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Reduced Arene Complexes of Scandium
Priyabrata Ghana, Alexander Hoffmann, Thomas P. Spaniol, and Jun Okuda*®
/Abstract: Alkali metal naphthalenide or anthracenide react- ized by multinuclear, including “*Sc NMR spectroscopy.\

ed with scandium(lll) anilides [Sc(X){N(tBu)Xy},(thf)] (X=
N(tBu)Xy (1); X=Cl (2); Xy=C¢H;-3,5-Me,) to give scandium
complexes [M(thf), J[Sc{N(tBu)Xy},(RA)] (M=Li-K; n=1-6;
RA =C,oHg*~ (3-Naph-K) and C,,H,,>~ (3-Anth-M)) containing
a reduced arene ligand. Single-crystal X-ray diffraction re-
vealed the scandium(lll) center bonded to the naphthalene
dianion in a o®:m-coordination mode, whereas the anthra-
cene dianion is symmetrically attached to the scandium(lll)
center in a o*fashion. All compounds have been character-

N

Quantum chemical calculations of these intensely colored
arene complexes confirm scandium to be in the oxidation
state +3. The intense absorptions observed in the UV/Vis
spectra are due to ligand-to-metal charge transfers. Whereas
nitriles underwent C—C coupling reaction with the reduced
arene ligand, the reaction with one equivalent of [NEt;H]
[BPh,] led to the mono-protonation of the reduced arene
ligand.

/

Introduction

Complexes of alkali and alkaline earth metals with mono- or di-
anionic naphthalene and anthracene® ligands are used as
strong reductants for the synthesis of low-valent organometal-
lic and main-group compounds as well as for highly pure
metal nanoparticles.® Bonding in this class of compounds
ranges from strong ¢ bonds to weak electrostatic interactions
and involves varied coordination numbers.? Metal complexes
with dianionic, conjugated benzenoid polycyclic ligands have
also been used to probe the concept of aromaticity and antiar-
omaticity.”) However, only few examples of transition-metal
complexes with dianionic naphthalene and anthracene ligands
have been described,” their applications in synthetic chemistry
still being limited. Recently, some of these highly reduced
transition-metal complexes were reported to activate small
molecules or to serve as synthons for reduced metal frag-
ments.©®972*) Only few related lanthanide complexes are
known.“>82-¢l Scandium combines properties of main-group el-
ements, transition metals, and lanthanides. The first scandiu-
m(lll) complex with a reduced arene ligand was synthesized in
2011, when Diaconescu et al. reported the naphthalene deriva-
tive [(NN)Scl,(u-C,oHg) (NN = (NSitBuMe,),fc; fc=1,1'-ferroce-
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nediyl) and the anthracene derivative [(NN™)Scl,(u-Cy4H,0). It
was suggested that both complexes are stabilized through the
interaction of the scandium centers with the ferrocene back-
bone.”” A similar mono-scandium reduced naphthalene com-
plex [K{(NN)Sc}(u-C,oHg)] was also proposed to form in solu-
tion, but due to thermal instability no spectroscopic or struc-
tural data were given."” So far, there are no reports on any
isolable mononuclear scandium complex of reduced arenes.!”
Taking advantage of the bulky anilide ligand N(tBu)(Xy) (Xy=
CeH5-3,5-Me,: “Cummin’s ligand”), which has provided access
to many unusually reactive metal complexes in the past,!? we
present here a series of isolable mono-scandium complexes of
reduced naphthalene and anthracene ligands.

Results and Discussion

The tris- or bis-anilide complexes [Sc{N(Xy)(tBu)};(thf)] (1) and
[ScC{N(Xy)(tBu)},(thf)] (2), were prepared in THF at ambient
temperature by reacting the THF adduct of scandium trichlor-
ide, [ScCl,(thf);], with three or two equiv of LiN(tBu)Xy, respec-
tively (Scheme 1). Both complexes were isolated in moderate
to good yield (1: 82%; 2: 51 %) as colorless solids (see the Sup-
porting Information, Sections 2.1 and 2.2). Both compounds
are stable in the solid state if air is completely excluded. At
ambient temperature, 2 slowly disproportionates in solution to
give 1 and [ScCL{N(Xy)(tBu)}thf)], as observed by 'H NMR
spectroscopy.

In the solid state, compounds 1 and 2 contain four-coordi-
nate scandium centers in distorted tetrahedral geometry (Fig-
ures S36 and S37 in the Supporting Information)."® The larger
sum of the angles between the three anilide ligands in 1
(343.8°) than the angle sum between the anilide and chloride
ligands in 2 (326.2°) reveals a lower degree of pyramidalization
of 18% in 1 (compared to 38% in 2)." Notable spectroscopic
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features are the very broad “Sc NMR signals at o=359
(1, Av,,=15000Hz) and 373 ppm (2, Av,,=10000 Hz)
(Figure 2), close to that of the homoleptic tris(amide) complex
[ScIN(SiMes) 351 (6(*Sc) =396 ppm).'® The high-field shift is
likely caused by the higher coordination number (four vs.
three) of the scandium centers in 1 and 2.

Reduction of 1 with two equivalents of potassium naphtha-
lenide (KNaph) in THF at low temperature led to a color
change of the mixture from colorless to dark purple. Monitor-
ing the reaction by variable-temperature (VT) '"H NMR spectros-
copy revealed that the reaction proceeded smoothly to form
a thermolabile, diamagnetic complex [K(thf),][Sc{N(tBu)(X-
y)h(Naph)] (3-Naph-K) along with [KN(tBu)(Xy)] at around —30
to —20°C (Figure S11). Warming the dark-purple solution to
room temperature led to decomposition. Workup and fraction-
al crystallization at —60°C allowed the isolation of 3-Naph-K as
dark-purple crystals in 26 % yield (see the Supporting Informa-
tion, Section 2.3). The compound is highly air sensitive and de-
colorizes instantaneously upon exposure to air. 3-Naph-K was
isolated in 64% yield when the chloro complex 2 was used in-
stead of 1, whereby KCl is formed instead of the ionic potassi-
um anilide [KN(tBu)(Xy)] which cannot easily be separated from
the main product (Scheme 2). When the reduction of 2 was
carried out in one pot by mixing 2, naphthalene, and KC; in a
1:1:2 or in a 1:2:2 ratio, the formation of 3-Naph-K was also
observed as the major product. However, due to the formation
of an unknown side product, this method was unsuitable for
large-scale synthesis. Whereas the bulky anilide ligand
N(tBu)(Xy) allowed to stabilize the arene complex 3-Naph-K,
reduction of the scandium bis(trimethylsilyllamide iodide
[{(Me;Si),N}LScl(thf)] by using a mixture of KCg and naphthalene
did not provide a reduced naphthalene complex.”

To understand the mechanism of the formation of 3-Naph-
K, the reduction of complexes 1 and 2 with KNaph was tried
with different stoichiometry. When complex 1 or 2 was re-
duced with one equivalent of KNaph at —80°C and slowly
brought to room temperature, formation of a 1:1:1 mixture of
3-Naph-K, free naphthalene, and 1 or 2 was observed. This in-
dicates that the reduction of 1 or 2 with one equivalents of
KNaph probably leads to the formation of an unstable para-
magnetic intermediate [Sc{N(tBu)(Xy)},](thf),, which instantane-
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Scheme 2. Synthesis of the reduced arene complexes of scandium.

ously reacts with another equivalent of KNaph to form 3-
Naph-K. To support this proposed mechanism, the reaction of
1 with two equivalents of KNaph was followed by VT NMR
spectroscopy (Figure S11), which shows the formation of only
3-Naph-K and [KN(tBu)(Xy)] without any other intermediates.
In addition to VT NMR spectroscopy, the reduction of 2 was
also tested in the absence of naphthalene by using one equiv-
alent of KCy as reductant. This reaction led to an untraceable
mixture of products.

The solid-state structure of the solvate 3-Naph-K-THF was
determined by X-ray diffraction and revealed a contact ion pair
with the potassium cation located within a pocket formed by
three THF molecules, one amide ligand, and the aromatic ring
of the naphthalene ligand (Figure 1). The only other known
scandium complex of reduced naphthalene shows an inverted
sandwich structure with two metal centers and one naphtha-
lene ligand, which is the common structural pattern observed
for most reduced arene complexes of the rare earth metals.*!
The molecular structure reveals a o’:m-coordinated arene
ligand with Sc—C1/C4 distances of 2.355(4) and 2.322(3) A, as
well as Sc—C2/C3 distances of 2.448(4) and 2.475(3) A, respec-
tively. A similar o?:t-coordination was also observed in an yttri-
um reduced naphthalene complex [K(2.2.2-cryptand)l[Cp’,Y(n’-
CyoHg)] (Cp’' =CsH,SiMe;)." In addition to the strong coordina-
tion to scandium, the resulting sp® hybridization of the C1 and
C4 atoms is expressed by a large folding angle of 35.63(19)°
between the planes defined by C1-C2-C3-C4 and C1-C9-C10-
C4. This deviation from planarity is more pronounced than
that in the previously reported scandium naphthalene complex
[(NN™)Scl,(u-C,oHg), Where the corresponding folding angle is
around 18° and where the Sc—C(naphthalene) distances of
d(Sc—C),,,=2.514 A” are not as short as in 3-Naph-K. The al-
ternating bond lengths C1—C2 (1.458(6) A), C2—C3 (1.349(5) A),
and C3-C4 (1.452(5) R) also indicate a o*:t-canonical rather
than a m?-canonical structure. The strong electron donation of
the naphthalene dianion explains the longer Sc—N bonds
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Figure 1. Molecular structure of one of the crystallographically independent
molecules of 3-Naph-K in the solid state with displacement parameters at
30% probability level. Hydrogen atoms except for H22c are omitted for clari-
ty. Selected interatomic distances (&) and angles (°): Sc1-N1 2.181(3), Sc1—
N2 2.135(3), Sc1-C1 2.355(4), Sc1—C2 2.488(4), Sc1-C3 2.475(3), Sc1-C4
2.322(3), K1-N1 3.065(3), K1-01 2.669(2), K1-02 2.737(3), K1—-03 2.695(3),
K1—C5 3.426(4), K1—C6 3.126(4), K1—C7 3.017(5), K1—C8 3.222(5); N1-Sc1-N2
107.93(10), C1-Sc1-C4 72.51(14), N1-K1-O2 153.68(8).

(d(Sc—N1)=2.181(3) A; d(Sc—N2)=2.135(3) &) than in the pre-
cursors 1 (d(Sc—N),,,=2.064 A) or 2 (d(Sc—N),,,=2.037 A),
most likely due to significantly decreased N—Sc m-donation in
3-Naph-K. The K1-N1 distance of 3.065(3) A is similar to that
observed in potassium complexes of diaza-18-crown-6.1""139
The potassium atom is coordinated by three THF ligands and
the naphthalene ring (C5-C8). Additional interactions with the
anilide nitrogen atom N1, the carbon atoms C11 and C12 as
well as by one hydrogen atom of a methyl group lead to
formal coordination number eight.

The structure is maintained in solution, as shown by the 'H
and ">C NMR signals for the anilide (N(tBu)Xy) and naphthale-
nide ligands in 2:1 ratio, along with those of coordinated THF.
Most characteristic in the '"H NMR spectrum are the four naph-
thalene 'H NMR resonances at =3.40 (C"*—H), 4.13 (C**-H),
5.78 and 6.18 ppm (C*®—H and C®’—H), at considerably higher
field than in free naphthalene (6=7.45 and 7.84 ppm, in
[DgITHF). Such an upfield shift is common for metal complexes
of reduced naphthalene®97>% The 'HNMR spectrum at
—20°C is similar to that at room temperature, except for
broader ortho- and para-CH signals of the 3,5-xylyl groups (Fig-
ure S8), which indicate hindered rotation of the 3,5-xylyl group
around the ipso-C—N bond at lower temperatures. The
*Sc NMR spectrum of 3-Naph-K in [Dg]THF at room tempera-
ture displays a very broad signal due to the quadrupole
moment of scandium at 6 =364 ppm with Av,,=20000 Hz
(Figure 2). Reduction of precursor 1 or 2 with potassium naph-
thalenide does not affect the **Sc shift. Replacing the naphtha-
lenide against the anthracenide ligand had no effect on the
chemical shift of the **Sc NMR signal (Figure 2). Considering
that the **Sc resonances highly depend on the coordination
number of the scandium center,™ the almost equal **Sc chem-
ical shift in 1, 2, and 3-Naph-K indicate that the metal center
in the reduced compound is four-coordinate, whereby the
weak interactions from the peripheral C=C bonds have only a
small effect.
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Figure 2. “Sc NMR spectra of 1, 2, 3-Naph-K, and 3-Anth-K at room temper-
ature. Line broadening (Ib) values are set to 100 Hz.

Treating a 1:1 mixture of 3-Naph-K and free anthracene in
[DgITHF at ambient temperature led to a color change of the
solution from dark-purple to dark-red within 10 min. Inspection
of the resulting solution by 'H NMR spectroscopy confirmed
the complete consumption of 3-Naph-K. Free naphthalene
was formed in addition to the diamagnetic complex [K(thf)]
[Sc{N(tBu)(Xy)},(Anth)] (3-Anth-K) that contains a reduced an-
thracene ligand. This compound was also prepared directly by
the reduction of 2 with two equivalents of potassium anthra-
cenide (KAnth) (Scheme 2). Addition of a dark-blue solution of
KAnth in THF to a colorless solution of 2 in THF at —30°C and
warming up the blue solution to room temperature gave 3-
Anth-K, which was isolated as dark-red crystals in 74% yield
(see the Supporting Information, Section 2.6). To determine the
influence of other alkali metals on the coordination sphere of
reduced scandium anthracene complexes, the corresponding
Li and Na complexes [Li(thf);][Sc{N(tBu)(Xy)},(Anth)] (3-Anth-Li)
and [Na(thf),J[Sc{N(tBu)(Xy)},(Anth)] (3-Anth-Na) were prepared
in a similar manner and isolated as dark-red, crystalline solids
in moderate to good yield (3-Anth-Li: 46%, 3-Anth-Na: 62 %)
(see the Supporting Information, Sections 2.4 and 2.5). Com-
pounds 3-Anth-M (M =Li, Na and K) are also thermally unsta-
ble, but decompose more slowly at room temperature than 3-
Naph-K. All of these reduced anthracene complexes are highly
sensitive towards air where they decolorize instantaneously.

Because of the d° configuration of the scandium(lll) center,
the intense color of all reduced naphthalene and anthracene
complexes are notable. UV/Vis spectra of 3-Naph-K and 3-
Anth-K were recorded at —40°C in THF at varied concentra-
tions (~8-0.5 mmol) (Figures S12 and S24). For 3-Naph-K, a
very intense band with an absorption maximum at A,,.=
536 nm corresponds to the intense purple color of this com-
plex. The UV/Vis spectrum of 3-Anth-K shows an intense band
at A,,.,, =462 nm, corresponding to the intense red color of this
anthracene complex. The optical spectra of 3-Anth™ and 3-
Naph-K were calculated by using time-dependent DFT and fit
well with the experimental spectra (Figure S47). To identify the
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nature of the optical transitions, natural transition orbital calcu-
lations were performed for the major electronic transitions in
both systems (Figure S45 and 5$46)."® The transitions at higher
wavelengths are ligand-to-metal charge transfer transitions
(LMCTs) from the reduced anthracene or the naphthalene
ligand to the d orbitals of scandium, whereas the transitions at
shorter wavelengths are correspond to the LMCTs from the
amide unit.

According to X-ray diffraction studies, the bonding between
the anthracene and the scandium center is similar for all 3-
Anth-M (M=Li, Na, and K) systems, but the overall structure
depends on the alkali metal. The potassium cation in 3-Anth-K
forms a contact ion pair (CIP) by coordinating to the anthra-
cene ligand from the opposite direction of the scandium
center, but solvent-separated ion pairs (SSIPs) are formed with
the lithium and the sodium cations in 3-Anth-Li and 3-Anth-
Na, respectively (Figures 3 and S39). As expected, the lithium
and sodium cations are tetrahedrally and octahedrally coordi-
nated by four and six THF molecules, respectively. These struc-
tures differ markedly from that of the previously reported dis-
candium anthracene complex [(NN®)Scl,(u-C,,H,o), where the
two scandium centers are unsymmetrically attached to the an-
thracene ligand from two opposite directions.”’ Bond parame-
ters of 3-Anth-M confirm that the formally dianionic anthra-
cene is coordinated to the Sc" center in o’-fashion with weak
interactions between the peripheral C=C bonds of the central
ring and the scandium center. The ¢ coordination by the for-
mally sp*>-hybridized C9 and C10 atoms of the anthracene ring
to the metal center is evident by the loss of planarity of the
coordinated ring, reflected by large folding angles of around

35.1(2)-38.69(8)°. The Sc—C9/10 o-bond lengths range between
2.3308(16) and 2.358(3) A and compare with those of the
naphthalene complex 3-Naph-K, but appear shorter than
those observed in the discandium anthracene complex
[(NN)Scl,(u-C,4H,o), Where the shortest Sc—C distance ob-
served was 2.442(3) A® Unlike in 3-Naph-K, where the distan-
ces from scandium to the peripheral carbon atoms of the
naphthalene ring are rather short (Sc—C2/C3 distances:
2.488(4) and 2.475(3) A, respectively), the distances from scan-
dium to the peripheral C=C bonds in 3-Anth-M are much
longer and appear in the range of 2.6899(17)-2.7853(15) A,
which are also longer than the average distance observed in
the n*coordinated scandium complex [(NN®)Scl,(u-C,4H,0)
(d(Sc—Cc_0)ay=2.613 A).” This indicates that the anthracene
dianion in 3-Anth-M is formally binding in n’-fashion to the
metal centers through the carbon atoms C9 and C10.

The 'H and *C NMR spectra of the anthracene complexes 3-
Anth-M (M=Li, Na, and K) in [Dg]THF display three characteris-
tic, highly upfield shifted signals for the anthracene ring
proton, among which C*"°—H at §=3.76 (3-Anth-Li), 3.80 (3-
Anth-Na), and 3.77 ppm (3-Anth-K) are most characteristic, as
well as four resonances for the ring carbon atoms, indicating
symmetric structures in solution. In the *C NMR spectra, the
C*'° resonances appear at 6 =73.0 (3-Anth-Li), 73.1 (3-Anth-
Na), and 72.4 ppm (3-Anth-K). Such an upfield shift of the an-
thracene resonances is common for transition-metal complexes
of reduced anthracene.®®® As for 3-Naph-K, the “Sc NMR
spectrum of 3-Anth-K at room temperature displays a very
broad signal at 0=364 ppm with a line width of Av,,=
17500 Hz (Figure 2). The ’Li NMR spectrum of 3-Anth-Li shows

Figure 3. Molecular structures of 3-Anth-Na (left) and one of the two crystallographically independent molecules of 3-Anth-K (right) in the solid state with
displacement parameters at 30 % probability level. Hydrogen atoms are omitted for clarity. Selected interatomic distances (A) and angles (°): 3-Anth-Na: Sc1—
N1 2.1070(14), Sc1-N2 2.1312(12), Sc1-C9 2.3308(16), Sc1-C10 2.3443(16), Sc1—-C4A 2.7853(15), Sc1-C8A 2.6929(18), Sc1-C9A 2.7787(15), Sc1-C10A
2.6899(17); N1-Sc1-N2 106.78(5); 3-Anth-K: Sc1-N1 2.099(4), Sc1-N2 2.101(4), Sc1—C9 2.355(4), Sc1—C10 2.344(5), Sc1—C4A 2.754(5), Sc1—C8A 2.760(5), Sc1—
C9A 2.764(5), Sc1—C10A 2.736(5), K1—C8A 3.186(5), K1—C9 3.075(4), K1—C9A 3.136(5); N1-Sc1-N2 108.73(16), Sc2-N3 2.107(4), Sc2-N4 2.106(4).
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a characteristic signal for tetrahedrally coordinated lithium ion
at 0=0.25ppm and the *Na NMR spectrum of 3-Anth-Na
shows a broad signal for octahedrally coordinated sodium ion
at 0=7.6 ppm.

To obtain further insight into the bonding situation, we per-
formed density functional theory (DFT) calculations at the
TPSSh-D3/def2-TZVP level of theory." For the contact ion pair
3-Naph-K and the anion 3-Anth~, the singlet and triplet states
were calculated to investigate the bonding situation. In both
complexes, the singlet state was found to be the lowest in
energy (see Table S4); consequently, the scandium ion possess-
es oxidation state + Il and naphthalene or anthracene are dia-
nionic ligands. Key geometric parameters of both structures
are summarized in Tables S5 and S6 and the calculated struc-
tures agree with the structures obtained by single-crystal X-ray
diffraction. The character of the bonds around the scandium
ions was evaluated by using the Wiberg bond indices (WBI,
Table S7), as well as with the natural bond orbital (NBO) analy-
sis (NBO charges and charge-transfer energies, Table 58).%°! The
Sc—N bonds (WBI of 0.42 and 0.52 in 3-Naph-K and 0.46 in 3-
Anth™) as well as the short Sc—C,,,, bonds in 3-Naph-K (WBI
of 0.40 and 0.44) and the short Sc—C,,,, bonds in 3-Anth™ (WBI
of 0.37) show a weakly covalent character. The other Sc—C,,,
or the Sc—C,,, bonds show only a weak interaction (WBI of
0.21 and 0.22 in 3-Naph-K and 0.09 and 0.10 in 3-Anth™). The
NBO charge of the scandium is +1.4e in 3-Naph-K and
+1.6e in 3-Anth™. The higher electronegativity of the N
donor atoms results in a more negative NBO charge (—0.75 to
—0.77 e” units) in comparison to the carbon atoms coordinat-
ed to the scandium atom. The carbon atoms coordinated to
the Sc center with the shorter bond lengths possess a much
more negative charge than the carbon atoms with the longer
Sc—C bond length, like in other scandium arene complexes.”
For both complexes, two lone pairs of each N atom show
charge-transfer donations to the Sc atom (see Table S7). One
lone pair possesses p character and the second lone pair sp?
character (see Table S8 and Figure S48). The charge transfer of
both types of lone pairs of the N atoms to the Sc atoms are in
the same range comparing between the two compounds (lone

pair with sp? character: 3-Naph-K: 40.1 and 45.6 kcalmol™'; 3-
Anth™: 39.4 and 43.3 kcalmol™' or lone pair with p character 3-
Naph-K: 10.0 and 11.7 kcalmol™'; 3-Anth™: 10.7 and 12.8 kcal
mol™"). So, the donor-acceptor interactions show additional
ionic character. For the bonded C atoms of the anthracene or
naphthalene moiety no donor-acceptor interaction to the
scandium atom could be derived due to the covalent character
of the bond (see Figure S49). The NBO analysis describes these
bonds as being polarized with strong localization on the corre-
sponding carbon atoms (Table S9, 3-Naph-K: 13.9 and 15.3%
on Sc; 86.1 and 84.7% on C for the corresponding Sc—C
bonds; 3-Anth™: 12.6 and 12.5% on Sc; 87.4 or 87.6% on C for
the corresponding Sc—C bonds).

Addition of one equiv of 4-methoxybenzonitrile or tert-butyl
nitrile to a dark-red solution of 3-Anth-Li at —30°C was ac-
companied by a rapid color change to reddish brown or
greenish yellow, respectively. Inspection of the crude reaction
mixture by 'H NMR spectroscopy indicated the formation of
[Li(thf), J[Sc{N(tBu)Xy},(Anth)(R-C=N)] (R=CH,-4-OMe (4a); R=
tBu (4b); n=0-2) (Scheme 3), which were isolated as pure
solids in good vyield (brick red, 75% (4a); bright yellow, 90%
(4b)). Unlike the starting anthracene complex, both complexes
are thermally stable but decompose immediately upon expo-
sure to air.

The molecular structures of 4a and 4b as determined by
single-crystal X-ray diffraction show four-coordinate scandium
centers in a distorted tetrahedral geometry within a bicyclic
ScC;N ring (Figure 4, S42, and S43). Although the geometry
around the scandium centers is similar in both complexes, the
coordination mode of lithium is different. Whereas complex 4a
forms a solvent-separated ion pair with lithium being coordi-
nated by four THF molecules, complex 4b is a contact ion pair
with lithium being bonded to one THF molecule, two nitrogen
atoms of an anilide, and the imine groups. The Sc—C,,, bond
lengths of both complexes are similar (2.348(4) (4a) and
2.323(3) A (4b)) and compare with the starting material 3-
Anth-Li (2.358(3) A). Upon insertion, the C—N bond of the ni-
triles was elongated significantly (1.259(5) (4a), 1.264(4) vs.
1.1516(16) A (4-methoxybenzonitrile)),*" indicating the forma-

R-C=N, THF i
-30°C > RT [Li(thf)2]
ItBu
N 4a (R = CgH,-4-OMe),
Lithfgl | XY Jse — 4b (R = Bu)
tBu—lIl
- e
3-Anth-Li [NEtzH][BPh,], THF Xy~ N"'/S . '
-30°C > RT B —N/
~ LiBPh, 4 O
Xy
5

Scheme 3. Reaction of 3-Anth-Li with nitriles and [NEt;H][BPh,].
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Figure 4. Molecular structure of 4b in the solid state with displacement pa-
rameters at 30% probability level. Hydrogen atoms are omitted for clarity.
Selected interatomic distances (A) and angles (°): Sc1-N1 2.062(2), Sc1-N2
2.090(3), Sc1—N3 2.155(2), Sc1-C9 2.323(3), Sc—C10 2.348(4), N1-C11
1.264(4), C10—C11 1.553(4), Li1—N1 1.952(6), Li1—N3 2.140(6), Li1-O1
1.924(6); N1-Sc1-N2 110.80(10), N1-Sc1-N3 90.97(9), N2-Sc1-N3 112.11(10),
C9-Sc1-N1 91.21(10), C9-Sc1-N2 115.22(10), C9-Sc1-N3 128.17(11).

tion of an iminyl anion (R,C=N") after C—C coupling with the
anthracene ligand. A similar C—C coupling reaction was previ-
ously observed for the insertion of benzonitrile into the Sc—C
bond of a scandium butadiene complex.”” Notably, the reduc-
tion of nitriles with alkali metal anthracenides generally leads
to decyanation of the nitriles, and C—C coupling of the re-
duced nitrile group was only observed as a side reaction in a
minor quantity.”®

Compounds 4a and 4b have also been characterized by 'H,
B3¢, "Li, and **Sc NMR spectroscopy, which confirm the overall
C, symmetry of the complexes in solution. As expected, in the
'H and "*C NMR spectra the C9 and C10 atoms of the anthra-
cene and the corresponding protons appear at high field (see
the Supporting Information, Sections 2.7 and 2.8). Compound-
s4a and 4b show broad **Sc NMR signals at =451 and
443 ppm (Figures S27 and S31), respectively, which appear
markedly downfield shifted compared to the value observed
for the corresponding reduced anthracene complex 3-Anth-K
(0 =364 ppm).

Protonation of 3-Anth-Li with one equivalent of [NEt;H]
[BPh,] in THF resulted in an immediate color change from
bright-red to light-orange. A '"H NMR spectrum of the crude re-
action mixture confirmed the selective formation of the mono-
protonated product [Sc(C,,H,{N(tBu)(Xy)},(thf)] (5) along with
[LiBPh,] as a byproduct (Scheme 3). Further protonation of
compound 5 led to the formation of 9,10-dihydridoanthracene.
After workup and crystallization, the mono-protonated product
was isolated as an analytically pure off-white solid in 70% yield
(see the Supporting Information, Section 2.9). Compound 5 is a
thermally stable solid but decomposes instantaneously upon
exposure to air.

The molecular structure of compound 5 was confirmed by
single-crystal X-ray diffraction (Figure 5), which revealed a dis-
torted tetrahedral geometry around the scandium center.
Unlike the reduced arene complexes 3-Anth-M (M =Li, Na, and
K), the mono-anionic, protonated anthracene ligand in 5 is

Chem. Eur. J. 2020, 26, 10290 - 10296 www.chemeurj.org

bound in n'-fashion. Whereas the Sc—C,,, bond length in 5 re-
mains nearly the same (2.333(3) (5) vs. 2.358(3) A (3-Anth-Li),
protonation of the reduced arene ligand resulted in a signifi-
cant shortening of the Sc—N bonds (d(Sc—N),,,=2.02 (5) vs.
2.13 A (3-Anth-Li), indicating an increased back-donation from
N—Sc in the protonated complex.

The solution NMR spectra of compound 5 in [Dilbenzene
corroborates the solid-state structure and confirms C; symme-
try in solution. The most notable spectroscopic feature of 5 is
the **Sc NMR signal at 0 =461 ppm, which is markedly upfield
shifted compared to those of the reduced arene complexes
(Figure 2).

Figure 5. Molecular structure of 5 in the solid state with displacement pa-
rameters at 30 % probability level. Hydrogen atoms are omitted for clarity.
Selected interatomic distances (A) and angles (°): Sc1-N1 2.017(3), Sc1-N2
2.027(3), Sc1-01 2.141(2), Sc1-C9 2.333(3); N1-Sc1-N2 113.75(11), O1-Sc1-N1
118.28(9), O1-Sc1-N2 100.81(10), N1-Sc1-C9 108.57(11), N2-Sc1-C9 108.52(11),
01-Sc1-C9 106.26(11).

Conclusions

In conclusion, scandium complexes of reduced naphthalene
(3-Naph-K) and anthracene (3-Anth-M; M=Li, Na, and K) li-
gands can be classified as [ScX,] -type “ate” complexes of tri-
valent scandium rather than scandium(l) complexes of
[Sc(L)X;]~ type. The molecular structures of the anthracene
complexes reveal that the potassium complex forms a contact
ion pair through coordination with the anthracene dianion,
whereas the lithium and sodium analogues form solvent-sepa-
rated ion pairs. The anthracene dianion is coordinated to the
scandium center in a o*-bonding fashion. Quantum chemical
calculations confirm that both complexes are present in the
singlet state with a scandium(lll) center with the naphthalene
or the anthracene dianion. Aryl and alkyl nitriles insert into one
of the two o bonds of the anthracenide ligand to give metalla-
cyclic compounds of scandium(lll), as benzonitrile inserts into a
Sc—diene bonds.”? Reaction of the “ate” complex 3-Anth-Li
with one equivalent of a proton source led to selective proto-
nation of the anthracene dianion under formation of an an-
thracene monoanion.
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Crystallographic data: Deposition numbers 1968754, 1968755,
1968756, 1968757, 1968758, 1968759, 1972178, 1972179, and
1983913 contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint Cam-
bridge Crystallographic Data Centre and Fachinformationszentrum
Karlsruhe Access Structures service.
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