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To expand the range of donor atoms known to stabilize 4f"5d* Ln(n)
rare-earth metal (Ln) ions beyond the C, N, and O first row main
group donor atoms, the Ln(in) sulfur donor terphenylthiolate iodide
complexes, Ln"(SArP®),1 (ArP"® = CgH3-2,6-(CgH,-2,4,6-'Prs),, Ln =
La, Nd) were reduced to form Ln"(SAr*"®), complexes. These Ln(i)
species were structurally characterized, analyzed by density func-
tional theory (DFT) calculations, and compared to Tm(SAr*r),,
which was synthesized from Tml(DME)s.

Recent developments in the redox chemistry of the rare-
earth metals have shown that molecular complexes of the
4f" Ln(m) ions can be reduced not only to 4f™*' Ln(u) com-
plexes for Eu, Yb, Sm, Tm, Dy, and Nd, but also to 4f*5d" Ln(u)
ions of all the other lanthanides (except radioactive Pm)."”
Complexes of 4d" Y(n) can also be obtained.* Many variations
in ligands have been found to stabilize the new 4f"5d" Ln(u)
complexes since Lappert, et al. reported the first examples
with La and Ce in 2008" and examples for the rest of the
lanthanides were described in 2013,> eqn (1). Nd(u) and Dy(n)
are configurational crossover ions which can display 4" or
4f"5d" electron configurations depending on the specific
ligand.”
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R=H, SiMe,
M=Y, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Lu, Th, U, Pu

Although this new Ln(u) chemistry has been extended
to a variety of other ligands,® " they all involve C, N and O
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donor atoms from the first row of the main group. It was
therefore of interest to determine if the new Ln(u) ions could
be stabilized with second row donor atoms.'? Our focus
turned to arylthiolates since we had found previously that
the aryloxide, OAr* [Ar* = C¢H,-2,6-(1-adamantyl),-4-‘Bu] pro-
vides some of the most thermally stable complexes of the
4f*5d" Ln(n) ions."’

The terphenylthiolate ligand, SAr'™™ [Ar'"™® = C¢H;-2,6-
(C6H2-2,4,6-iPr3)2], was attractive because Power, et al. had
previously shown the efficacy of this ligand framework to
stabilize two-coordinate M(u) thiolate complexes of Si, Ge, Sn,
and Pb,"* as well as Cr, Mn, Fe, Co, Ni, and Zn"® and Mg."®
Furthermore, with the NHAr*™ analog, formally two-
coordinate M(u) complexes were isolated for V,"” Cr,*® Mn,"°
Fe,?® Co,?" and Ni.*

The hexa-iso-propyl terphenylthiolate ligand also had
been used in the rare-earth area. Niemeyer, et al. isolated
Ln(SAr'*™), complexes for the traditional 4f*** Ln(u) ions,
namely, Sm,>* Eu,”® and Yb,”* as well as the THF and
DME solvates, (Ar'*°S),Yb(THF),>* and (Ar'*™S),Yb(DME),.>*
The OAr'*™ analog was used to synthesize Sm(OAr'*™),,>
while the NHAr'*™ ligand was used to generate
U(NHAr'""),>” and Y(NHAr'"*"®),.> We report here the expan-
sion of the initially reported Ln(SAr'"™), series to La, Nd,
and Tm. These metals were examined since La(u) has a
distinctive EPR spectrum, Nd(u) is a configurational cross-
over ion,> and Tm was an unreported example of the 4f""
series.

The Ln(SAr'*™),I complexes of Ln = La and Nd were
prepared by reaction of KSAr*™2%2° with Lnl;, eqn (2).
The 1-Ln complexes (see ESIt for structures) are structurally
similar to and crystallize in the same space group and with
nearly identical unit cell constants as the previously
reported Eu(SAr'*™),CI*° complex, the Ln(SAr'*™), com-
plexes of Ln = Sm,?* and Eu,*° and the Ln(SeAr’*™),Cl
complexes of Ln = Nd*° and Pr.*° Evidently, the steric bulk
of two SAr'*™ ligands is sufficient to generate the overall
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molecular structure independent of the rare-earth metal
and the presence or absence of a halide ligand.

toluene, 120 °C
Lnl; + 2 KSArP™®

-2KI

Ln=La, Nd

1-Ln

The flanking arene rings of each SAr’™™® ligand in the 1-Ln
compounds are oriented toward the metal to form a sandwich-
like structure for the 1-Ln compounds. The La-Cnt distances of
2.809(2) and 2.817(2) A and the Nd-Cnt distances of 2.799(1)
and 2.793(1) A (Cnt = flanking arene ring centroid) are more
similar than the difference between the radii of the metal ions
(La = 1.216 A, Nd = 1.163 A).>' The Cnt1-Ln-Cnt2 angles are
173.22(5)° for 1-La and 175.38(1)° for 1-Nd.

Treatment of Et,O solutions of 1-Ln chilled to —35 °C with
slurries of KCg in Et,O at —35 °C generated intensely dark
brown solutions for both La and Nd. Recrystallization of the
products from hexane at —35 °C produced brown blocks of
Ln(SAr'*™),, 2-Ln, in 80% (La) and 70% (Nd) yield, eqn (3),
which were identified by X-ray crystallography. The stability of
the 2-Ln complexes in hexane solution was monitored by UV-vis
spectroscopy. The absorption of 2-La at 409 nm decreases by
only 25% over 24 h. For 2-Nd at 274 nm, the decrease was 5%
in 36 h.

Et,0,KCg, -35°C

-KI

The 2-Ln complexes crystallize in the same space group as
the 1-Ln complexes and for both La and Nd, there is residual
unreacted 1-Ln co-crystallized with 2-Ln. The amount of 1-Ln
contained in the samples of 2-Ln varied from 13% to 84%.
Longer reaction times, using THF as an alternative solvent, and
performing reactions in the presence of 2.2.2-cryptand (crypt)
and 18-crown-6 (18-c-6) did not solve the iodide contamination
problem.

However, iodide-free 2-Nd could be prepared in 70% yield
through an alternate route by the reaction of NdI,***® with
KSAr*™ in Et,0 over two days at room temperature. This
synthesis was modeled on a reaction of TmlI,(DME); and of
KSAr'*™ in Et,0 which provided the previously unreported 2-
Tm, eqn (4). The structure of 2-Tm is similar to the previously
reported 2-Sm, 2-Eu, and 2-Yb and the Ln-S bond distances
scale like the ionic radii (Table S10, ESIf). In all of these
complexes, both flanking rings of the SAr'*™ ligand sandwich
the metal. In 2-Tm, the Ln-Cnt distances are 2.642(1) and
2.663(1) A and the Cnt-Ln-Cnt angle is 164.09(3)°.
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Fig. 1 The molecular structure of Nd(SAr™®),, 2-Nd, with thermal ellip-
soids drawn at 30% probability. For clarity, hydrogen atoms and the minor
components of modeled disorder (isopropyl substituents, 20% site dis-
order of Nd atom) are not shown.

Tml,(DME), + 2 KSArPré S0

-2KI

2-Tm

The molecular structure of 2-Nd is shown in Fig. 1 and the
structurally similar 2-La (including the ca. 13% crystallographic
iodide impurity) is shown Fig. S39 (ESIT). 2-La and 2-Nd differ
from 1-Ln and the other 2-Ln structures (Ln = Sm, Eu, Tm, and
Yb) in that one flanking ring of a terphenyl ligand is substan-
tially closer to the Ln ion than the other. 2-La has La-Cnt
distances of 2.524(4) and 2.808(5) A; for 2-Nd, they are 2.395(1)
and 2.804(1) A. In both 2-La and 2-Nd, the ring that is closer to
the Ln ion has a boat-like distortion from planarity. The C-C
distances in the proximal ring of 2-Ln do not differ as widely as
those of fully reduced arene rings as detailed in Fig. S54 (ESIT),
although a range of distances has been observed in reduced
arene complexes.**°

The EPR spectra of THF solutions of 2-La (Fig. 2) and
La(SAr'™™®),I/KCg/chelate  reaction products (Table S1
and Fig. S43, ESIt) at room temperature have eight-line pat-
terns characteristic of La(u). The spectrum of 2-La was fitted
using EasySpin“® which indicated g = 1.99 and A = 67.3 MHz
(22.9 G). The g value is similar to all previously reported La(u)
complexes, but the A value is smaller: (g, A MHz)
{La[CsH;(SiMe,), s}~ (1.99, 372);' [La(CsH,SiMe;);]" (1.994,
430.4);"" [La(CsHsMe);]'™ (1.971, 537.9);** [La(CsH,Bu)s]'~
(1.959, 559 MHz);* {La[CsH,(‘Bu),];}'~ (1.977, 642.8);*
[La(CsHMey);]"™ (1.97, 802);*° {La[OC¢H,-2,6-(1-Ad),-4-tBul;}' ™
(2.00, 1840).*° We note that in [K(crypt)][U(TDA),] (TDA = N-(2,6-
di-isopropylphenyl)pivalamido), which contains a monore-
duced arene in one of the TDA ligands, a nearly axial single-
line EPR signal is observed with g = [2.042, 2.021, 2.013] which
is assigned to the arene radical anion.>® The EPR spectrum of a
solid sample of 2-La (Fig. S44, ESI}) displayed a single broad

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 EPR spectra at 298 K (A) and 77 K (B) of 2-La. The blue traces are
experimental spectra and the red trace was fitted from the experimental
data using EasySpin. The g and hyperfine coupling constants determined at
298 K are giso = 1.99 and Aisc = 67.3 MHz (24.2 Gauss). EPR data for the
La(SAr'Pr®),1/KCg/18-c-6 and La(SAr™™®),1/KCg/crypt reaction products can
be found in Table S1 and Fig. S43 (ESI¥).

2800 3000 3200 3400 3600 3800 4000
Mangetic Field (G)

signal with g = 1.98 and no resolved hyperfine coupling similar
to that of the La(u) complex [K(crown)][LaCps"] (Cp” = n°-1,3-
(SiMe;),-CsHs)."

Density functional theory calculations were carried out to
evaluate the electronic structure of the 2-Ln complexes at the
TPSSh-D3(BJ)/def2-TZVP level of theory (see ESI{ for computa-
tional details). Calculations starting with the X-ray crystal
structure of 2-La gave a symmetric structure with 2.572 and
2.597 A La-Cnt distances (Table S11, ESIt). When the higher
quality X-ray crystal structure of 2-Nd was used and the metal
changed to La, the calculations converged to a local minimum
with an asymmetric structure with 2.487 and 2.742 A La-Cnt
distances. The symmetric structure is only 0.37 kcal mol™*
more stable than the asymmetric structure. The 80.1 MHz
hyperfine coupling constants calculated for the symmetric
structure of 2-La (Table S14, ESIY) are closer to the 67.3 MHz
experimental value than the 182.1 MHz values calculated for
the asymmetric structure. Hence, the symmetric structure fits
the experimental EPR data best and the asymmetric structure
matches the crystal data. The SOMO for the symmetric struc-
ture of 2-La (Fig. S55, ESIT) has a Mulliken population analysis
with 34.4% 5d, 36.0% arene p orbitals, and only 4.3% s
character. This is consistent with the smaller hyperfine coupling
constant observed for 2-La compared to other La(ir) complexes.
For 2-Nd, Mulliken population analysis shows distinct f char-
acter (90%+) for o HOSO-3, o HOSO-2, and o HOSO-1, but it is
only 61.5% for oo HOSO with most of the remaining character
(23.3%) being described by the six carbon p-orbitals involved in
the -type interaction (Fig. S58, ESIT). Hence, this is not a 4f*5d"
Nd(u) ion and a 4f* designation with significant electron transfer
to the ring is a more appropriate description. Nd(u) is a known
configurational crossover ion that can have these two different
electron configurations depending on the ligand set.>*' Addi-
tional calculations on a truncated model complex Nd(SH),-
(CeHg), and its fragments Nd(SH), and (Ce¢Hg), suggest that
the o HOSO is obtained by dative bonding of two m* orbitals of
the arene fragments and the f,, orbital of Nd (Fig. S60, ESIY).

The reductive chemistry of 2-Nd was examined by treating it
with azobenzene. The reaction forms Nd™(SAr"™"),(PhNNPh),

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 The molecular structure of Nd(SAr"™®),(PhNNPh), 3-Nd, with ther-
mal ellipsoids drawn at 30% probability. For clarity, hydrogen atoms and
minor components of modeled disorder in two isopropyl substituents are
not shown.

3-Nd, eqn (5), Fig. 3, which has structural and spectroscopic
features characteristic of Ln(m) complexes containing
(PhNNPh)'~ anions (see ESIT).*””*° The reaction of 2-Sm with
azobenzene gives the analogous compound, 3-Sm (see ESIf).
The structure of 3-Nd demonstrates the steric flexibility of the
SAr'*"® ligand which can obviously change the orientation of the
flanking arene rings to accommodate a ligand as large as
(PhNNPh)'~.

hexane, rt

—_—— St LS

2-Ln + PhNNPh

Ln=Nd, Sm Ph™

3-Ln

In summary, sulfur donor atom ligands can be used to
isolate La(u) and Nd(n) ions, but with the SAr'*™ ligand this
involves partial reduction of a flanking arene ring. This appar-
ently stabilizes the complexes compared to other La(u) and
Nd(u) complexes and may make them better reagents for Ln(u)
reductive chemistry. The reaction of 2-Nd with azobenzene
shows that it is a competent one electron reductant equivalent
to the traditional rare-earth reductant Sm(u).”® In the case of
2-Nd, the DFT analysis suggests a 4f* electron configuration
rather than 4f°5d". This is consistent with complexes such as
[K(crypt)|{[(KX5Ce)(CeHsMe)|,Ce}  [X = OSi(0'Bu)g],°
[K(crypt)[(**™°Ar0);U],>*  (NHAr'"™),U,”” and [K(crypt)]-
[U(TDA),]*° which contain arene rings near a metal ion in the
+2 oxidation state and are assigned f*** electron configurations
instead of f’d" configurations.
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