Crystals suitable for XRD were obtained by concentration
and cooling a solution in toluene to 4°C. "H NMR (300 MHz, C,Dy): &
7.29 (m, 6H, Ar-H), 6.81 (d, 2H, *J 2.02 Hz, CH®), 6.33 (d, 2H, *J 2.0 Hz,
CH'), 3.41 (sept, 4H, *J 6.87 Hz, CHMe,), 1.61 (s, 6H, CMe,), 1.25 (s,
18H, CMe;), 1.19 (d, 12H, *J 6.92 Hz, CHMe,), 1.15 (d, 12H, *J 6.64 Hz,
CHMe,). C{'"H} NMR (75 MHz, C¢D): & 148.0 (Ar-C,), 143.0, 141.5,
139.4 (Xanth-Q), 132.9 (Ar-Couno), 126.9 (Ar-CH,ro), 1243 (Ar-CHoero),
109.5 (CH?), 107.8 (CH'), 36.9 (CMe,), 35.1 (CMe;), 31.9 (CMe,), 28.8
(CMe;), 28.6 (CHMe,), 25.9, 25.6 (CHMe,). '°Sn NMR (112 MHz, C¢Dy):
0 55.7 ppm.

[(NON)Pb]-toluene (5-toluene). A Schlenk flask was charged with
[NONIH, (2 g, 2.97 mmol), Pb[N(SiMe;),l, (1.726 g, 3.27 mmol) and
toluene (40 ml). The reaction mixture became deep purple within
30 minutes. After stirring for 16 hours, a deep purple crystalline
solid formed. Filtration via cannula and drying under high vacuum
yielded (2.33 g, 2.4 mmol, 81%) 5. Crystals suitable for XRD were
obtained by slow solvent evaporation from benzene. '"H NMR
(300 MHz, C¢Dy): 6 7.38 (m, 4H, Ar-H), 7.22 (m, 2H, Ar-H), 6.62 (d, 2H,
*J 2,11 Hz, CH’), 6.08 (d, 2H, *J 2.08 Hz, CH), 3.29 (sept, 4H, *J
6.87 Hz, CHMe,), 1.66 (s, 6H, CMe,), 1.29 (s, 18H, CMe;), 1.18 (d, 12H,
*) 6.83 Hz, CHMe,), 1.14 (d, 12H, *J 6.93 Hz, CHMe,). *C{'"H} NMR
(75 MHz, CDy): § 146.2 (Ar-Cy,,,), 145.1, 144.9, 141.4 (Xanth-Q), 130.6
(Ar-Comno), 126.5 (Ar-CH,,), 123.9 (Ar-CH,..), 1113 (CH®), 108.1
(CHY, 36.1 (CMe,), 35.2 (CMey), 32.0 (CMe,), 30.8 (CMe;), 37.5
(CHMe,), 26.4, 259 (CHMe,). *Pb NMR (63 MHz, CD¢): &
2927.9 ppm.

[(NON)Sn(CI)Rh(CO)(C4H¢)1 (6). A Schlenk flask was charged with
4-toluene (50 mg, 56 pmol), [Rh(CO),Cl], (11 mg, 28 umol) and
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benzene (5 ml). While stirring for 2 days, the solution becomes dark
red. Concentration of the solution to incipient crystallization and
keeping it at ambient temperature gave 14 mg (14 umol, 25 %) of 6
in form of dark red crystals. (Because of the poor solubility of the
product after crystallization and the slow decomposition in
solution, we could not obtain clean NMR spectra.)

[(NON)Sn(CI)Rh,(CO),(CN] (7). A Schlenk flask was charged with
4-toluene (100 mg, 0.12 mmol), [Rh(CO),Cl], (45 mg, 0.12 mmol)
and a mixture of toluene/THF (2:1, 15 ml). While stirring for 1 hour,
the solution became dark red. Filtration and slow solvent evapo-
ration yielded 104 mg (0.08 mmol, 68%) of 7 in form of dark red
crystals. "H NMR (300 MHz, C,Dy): 6 7.25 (m, 6H, Ar-H), 6.76 (d, 2H, *J
1.97 Hz, CH), 6.25 (d, 2H, *J 1.97 Hz, CH"), 4.06 (sept, 2H, *J 6.72 Hz,
CHMe,), 3.61 (sept, 2H, *J 6.72 Hz, CHMe,), 1.68 (d, 6H, *J 4.42 Hz,
CHMe,), 1.64 (d, 6H, *J 6.95 Hz, CHMe,) 1.61 (s, 3H, CMe;), 1.39 (s, 3H,
CMe, overlaid with d of CHMe,), 1.25 (s, 18H, CMe;), 1.39 (d, 6H, *J
6.93 Hz, CHMe,), 1.12 (d, 6H, J 6.54 Hz, CHMe,). “C{'"H} NMR
(75 MHz, C,Dy): & 149.6, 148.8, 148.1, 147.8, 146.1, 141.3, 140.0,
136.4, 136.2, 135.9, 135.1, 111.8, 108.2 (Ar—C) 38.0 (CMe,), 35.2
(CMe,), 31.7 (CMe,), 29.0 (CMe,), 29.0, 28.7 (CHMe,), 26.7, 26.4, 26.1,
24.7 (CHMe,). '°Sn NMR (112 MHz, C,Dy): & —174.2 (d, J 802.23 Hz)
ppm.

[(NON)Ge-Ni(CO);] (8). To a Schlenk flask with 3-toluene (50 mg,
60 umol) and 3 ml toluene a 0.16 M solution of [Ni(CO),] (0.46 ml,
73 umol) was added at room temperature. The yellow reaction
mixture became pale yellow and the evolution of gas was observed.
After stirring for one hour, all volatiles were removed in vacuo. 8
was isolated as a greenish yellow powder (48 mg, 54 umol, 90 %).
Crystals suitable for XRD were obtained by slow solvent evapo-
ration from toluene. '"H NMR (300 MHz, C,Dy): 6 7.24 (m, 6H, Ar-H),
6.87 (d, 2H, *J 1.93 Hz, CH’), 6.23 (d, 2H, *J 1.93 Hz, CH'), 3.5 (sept,
4H, 3J 6.45 Hz, CHMe,), 1.68 (s, 6H, CMe,), 1.34 (d, 12H, *J 7.07 Hz,
CHMe,), 1.09 (s, 18H, CMe;), 1.03 (d, 12H, *J 7.07 Hz, CHMe,). *C{'H}
NMR (75 MHz, C,Dy): & 194.4 (CO) 149.1, 147.9, 145.9, 141.2, 1384,
138.2, 114.0, 111.1 (Ar-0), 39.3 (CMe,), 35.0 (CMe3), 31.6 (CMe,), 29.2
(CMe;), 25.6 (CHMe,), 24.8 (CHMe,).

Crystallographic details

All the structures have been deposited at the Cambridge Crystallo-
graphic Data Centre. CCDC: 2084915 (2), 2084916 (3), 2084918 (4),
2084917 (5), 2094670 (6), 2094671 (7), 2094672 (8). For further
crystallographic details, see the Supporting Information, Section 3.
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clic germylene (3), stannylene (4) and
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donor and m-acceptor properties were
evaluated using density functional
theory.
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