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The first examples of a M(EAr™)s complex [Ar™® = CgHz-2,6-(CgH,-2,4,6-"Prs),] of any metal with any donor, E =
O, S, NH, PH, have been isolated from the two-electron reduction of 1,3,5,7-cyclooctatetraene by the Ln(ll)
complexes Ln(SAr™™®), [Ln = La, Nd]. Two equiv. of Ln(SAr™™®), react with CgHg to form the (CBHB)Z*—ligated
Ln(lll) complexes, Ln(SAF™®)(CgHg). Surprisingly, the second product of this reaction is the tris(terphenylthiolate),
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a complex expected to be too sterically crowded to exist. A computational study showed that

interligand London dispersion effects (LDEs) in Ln(SA™™)z are responsible for approximately half of the
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Introduction

Historically, the redox chemistry of rare-earth metals, ie. Sc, Y,
and the lanthanides, has been criticized for being limited due to
the scarce number of oxidation states that are available to these
elements.”” For many years, the only oxidation states known in
isolable molecular species beyond the most stable +3 oxidation
state were Ce(wv), Sm(u), Eu(u), and Yb(u).® Since the redox reac-
tions of these ions consisted of one-electron transformations,
they were assumed to be unable to accomplish the two-electron
redox chemistry that is so productive with transition metals.
However, reactivity studies focusing on Ln(II) metallocenes
showed that two electron reduction chemistry could be readily

\
\C

xs CO \
(|:\Ln"'sz 4]

Cp,Ln"(THF),~O—C

2 Cp,Ln'(THF),

Ln=Sm; Cp=CsMes;a=2;b=1; n=2(ref9)
Ln = Tm; Cp = CsH,'Busz; a=b =0; n =1 (ref 10)
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dissociation energy of the thiolate ligands. Overall, the results demonstrate that the (SAF®)~ ligand platform
has a wide range of electronic and steric flexibility in rare-earth metal complexes.

accomplished with rare-earth elements simply by using two
equiv. of Ln(II) one-electron reductants.* For example, Ln(II)
metallocenes, (CsRs),Ln(THF), (n = 0, 2), are known to have an
extensive two-electron reductive chemistry as shown in the
formation of a homologated dianion of CO in eqn (1).>*°
When the two-electron reduction reactivity of (CsMes),-
Sm was investigated with 1,3,5,7-cyclooctatetraene, the
reaction generated the first example of
a tris(pentamethylcyclopentadienyl) complex of any element,
the sterically crowded (CsMes);Sm, eqn (2)."* Previously, on the
basis of the 142° cone angle of the (CsMes)' ™ ligand,'? it was
thought that only two of these groups can be attached to a metal

even for the largest metal atoms.*>"*
Sm

-@m [2]
x5

In recent years, the number of oxidation states available in
elements has increased

CgHg

2cpsm!  —

molecular species of rare-earth
dramatically’>?* and extensive studies are in progress to identify
two-electron redox processes.’*** We were intrigued to deter-
mine if the recently reported®® neutral La(u) and Nd(u) complexes
of the terphenylthiolate ligand, Ln(SAr*™®), [Ar*™ = C¢H;-2,6-
(CeH,-2,4,6-Pr3),], could participate in two-electron reduction
chemistry. If the reaction proceeds as in eqn (2), this would
require the formation of Ln(SAr*™); products. However, to our
knowledge, no tris(SAr*™) complexes, ie. M(SAr*™); of any
element, M, have been reported, nor have the phenolate or amide

© 2026 The Author(s). Published by the Royal Society of Chemistry
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analogs, M(OAr™™); and M[N(H)Ar"™™];, been identified,
although examples of Ln(III) complexes coordinating three of the
unsubstituted terphenolate ligand, 2,6-diphenylphenoxide, were
reported by Deacon and co-workers as early as 1990.>7° Alter-
natively, a Ln(SAr*™), complex could function as a two-electron
reductant if a (SAr™™)'" ligand provided an electron and
formed an SAr™™ radical which could then dimerize to the di-
sulfide Ar*™S—SAr™™. The formation of the disulfide seemed
most reasonable since Goodwin, et al. recently reported that it
formed in a U(v) reaction® and Power, et al. had reported that the
more highly substituted disulfide Ar***S—SAr™™ formed during
the synthesis of the plumbylene Pb(SAr™™), (Ar*™® = CcH-2,6-
(C6H2-2,4,6-Z'Pr3,)2-3,5-"Pr2).32 To determine the two-electron
reductive capacity of Ln"(SAr*™),, we examined its reactivity
with 1,3,5,7-cyclooctatetraene.

Results and discussion

Two electron reduction of CgHg

Treatment of dark brown diethyl ether solutions of Ln"(SAr"™®),,
1-Ln,*® Ln = La or Nd, with 0.5 equiv. of CgHg resulted in
immediate color changes to yellow and green, respectively. After
the reaction mixtures were stirred for 1 h and the solvent was
removed under reduced pressure, the resulting yellow (La) or
dark green (Nd) residues were recrystallized from hexane at —35 °©
C to afford yellow (La) or green (Nd) crystals of the Ln(III)
complexes Ln"(SAr”™)(CgHg), 2-Ln, eqn (3).

+ Ln"'(SArP8); [3]

1-Ln, Ln =La, Nd 3-Ln

Structure of Ln"(SAr"”™)(CgHg), 2-Ln

The molecular structure of 2-Nd is shown in Fig. 1 (2-La is
isomorphous, see SI). The metrical parameters of the Cg ring are
consistent with reduction by two electrons. This (CsHg)*~ ring is
planar [sum of internal C-C-C angles of 1080.4(3)° (2-La) and

Fig. 1 The molecular structure of Nd(SAr™™®)(CgHg), 2-Nd, with
thermal ellipsoids drawn at 30% probability. For clarity, hydrogen
atoms and a solvent of crystallization (hexane) are not shown.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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1079.5(9)° (2-Nd)] and has Ln—C(CgHj,) distances in the range
of 2.6723(9)-2.7729(9) A (2-La) and 2.614(3)-2.669(3) A (2-Nd).
The Ln—CgHj ring centroid distances are 1.989(1) A (2-La) and
1.91(1) A (2-Nd). This distance in 2-La is somewhat shorter than
other neutral La(Ill) complexes binding a single (CgHg)*~
ligand, for example 2.094(3) A in La(CsMe,H)(CgHg)(THF), (ref.
33), while that of 2-Nd is similar to what is found in other such
complexes, e.g. 1.90 A in Nd(CsH'Pr,)(CgHg).**

In contrast to the precursors 1-Ln, which have two flanking
arene rings oriented in a metallocene-like structure, the 2-Ln
complexes have only one flanking arene ring near the Ln ion.
The Ln—Cnt distances of 2.694(1) A (2-La) and 2.633(1)A (2-Nd)
are in between the inequivalent values found in 1-La (2.478(2)
and 2.828(2) A) and 1-Nd (2.395(1) and 2.804(1) A). These
flanking rings in 2-Ln are planar with a sum of internal C-C-C
angles of 719.9(2)° (2-La) and 719.7(5)° (2-Nd). In contrast, the
flanking rings closest to the metal ion of 1-Ln (ref. 26) have
a boat-like distortion from planarity that is attributed to
a 0 symmetry interaction between the Ln ion and one flanking
ring of a terphenyl. This is also found in the amide analogues of
1-Ln, Ln[N(H)Ar"™"®],.* The 2.8379(3) A and 2.7983(6) A Ln-S
distances in 2-La and 2-Nd, respectively, are similar to those
in Ln"™(SAr’*™),1.>* Hence, the (SAr*™)"~ ligand functions as an
(XL;)"~ ligand in 2-Ln and these complexes are formulated as
Ln(I1I) species.

Identification of the byproduct of the two electron reduction

Once 2-Ln was identified, it was important to characterize the
byproduct to evaluate the course of the two-electron reduction.
Repeated crystallization of the crude material from the reaction
in eqn (3) from hexane resulted only in the isolation of crystals of
2-Ln. However, recrystallization of the same crude material from
diethyl ether afforded crystals of both 2-Ln and Ln(SAr"*™®);, 3-Ln,
the latter of which were suitable for study by X-ray diffraction
when mechanically separated from this mixture. To the best of
our knowledge, the 3-Ln species are the first examples of
complexes of any element binding three such (EAr*™)'~ ligands
(E = O, NH, S, PH). In retrospect, the use this sulfur variant with
larger lanthanide ions may be the optimal combination of metal
and ligand for forming these tris(ligand) complexes.

The isolation of 3-Ln is unusual in view of the other products
that could possibly form in this reaction, including those
involving a bridging (CsHg)”~ ligand,* or a salt of the form
[Ln(SAr*"),][(Ar*"®S),Ln(CgHs)]. A complex of this latter type,
{Dy[N(H)Ar""],{[Ar""®N(H)],Dy(P,)} was recently reported
from the reaction between the related Dy[(N(H)Ar*™™),] and
white phosphorus.*” It is also noteworthy that the 3-Ln species
are rare examples of mononuclear homoleptic tris(thiolate)
complexes of the rare-earth elements with any thiolate. The only
other structurally characterized examples of this class appear to
be Ln(SC¢H,-2,4-6-'Bu;); (Ln = La, Ce, Pr, Nd, and Sm) which
were prepared by protonolysis between Ln[N(SiMej3),]; and the
thiol.>**°

Chem. Sci., 2026, 17, 8160-8167 | 8161
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Fig. 2 The molecular structure of [NA(SAFFE)(u-1)()l,, 4-Nd, with
thermal ellipsoids drawn at 30% probability. For clarity, hydrogen
atoms and two molecules of toluene are not shown.

Independent synthesis of Ln"(SAr*™)(CgHs), 2-Ln

Since the similar solubilities of 2-Ln and 3-Ln made it difficult
to separate them for spectroscopic characterization, indepen-
dent syntheses of the compounds were pursued. A reasonable
synthetic route to 2-Ln could involve salt metathesis between
a dihalide complex like “Ln(SAr™®)(I),” with K,(CgHsg). Accord-
ingly, we attempted to synthesize di-iodides by the treatment of

Et,0, rt
2 Ndl; + 2 KSArPré G
2K

iPré6

excess Lnl; with one equiv. of KSAr""™ in diethyl ether at
ambient temperature, eqn (4). The Lnl; precursors were
prepared from the reaction between the rare-earth metal and
ammonium iodide as previously described.*® The LnI; synthesis
was modified to use a bespoke quartz furnace that allowed the
material to be synthesized at large scale in a fume hood. Details
of the furnace construction are included in the SI.
Crystallization of the solid residue from the Nd reaction in
eqn (4) from toluene afforded the dimeric di-iodide complex
[NA(SAr™™®)(u-1)(I)],, 4-Nd, in 68% yield. To date, we have been
unable to isolate crystals of the analogous 4-La that are suitable
for study by X-ray diffraction experiments. The molecular
structure of 4-Nd is shown in Fig. 2. The Nd,(u-I), “core” of 4-Nd

| ol Et,0, rt
Tl Ka(CaHg)

4-Ln
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is nearly planar with a sum of interior angles 358.60(3)°. The
bridging Nd-I distances range from 3.1154(8)-3.1589 A, while
the terminal Nd-I distances are shorter by ca. 0.1 A, as expected,
with values of 2.9999(7) and 3.0031(7) A. The Ln—S distances of
2.7040(7) and 2.7327(8) A, are slightly shorter those found in 2-
Nd and Nd(SAr’™™),1,* as expected on the basis of the lower
coordination number of the Nd ion in 4-Nd.

Treatment of a room temperature solution of 4-Nd with
K,CgHg in diethyl ether, eqn (5), afforded 2-Nd after recrystal-
lization of the residues from hexane. This allowed spectroscopic
identification of 2-Nd and differentiation of the data in mixtures
of 2-Nd and 3-Nd.

Independent synthesis of Ln(SAr*"®),, 3-Ln

In our hands, the 3-Ln complexes could not be prepared by the
metathesis between Lnl, and 3 equiv. of KSAr’™™, Even when the
reagents were stirred at 120 °C in toluene for extended periods,
the only lanthanide-containing product isolated from this
reaction was the previously reported Ln(SAr*™),1.>¢ Similar
difficulties were found in the synthesis of the sterically crowded
(CsMe);Sm complex although this highlighted the value of the
two-electron reduction in eqn (3) as a synthetic route to new and
unusual products.”**** Thus, we pursued another synthetic

route to 3-Ln.
: ;E

0.5 Cp Pb"
-0.5 Pb°

0.5 Pb'/(SArPr),
—»
-0.5 Pb°

La'(SArPTe), e

2-La

3-La

In analogy to the preparation of Sm(CsMes); by treatment of
Sm(CsMes), with Pb(CsMes),,** eqn (6), 1-La was treated with
the bright orange plumbylene Pb(SAr"*™),, 1-Pb,*> in diethyl
ether, eqn (7). This reaction proceeded slowly at room temper-
ature, requiring several days for the highly colored solution to
diminish in color. Gratifyingly, storage of a filtered diethyl ether
solution of this material at —35 °C afforded colorless crystals of
3-La, although residual plumbylene remained in the product
mixture and this route is therefore not a good synthetic route to
3-Ln.

Structure of Ln(SAr™™),

Since the 3-Ln complexes are the first Ln(EAr’*™); complexes of
any kind, it was of interest to examine in detail the coordination
modes of the three bulky (SAr*™®)'~ ligands to the metal.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Selected interatomic distances (A) and angles (°) in Ln(SAr™™®),1,26 Ln(SAFF™®),, 1-Ln,2%44 and Ln(SAr™™),, 3-Ln

Ln(SAr’™),1

Ln(SAr*"),, 1-Ln”

Ln(SAr*"),, 3-Ln

Ln—S (terminal) — —

Ln—S (flanking) La: 2.817(1), 2.824(1)

)
Nd: 2.7514(6), 2.7720

Ln—Cnt La: 2.808(2), 2.817(2)
Nd: 2.793(1), 2.799(1)
S—Ln—S La: 125.32(3)
Nd: 127.39(2)
Cnt—Ln—Cnt La: 173.20(5)

Nd: 175.39(3)

1-La: 2.797(2), 2.837(2)
1-Nd: 2.741(1), 2.776(1)
1-La: 2.478(2), 2.828(2)
1-Nd: 2.395(1), 2.805(1)
1-La: 137.06(2)
1-Nd: 140.36(3)
1-La: 168.74(7)
1-Nd: 164.67(5)

3-La: 2.8709(5)

3-Nd: 2.780(1)

3-La: 2.8310(4), 2.8327(4)

3-Nd: 2.7404(9), 2.791(1)

3-La: 2.766(1), 2.951(1)

3-Nd: 2.61(2), 3.36(2)

3-La: 111.10(1), 118.38(1), 130.49(1)
3-Nd: 109.97(3), 117.74(3), 130.57(3)
3-La: 161.89(2)

3-Nd: 156.06(4)

“ The structures of 1-Ln are crystallographically disordered at the Ln site. The above values describe only the major (80%) component. The shorter of
the two Ln—Cnt distances in 1-Ln are associated with a é-bonding interaction between the Ln ion and a flanking arene ring.

Selected bond metrics of Ln(SAr*™),I, 1-Ln, and 3-Ln are
provided in Table 1.

The molecular structure of 3-La is shown in Fig. 3. The
coordination environment of La in 3-La is similar to the previ-
ously reported iodide complex La(SAr™™),I** in which the La
atom lies in the plane formed by the three atoms that are o-
bonded to the metal. A flanking arene ring from each of two
terphenylthiolate ligands is oriented toward the La ion to form
a sandwich-like complex, but in 3-La the 161.89(2)° Cnt—La—
Cnt angle is significantly smaller than the corresponding
173.22(5)° angle in La(SAr*™),I. This is consistent with
increased steric crowding. A further distortion involves the La—
centroid distances which are similar in La(SAr*™),I (2.809(2)
and 2.817(2) A), but differ by ca. 0.20 A in 3-La with values of
2.766(1) and 2.951(1) A. In contrast, the 2.8310(4) A La1-S2 and
2.8327(4) A La1-S3 distances of 3-La are similar and only
slightly shorter than the 2.8709(5) A La1-S1 distance of the

iPrG)

Fig. 3 The molecular structure of La(SAr™™)s, 3-La, with selected
thermal ellipsoids drawn at 30% probability. For clarity, hydrogen
atoms and a solvent of crystallization (diethyl ether) are not shown and
the terphenyl framework has been drawn in wireframe. Full structural
details are given in the SI.

© 2026 The Author(s). Published by the Royal Society of Chemistry

terphenylthiolate ligand that binds to La only through a sulfur
atom in 3-La.

The overall structure of 3-Nd, Fig. 4, is similar to that of 3-La,
but it features several differences likely arising from the smaller
ionic radius of Nd.** The 156.06(4)° Cnt—Nd—Cnt angle is even
more bent than in 3-La, and there is an even larger difference in
the Nd—Cnt distances: 2.61(2) and 3.36(2) A. While the flanking
ring associated with the longer of these two distances is
oriented toward the Nd ion, this distance is exceptionally long
and thus any interaction between the Nd ion and this arene ring
is likely very weak (¢f Nd—Cnt distances of 2.799(1) and
2.793(1) A in Nd(SAr'*"™®),1%). An additional difference is that the
Nd ion of 3-Nd is situated out of the plane formed by the three
sulfur atoms by 0.209(1) A compared to the planar arrangement
found in 3-La. Interestingly, the 2.780(1) ANd1—S1, the 2.791(1)
A Nd1—S2, and the 2.7405(9) A Nd1—S3 bonds are of similar

Fig. 4 The molecular structure of Nd(SArP™®)s;, 3-Nd, with selected
thermal ellipsoids drawn at 20% probability. For clarity, hydrogen
atoms and a solvent of crystallization (diethyl ether) are not shown and
the terphenyl framework has been drawn in wireframe. Full structural
details are given in the SI.

Chem. Sci., 2026, 17, 8160-8167 | 8163
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S\m" L:a
\s AriPrG

La(SArPr6), 3.La

Fig. 5 Space-filling models of LaCp*s (top), La(SArT™®), (1-La, middle),
and La(SArP™®); (3-La, bottom) with spheres drawn at 100% of their van
der Waals radii. Each molecule has been oriented to show the most
exposed region of the La coordination sphere.

length although the coordination of their flanking rings is very
different. This is also found in 3-La and suggests that the Ln—S
bonds maintain a narrow distance range while the arene ring
coordination can be highly variable.

To evaluate steric crowding in the structure of 3-La, space-
filling models were compared to the bis(thiolate) La"(SAr’*™),,
1-La, and the quintessential sterically crowded (CsMes)sLa,
Fig. 5. One means of quantifying the steric crowding around
a metal ion is to calculate the Guzei G parameter, which is an
estimation of the percentage of the coordination sphere of
a metal ion that is covered by the ligands.** The calculated
G value for both 3-Ln complexes is 97%, while the
corresponding value for the Ln(II) complexes Ln(SAr’™"™®),, 1-Ln,
is substantially lower at 89%. In comparison, the first
tris(pentamethylcyclopentadienyl) complex of any element,
(CsMes);Sm,™ has a G value of only 81% and the analogous
(CsMes);La has a G value of 80%. Presumably the greater
coordinative flexibility of the (SAr"”™)'~ ligands compared to the
planar (CsMes)'” allows the terphenylthiolates to more
completely saturate the coordination sphere of the metal.

Closer inspection of the structures of 3-Ln reveals that the
terphenyl ligand which binds the Ln ion solely through the
sulfur atom is slightly distorted as a result of the crowding in

8164 | Chem. Sci, 2026, 17, 8160-8167
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the molecule. Thus, the flanking arene rings of this ligand are
bent away from the rest of the molecule with C(central ring
ortho)—C(flanking ring ipso)—C(flanking ring para) angles that
deviate from linearity by 7.4(2)° and 16.3(2)° in 3-La and 7.3(3)°
and 10.3(3)° in 3-Nd; the analogous angles in the remaining
ligands of the 3-Ln complexes deviate from linearity by less than
6°. Such bending within these ligands is reminiscent of the out-
of-plane methyl carbon atoms that are present in the structures
of the (CsMes);Ln complexes.™

Structural indications of London dispersion effects (LDEs) in
3-Ln

Although the distortions in the terphenyl framework of the
terminal thiolate ligand are clear evidence of interligand
repulsion, the 3-Ln structures contain multiple interligand
C---C contacts among the methyl carbons of the ligands that are
shorter than the sum of the van der Waals radii of two methyl
groups (vdW radius of -CH; = 2.0 A).”” While steric crowding in
organometallic molecules has long been known to result in
interligand repulsion, a growing body of research has shown
that such close interactions between ligand hydrocarbon
moieties are in many cases indicative of attractive London
dispersion effects (LDEs) that can contribute to the stability of
a molecule.”*** In some striking cases, these effects are critical
to the formation and stability of a molecule.”®** For example,
attractive interligand LDEs were calculated to contribute stabi-
lizations of ca. 20-30 kcal mol™" in the linearly coordinated
transition metal amide complexes M[N(SiMe;)Dipp] (M = Fe,
Co, or N; Dipp = C6H3-2,6-iPr2).55 Other cases showed
substantial contributions from LDEs to the bonding interaction
between two metals: LDEs were calculated to contribute ca. 50%
of the interaction energy between the metal atoms in fB-

Fig. 6 The molecular structure of La(SAr™™®)s, 3-La, with dashed lines
in pink which indicate short (<4.0 A) C---C approaches between methyl
carbons of the terminally bound terphenylthiolate ligand and those of
the remaining two ligands. For clarity, hydrogen atoms and a solvent of
crystallization (diethyl ether) are not shown.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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diketiminate complexes featuring Cu-Al or Cu-Ga bonds,*® and
dispersion-corrected calculations afforded a AG of dimerization
of —6.1 kcal mol ™" in the distannene [Sn(C¢H,-2,4,6-Cys),], (Cy
= cyclohexyl); excluding LDEs from these calculations afforded
a AG of dimerization of +31.9 kcal mol "% Similar effects
relevant to this work were observed in a series of terphenyl-
substituted diplumbynes, where exclusion of LDEs from the
calculated Pb-Pb interaction energies showed that these
dimeric lead complexes were unstable toward dissociation in
the absence of these attractive interactions.®

In the structure of 3-La, six C---C contacts between the
methyl carbons of the terminal terphenylthiolate ligand and
those of the other two ligands were identified which are shorter
than 4.0 A, Fig. 6. Eight such contacts were found in the
structure of 3-Nd. While single approaches of this kind
contribute very little to interligand attraction, the cumulative
effect of many such contacts can amount to an attraction of
several tens of kcal mol™*.*»%>59% Additionally, the high polar-
izability of the alkyl-substituted terphenyl framework increases
the probability that such close contacts can result in attractive
interactions.®>* Thus, although more data are required to
explore this effect in complexes like 3-Ln, the many close
interligand C---C contacts found in 3-Ln are an experimental
indicator of the likely contribution of LDEs to the stability of
these unusually crowded molecules.

Evaluation of London dispersion effects (LDEs) by density
functional theory (DFT)

To examine the contribution of LDEs further, the 3-Ln
complexes were studied computationally by DFT. Geometry
optimizations were performed on the structures obtained from
single crystal X-ray diffraction experiments with hexane solva-
tion effects using the COSMO model® with a dielectric constant
of 1.887 and a refractive index of 1.3727. Split-valence basis sets
with polarization functions on all non-hydrogen atoms, def2-
SV(P),** were used for C, H, S atoms, and triple-zeta quality basis
sets, def2-TZVP,** were used for La and Nd with scalar-
relativistic effective core potentials (46 core electrons for La
and 28 core electrons for Nd, def2-ecp®). The TPSSh®” func-
tional with D4 dispersion corrections® was used to optimize the
structures in the solution phase. Singlet and triplet instability
analyses® were also performed for closed shell singlet states. A
numerical quadrature grid” of size 4 and weight derivatives
were used for exchange-correlation integrals. Ground state
energies were converged with a threshold of 107 a.u. and the
Cartesian energy gradient had a maximum norm of 10~ * a.u.
Kohn-Sham orbitals corresponding to different spin states of
each structure. Local minima on the potential energy surface
were confirmed by numerical force constant calculations.” The
VMD program’ was used to visualize molecular orbitals with
a contour value of 0.03.

The geometry optimized structures were in good agreement
with their experimental counterparts (see SI for details). When
corrected for dispersion (D4),°® the calculations for 3-La indi-
cated that the dissociation energy of the terminally bound
(SAr*™®)*~ ligand amounts to 89 kcal mol~*. These calculations

© 2026 The Author(s). Published by the Royal Society of Chemistry
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further indicated that the contribution of LDEs to this dissoci-
ation energy amounts to 48 kcal mol™'. In other words,
approximately half of the dissociation energy of the terminal
(SAr*™)'~ ligand in 3-La is due to dispersion effects. Similar
results were found for 3-Nd, for which the total dissociation
energy of the terminal (SAr™™)'~ ligand was calculated to be
96 kcal mol " with a dispersion contribution of 48 kcal mol .

The dissociation energies for the two ligands of 3-La which
are bound to the La atom through both a sulfur atom and
a flanking arene ring were calculated to be 96 and 91 kcal mol .
The higher dissociation energy is associated with the
terphenylthiolate ligand with the shorter La—Cnt distance,
2.776(1) A, and the lower energy is associated with the longer
La—Cnt distance of 2.951(1) A. The contribution of dispersion
effects to these energies was calculated to be 48 keal mol™ " in
both cases. For 3-Nd, the dissociation energies for the analo-
gous ligands were calculated to be 85 and 83 kcal mol . As with
3-La, the higher dissociation energy is associated with the
ligand which has the shorter Nd—Cnt distance and the
contribution of dispersion effects to each of these energies
again amounts to 48 kcal mol . The uniformity of the disper-
sion contribution is reasonable because the LDEs are the result
of mutual interactions between all of the ligands. It is remark-
able that, due to LDEs, the calculated interaction energy
between the Ln ion and the terminal terphenylthiolate ligand is
similar to that of the other two ligands in 3-Ln despite the
absence of any apparent Ln—arene interaction between the
terminal terphenylthiolate ligand and the Ln ion. Previous NMR
studies by Niemeyer estimated an Yb-arene interaction energy
of ca. 13 kcal mol™" in 1-Yb.”

The contribution of LDEs to these interactions is on the high
end of such values that have been calculated to date.***>** This
is likely a consequence of the large number of close C---C
contacts that are available in the 3-Ln molecules as a result of
the Ln ion binding three highly substituted terphenylthiolate
ligands. This result is particularly surprising in view of the very
large ionic radii of the lanthanide elements and the fact that the
attraction due to LDEs is proportional to ¢, where r is the
distance between two interacting closed-shell components.””*
Thus, while the 3-Ln molecules are highly crowded and expe-
rience a high degree of steric repulsion as indicated by the
aforementioned structural distortions, these calculations indi-
cated that LDEs arising from the bulky terphenylthiolate
ligands have a substantial effect on these complexes.

Conclusions

The formation of Ln(SAr’""®),(CgHsg), 2-Ln, from the reduction of
cyclooctatetraene to (CgHg)?~ by Ln(SAr*™), shows the potential
of complexes of the (SAr*™)'~ ligand platform to accomplish
two-electron reduction reactivity with Ln(II) compounds similar
to that previously known for metallocene complexes of Sm(u).
The Ln(SAr’™™), species can function as 1- or 2-electron reduc-
tants depending on the substrate and the stoichiometry used.>®
In addition, the two-electron reduction chemistry of Ln(SAr’*™),
has provided access to the first examples of M(EAr*™);
complexes of any kind (M = any element; E = O, NH, S, PH). The
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differing structures of 3-La and 3-Nd demonstrate the adapt-
ability of the (SAr*™)'~ ligands to accommodate steric crowding
that can vary with the size of the metal in the complex. The
results on 3-Ln also show the importance of the multiple short
interligand C---C contacts in 3-Ln that are indicators of the role
that LDEs can play in the formation of unusual (SAr*™)'~
complexes and rare-earth complexes more generally. For 3-Ln,
DFT calculations are consistent with this: this study showed
that LDEs are responsible for about half of the strength of the
interaction between the Ln ion and each of the ligands. Overall,
these results suggest that the flexibility of the (SAr*™)'~ ligand,
both electronically and sterically, as well as its dispersion effect
donation ability, can provide a wide range of reactivity to the
rare-earth metals that can lead to new classes of complexes and
new types of reactions.
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