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ABSTRACT: The synthesis of previously unknown bis(cyclopentadienyl) B \ 1-
complexes of the first transition metal, i.e., Sc(II) scandocene complexes, has /< N \__

been investigated using CsH,(‘Bu); (Cp™), CsMe; (Cp*), and C;H;(SiMe;), ’/:/’ (“ &\

(Cp”) ligands. Cp™,Scl, 1, formed from Scl; and KCp'™, can be reduced with *~ / ® —o
potassium graphite (KCg) in hexanes to generate dark-red crystals of the first - /_, /
crystallographically characterizable bis(cyclopentadienyl) scandium(II) com- 7 N

plex, Cp™,Sc, 2. Complex 2 has a 170.6° (ring centroid)-Sc-(ring centroid) - < \ / v

angle and exhibits an eight-line EPR spectrum characteristic of Sc(II) with A;,, =
82.6 MHz (29.6 G). It sublimes at 200 °C at 10~* Torr and has a melting point
of 268—271 °C. Reductions of Cp*,ScI and Cp”,Scl under analogous
conditions in hexanes did not provide new Sc(II) complexes, and reduction
of Cp*,Scl in benzene formed the Sc(III) phenyl complex, Cp*,Sc(C¢Hs), 3, by
C—H bond activation. However, in Et,O and toluene, reduction of Cp*,Scl at
—78 °C gives a dark-red solution, 4, which displays an eight-line EPR pattern like that of 1, but it did not provide thermally stable
crystals. Reduction of Cp”,Scl, in THF or Et,O at —35 °C in the presence of 2.2.2-cryptand, yields the green Sc(II) metallocene
iodide complex, [K(crypt)][Cp”,Scl], 5, which was identified by X-ray crystallography and EPR spectroscopy and is thermally
unstable. The analogous reaction of Cp*,ScI with KCg and 18-crown-6 in Et,O gave the ligand redistribution product, [Cp*,Sc(18-
crown-6-*0,0")][Cp*,ScL,], 6, as the only crystalline product. Density functional theory calculations on the electronic structure of
these compounds are reported in addition to a steric analysis using the Guzei method.

H INTRODUCTION P,C;'Buy)],” but the high reactivity of Sc(P,C;'Bus), did not
allow for its crystallographic characterization. It was not until
2017 that the first X-ray crystal structure of a molecular Sc(II)
complex, the {Sc[N(SiMe;),];}'~ anion, appeared in the
literature (eq 2).” A second example, the [Sc(OC¢H,-2,6-Bu,-
4-Me);]"” anion, was reported in 2018.°

Although scandium is the first member of the transition metal
series, development of its chemistry has lagged behind that of
the other transition metals. This is often attributed to the
inherent experimental difficulties with the electropositive
Sc(Ill) ion and the high reactivity of its lower oxidation
states.® While ferrocene was discovered in the 1950s,”* it

was not until 1998 that a heteroatomic scandium metallocene, lﬁN"\\’>\' MesSie_SiMes
t K, 2.2.2-cryptand : ) N~ .
Sc(P,C;Bus),, was reported by Cloke et al. from the metal K2aevpund| 6. 10,0 \
. I, , - NEEAS . .
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o’ 100 | |
pP=_ 'Bu K/N\)) Me;Si  SiMe;
‘Bu )Q
/L ‘Bu ‘
PSP Sc!
-16°c ‘Bu ‘n ‘Bu ‘Bu>_ = O]
t = —_— t
Se(yapor) + BUC=P Bu 7_Sc_( g T P P;>— Bu
( )) t
p P Bu SlcI Received: October 25, 2023
Bu P&/‘B“ Revised:  December 20, 2023
'Bu/h Accepted: December 22, 2023

This complex formed in low yield alongside the previously
reported Sc(I) complex [{(7°-P3C,'Bu,)Sc},(u—n%:n°-
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A major advance in rare-earth element metallocene
chemistry occurred recently when the results of Sitzmann
and co-workers in 2000 on bis-
(pentaisopropylcyclopentadienyl) metallocenes, Cp*™,Ln
(Cp™S = C4'Prg) of Ln = Sm, Eu, and Yb,” were expanded
by McClain et al. to yttrium and the rest of the lanthanide
series, Ln =Y, La, Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm, and
Luy,'"! excluding radioactive Pm. This demonstrated the
power of sterically bulky ligands to trap highly reactive rare-
earth metals in low oxidation states as Cloke and co-workers
had done in the 1980s with the Ln(0) complexes,"'>"?
(C¢H;Bu,),Ln, for Ln = Sc, Y, Nd, Gd, Tb, Dy, Ho, Er, and
Lu.

The importance of steric protection demonstrated by these
results and the prevalence of three tert-butyl substituents on
the rings of these low valent rare-earth metallocenes such as
Sc(P,C;'Bus)," and (C4H;Bu;),Ln"">" led us to attempt the
synthesis of the tri-tert-butyl-substituted cyclopentadienyl
Sc(I) complex, Cp™,Sc (Cp"™ = CsH,'Bu;). Previously, Nief
et al. had shown the utility of the Cp™ ligand in generating
isolable Dy’(II)14 and Nd(11)"° complexes, [Cp™,Ln(u-
X)K(18-crown-6)] (Ln = Dy, X =BH,, Br,I; Ln = Nd, X =
I), eq 3, and the Cp™ ligand has proven valuable with other

‘Bu ‘Bu l/\
(o)
tB B i w
u KCg, 18-crown-6 u O !
\ toluene or cyclohexane \ f \\ ! .0
\

Bu  LnM—X —— ‘Bu

Bu %«‘Bu Bu %JB“ z o
0
Bu Bu \)
Ln = Nd, Dy,
X =BH,, Br, I

systems as well.'°"*° Furthermore, bulky alkyl groups have

been found to impart extra stability to certain organometallic
compounds through attractive interligand dispersion force
effects.””*

The reduction of Ln(IlI) precursors in noncoordinating
solvents (e.g., alkane and aromatic hydrocarbons) has proven a
successful strategy for the synthesis of Cp™™,Ln,'”"" as well as
the Tm(II) compound Cp™,Tm."® Following this protocol, we
report the isolation of the first crystallographically character-
izable bis(cyclopentadienyl) Sc(Il) complex, Cp™,Sc. This
finally extends this classic set of bis(cyclopentadienyl)
organometallic complexes”””’ to scandium, the first metal of
the transition series and the lightest of the rare-earth elements.
The characteristic EPR and UV—visible spectra of this complex
are reported as well as density functional theory calculations
describing the electronic structure. To investigate the
importance of the substituents on the cyclopentadienyl ligands,
reactions with the CsMeg and C;H;(SiMe;), ligands were also
examined and the resulting new Sc(II) complexes are

described.

B RESULTS

Sc(ll) with CsH,(*Bu); (Cp™). Cp™,Scl, 1. The precursor
desired for the synthesis of Cp™,Sc, namely, Cp™,Scl, was
prepared by heating a mixture of two equiv of KCp™ and Scl,
in toluene at reflux for 3 days. Removal of solvent under
reduced pressure followed by extraction with hexanes and
subsequent evaporation of the hexane gave the yellow complex
Cp™,Scl, 1, in 34% yield. The molecular structure of 1 (Figure
1), was confirmed by X-ray diffraction of crystals of 1, grown

ttt

Figure 1. Molecular structure of Cp™,Scl, 1, with thermal ellipsoids
drawn at the 50% probability level; hydrogen atoms not shown for
clarity.

by storing a toluene solution at —35 °C for 2 days. Complex 1
was found to be stable up to at least 260 °C without melting or
decomposition and could be sublimed at 230 °C and 107*
Torr. MALDI-TOF MS using an anthracene matrix did not
show the parent ion, [Cp™,ScI]’, but instead fragmentation
was observed with loss of the Cp™ and I ligands. In positive ion
mode, the [Cp™ScI]*, [Cp™Sc(anthracene)]*, and [Cp™,Sc]*
ions were identified, while in negative ion mode the [I],
[Cp™]~, [Sc(anthracene)L,]”, [Scl;]™, and [Cp™ScL,]™ frag-
ments were seen.

Complex 1 has a 147.0° (Cp™ ring centroid)—Sc—(Cp™
ring centroid) angle that is wider than the 140.51(8)° angle of
the pentamethylcyclopentadienyl analogue, Cp*,Scl.’’ Both
the 2.8569(3) A Sc—I distance and the 2.233(1) and 2.224(1)
A Sc—(Cp™ ring centroid) distances are longer than those of
Cp*,Scl: Sc—I, 2.8194(3), and Sc—(Cp* ring centroid),
2.16(1) A. The two similar (Cp™ ring centroid)—Sc—I angles
in 1, 105.9° and 107.1°, show that the iodide is located midway
between the rings as is typical in bis(cyclopentadienyl)Ln™
halides. The top view of the complex (Figure 2) shows the

Figure 2. Top view of Cp"™,Scl, 1, with ellipsoids shown at 50%
probability and hydrogen atoms not shown for clarity. The Cp™
ligands are color coded: red above Sc and blue below Sc.

arrangement of the iodide with respect to the tert-butyl groups.
The closest measured distance between the tert-butyl groups
on separate cyclopentadienyl rings is the 2.00 A separation of
HISA and H26A on C15 and C26, respectively. This is less
than twice the 1.2 A van der Waals radius of hydrogen.*”
Additionally, the closest C---C distance between tert-butyl
groups is the 3.582(3) A separation between the C11 and C2$
methyl groups, which is less than twice the 2.0 A van der Waals
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radius of a methyl group.”® Such short intramolecular
separations can be indicative of attractive interligand
dispersion force interactions in organometallic molecules.””**

Cp"™,Sc, 2. Treatment of Cp™,Scl with KCg in hexane at
room temperature under an argon atmosphere for 6 days
resulted in a gradual color change from yellow to dark red. The
dark precipitates (presumably graphite and KI) were separated
by centrifugation followed by filtration and removal of the
solvent from the supernatant gave Cp™,Sc, 2, as a dark red
powder in ca. 75% yield (eq 4). Recrystallization from hexane
at room temperature overnight provided X-ray quality crystals
of 2, shown in Figures 3 and 4.

Bu ‘Bu
t
‘Bu \ Bu KCg, hexane, Bu
‘Bu Sd_ Ar, 25°C, 6 d S:c" ?133“ @)
- graphite, KI ' u
\%tm grap tBu@
Bu Bu
1 2
D Q

ttt

Figure 3. Molecular structure of Cp™,Sc, 2, with thermal ellipsoids
drawn at the 50% probability level and hydrogen atoms not shown for
clarity.
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Figure 4. Top view of Cp™,Sc, 2, with ellipsoids shown at 50%
probability and hydrogen atoms not shown for clarity. The Cp™
ligands are color coded: red above Sc and blue below Sc.

The EPR spectra of toluene and hexane solutions of Cp™,Sc
at 298 K both displayed eight-line patterns due to coupling to
the Sc center (*Sc, I = 7/2, 100% abundance). Additional
signals were initially observed in the spectra, but sublimation of
2 at 200 °C and 10~* Torr gave material that displayed a
cleaner eight-line pattern (Figure S), with g, = 1.99 and a
hyperfine coupling constant of A, = 82.6 MHz (29.6 G)
calculated from an isotropic simulation using EasySpin.”” The

spectrum appears to have some anisotropy at ambient
temperature that was consistent across multiple samples
independent of choice of solvent. At 77 K, the spectrum
displays only a broad signal with unresolved hyperfine
coupling. Additional EPR spectra are shown in the Supporting
Information. For comparison, EPR spectra reported for
Sc(P,C;'Bu,), at 120 K, {Sc[N(SiMe,),];}'~ at 298 K, and
Sc(OCgH,-2,6-Bu,-4-Me);]' ™ at 77 K have g, values of 1.98,
1.977, and 2.01 respectively, and A, values of 103 MHz (37
G), 592 MHz (214 G), and 819 MHz (291 G) respectively.*™®
These values are summarized in Table 1.

The Evans method** ™ magnetic susceptibility measure-
ment on Cp™,Sc indicated a magnetic moment of 1.9 B,
which is consistent with one unpaired electron as expected for
a 3d" electron configuration for the Sc(II) ion. The UV—visible
spectrum of 2, shown in Figure 6, has an absorbance maximum
at 520 nm and is discussed further in the Computational
Analysis.

Complex 2 is a bis(cyclopentadienyl) Sc(II) complex like
ferrocene (i.e.,, a scandocene), but unlike ferrocene, the rings
are not rigorously parallel: the (Cp™ ring centroid)-Sc-(Cp™
ring centroid) angle is 170.6°, a feature that is discussed below
in detail in Computational Analysis. The 2.154(1) A and
2.156(1) A Sc-(Cp™ ring centroid) distances are smaller than
those of Cp™,Scl by about 0.07 A, which is in the range
expected for the difference between six and seven coordinate
scandium complexes using Shannon radii.”” The arrangement
of the six tert-butyl groups on the two ligands is such that four
are staggered and two are eclipsed, as shown by the top view in
Figure 4. The eclipsed groups are distorted out of the plane of
the cyclopentadienyl rings, with the quaternary carbons C6 and
C23 lying 0.322 and 0.308 A above the mean plane of the five
cyclopentadienyl ring carbon atoms. In comparison, the other
quaternary carbons lie distances of 0.194 (C31), 0.252 (C14),
0.034 (C27), and 0.022 A (C10) from the cyclopentadienyl
planes. All of these displacements are less than the 0.48 A
displacement for the carbon of methyl substituents in
(CsMeg);M complexes that display sterically induced reduc-
tion chemistry.”® The closest approaches between methyl
groups of any two fert-butyl substituents are the 3.922(2) A
C15:--C32 and 4.007(2) A C16--C30 separations, which are
close to the 4.0 A sum of van der Waals radii of two methyl
groups.”” The closest C(methyl)--Sc approaches are the
3.558(1) A C11--Sc and 3.476(1) A C28--Sc distances.
These values are much longer than the 2.524(10) A Ti--f-
carbon distance in EtTiCl;(Me,P(CH,),PMe,), which has an
agostic interaction.””*

Cp™,Sc shows exceptional thermal stability: it can be
sublimed at 107" Torr and 200 °C, and the crystals melt
without decomposition at 268—271 °C. The MALDI-TOF
mass spectrum of 2 using an anthracene matrix shows only the
parent ion [Cp™,Sc]® at 511.3 m/z and no further
fragmentation. Cp™,Sc is stable in solution at room temper-
ature in alkane and aromatic solvents and in the solid state for
at least several weeks. However, in Et,O or THF, solutions of
Cp™,Sc decompose slowly over several days, marked by the
loss of their red color. A 2.6 mM solution in THF was
monitored by UV—visible spectroscopy over 83 h, and the
decomposition was well modeled by first-order kinetics,
yielding a rate constant k = 2 X 107* min™" and a halflife of
ca. 2.5 days. This is in marked contrast to Sc(P,C;Buy),,
which was reported to immediately decompose in THF.
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Cp',Sc, 2, hexane, 298 K

electride g =2.00 —>| Cp*2Scl/KCs,4, E,0, 195 K
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Figure S. Experimental (black lines) and EasySpin-simulated (dotted magenta lines) EPR spectra of Cp™,Sc, 2 (top left), the Cp*,Sc/KC;q
reduction product, 4 (top right), [K(crypt)][Cp”,ScI], S (bottom left), and Cp”,Scl/KCg reduction product formed in the absence of 2.2.2-

cryptand (bottom right).

Table 1. EPR g Values and **Sc Hyperfine Coupling
Constants of Reported Sc(II) Molecular Complexes

compound Giso Ao T (K) ref
Cp™,Sc, 2 1.99 82.6 MHz/29.6 G 298  this
work
Sc(P,C,tBuy), 198 103 MHz/37 G 120 4
K(crypt)][Cp”,Scl], § 1.98 105 MHz/37.9 298  this
work
Cp”,ScI/KCyq 1.97 154 MHz/55.4 G 298  this
work
[K(erypt)] 198 592 MHz/214 G 298 S
{SC?IE(SM%)zh}
Cp*,ScI/KCq, 4 1.99 284 MHz/102 G 195  this
work
[K(crypt)[Sc(OCH,- 201 819 MHz/291G 77 6

2,6-Bu,-4-Me), |

Sc(ll) with C;Me; (Cp*). Formation of Cp*,5¢(C4Hs), 3.
Given the successful isolation of Cp™,Sc by reduction of
Cp™,Scl with KCq in hexane solvent (eq 4), the analogous
reaction of Cp*,ScI’"*" with KCq in hexane was examined.
The initially yellow mixture became pale green over 1 week,
but only unreacted Cp*,Scl was recovered from the mixture.
The reduction in benzene was examined next since arenes were
used successfully in the reduction of Cp™™,Lnl complexes to
form Cp™S,Ln.'" In benzene, overnight stirring of a yellow
mixture of Cp*,Scl and 2 equiv of KCg afforded an orange
product. Recrystallization of this material from hexane afforded
colorless crystals of Cp*,Sc(C4H;),"" 3, in low yield (eq 5).

The 'H NMR spectrum of 3 matches that reported in the
literature for the same compound synthesized from Cp*,ScCl
and phenyllithium.*' Since the structure of Cp*,Sc(C¢H;) was

1000 —
N — Cp',Sc, 2, hexane
\
800 \ = = = Cp":Scl/KCs, 4, Et,0
= ‘e c: oo\ /e Cp*2Scl/KCs, 4, toluene
§ 600 N
T AL
[=] N
£ -
5 400 %
™ N
200 :
0
300 400 500 600 700 800

Wavelength (nm)

Figure 6. UV—visible spectra of Cp™,Sc, 2, in hexanes at 298 K (red
solid line), an Et,O solution of the Cp*,ScI/KCg reduction product,
4, at 195 K (dashed blue line), and a toluene solution of in situ
generated 4 at 195 K (dotted gray line).

A

{c‘"@ ®

benzene, 25 °C
Cp*,Sel + 2 KCg —————
- graphite, KI

not previously reported, complex 3 was definitively charac-
terized by X-ray crystallography (Figure 7). Structural details
are presented in the Supporting Information.

The progress of the reaction in eq 5 was followed in C¢Dg4 by
"H NMR spectroscopy. The Cp* resonance of Cp*,Scl at 1.89
ppm disappeared over 2 days, and two new resonances were
observed. One of these at 1.73 ppm was indicative of the
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Figure 7. Molecular structure of Cp*,Sc(C4Hy), 3, with thermal
ellipsoids drawn at 30% probability and hydrogen atoms not shown
for clarity. Selected bond distances (A) and angles (°): Sc—Cc, (avg):
2.4760(1), Sc-Cnt1:2.163(1), Sc-Cnt2:2.161(1), Sc—C21:2. 2495(1)
Cnt1-Sc-Cnt2:143.23, Cnt1—Sc-C21:109.1, Cnt2—Sc-C21:107.7.

formation of Cp*,Sc(C¢Dy), while the second at 1.96 ppm has
not been identified and is distinct from the 1.90 ppm
resonance of (Cp*,ScH),.*' Upon exchanging the solvent in
this sample to C¢Hg, examination of the *H NMR spectrum
showed two triplets at 1.92 and 1.69 ppm, which were
indicative of the presence of CH,D methyl substituents that
result from H-D exchange at the Cp* ligands of the two
products formed in this reaction. Incorporation of deuterium
into Cp* methyl groups is a phenomenon that has been
previously described by Bercaw and co-workers for penta-
methylcyclopentadienyl Sc(III) complexes in deuterated
solvent.”" Additionally, a signal in the ’H NMR was observed
at 7.59 ppm, which is in the region of the 7.3 ppm 'H NMR
resonance calculated by Bercaw and co-workers for the
weighted average signal of the hydride in the oligomeric
[Cp*,ScH],.*! The 7.59 ppm signal is significantly broadened
(Avy ), = 2.5 Hz) in comparison to the triplets at 1.69 and 1.92
ppm (Avy, = 0.5 Hz), which is consistent with a hydride
interacting with the I = 7/2 Sc nucleus. Thus, the 7.59 ppm
signal could arise from a deuteride bound to scandium, formed
by the C—H activation of deuterated benzene in the process
that forms 3, although we have been unable to structurally
authenticate this hydride species.

While the activation of C—H bonds by alkyl and hydrido
scandium(III) complexes has been known for decades via &
bond metathesis,*' the formation of 3 via eq S is unusual for
scandium. Since several examples of C—H bond activation
during Ln(III) to Ln(II) reduction reactions have been
reported,'***™*" the formation of 3 in eq 5 suggested that
the reduction of Cp*,Scl may have formed a highly reactive
Sc(I) species in situ. There is also precedent in titanium
metallocene chemistry for C—H bond activation in reductions
of Ti(III) complexes.*®*

Cp*,5cl/KCg 4. Encouraged by this C—H bond activation
result and data described in the next section on the reduction
of Cp”,Scl in diethyl ether, the reaction of 2 equiv of KCq with
Cp*,Scl in diethyl ether at ca. =78 °C was conducted. This
resulted in the immediate formation of an intensely dark-red
solution of a new complex, 4, similar in color to solutions of
Cp™,Sc, 2. While the EPR spectrum of a frozen aliquot of the
Et,0 solution of 4 at 77 K was complex and difficult to
interpret due to apparent anisotropy, the spectrum in liquid
solution at 195 K displayed an eight-line pattern characteristic
of Sc(1I) with g, = 1.99 and a hyperfine value of A, = 284
MHz (102 G) (Figure S). Ambient temperature EPR data

could not be collected due to the thermal instability of this
material; solutions of 4 decomposed within 1 min while
warming to ambient temperature. In further support of the
presence of Sc(II), the electronic spectrum of 4 (Figure 6),
showed a low-intensity absorbance at 538 nm, which is very
similar in energy to the 520 nm absorbance in the spectrum of
Cp™,Sc, 2. Surprisingly, reduction of Cp*,Scl in toluene at —78
°C also gave a red-colored solution that has an EPR spectrum
at 77 K and UV—visible spectrum (Figure 6), similar to that of
4 in Et,0. The product of the reduction of Cp*,Scl in toluene
was likewise thermally unstable.

The decomposition products of 4 in these solvents were
examined by "H NMR spectroscopy. The residue from toluene
solutions of 4 contained signals consistent with the formation
of Cp*,Sc(CH,C4H;) as well signals that most likely
correspond to a mixture of the previously reported ortho-,
meta-, and para-tolyl Cp*,Sc(C4H,CH;) complexes.”' The
crude material obtained from the reduction in Et,O displayed a
signal corresponding to unreacted Cp*,Scl along with signals,
which suggested the formation of Cp*,Sc(OCH,CHj,) and the
previously reported Cp*,Sc(CH,CH;).>" These three signals
appeared in an approximate 1:1:0.8 ratio. While some other
minor signals were apparent in this spectrum, none could be
attributed to known compounds. This, along with the unequal
ratio of ethoxide to ethyl signals in the product mixture,
highlights the highly reactive nature of complex 4 that forms
upon reduction of Cp*,Scl with KCg.

Sc(ll) with CgH;(SiMes), (Cp”). [K(crypt)l[Cp",Scll, 5.
The reduction of Cp”,Scl had previously been attempted by
Lappert and co-workers using [K(18-crown-6)],[1,2,4,5-
(SiMe;),C¢H,] as the reductant.”” However, the only product
isolated from that reaction was the bridging reduced-ethylene
complex, Cp ",Sc(u-CH,CH,)ScCp”,,** in which the
(CH,CH,)*" ligand was thought to arise from decomposition
of 18-crown-6. Initially, the reduction of Cp”,Scl in hexanes
using KCg was examined in analogy to eq 4 with Cp™,Scl
above. However, no reaction was observed after stirring at
room temperature for 1 week. Similarly, no reaction was
observed between Cp”,Scl and KCjy in benzene.

However, addition of a —35 °C solution of Cp”,Scl in Et,O
to KCg precooled to —35 °C led to immediate formation of a
green-brown mixture. Although we were unable to grow
crystals suitable for X-ray diffraction from this solution, the
EPR spectra at both 298 and 77 K contained eight-line
patterns consistent with the presence of a Sc(II) ion. The 298
K EPR spectrum (Figure 5) had signals at g, = 1.97 with an
Ao = 154 MHz (55.4 G), and the 77 K EPR spectrum had an
anisotropic eight-line pattern centered at g = 1.98. The UV—
visible spectrum of the green-brown solution was distinctly
different from the spectra of red 2 and 4 and contained an
absorbance at 430 nm (Figure 8).

When Cp”,Scl is reduced with KCy in Et,0 at —35 °C in
the presence of 2.2.2-cryptand (crypt), a green-brown solution
also forms that has a UV—visible spectrum identical to that of
the chelate-free reduction product just described with an
absorbance maximum at 430 nm (Figure 8). The EPR
spectrum at 298 K of this solution showed an eight-line
pattern with g, of 1.98 and a coupling constant A, of 105
MHz (31.9 G). After filtering off the black solids (presumably
graphite), dark-brown crystals suitable for single-crystal X-ray
diffraction were grown after 1 h in a —35 °C freezer, which
were identified as [K(crypt)][Cp”,Scl], 5 (Figure 9, eq 6).
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Figure 8. UV—visible spectra in Et,0 of [K(crypt)][Cp”,Scl], §
(solid line), and the reduction product of Cp”,Scl and KCg without
2.2.2-cryptand (dashed line).

Figure 9. Molecular structure of [K(crypt)][Cp”,Scl], S, with
ellipsoids at 50% probability with hydrogen atoms not shown and
the cation and anion drawn separately for clarity.
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The X-ray crystal structure of $ revealed that with the Cp”
ligand, a bis(cyclopentadienyl) Sc(II) complex is formed that
retains an iodide ligand attached to the metal. The [Cp”,ScI]'~
anion is reminiscent of the [Cp™,Ln(u-X)K(18-crown-6)]
complexes of Deacon et al,'”"> eq 3, except that the use of
crypt results in a separated [K(crypt)]'* countercation.

Complex 5 has Sc—(Cp” ring centroid) distances of
2.184(1) A and 2.200(1) A that are only slightly longer than
the 2.155(1) and 2.156(1) A distances in Cp™,Sc, 2. The
139.9° (Cp” ring centroid)—Sc—(Cp” ring centroid) angle is
much smaller than the 170.6° angle in Cp™,Sc due to the
presence of the iodide ligand. The 2.8902(6) A Sc—I distance
in § can be compared to the 2.8569(3) and 2.8194(3) A Sc—I
distances in Cp™,Scl and Cp*,Scl, respectively.

In contrast to 2, even the crystalline material of [K(crypt)]-
[Cp”Scl], S is thermally unstable, turning from dark red to
light brown within hours at ambient temperature. Thermal
decomposition of § in Et,O was examined by monitoring the
decay of the 430 nm absorbance in the UV—visible spectrum
of a 9.2 mM solution. The data fit second-order kinetics with k
=12 M'min™" and a half-life of ca. 12 min.

Due to the thermal instability of 5, the magnetic
susceptibility was determined by the Evans NMR method at
low temperature on a sample of § generated in situ in dg-THF
by the reaction of Cp”,Scl, KCq, and crypt. If it is assumed that
quantitative conversion to § occurs and no decomposition
occurs, a magnetic moment of 1.5 uB was calculated for
[K(crypt)][Cp”,Scl], S. This should be regarded as a lower
limit given that the conversion is not likely to be quantitative
and some decomposition is likely. Nevertheless, this is in
agreement with what is expected for a Sc(Il) ion with a 3d'
electron configuration.

Formation of [Cp*ZSc(l8-Crown-6-KZO,O’)][Cp*ZSCIZJ, 6.
Given the success of generating [K(crypt)][Cp”,Scl] accord-
ing to eq 6, the reduction of Cp*,Scl was revisited in the
presence of the chelates crypt and 18-crown-6 to potentially
isolate a compound containing the [Cp*,ScI]'™ anion. The
reaction of a —78 °C diethyl ether solution of Cp*,ScI with 2
equiv of KCg in the presence of crypt afforded an intense blue-
violet solution in contrast to the red solution described above
for the chelate-free reaction. However, no Sc(I) complexes
were isolated or detected spectroscopically. In contrast, when
18-crown-6 was used as the chelate under identical conditions,
the yellow Cp*,Scl solution immediately became amber in
color. Filtration of this mixture and concentration of the filtrate
afforded a small amount of colorless crystals of the salt
[Cp*,Sc(18-crown-6-k*0,0’)][Cp*,Scl,], 6, which were char-
acterized by X-ray diffraction (Figure 10, eq 7).

Formally, the reaction does not require any KCg, since the
net reaction is a ligand redistribution of iodide to make the

Figure 10. Molecular structure of [Cp*,Sc(18-crown-6-x0,0")]-
[Cp*,ScL,], 6, with thermal ellipsoids drawn at 30% probability. For
clarity, the cation (top) and anion (bottom) have been drawn
separately and hydrogen atoms and disorder associated with the
crystallographic plane of symmetry are not shown. Selected distances
(A) and angles (°) where Cntl involves C1; Cnt2 involves C7; Cnt3
involves C21; Cnt4 involves C27: Sc1—C(Cp*)(avg), 2.510(2); Scl-
Cntl, 2.204(3); Scl-Cnt2, 2.217(3); Sc—O1, 2.259(3); Sc2—
C(Cp*)(avg), 2.551(2); Sc2-Cnt3, 2.250(3); Sc2-Cnt4, 2.257(4);
Sc2—1I1, 2.9458(9); Cntl-Scl-Cnt2, 136.70(14); Cntl—Scl1-O1,
107.88(11); Cnt2—Sc1-01, 106.95(12); O1—-Sc1—-01’, 71.54(16);
Cnt3-Sc2-Cnt4, 135.00(17); Cnt3—Sc2-11, 105.28(7); Cnt4—Sc2-11,
103.47(13); 11-Sc2—11’, 88.26(3).
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[Cp*,Sc(18-crown-6)]"* cation and the [Cp*,ScI,]'” anion.
However, complex 6 was not formed by treating Cp*,ScI with
18-crown-6 in the absence of KCg and neither Cp™,Scl nor
Cp”,Scl was observed to react this way with KCq in the
presence of 18-crown-6. The structure of 6 is further described
in the Supporting Information.

Computational Analysis. Electronic structure calculations
were performed on Cp™,Sc, Cp*,Sc, Cp”,Sc, and (Cp”,ScI)'~
using density functional theory (DFT) with the TPSSh hybrid
meta-generalized gradient density functional’””* including
Grimme’s D3 dispersion correction®” with the Becke—Johnson
damping function.”* The double-{ quality split-valence basis
sets with polarization functions def2-SV(P)>” were used for
nonmetallic atoms. Triple-zeta quality basis sets def2-
TZVP***” were used for Sc. The solvation effects were taken
into account by using the COSMO model*® with a dielectric
constant of 1.887 and an index of refraction of 1.3727 for
hexane. The electronic spectra were simulated using time-
dependent density functional theory (TDDFT) computations.
All calculations were performed with the TURBOMOLE
quantum chemistry package (developer version)®” using DFT
methods apﬁplicable to organometallic rare-earth metal
compounds.”” Complete details can be found in the
Supporting Information. The structural predictions and
predicted hyperfine coupling constants from the calculations
are shown in Table 2, and natural population analysis (NPA)
calculations are given in the Supporting Information.

Table 2. Calculated Structural Parameters and Hyperfine
Constants for Cp™,Sc, Cp*,Sc, Cp”,Sc, and (Cp”,ScI)'~
Compared with Experimental Values for Cp™,Sc, 2, and
[K(crypt)][Cp”,Scl], 5

(ring
Sc-(ring centroid)- hyperfine
centroid) Sc-(rin, calculated coupling
distance centroid electron constant
complex (A) angle (°)  configuration (A, MHz)
Cp™,Sc (calc) 2.14 168.4 3d! 82.5
Cp',Sc, 2 (exp)  2.155(1), 170.6 82.6
2.156(1)
Cp*,Sc (calc) 2.09 163.0 3d! 103.8
Cp”,Sc (calc) 2.10 146.9 3d 532
(Cp”,Scl)!~ 2.16 135.1 3d! 105.3
calc
(Cp”,ScD)'7, 5 2.184(1), 139.9 105.4
(exp) 2.200(1)

As shown in Table 2, the DFT-optimized structure of
Cp™,Sc, calculated on the basis of the X-ray crystal data on 2,
had a Sc-(Cp™ ring centroid) distance and a (Cp™ ring
centroid)-Sc-(Cp™ ring centroid) angle very close to the values
found in the solid-state structure at 93 K. The calculated
structural parameters were similar with and without Grimme’s
D3 dispersion correction and are reported in the Supporting
Information. The NPA calculations are consistent with a Sc(II)

center with a 3d" electronic configuration. The HOMO and
LUMO are shown in Figure 11. The HOMO derives from a d,,
or d,>_ orbital using the conventional assignment of Cartesian
coordinates for bent metallocenes.*®

Cp'tt,Sc, 2

(1420) HOMO (143a) LUMO

ttt

Figure 11. Frontier molecular orbital plots for Cp™,Sc, 2. Hydrogen
atoms are not shown for clarity. A contour value of 0.03 was used to
depict the orbitals.

The calculations match the slightly bent structure observed
in the crystal structure of 2. The bending can be explained by a
first-order Jahn—Teller effect using the bent metallocene Walsh
diagrams published in 1976 by Lauher and Hoffmann.’" The
doubly degenerate ground state for a linear d' Cp™,Sc will split
with single occupancy to give a more stable bent structure.

TDDEFT calculations carried out to analyze the electronic
spectrum of 2 showed three sets of expected transitions that
match well the observed spectrum, which contains an
absorbance in the visible region at 520 nm as well as two
high-intensity absorbances in the UV region at 286 and 394
nm (Figure 12). The DFT calculations also allowed a

I — Cptt,Sc
8000 | A L Cpttt,Sc (DFT)

250 350 450 550 650
Wavelength (nm)

Figure 12. UV-Visible spectra of Cp™,Sc, 2, in hexanes (solid line)
and computed (dotted line).

prediction of the EPR spectrum, and a hyperfine A value of
82.5 MHz was calculated, which matched the experimental
value 82.6 MHz (29.6 G). Overall, there is excellent agreement
between experiment and theory for Cp™,Sc.

The DFT calculations also converge for a bent structure for
Cp*,Sc with a 163° (ring centroid)-Sc-(ring centroid) angle
slightly less than that in Cp™,Sc, but shorter Sc-ring centroid
distances of 2.09 A compared to the 2.14 A predicted for 2.
The TDDEFT prediction of the UV-—visible spectrum of
Cp*,Sc matched that found for the red solution, 4, as shown
in Figure 13. The hyperfine coupling constant calculated for
Cp*,Sc, 104 MHz, was larger than the 82.5 MHz predicted for
Cp™,Sc, 2. This is consistent with previous studies of Y(II)
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Figure 13. UV-visible spectra of the reaction between Cp*,ScI and
KCq, 4, in Et,O at 195 K (solid line) and computed (dotted line). ..
o
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complexes of formula [(C4R;),Y]"™ that showed a correlation
of A values with electron donor strength of the ligands.
Specifically, the [(CsRs);Y]'™ complexes had A values, going
from the least electron-donating to the more electron-donating
C;R; ligands as follows: Cp” 101 MHz (36.1 G); C;H,SiMe,,
102 MHz (36.6 G), C{H,, 19.2 MHz (42.8 G); C{H,Me, 131
MHz (46.9 G).*”°> The monodentate amide and aryloxide
Y(II) analogues have much higher values: {Y[N(SiMe;),]3}'",
304 MHz (110 G),** and [Y(OAr*),]'", 425 MHz (153.3 G)
(OAr* = OC¢H,-2,6-Ad,-4-Bu).°* Thus, while the calculated
hyperfine coupling constant of 104 MHz for Cp*,Sc was
consistent with its more electron-donating ligand environment
in comparison to that of Cp™,Sc, 2, the experimentally
observed value of 284 MHz for the red solution, 4, constituted
a large discrepancy between the calculated and observed value.
In the absence of structural data on the Sc(II) containing
species in 4, this discrepancy is not understood.

The DFT calculations on Cp”,Sc predicted an Sc-(ring
centroid) distance similar to that of Cp*,Sc but with a
significantly more bent structure with a 147° (ring centroid)-
Sc-(ring centroid) angle. The predicted UV—visible spectrum
was similar to that of Cp™,Sc and Cp*,Sc. However, reduction
of Cp”,Scl did not give this neutral Cp”,Sc product but rather
the anionic (Cp”,Scl)'” with an extra iodide ligand. With
crystallographic data on [K(crypt)][Cp”,ScI], S, in hand as a
starting point, calculations were done on the (Cp”,ScI)'~
anion. Like the calculations on Cp™,Sc, the calculations on
(Cp”,ScI)!™ matched the structure obtained at 93 K quite well
both in Sc-(ring centroid) and Sc—I distances and in the (ring
centroid)-Sc-(ring centroid) angle (Table 2). In addition, the
predicted EPR hyperfine coupling constant of 105 MHz
exactly matched the observed for S. This value is larger than
that of 2 in contrast to the observed trend in [(CsRs);Y]'™
complexes. However, the comparison of A values for Cp™,Sc
and [K(crypt)][Cp”,ScI] is not so straightforward since the
two compounds have a different number of ligands. Although
Cp™ is more electron-donating than Cp”, the relative effect of
the inclusion of the iodide ligand in [K(crypt)][Cp”,Scl] is
unknown. The TDDEFT prediction of the UV—visible spectrum
differed from those of red Cp™,Sc, Cp*,Sc, and Cp”,Sc and
matched well the observed spectrum of green-brown § (Figure
14).

Guzei Analysis. One of the crucial factors in isolating highly
reducing low oxidation state rare-earth metal complexes
appears to be steric saturation of the coordination environ-
ment. One method to evaluate the steric saturation around a

Wavelength (nm)

Figure 14. UV—visible spectra of [K(crypt)][Cp”,Scl], 5, in Et,O
(solid line) and calculated (dotted line).

metal center involves calculation of the Guzei solid angle, G,
that provides an estimation of the percentage of the
coordination sphere of the metal that is protected by the
ligands.”® Guzei G values for low oxidation state rare-earth
metal and actinide complexes that form isolable crystallo-
graphically characterizable compounds are typically over
80%.°%°°"% This metric is not absolute; however, it is
generally best to compare G values only for a structurally
similar series of complexes.”"***

The G values of Cp™,Sc, 2, and [K(crypt)][Cp”,Scl], S,
were calculated based on the X-ray crystal structures while G
values for Cp*,Sc and Cp”,Sc were estimated based on DFT-
generated structures (Table 3). It should be noted that G

Table 3. Solid G Values for Selected Crystallographically
Characterized or DFT-Generated Compounds

compound G value
Cp™,Sc (exp) 87%
Cp*,Sc (calc) 75%
Cp”,Sc (calc) 89%
[Cp”,Scl]'™ (exp) 88%
Cp'*,La (exp) 89%
Cp'**,Lu (exp) 90%

values generated from DFT calculations may differ from values
obtained from X-ray crystal data. For example, a G of 93% was
found from a DFT-generated structure for (CsH,Si'Pr;);Th,
but when subsequent X-ray data were obtained, the G was
88%.%° The difference could arise from packing effects in the
solid state that cannot be taken into account in gas-phase DFT
calculations. A further caveat on DFT-generated G values from
that study is that (CyH,Si'Pry);Th and “(C;H,SiMe;);Th”
have similar Guzei values, 89% (from X-ray) and 87% (from
DFT), respectively, yet (CsH,Si'Pr;);Th is a room-temper-
ature stable compound that can be crystallographically
analyzed and “(CsH,SiMe;);Th” is too reactive to even isolate
at low temperature.”’

The crystallographically generated G values of 87% for
Cp™,Sc and 88% for [K(crypt)][Cp”,Scl], S, are in the high
range expected for stable complexes. The DFT-generated G of
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75% for Cp*,Sc is consistent with the fact that this complex
was not isolated. It was surprising, however, to find that the G
value for DFT-generated Cp”,Sc was 89%. It was expected that
this value would be low and the isolation of § was possible
because of the additional steric saturation provided by the
iodide ligand bound to scandium. Likewise, the formation of
(Cp*,ScI)!~ seemed possible and that this would have
appropriate steric saturation needed for its isolation. Clearly
more experimental data are needed to evaluate these Guzei
analyses.

B DISCUSSION

Considering that the previously reported Sc(Il) complexes like
Sc(P,C;'Buy), and {Sc[N(SiMe;),];}' ¢ readily decompose
at room temperature, it is remarkable that Cp™,Sc can be
sublimed at 200 °C, melts at 268—271 °C without
decomposition, and is stable for weeks in alkane and aromatic
solvents at room temperature. Clearly, the steric and electronic
factors involved in this specific bis(cyclopentadienyl) ligand
environment are very favorable for stabilizing Sc(II).

As scandium occupies a unique place in the periodic table as
the first member of the transition metals and the lightest
member of the rare-earth metals (Sc, Y, and the lanthanides),
the structure of 2 can be compared from two perspectives.
First-row transition metal metallocenes Cp*,M (Cp® =
cyclopentadienyl ligand; M = Ti — Ni, Zn) are generally
“linear”, i.e., the cyclopentadienyl ligands are parallel with most
Cp® groups.””””’ However, other reported Cp",M com-
plexes (M = Cr, Mn, Fe, Co)”'~™* are bent, which has been
attributed to steric effects of the ligands.””’® Direct
comparisons with the closest transition metal, Ti, are
complicated by C—H bond activation issues.”*’*”” For the
rare-earth metallocenes Cp®,Ln (Ln =Y, La — Lu), both bent
and linear structures are observed depending on the size of the
cyclopentadienyl ligand.”~""''®7%=%! In the case of d' Sc(II),
the bending can be explained by a first-order Jahn—Teller
effect arising from the singly occupied doubly degenerate
d(xy), d(x*~y*) HOMO in the case of a linear metallocene.’!

The high thermal stability of 2 is reminiscent of the stability
of the Cp™,Ln complexes, which can be recrystallized from
boiling hexane.” Both can also be made by reduction of
bis(cyclopentadienyl) iodide complexes in nonpolar solvents
(hexane or benzene), a route that was also successful to isolate
Cp™,Tm."® The Cp™,Ln complexes are, however, rigorously
linear with the metal lying on an inversion center, in contrast
even to the known Cp™,Ln complexes (Ln = Sm, Eu, Tm,
Yb),”'*'® which are bent.

Although the —78 °C reductions of the pentamethylcyclo-
pentadienyl analogue, Cp*,Scl, in Et,O or toluene gives a
product with a UV—visible spectrum similar to that of Cp™,Sc
and an eight-line EPR spectrum consistent with formation of a
Sc(II) species, the analogous complex Cp*,Sc was not isolated
due to the high instability of the reduction product even at low
temperatures. Rather, C—H bond activation products from the
Cp*,ScI/KCq reduction reaction in aromatic solvents were
identified by "H NMR spectroscopy and by X-ray crystallog-
raphy in the case of Cp*,Sc(C4Hs), 3. No Sc(II) species were
directly observed in these benzene reductions, likely due to the
S °C freezing point of benzene precluding low-temperature
investigations. Likewise, the ambient temperature reduction in
Et,0 generates Cp*,ScEt and a product with apparent
ethoxide 'H NMR resonances indicative of C—O cleavage of
the solvent. From these findings, it is clear that if Cp*,Sc is

formed, it has available decomposition pathways that make it
much less stable than Cp™,Sc.

On the other hand, reduction of Cp”,ScI with KCj, like the
Cp™,Scl system, gives an isolable, crystallographically charac-
terizable Sc(I) product, [K(crypt)][Cp”,Scl], 5, reminiscent
of the [Cp™Ln(u-X)K(18-crown-6)] complexes of the larger
rare-earth metals, Nd and Dy (eq 3). Given the smaller size of
Cp” compared to Cp", it makes sense that coordination of an
extra ligand could give steric saturation comparable to Cp™,Sc.

Indeed, the 87% Guzei solid angle for [K(crypt)][Cp”,Scl],
S, matches the 88% G of Cp™,Sc. These values are in the range
expected for sterically stabilized complexes and are near the G
values for the Cp™™,Ln complexes,'”"" which range from 89%
for La to 90% for Lu (Table 3). However, it should be noted
that despite the similar G values of 2 and S, complex $ is much
less stable and 50% decomposition is observed in 10 min at
room temperature in Et,O compared to a 2.5 day half-life for 2
in THF. The presence of an iodide ligand in $§ that can be
dissociated leading to a presumably less sterically hindered and
more reactive Cp”,Sc is a big difference from Cp™,Sc.

DEFT calculations match well the experimental structural and
spectroscopic properties of Cp™,Sc, 2, and [K(crypt)]-
[Cp”,ScI], S, and indicate a 3d' electron configuration for
each Sc(1I) center. Comparison of the DFT calculations with
experimental data is less clear for the red Cp*,Scl reduction
product, 4, since no crystallographic data are available. The
DEFT calculations predict well the spectrum of the red solution
based on a Cp*,Sc structure, but the predicted 104 MHz
hyperfine coupling A value is not close to the 284 MHz value
observed in the EPR spectrum of the red solution, 4.
Comparison of the 104 MHz prediction for Cp*,Sc with the
82.6 MHz observed for Cp™,Sc fits well with the trend of
[(CsRs);Y]'™ compounds since Cp* has more alkyl groups
than Cp™ and would be expected to have a higher A value.
Hence, if the hyperfine coupling constant calculations are good
estimates, then the red solution must contain a Sc(II) complex
other than Cp*,Sc. However, there is no doubt that a Cp*-
ligated Sc(II) complex exists and is highly reactive since it can
generate Cp*,Sc(C¢H;) from benzene and Cp*,ScEt from
diethyl ether. The large hyperfine coupling constant suggests
that the species has an electron configuration that allows strong
interaction between the unpaired electron and the Sc nucleus.

The Cp*,Scl reduction system is further unusual in that
attempts to do the reduction with KCg in the presence of 18-
crown-6 generate the salt, [Cp*,Sc(18-crown-6-*0,0")]-
[Cp*,Scl,], 6. This complex is just a simple ligand
redistribution product from Cp*,Scl and 18-crown-6, yet it
only forms in the presence of KCg which is not needed
stoichiometrically.

B CONCLUSIONS

In conclusion, a thermally stable, crystallographically character-
izable bis(cyclopentadienyl) complex of Sc(II) was shown to
be obtainable by reduction of a bis(cyclopentadienyl)
scandium iodide if the proper substitution on the cyclo-
pentadienyl ring is present. Specifically, the tri-tert-butyl
cyclopentadienide ligand, Cp™, provides the appropriate steric
and electronic environment to stabilize the Sc(II) ion in
Cp™,Sc. This result finally extends the long known and
extensively studied bis(cyclopentadienyl) chemistry of the
transition metals to the first element in the transition metal
series and the smallest metal of the rare-earth metal series.
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Although reduction of Cp*,Scl gives solutions with
spectroscopic properties similar to that of Cp™,Sc, the
solutions are not thermally stable and the putative
decamethylscandocene, Cp*,Sc, was not isolated. Instead,
C—H and C—O bond activations of aromatic and ethereal
solvents were observed. With the smaller bis(trimethylsilyl)-
cyclopentadienyl ligand, Cp”, reduction of Cp”Scl can be
achieved in Et,O to form the Sc(II) salt [K(crypt)][Cp”,Scl],
which defines another new class of Sc(II) species. The fact that
Cp™,Sc can be sublimed at 200 °C suggests that there is
nothing inherently unstable with bis(cyclopentadienyl)Sc(II)
complexes, and it is likely that others can be synthesized.
Although other Sc(1I) complexes should be accessible, it is also
true based on the formation of Cp*,Sc(C¢H;) from attempts
to isolate Cp*,Sc that Sc(II) metallocenes should also be a
source of high reactivity in the chemistry of this earliest
member of the transition metal series.

B EXPERIMENTAL SECTION

General Considerations. All manipulations were performed by
using modified Schlenk techniques or in a Vacuum/Atmospheres
glovebox under argon. Solvents were degassed by sparging with dry
argon before drying and collection using an S2 Grubbs-type solvent
purification system (JC Meyer).*> All physical measurements were
recorded under strictly anaerobic and anhydrous conditions. Infrared
spectra were recorded on compressed solid samples using an Agilent
Cary 630 ATR/FTIR instrument. Electronic spectra were recorded as
dilute solutions in the indicated solvent in quartz cuvettes (1 mm or 1
cm path length) using an Agilent Cary 60 UV/vis spectrophotometer.
'H, °H, and "“C{'H} NMR spectra were recorded using a Bruker
Avance 600 or 500 MHz spectrometer and referenced to residual
solvent signals. X-band EPR spectra were recorded at the indicated
temperature using a Bruker EMX spectrometer equipped with an
ER041Xg microwave bridge and calibrated with DPPH (g = 2.0036).
Magnetic moments were determined by Evans’ method and corrected
using the appropriate diamagnetic constants.**™*® CHN analysis was
performed at the UC Berkeley Microanalytical Facility. Scandium
metal content was determined by complexometric titration of
hydrolyzed samples with Na,EDTA solution using xylenol orange as
an indicator.*>™** Scandium iodide was prepared from scandium
metal and ammonium iodide in a modification of the procedure
described by Meyer et al.*® KCp™ was prepared according to the
literature procedure.”” Cp*,ScI’™*' and Cp”,ScI® were prepared
from the reaction of KCp* or KCp” with Scl; in toluene analogously
to 1 below and identified by their "H NMR spectra.

MALDI-TOF Mass Spectrometry. Mass spectra were recorded
with an AB Sciex 5800 MALDI-TOF mass spectrometer in reflector
mode using an anthracene matrix on a stainless-steel target plate. A
saturated solution of anthracene in benzene and benzene solutions of
1 and 2 (ca. 10 mg in 1 mL) were used as targets. Inside an argon-
filled glovebox, 1 uL aliquots of the anthracene solution were spotted
on the target plate and allowed to dry. Then, 1 uL aliquots of the
analyte solutions were added on top of the matrix and allowed to dry.
A second 1 uL aliquot of matrix solution was added and allowed to
dry on top of each spot. The target plate was mounted on the plate
holder inside of the glovebox, placed inside of a plastic box with an
airtight lid, and removed from the glovebox. The target plate was
quickly removed from the plastic box and loaded into the mass
spectrometer’s vacuum chamber. After the acquisition, the yellow
spots of 1 and the red spots of 2 on the retrieved target plate were still
strongly colored before removal from the spectrometer’s vacuum
chamber.

Cp™,Scl, 1. Under an argon atmosphere, a pale yellow slurry of
Scl; (213 mg, 0.50 mmol) and KCp™ (272 mg, 1.00 mmol) in ca. 20
mL of toluene was heated to ca. 110 °C for 3 days. The solvent was
removed under vacuum and the residue extracted three times with ca.
1S mL of n-hexane. After separation of the solids by centrifugation

and filtration through a pipet packed with ca. 1 cm of Kimwipes, the
combined bright-yellow supernatants were slowly evaporated under
reduced pressure, yielding bright-yellow crystals of 1 (110 mg, 34%).
X-ray quality crystals were grown by storage of a solution of ca. 0.100
g in 3 mL of toluene at —35 °C for 2 days. 'H NMR (600 MHz,
CgDg, 298 K): 6 = 7.84 (s, 2H, CpH), 7.09 (s, 2H, CpH), 1.57 (s, br,
18H, —C(CH,),;, 1.51 (s, br, 18H, —C(CH,),, 1.10 (s, 18H,
—C(CH,);. BC{'H} NMR (151 MHz, C¢D, 298 K): § = 142.52
(C'Bu), 141.57 (C'Bu), 140.23(C = C'Bu), 127.52 (C = CH), 112.84
(C = CH), 36.03 (—C(CH,);), 35.14 (—C(CH,);), 34.44 (—C-
(CH3);), 33.92 (—C(CHj;);), 33.53 (—C(CH,;);), 31.62 (—C-
(CH;);). ATR-FTIR (ecm™): 2956 (st), 2903 (m), 2868 (m),
1481(w), 1457(m), 1360 (st, sh), 1238 (m), 1204(m), 1168 (m),
1110 (w), 996 (w), 955 (w), 919 (w), 848 (st, sh), 800 (m), 680 (m),
663 (m). M.P. > 260 °C, no decomposition up to this temperature.
UV—vis (n-hexane, 298 K), A,../nm (&/M 'em™): 371 (e = 2000).
Anal. Caled for ScCyHggl: Sc 7.0; found: Sc 6.9. MALDI-TOF MS,
positive ion mode, m/z: 405.0 ([Cp™ScI]*), 456.2 ([Cp™Sc-
(anthracene)]*), 511.3 ([Cp™,Sc]*). Negative ion mode, m/z:
126.9 ([I]7), 233.2 ([Cp™]7), 425.6 ([Scl3]7), 476.8
([Scl,(anthracene)] ™), 532.0 ([Cp™ScL,]7).

CptttZSC, 2. In an argon-filled glovebox free of volatile Lewis bases,
a mixture of Cp™,Scl (65 mg, 0.10 mmol) and KC;g (15 mg, 0.11
mmol) in ca. 8 mL of n-hexane was stirred for 6 days, during which
time the color changed from yellow to dark red. The solids,
presumably graphite and KI, were separated by centrifugation and
subsequent filtration through a pipet packed with 1 cm of Kimwipes.
Removal of the solvent under reduced pressure yielded Cp™,Sc, 2, as
a dark-red powder, which was sublimed at 200 °C and 10~* Torr (39
mg, 75%). Slow evaporation at ambient temperature of a ca. 0.25 mL
aliquot of an n-hexane solution of Cp™,Sc in a 20 mL scintillation vial
inside the glovebox overnight gave several red needles of 2 suitable for
X-ray diffraction. '"H NMR (600 MHz, C(Dg, 298 K): § = 0.30 (br,
36H, —C(CHS,),), —0.10 (br, 18H, —C(CH,),). ATR-FTIR (cm™):
2952 (st), 2900 (m), 2864 (m), 1477 (m), 1455 (m), 1385 (m), 1357
(st, sh), 1236 (st, sh), 1199 (w), 1154 (w), 1107 (w), 1021 (w), 998
(w), 956 (w), 920 (w), 803 (st), 723 (w), 684 (m), 671 (w). M.P.
268—271 °C. UV—vis (n-hexane, 298 K) A,,,./nm (¢/M~'cm™): 286
(¢ = 14000), 394 (¢ = 7500), 520 (& = 900). Magnetic moment
(Evans’ method, benzene): 1.9 pg. Anal. Caled for ScCyHgg: C 79.8,
H 11.4, Sc 8.8; Found: C 79.7, H 11.4, Sc 8.6. MALDI-TOF MS m/z:
5113 ([Cp"™,Sc]™).

Cp*,5¢(C¢Hs), 3. In an argon-filled glovebox free of volatile Lewis
bases, Cp*,ScI (0.10 g, 0.23 mmol) was dissolved in ca. 10 mL of
benzene. KCq (0.062 g, 0.46 mmol) was then added to this yellow
solution in one portion. After stirring for 18 h, the mixture became
orange in color. The solvent was removed under reduced pressure,
and the residue was extracted in ca. 10 mL of hexane. The mixture
was centrifuged, and the supernatant was filtered. The filtrate was
concentrated to ca. 1 mL volume by removal of the solvent under
reduced pressure. Overnight storage of this orange solution afforded a
small amount of colorless crystals of Cp*,Sc(CgHs), 3. This reaction
was studied in more detail by NMR spectroscopy (vide infra).

Reduction of Cp*,Scl with KCg in Diethyl Ether, Cp*,Scl/
KCg, 4. In an argon-filled glovebox, a solution of Cp*,Scl (0.10 g,
0.23 mmol) in ca. 4 mL of diethyl ether was cooled to ca. =78 °C in a
20 mL vial. KCg (0.031 g, 0.23 mmol) was then added to the solution
in one portion. The mixture immediately became dark red and was
gently swirled for ca. 20 s. The EPR spectra of aliquots of this solution
at 77 and 195 K showed eight-line resonances consistent with the
formation of Sc(II). UV—vis (Et,0, 195 K) A,,./nm (¢/M™'ecm™):
535 (300).

In another reaction, Cp*,ScI (0.025 g, 0.056 mmol) was dissolved
in ca. S mL of diethyl ether in a 20 mL vial and the solution was
cooled to ca. —78 °C. KCg (0.008 g, 0.06 mmol) was added to the
solution in one portion. The mixture immediately became dark red in
color and was allowed to stand at this temperature for 18 h. After the
mixture was allowed to warm to ambient temperature and stirred for 1
h, the solution was decanted from the black solids, presumably
graphite, at the bottom of the vial, and the solvent was removed from
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this solution under reduced pressure to give a yellow residue. This
crude residue was then dissolved in C¢Dy for study by 'H NMR
spectroscopy, which showed resonances consistent with the presence
of Cp*,ScL,*' Cp*,ScCH,CH,,*" and a third complex that we have
tentatively assigned as Cp*,ScOCH,CH;. 'H NMR (500 MHz,
CeDg): 8 = 449 (q, 2H, OCH,CH, (Cp*,ScOEt), [y = 6.9 Hz),
1.93 (s, 30H, CH; (Cp*,ScOCH,CHj,)), 1.91 (s, 30H, CHj,
(Cp*,ScI)), 1.86 (s, 30H, CH; (Cp*,ScCH,CH;), 1.33 (t, 3H,
CH, (Cp*,ScOCH,CH3), Juu = 6.9 Hz), 099 (q 2H, CH,
(Cp*,ScCH,CH;3), Juyy = 8.2 Hz), 0.17 (t, 3H, CH,
(Cp*,ScCH,CH,;), Juy = 82 Hz).

NMR Scale Reduction of Cp*,Scl with KCg in Benzene-Dy.
Cp*,Scl (0.010 g, 0.020 mmol) and KCg (0.003 g, 0.02 mmol) were
combined in a J. Young NMR tube, and ca. 0.5 mL of deuterated
benzene was added. The tube was sealed, and the mixture was briefly
shaken. The reaction mixture was periodically monitored by "H NMR
spectroscopy, which indicated that the Cp*,ScI was completely
consumed after 2 days. The spectrum showed that the reaction
formed Cp*,Sc(C;Ds) and a second product containing a Cp* ligand.
"H NMR of mixture (500 MHz, C¢Dy, 2 day reaction time): & = 1.96
(s, CH; (Cp*), Cp* containing product), 1.89 (s, CH; (Cp*),
residual Cp*,Scl), 1.73 (s, CH; (Cp*), Cp*,Sc(C¢Ds)). *H NMR of
mixture (600 MHz, C4Hy, 2 day reaction time): § = 7.59 (s, Ay, ), =
2.5 Hz, possible Cp*,ScD resonance), 1.92 (t, CH,D, Cp* containing
product, Jyp = 2.17 Hz), 1.69 (t, CH,D (Cp*,ScPh), Jyp = 2.19 Hz).
Due to rapid H-D exchange with the C¢Hg solvent, the signals for the
deuterons of Cp*,Sc(CyDs) were not observed.*!

[K(crypt)l[Cp”,Scl], 5. In an argon-containing glovebox, Cp”,Scl
(25 mg, 0.05 mmol) and 2.2.2-cryptand (18 mg, 0.0S mmol) were
dissolved in 4 mL of Et,O and cooled to —35 °C for 1 h. The solution
was then pipetted into a scintillation vial containing KCg (7 mg, 0.0S
mmol) precooled to —35 °C. An immediate color change from yellow
to green-brown was observed. The solution was filtered through a
Kimwipe-packed glass pipet to remove black solids, presumably
graphite, and then placed in a —35 °C freezer for 3 h to yield dark red-
brown block crystals of [K(crypt)][Cp”,ScI] suitable for X-ray
diffraction (39 mg, 86%). ATR-FTIR (cm™"): 2951 (m), 2882. (m),
2786 (m), 2717 (m), 1444 (m), 1399 (w), 1360 (w), 1330 (w), 1296
(w), 1245 (s), 1212 (w), 1109 (s), 1079 (s), 978m, 952 (w), 922
(m), 828 (s), 799 (s, sh), 750 (s), 735 (s), 688 (s). UV—vis (Et,O,
298 K) Apo/nm (e/ M7'em™): 430 (1300). Magnetic moment
(Evans method, THF, 190 K) = 1.5 pug. Anal. Calcd for
ScCyH;sN,04S1,KI: Sc 4.7; found: Sc 4.2.

Chelate-Free Reduction of Cp”,Scl. In an argon-containing
glovebox, Cp”,ScI (25 mg, 0.05 mmol) was dissolved in 4 mL of Et,O
and chilled to —35 °C for 1 h. The solution was then pipetted into a
scintillation vial containing KCq (7 mg, 0.05 mmol), also chilled to
—35 °C. An immediate color change from yellow to green-brown was
observed. The solution was filtered through a Kimwipe-packed glass
pipet to remove black solids, presumably graphite, and then stored in
a —35 °C freezer. UV—vis, 4,,,./nm (Et,0, 298 K): 430.

[Cp*,Sc(18-Crown-6-k*0,0")I[Cp*,Sc,], 6. Cp*,Scl (0.050 g,
0.11 mmol) and 18-crown-6 (0.030 g, 0.11 mmol) were dissolved in
ca. S mL of diethyl ether in a 20 mL vial, and the yellow solution was
cooled to ca. —78 °C. KCq (0.017 g, 0.12 mmol) was added in one
portion, and the mixture became dark red/brown. The mixture was
then allowed to warm to ambient temperature and left to stand for 2
h. The solution was filtered, and the solvent was removed under
reduced pressure. During this process, crystals of 6 which were
suitable for X-ray diffraction had grown on the walls of the vial.
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