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Abstract

Herein we present a series of room-temperature stable, structurally analogous rare-earth
complexes of the form [M(NHAr"®);] (M = Sc, Y, La, Sm, Eu, Tm, Yb; NHArP® = {N(H)CsHs-
2,6-(CeH2-2,4,6-iPr3)2}). All seven complexes contain formal M(Il) ions with close M---arene
contacts. The Sc(ll) and La(ll) complexes display an open-book deformation (ca. 11-13°) of
one metal-bound arene, while for Y(ll) there are two symmetry-equivalent Y---arene
interactions with smaller deformations (ca. 7°). In the case of Sc(ll), Y(ll), and La(ll),
quantum chemical calculations reveal the delocalization of a metal d-electron from M(ll) into
ligand 1-orbitals forming 6-bonding interactions. In the case of Y(IlI), EPR and UV-Vis-NIR
spectroscopies combined with quantum chemical calculations show a structural change in
solution to the single-open-book deformation structure in common with Sc(ll) and La(ll).
While the Sm(Il), Eu(ll), Tm(Il), and Yb(ll) complexes retain similar close M---arene contacts,
their 4/*" valence electron configurations do not lead to d-bonding interactions; however,
NMR studies of diamagnetic 4'* Yb(Il) reveal "'Yb---'H coupling to arene ring-protons at
room temperature and show that the M---arene interaction is preserved in solution across a
wide temperature range. These complexes represent a rare structurally analogous M(ll)
series which extends from the group 3 elements into the lanthanide series and includes an

extremely rare neutral formal Sc(ll) complex.
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Introduction

Chemistry of the group three elements Sc, Y, La, along with the lanthanide elements Ce—Lu
(collectively the rare earth elements) in oxidation states lower than M(lll) has undergone a
renaissance since the start of the 218! century (excluding radioactive Pm). Historically, the
extent of low oxidation state molecular and solution-state chemistry for these elements was
limited to that of Eu(ll), Yb(ll), and Sm(ll),"#* and some find use in selective organic
transformations.5” These three divalent ions occupy privileged positions in the lanthanide
(Ln) row: Eu(ll) has a stable half-filled 4f” configuration and a potential of —0.35 V (all values
are vs NHE) for the Eu3*?* couple, which is followed by Yb3*2* at —1.15 V due to the stable
filled 4 configuration of Yb(Il), and then finally Sm3*/?* at —1.55 V due to the 4f°
configuration of Sm(Il).2 Beyond these, in order of increasingly negative formal reduction
potential lies Tm(Il) (4f'3, —2.3 V), Dy(ll) (=2.5 V), and Nd(ll) (-2.6 V).8 All three are potent
reductants, with Dy(ll) and Nd(ll) being capable of Birch-like reduction chemistry,®%10 though
they are isolable as simple coordination complexes (e.g. [Lnl2(THF)s])."1%-13 Calculated
reduction potentials for much of the rest of the lanthanide series place the Ln3*?* couples at

such negative potentials as to make them theoretically inaccessible in common solvents.8.14-

16

More recently, a fuller appreciation for the role of ligand field effects on the vacant d-manifold
and redox properties of the rare earth elements, coupled with judicious choice of molecular
design, has helped overturn the status quo."” For example, while the 5d manifold is vacant
in Ln(Ill) complexes, a suitable coordination environment as in [Ln(CpR)3]~ or [Ln(CpR)2] (CpR
= n°-{CsRs}, R = H, alkyl, or tri-alkyl-silyl groups), allows the isolation of complexes where a
valence electron occupies a molecular orbital closely resembling an atomic orbital of d-
parentage to give 4f"5d" or 4/ {5d/6s}' configurations.'®33 That is except for the traditional

divalent elements Sm, Eu and Yb,2527-38 which instead tend to possess 4/*' configurations
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due to large 4" — 4f"5d" promotional energies in the Ln(lIl) oxidation state.3?4° Both Dy(ll)
and Nd(Il) have been shown capable of giving either a 4" or a 4f {5d/6s}’
configuration,?4334142 byt note that these convenient formalisms don’t necessarily reflect an
accurate quantum chemical description of the electronic structure.® Still, they are useful to
guide the design of new molecules in a chemically intuitive language. Leveraging the
availability of 5d orbitals in Ln elements has recently allowed the isolation of molecules with
formal Ln---Ln bonds,?%43-45 which naturally follows from earlier observations of metal-metal
bonding in solid-state halides.'**3 Meanwhile, the physics of these systems provides
opportunities for the design of novel qubit candidates and record-breaking single-molecule
magnets.?%384647 Arene ligands provide an intriguing avenue towards engineering the
electronic structure of rare earth and actinide ions due to their ability to act as donors into
(vacant) d-orbitals, and also to accept back donation from electron-rich metals (Figure 1),
stabilising lower oxidation states.*®-%3 Indeed, the only examples of formally zero-valent rare
earth complexes are within [M(n®-CeRs)2] frameworks, and some have thermodynamic

stabilities which approach or surpass that of transition metal analogues.>4-%8
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Figure 1. An illustration of metal-arene symmetry allowed orbital interactions for a d° metal,

showing the divide between arene — metal, and metal— arene donation.

Herein we present a series of structurally analogous formally divalent rare-earth complexes
of the form [M(NHArP®),] (M = Sc, Y, La, Sm, Eu, Tm, Yb; NHAr"® = {N(H)CsH3-2,6-(CsH2-
2,4,6-iPr3)2}); we note that [Y(NHAr"®).] has been reported recently,*® along with the U
analogue in 2018.5° All seven rare earth complexes contain close metal-arene contacts,
however, only with Sc(ll), Y(ll), and La(ll) do quantum chemical calculations reveal
significant delocalization of a metal d-electron into ligand Tr-orbitals to form &-bonding
interactions, while the Sm(ll), Eu(ll), Tm(ll) and Yb(ll) complexes adopt non-bonding 4/
configurations. EPR and UV-Vis-NIR spectroscopies alongside density functional and ab
initio calculations suggest a significant degree of metal and metal-bound arene character in
the SOMO of the Sc, Y, and La complexes, as opposed to arene-radical character, and
therefore support a formal oxidation state of M(ll). These complexes represent a rare
structurally analogous divalent rare earth series extending from the group 3 metals into the
lanthanide series, and reveal the influence of arene coordination on the stability and

accessibility of valence d-electrons with these elements.
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Results and Discussion

Synthesis
Synthesis of the title complexes, [M(NHArP®);] (2M, M = Sc, Y, La, Sm, Eu, Tm, Yb)
proceeded via one of two routes (Scheme 1) dependent upon whether divalent halide

precursors exist, or not.

A iPr

iPr @ iPr
_ L, O +1.2KCq Pr @
MIg(THF), + 2 KNHArP® ——= Tripp_ HN P — O
M=lan=4 — 2 KI Br Tripp g Tripp. HN Pr _
M=Y,Tm, n=35 — NH  Tripp
M=Sc,n=3 Pr ™ =/
---------------------------------------------------------------------- iPr
B MI,(THF), + 2 KNHArP® —— 2M, M = Sc, Y, La, Sm, Eu, Tm, Yb
M = Sm, Eu, Yb —2KI

Scheme 1. Synthesis of (Route A) [M(NHArF®)>(1)] (1M, M = Sc, Y, La, Tm), and (Route B)

[M(NHAr®™®),] (M = Sc, Y, La, Sm, Eu, Tm, YDb). Tripp = {CesH2-2,4,6-iPr3}.

A reductive route was pursued (A in Scheme 1) for complexes with Sc, Y, La, and Tm, a
beginning with trivalent [M(NHAr"®)(1)] (1M, M = Sc, Y, La, Tm). Complexes 1M were
synthesized from KNHAr"'® (refs. 61.62) and the relevant rare earth tri-iodide salt MI3(THF)n
(n=4,M=La;n=35, M=Y,Tm; n=3, M = Sc)® in Et20 as bright yellow blocks in fair to
good crystalline yields (47-62%). "H NMR spectroscopy of 1Sc, 1Y, and 1La show that in
solution the M- --Ce-arene interaction is dynamic as only three CHs-iPr doublets are seen, and
the 2,6-iPr groups show an “in” and “out” CHs resonance, while the 4-iPr group freely rotates,
affording a 12:12:12 d:d:d pattern (see Supporting Information for more detailed
assignments). In the case of 1Y, we were able to determine the %Y chemical shift (516 ppm),

which couples to the anilido proton (?Jiy = <1 Hz) and is in excellent agreement with the

prior report.>®
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Complexes [M(NHAr"®),] (2M, M = Sc, Y, La, Tm) were synthesized by reduction (KCs, 1.2
equiv.) of the relevant trivalent 1M precursor complex in Et20. Reaction mixtures
immediately formed intense dark red/brown. Workup and crystallization from Et20 at —-30 °C
gave poor to fair yields (25-43%) of dark crystals of 2Y (red/green), 2La (red/brown), and
2Tm (red/brown). In the case of 2Sc, dark red crystals of 2S¢ were grown from n-hexane at
—-30°C in 26% yield. For 2M (M = Sm, Eu, Yb), salt elimination using KNHAr"® and divalent
iodide precursors MI2(THF)2 (M = Sm, Eu, Yb)® gave poor to excellent crystalline yields
(20%, 2Eu; to 82%, 2Yb). Higher yields can be obtained by crystallization from n-hexane
rather than Et20; though, on occasion, the resultant crystal structures feature extensive
whole-ligand disorder. The colours of 2Eu (bright orange) and 2Sm (dark green) are typical
for divalent complexes with these metals, while 2Yb was isolated as dark blue/green planks.
To provide data points for comparison with 2Sm and 2Yb, we attempted to synthesize
trivalent 1Sm and 1Yb by salt elimination reactions between MI3(THF)» (M = Sm, Yb) and
two equivalents of KNHAr"®. Traces of teal green 1Yb were isolated as part of an impure
mixture along with 3, (HN=CsHs-2,6-(2,4,6-iPr3)-4-{HN-CsH3-2,6-(2,4,6-iPr3)2) (Scheme 2),
which appears to be the product of head-to-tail radical coupling of two equivalents of
{NHAr"®}' " and has been seen previously (see Supporting Information, and Scheme 2).55
Complex 1Sm could not be isolated by this methodology, impure or otherwise, and no
attempt was made to synthesize 1Eu. We were unable to identify any M(Il) products formed

as part of the presumed radical process.
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Scheme 2. Attempted synthesis of [Yb(NHAr®)x(1)], and isolation of 3, (HN=CeH3-2,6-

(2,4,6-iPr3)-4-{HN-CeH3-2,6-(2,4,6-iPr3)2).

Unlike the spectra of 1Sc¢, 1Y, and 1La, which showed both metal-bound and “terminal” Tripp
groups to be in exchange, the "H NMR spectrum of diamagnetic 2Yb shows six doublets for
the CHs-iPr groups, along with a single N(H) resonance; thus, 2Yb is C2 symmetric in
solution, and the metal-bound and “terminal” Tripp groups do not appreciably exchange at
room temperature. A variable temperature "H NMR study in toluene-ds shows the CHz-iPr
peaks begin to coalesce just above room temperature, at 308 K, but that full equilibrium is
not reached until ca. 358 K (Figures S40 and S41). The '"'"Yb NMR spectrum gave a single
peak at —83 ppm, and the "H-'""Yb HMBC revealed coupling to the anilido proton, and also
to 3,5-CH groups on the Tripp ring. See the Supporting Information for NMR spectra of all

complexes.
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Molecular structures

o

Figure 2. Molecular structures: (A) [Sc(NHAr"®)(1)] (1Sc); (B) [Y(NHArP®)(1)] (1Y); (C)
[La(NHArP™®),(1)] (1La). Thermal ellipsoids have been set at 40% probability. H-atoms except
those on N—H groups, solvents of crystallization, and disordered components have been

removed for clarity.

Single crystal X-ray diffraction studies on trivalent 1M (M = Sc, Y, La) complexes reveal that
all are pseudo three-coordinate (neglecting the bound arene), all crystallizing in the triclinic
space group P1 (Z' = 1) along with two toluene molecules of crystallization per formula unit.
The structures of 1Sc, 1Y, and 1La are shown in Figure 2 (panels A—C). The trend of M—N
bond lengths (1Sc: 2.0643(15) and 2.0909(15) A; 1Y: 2.2167(17) and 2.2452(17) A; 1La:
2.399(2) and 2.402(2) A) reflects the relative differences in the ionic radii of these metals
(six-coordinate Sc(lll) = 0.745 A; Y(Ill) = 0.900 A; La(lll) = 1.035 A).56 While the two M—N
bond lengths in 1La are statistically indistinguishable, in both 1Sc and 1Y one is shorter than
the other by a significant amount (Au-n in 1Sc = 0.0266(15) A; and in 1Y = 0.0285(17) A
where the number in parenthesis is the root sum of squares of their respective standard
uncertainties). This reflects the different M---Ce-arene contacts presentin 1Sc, and 1Y, versus
those in 1La. In 1La, the metal is sandwiched almost equally between two flanking {CsH2-
2,4,6-iPr3} (Tripp) groups (La--*Cé-centroid = 2.8714(12)-2.8783(12) A) — one from each of the
two {NHAr®} ligands, and so is trigonal planar about the heteroatoms (La‘--N2l plane

deviation = 0.0042(15) A; = angles about La = 360.0(1)°). Conversely, 1Sc and 1Y only have
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a single Tripp group close to the metal (M---Cé-centroia: 1S¢, 2.3391(8) A; and 1Y, 2.4949(9)
A). The structure of 1Y is comparable to that of the recently reported chloride congener,
[Y(NHArP6)2(CI)],5° where the Y---Ce-centroid (2.4952(14) A), Y-N (2.213(2)-2.249(2) A), and
N-Y-N (133.75(10)°) metrics either overlap within the 3o criterion to those of 1Y, or are very
close. This suggests the iodide and chloride ligands do not impart any significant
stereochemical effects on the structure of these complexes. See the Supporting Information

for the structures of 1Tm and 1Yb, along with Table S8, for a comparison of 1M complexes.

Formally divalent 2M (M = Sc, Y, La, Sm, Eu, Tm, Yb) all bear the same general connectivity,
but there are key differences. Complex 2Sc crystallizes in the triclinic space group P1 (Z' =
1), while 2La crystallizes in the monoclinic space group P21/c (Z' = 1), and 2Y in C2/c (Z' =
0.5) — the other half of 2Y is generated by a 2-fold rotation about the crystallographic b
vector. The other Ln(ll) complexes all crystallize with Z' = 1 in monoclinic space groups (in
brackets) — 2Sm (P21/n), 2Eu (C2), 2Yb (C2), 2Tm (P21/c). Figure 3 shows the molecular

structures of 2Sc, 2Y, and 2La (see Supporting Information for 28m, 2Eu, 2Tm, and 2Yb).

Figure 3. Molecular structures: (A) [Sc(NHArF™®);] (2Sc); (B) [Y(NHAr®®);] (2Y); (C)
[La(NHAr"™®),] (2La). Thermal ellipsoids have been set at 40% probability. H-atoms except
those on N-H groups, solvents of crystallization, and disordered components have been

removed for clarity.
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All 2M complexes show two flanking Tripp groups (one from each {NHAr"} ligand) oriented
towards the metal. When viewed along the Cé-centroid* - - Cé-centroid axis, these two Tripp groups
are either fully eclipsed due to the crystallographic C2 symmetry (2Y, 2Eu, and 2Yb), or are
pseudo-eclipsed (2Sc, 2La, 2Sm, and 2Tm) — see Figure 4 for an illustration. The most
salient feature of these complexes is the nature of the arene ring(s) which have close metal
contacts as it provides insight into the electronic structure vis-a-vis metal- or ligand-centred
reduction.®”-68 In the following sections, we shall continue to use the term “Cé-centroid” to refer
to the calculated centroid of ligand Tripp groups, though in the case of 2Sc¢, 2Y, 2La (and
previously reported 2U),59%0 it is not strictly appropriate to define a centroid as the rings are

non-planar (vide infra).

A ‘B
Pr E; ’Prcs iPr
. : m)—rPr §—®—ipr
@ E iPr $11‘4arene(°) iPr
Pr | é
iPr

2M, M = Sg, Y, 2M, M = Sm, Eu,
pseudo-eclipsed La Tm, Yb

Figure 4. (A) Top-down illustration of the (Tripp)---M---(Tripp) unit in the 2M complexes,
highlighting ring carbon atoms C7, C8, and C11; (B) an illustration of the ring distortion in
2Sc, 2Y, and 2La, vs that of 2Sm, 2Eu, 2Tm, and 2Yb — blue and pink panels, and red stars,
are to guide the eye, and Zarene (°) is the angle which subtends the two Cs-planes which lay

either side of a line defined by C8 and C11.

Both 2Sc and 2La have one Tripp group closely approaching the metal, which is no longer
planar, instead showing an “open book” deformation which hinges on two para-disposed C-

atoms [see Figure 4; atoms C(8) and C(11)]. A “hinge angle” ( Larene) can be calculated by
defining two separate Cs-planes which hinge upon C(8) and C(11). ZLarene is 11.43(11)° for
2Sc, and 12.9(3)° for 2La. In 2Sc, the next shortest M---Cs-centroid distance to a Tripp group

1
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(3.8304(7) A) is too far away to constitute a strong interaction; however, in 2La the equivalent
group is only ca. 0.4 A further (M---Cé-centroid = 2.8348(12) A) than the deformed arene ring,
but it is planar to within the precision of the measurement. The structure of 2Sc is similar to
that of the Ti(lV) analogue 2Ti,% but the latter exhibits @ Zarene of 24.19(18)° and is
diamagnetic by SQUID magnetometry, indicating the presence of a dianionic Tripp ring. The
M-C distances in 2La compare reasonably well to those in previously reported 2U given
their similar ionic radii (six-coordinate La(lll) = 1.032 A, U(Ill) = 1.025 A) in 2U (2.731(3) A
and 2.723(3) A), after accounting for common differences in Ln—E vs An—E bond lengths. In
2U,%0 / arene is 9.5(1)° — though note in this complex one of the ligands is generated by
crystallographic C2 symmetry, and so it bears two close M---Ce-arene interactions, both of
which show deformation of the Tripp groups. The structure of 2Y is equivalent to that
previously reported,®® despite the presence of different lattice solvents (Et2O here, THF
previously). Like 2U,%% complex 2Y has C2 symmetry with only one crystallographically-
unique ligand, and this has an “open-book” arene deformation (£ arene = 7.27(12)°).5° There
is no clear trend in Zarene (2Y < 2U < 2La < 2Sc) except that both C2 symmetric complexes
(2Y and 2U) have smaller £ arene angles,>*%9 and that larger values correlate with a greater
degree of metal electron localisation by EPR spectroscopy and DFT calculations (vide infra),
though 2Ti clearly places an upper limit on this trend.®8 It is noteworthy that the previously
reported neutral formal Gd(0) complex, [Gd(CsHs-1,3,5-tBu)2], also displays two symmetry-
equivalent slightly distorted arene rings ( £ arene = 3.1(3)°).%* The structures for the remaining
divalent complexes, 2Sm, 2Eu, 2Tm, and 2Yb, are largely analogous to that of 2La, with
the exception only 2La shows signs of arene deformation in Tripp groups which have close
contacts with the metal, and so the former four help to contextualise the arene deformations
seen in 2Sc, 2Y,% 2La, and 2U.%° Table 1 summarizes structural parameters for all 2M

complexes (M = Sc, Y, La, Sm, Eu, Tm, Yb, U) now reported.>%€°
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Table 1. Bond lengths (A) and angles (°) for M(NHAr"®);] (2M, M = Sc, Y, La, Sm, Eu, Tm, Yb, U).59:60

(A or °) 2Sc 2y A 2La 25m 2Eu B 2Tm 2Yb B 2U ¢
2.411(4) 2.310(6)
M-N N(1)| 2.0884(11) 2.2600(12) 2.395(3) 2.412(2) 2.3060(17) 2.330(2)
2.414(5) B 2.294(6) B
N(2)| 2.0678(10) —A 2.434(3) 2.425(2) -8 2.3169(18) -8 —A
2.3913(12)— 2.7276(14)— 2.778(16)— 2.955(3)- 2.972(4)- 2.8015(19)- 2.840(6)- 2.723(3)-
M—Ce-range Ring(l)
2.6304(14) 2.9273(15) 2.971(9) 3.160(3) 3.176(5) 2.971(2) 3.047(6) 2.870(3)
3.047(3)- 2.953(3)-
Ring(2) - —A -B 2.819(2)-3.118(2) -B —A
3.240(3) 3.201(3)
M-C C(8)| 2.3913(12) 2.7684(14) 2.843(13) - - - - 2.731(3)
C(11)| 2.5418(13) 2.7859(15) 2.903(12) - - - - 2.723(3)
Arene fold angle 11.43(11) 7.27(12) 12.9(9) - - - - 9.3(2)

A The solid-state structure is C2-symmetric so there is a single metal and ligand per asymmetric unit; ® The solid-state structures show two
half-molecules in the asymmetric unit, so M(1) and M(2) each have only one unique ligand; ¢ Note that the atom numbering in previously
reported 2U differs from that used here (C8 and C11 here are C12 and C9 respectively in the prior report).50
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UV-Vis-NIR spectroscopy

UV-Vis-NIR spectra were collected for 1M (M = Sc, Y, La, Tm) and 2M (M = Sc, Y, La, Sm,
Eu, Yb) at ambient temperature as 1 mM solutions in Et20. Figure 5 shows a comparison
between 1M and 2M for Sc, Y, and La, and also 2Sm, 2Eu, 2Tm, and 2Yb (see Figures

S57 to S68 for individual spectra).

«— x/nm
1,250 833 625 500 417

—1Sc
1Y

2,250+ 1La

3,000 -

1,500 -

750 -

4 3,000
'c 2,250
(&)

1,500+

g/ M

750+

3,000

2,250 2Tm
1,500 4

750 -

0 T T T T T
8,000 12,000 16,000 20,000 24,000

E/cm™' >

Figure 5. Solution UV-Vis-NIR spectra of [M(NHArP®)(1)] (1M, M = Sc, Y, La; top) and
[M(NHAr®™)] (2M, middle, M = Sgc, Y, La; bottom, M = Sm, Eu, Tm, Yb) — all as 1 mM
solutions in Et2O and shown between 7,000-26,000 cm~' (1,429-385 nm) at ambient

temperature.

14

https://doi.org/10.26434/chemrxiv-2024-6twmx-v2 ORCID: https://orcid.org/0000-0002-4320-2548 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-6twmx-v2
https://orcid.org/0000-0002-4320-2548
https://creativecommons.org/licenses/by-nc-nd/4.0/

The UV-Vis-NIR spectra of 1Sc, 1Y, and 1La are largely uninformative and show only a
broad ligand-to-metal charge transfer (LMCT) process which tails from ca. 20,000 cm~" (500
nm) to well into the UV region, accounting for the intense yellow colour of all three complexes
in solution. The spectrum of 2Sc is richly featured and shows three well-resolved
absorptions at 13,412 cm~" (756 nm, 805 M~' cm™), 17,394 cm~" (575 nm, 1,727 M~' cm™"),
and 21,315 cm™ (469 nm, 2,471 M~' cm™"). The modest intensity of these peaks coupled
with their energies suggests 3d—3d transitions and/or metal-to-ligand charge transfer
(MLCT) bands. For 2Y we can resolve two peaks at 13,709 cm™ (729 nm, 594 M-' cm™")
and 21,589 (463 nm, 1,787 M~' cm~"), while a third is visible tailing in from above 26,000
cm~' (385 nm); the latter was previously reported at 33,670 cm™" (297 nm, 1,040 M~' cm~
1).59In that report, the transitions were suggested to be charge transfer processes. However,
we suggest some may, in fact, be 4d—4d transitions on the basis of quantum chemical
calculations (vide infra). Finally, in 2La, a single clear peak is resolved at 12,253 cm~" (816
nm, 650 M- cm~"), with a second tentative peak around 24,000 cm~' (417 nm). As for 2Sc,

and 2Y, we suggest that the lowest energy peak in 2La is a 5d—5d transition.

The UV-Vis-NIR spectra for trivalent 1Tm (Figure S60) and 2Sm, 2Eu, 2Tm, and 2Yb as
1mM solutions in Et20 (Figure 5, and Figures S65 to S68) are typical for these elements in
their respective oxidation states.3'33.6%-72 Complex 1Tm shows a broad feature which tails
from ca. 18,000 cm~" (556 nm) into the UV region, and two distinctive sharp peaks at 12,723

cm™' (786 nm, 44 M~' cm~") and 14,556 cm~" (687 nm, 51 M~' cm™") for the 3Hs—3F4 and
3He—3F213 transitions, respectively. UV-Vis-NIR spectra of Sm(ll), Tm(Il), and Yb(Il) often

show moderately intense 4f—5d transitions, much like that of Ce(lll), and indeed we see

such features for 28m at 12,337 cm=" (811 nm, 364 M- cm~') and 18,784 cm~"' (532 nm,

774 M~" cm"); for 2Tm at 25,882 cm~" (386 nm, 1,305 M~' cm~") and 11,224 cm~" (891 nm,
15
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207 M~ cm™); and for 2Yb at 18,643 cm™' (536 nm, 387 M~' cm™"). Complex 2Eu displays
no features within the UV-Vis-NIR spectral range except a broad LMCT which tails from

16,000 cm~" (625 nm) into the UV region, as is typical for 8372 ions.”3

SQUID magnetometry

For lanthanide ions with 4/ or 4f*! valence electron configurations, the ground state is
usually well described using the Russell-Saunders or L-S coupling scheme (?5*'L,), as
interelectronic repulsion is much larger than spin-orbit coupling (SOC), which in turn is much
larger than ligand field effects. The ground state is, therefore, usually well-isolated and
diagnostic for a given 4f electron count. Direct current (DC) magnetic susceptibility data
were collected for 1Tm, and 2M (M = Sc, Y, La, Sm, Eu, Tm) from 1.8 to 300 K under an
applied field of 1 kOe (Figure S83 to S93). At 300 K, the xmT (xm is the molar magnetic
susceptibility) values for 1Tm (6.69 cm? mol~! K), 2Eu (7.27 cm? mol~' K), and 2Tm (2.47
cm?® mol~" K) closely match the theoretical values for 4/* configurations (Tm(lll), 4f'2, 3He,
7.15 cm® mol="; Eu(ll), 4f7, 8S7/2, 7.88 cm® mol~' K; Tm(ll), 4f'3, 2F7,2, 2.57 cm® mol~" K). For
2Sm (4f%) the value at 300 K is 1.43 cm3 mol~" K, which in the range observed for Eu(lll)
(4f%) complexes (1.3 to 1.5 cm?® mol~' K),”* and which is non-zero despite a “Fo ground state
due to population of excited ’F, states.5%7" For comparison, xuT for 28m would be expected
to be < 0.7 cm® mol~" K based on the L-S or J-s schemes with a 4f°5d" configuration. xmT
for 2Sm decreases slowly from 300 K to 100 K, then more rapidly down to a value of 0.02
cm?® mol~' K at 1.8 K, which is consistent with a “Fo ground state, thus we assign 2Sm as

having a 4f° configuration.

Complexes 2Sc, 2Y and 2La exhibit xmT values at 300 K (0.31, 0.36, and 0.29 cm? mol~' K

respectively) which are in reasonable agreement with the spin-only value (0.375 m3 mol-"
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K) expected for an S = /2 system (0.375 m3 mol~! K for g = 2.00), and hence with a formal
d' configuration. In each case, the moment is essentially temperature invariant across the
entire range down to ca. 8-10 K, where a sudden drop can be seen, though this varies
across independently synthesized samples (see Supporting Information for more details).
Given the proximity of metal centres in these complexes (2S¢ (9.976(2) A), 2La (10.1745(8)
A), and 2Y (12.3175(2) A) and the extensive spin density on the ligands (see below), it is

likely that intermolecular interactions explain the low-temperature deviations.

Electronic structure calculations

Unrestricted Kohn-Sham density-functional theory (DFT) calculations were performed on
2Sc, 2Y, 2La, 2Tm (S = '/2), 2Sm (S = 3), 2Eu (S = 7/2), and 2Yb (S = 0) using partially
geometry-optimized structures of all 2M complexes to elucidate the ground-state electronic
structures and excited-state properties (see Supporting Information for full details). No

symmetry constraints were imposed.

Léwdin population analyses of the highest occupied molecular orbitals (HOMOs) for the
traditional divalent complexes 2Sm, 2Eu, 2Yb, and 2Tm are entirely consistent with
formulations containing essentially purely metal-localized 4f electrons (Table S16), and in
agreement with experimental data. In all cases, the Lowdin spin population is also almost
entirely 4f-based, and in agreement with expected values. The SOMOs of C1 symmetric 2Sc
and 2La have 36% 3d (with 4% 4s) and 14% 5d (with 10% 4f and 1% 6s) metal character
respectively, with the bound Cs-arene ring making up another 41% (2Sc) and 56% (2La) in
each case. These SOMOs are dominated by d-orbitals engaging in &-bonding interactions
to the metal-bound Tripp group (Figure 6 panels A and C); defining the M-bound Tripp
direction as z, the d-orbital contribution is dominated by dx2-y2 (mixing in small quantities of

dz2 in this axis system can make this superficially resemble dx2 or dy2). In the case of 2Y
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(Figure 6 panel B) which has crystallographic C2 symmetry, the SOMO is extensively
delocalized across both of the (equivalent) metal-bound Tripp groups such that the SOMO
composition is only 14% Y (12% 4d, 0.5% 5s), while the Ces-arene rings comprise another
64.6% combined — the SOMO resembles a severely delocalized d-bonding interaction at
arbitrarily large isovalues, but when compared to 2Sc and 2La there is little similarity. These
results agree well with previous work on 2Y.59 Still, clearly, it is an outlier in having two
deformed Tripp groups and a significantly more delocalized SOMO than 2Sc and 2La.
However, this may simply be an artefact of using the solid-state structure as a starting point

for these calculations (vide infra).

Figure 6. SOMOs of 2Sc (A), 2Y (B), and 2La (C) with an isovalue = 0.05, using the
geometry derived from single crystal X-ray diffraction with H-atoms optimized (2Sc, 2Y), or
with select disordered C-atoms and all H-atoms optimized (2La). H-atoms except those of
the N(H) group omitted for clarity.

To determine the nature of the electronic excitations in these complexes, time-dependent
DFT (TD-DFT) and simplified TD-DFT (sTD-DFT) calculations have been performed across
a range of functionals to model the UV-Vis-NIR spectra of 2Sc, 2Y, and 2La. The conductor-
like continuum polarization model (C-PCM) was employed throughout, and see the
Supporting Information (Figures $101 to S106) for a comparison of the TD-DFT and sTD-

DFT methods, and all functionals examined.”>’® For comparative purposes, Figure 7 shows
18
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the results for all three complexes using the TPSSh functional which enables comparison to

previous works,20:29.30,42,77-79
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Figure 7. Experimental (1 mM, Et20, black), calculated sTD-DFT transitions (red and blue

vertical lines), and simulated spectra (red and blue solid lines, with Gaussian broadening

and a linewidth factor of 25 x VE) UV-Vis-NIR spectra for complexes 2S¢, 2Y (and 2Y-Et20)

and 2La Calculated transitions were performed using a solvent model accounting for the

dielectric constant (¢) and refractive index (np) of Et20.

The features of 2Sc and La are reasonably well represented in the DFT-calculated

transitions and simulated spectra. The intensity of the lowest energy transition in 2Sc is

under-predicted using the TPSSh/sTD-DFT approach but is recovered using TPSSh/TD-

DFT or PBE/sTD-DFT. Inspection of the Natural Transition Orbitals (NTOs) from TD-DFT

calculations (Figure S108) allows the assignment of the three broad features in the
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experimental spectrum of 2S¢ as 3d—3d transitions, the lowest energy of which resembles
a 3dxyixe-y2)—3dxe-y2ixy) transition maintaining the &-bonding interaction. For 2La, the lowest

energy feature arises from two transitions (see Figure $110), the dominant component of

which resembles a 5dxyx2-y2)y—5dx2-y2/xy) €xcitation, while the next two lowest energy
features resemble a combination of MLCT and 5d—5d transitions i.e. the La---Ce-arene

(5d(xyix2-y2)) ©-bond is excited into a new La---Ce-arene (5d(xyix2-y2)) d-bond to the opposite Tripp
ring. However, we find poor agreement between the UV-Vis-NIR data and (s)TD-DFT

calculations for 2Y across all functionals and methodologies.

To better understand the optical spectra of 2Y, we have explored the possibility that the Co-
symmetry present in the X-ray structure is an artefact of crystal packing effects and that the
solution-state geometry may be different. The full structure of complex 2Y was optimized in
both the gas phase and Et20 solvent starting from the lower-symmetry geometry of 2La.
Both optimized geometries retain structures with only one Tripp group deformed and tightly
bound to the metal (i.e. like 2Sc and 2La), and are true local minima on the potential energy
surface. We then performed TD-DFT and sTD-DFT calculations on the Et2O solvent
continuum geometry (2Y-Et20) using the same methodology as above (Figure 7 middle
panel, blue line). The substantial improvement in agreement between the experimental and
calculated spectra suggests that the solution-state structure of 2Y in Et20 is more similar to
the solid-state structures of 2S¢ and 2La, than it is to its own crystal structure. Lowdin
population analysis of the SOMO of 2Y-Et20 shows it to be significantly more localized on
the metal (Figure S$113; 20% 4d, 2% 5s, and 1% 4f — total 25.9%; cf. 14% using the Co-
symmetric structure), while the single deformed Tripp group of 2Y-Et20 contributes almost
as much (54.4%) as the combined total of the two Tripp groups in the C2-symmetric structure
(67.1%); these differences are also reflected in the Lowdin spin populations at the metal

where 2Y-Et20 has a value of 0.245, while 2Y has only 0.142. The lowest energy features
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in the experimental UV-Vis-NIR spectrum of 2Y-Et20 appears to be comprised of two

components which are both combinations of MLCT and 4d—4d transitions. In both, an MLCT
transition, Y---Ce-arene (4d(xyix2-y2)) O-bond — Ce-arene t0 the opposite Tripp ring resembles a

formal reduction of the ring, while the other is a 4d(xyx2-y2)—4d(x2-y2/xy) transition.

Complete active space self-consistent field (CASSCF) calculations (see Supplementary
Information for details) on 2M confirm the DFT and experimental results discussed hitherto:
2Sc, 2Y and 2La exhibit nd' ground states with significant orbital mixing with the arene
ligand(s) (Figures S120 to S123), and 2Sm, 2Eu, 2Tm and 2Yb have 4" ground states.
Calculations for the lowest-lying excitations in 2Sc, 2Y and 2La including multi-
configurational pair-density functional theory (MC-PDFT) corrections for dynamic correlation
show nd/arene—nd/arene excitations in the UV-Vis-NIR range, in good agreement with the
experimental spectra (Figure $124). The character of these excitations is broadly in line

with that found using (s)TD-DFT, where the lowest-lying excitations for 2Sc are mostly

localized to one side of the molecule and resemble d—d transitions, while some for 2La and

2Y-Et20 are combined MLCT and 5d—¥5d transitions to the opposite Tripp ring.

EPR spectroscopy

EPR spectroscopy was used to study the orbitally non-degenerate species 2Sc, 2Y and
2La. All three are EPR active as polycrystalline solids and in solution (1 mM Et20 or nPr20);
spectra of 2Y in Et2O have been reported previously. We find better resolved frozen solution
spectra in nPr20 than in Et20 (although the spectra are consistent; see Supporting
Information), although for 2S¢ and 2La we were able to obtain reliable fluid solution spectra

to higher temperatures in Et20 (i.e. the samples decomposed on thawing more rapidly in
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nPr20, than in Et20). The latter is important because the greater spectral spread and
hyperfine anisotropy for these complexes than for 2Y means that higher temperatures are
required for truly isotropic spectra to be obtained (i.e. for tumbling rates in solution being
sufficient to average out anisotropy). For solution studies, spectra were measured of the

samples in both nPr20 and Et20 (melting points 151 K and 157 K, respectively).

X-band spectra of powders at room temperature are partially metal hyperfine-resolved for
2Sc (*5Sc, 1=7/2, 100% abundant) and 2Y (8%, I = 1/2, 100%) but unresolved for 2La ('*°La,
I=7/2,100%) (see Supporting Information). For 2Sc, a hyperfine octet is observed, with g
= 2.000 and A = 145 MHz. For 2Y we observe a hyperfine doublet (estimated A = 14 MHz)
with g1 =2.005 and gi=1.995. For 2La, we observe g; = 2.019 and gi= 1.958. For 2S¢ and
2Y there are changes in these parameters (smaller A and/or g-anisotropy) on cooling to 5
K, without any improvement in resolution. The limited resolution of the powder spectra is
indicative of intermolecular interactions but also makes it difficult to discuss changes in

electronic structure between solid and solution phases.

S

T T T T T T T T T T T T T T T T T T T
300 310 320 330 340 350 360 370 380 332 334 336 338 340 342 300 310 320 330 340 350 360 370 380
B/mT B/mT B/mT

Figure 8. X-band cw EPR spectrum of 1 mM 2Sc in Et20 at 250 K (left), 2Y in nPr20 at 180
K (middle), and 2La in Et2O at 200 K (right). Black, experimental; red, simulations with

parameters in the text.

Fluid solution spectra of 2Y (180 K in nPr20) and 2La (220 K in Et20), see Figure 8 middle
and right panels respectively, give a well-resolved hyperfine doublet and octet, respectively,
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due to hyperfine coupling of the unpaired electron to the metal nucleus consistent with the
formal M(Il) oxidation states. For 2Sc (250 K in Et20, Figure 8 left) we also obtain an octet,
consistent with formal Sc(ll), but there is a second and minor octet spectrum which differs
subtly in the magnitude of the hyperfine. Hence, there are two formal Sc(ll) species in
solution, with a relative abundance of ca. 12:1 (we note that similar behaviour was observed
recently in a different Sc(Il) system reported by Evans).”® The isotropic hyperfine couplings
are Aiso = 205 MHz for 2Sc (major species; minor species 186 MHz), 46 MHz for 2Y, and
112 MHz for 2La. In each case giso < ge (Where ge is the free electron g-value; giso = 1.9995,
1.998, 1.989, respectively), consistent with the formal d' configuration. The isotropic part of
the hyperfine interaction derives from s-orbital spin density; from theoretical values of the
hyperfine interaction for unit population of the valence s-orbitals (2823, —-1250 and 6007
MHz for 5S¢ 4s, 89Y 5s and '*°La 65, respectively)®® we estimate 7.3 (2Sc), 3.7 (2Y) and
2.0% (2La) s-orbital character of the SOMO. DFT calculations (see above) give 3.6, 1.8 and
1% valence s-orbital character (3.8, 2.0, 1.1% L&wdin spin populations), which are in good
agreement with the experimental values, giving small percentages with the same trend.
Experiment and calculations agree that 2Sc has significantly the highest metal valence s-

orbital spin density, then 2Y > 2La.

In frozen solutions at 60 K, well-resolved spectra are observed in each case (Figure 9). For
2Sc we have been unable to obtain a satisfactory simulation of the spectrum assuming a
single species, consistent with the fluid solution data (see Supporting Information). Despite

the better resolution for 2S¢ in nPr20 the spectrum recorded at 130 K in Et20 gives a more

satisfactory simulation. There is a dominant perpendicular component of the hyperfine of A;
= 210 MHz (g1 = 2.002) which, taking Aiso = 205 from the dominant species in the fluid state,

would give Ai = 195 MHz (assuming the same sign of A, and Aisc), and reasonable

agreement is found with this value and g1 = 1.99. However, these parameters are not well
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defined. For 2Y and 2La the spectra are axially symmetric within the resolution of the

experiments. For 2Y we find g1 = 2.004, gi= 1.986, with a near isotropic metal hyperfine of
A, =39, Ai = 36 MHz (we estimate an uncertainty of ca. 1 MHz). For 2La we find g, = 2.005,

g1=1.952 with AL = 110, A1 = 100 MHz (the latter parameters are defined by the features on
the high-field edge of the spectrum). For both 2Y and 2La, the anisotropic hyperfines
observed in frozen solution are close to those measured in fluid, hence Ai, AL and Aiso all

have the same sign. The subtle differences could imply a slight change in geometry on

cooling.

|
N\ / f - ]
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Figure 9. X-band cw EPR spectrum of 1TmM 2Sc (left) in Et2O at 130 K, 2Y (middle) and

2L a (right) in nPr20 at 60 K. Black experimental, red simulations.

The anisotropy of the g-values for 2S¢, 2Y and 2La is due to the significant d-orbital
character of the SOMO. The g1 > gi pattern indicates a dominant dxzy2 contribution, while

the greater deviation of gi from ge in the series 2La > 2Y > 2Sc is in keeping with greater
spin-orbit coupling for the heavier elements. A very crude analysis of the anisotropic metal
hyperfine interaction to give the metal dx2.y2 contribution to the SOMO [Al — A, = (—-6/7)a?Pq,
where a is the dx2.y2 LCAO coefficient to the SOMO and Py is the electron-nuclear dipolar
coupling parameter] gives 7.3% for 2Sc (P4 = 240 MHz for 45Sc), 5.6% for 2Y (P4 = -62.3
MHz for 89Y) and 4.9% for 2La (P4 = 237 MHz for '*La). DFT calculations support the

dominant dxe-y2 metal-based contribution to the SOMO (where z is the M-bound arene
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direction), but give much larger d-orbital contributions of 36, 20 and 14%, respectively (see
above). Despite this, the calculations give reasonable agreement with the calculated
hyperfine coupling constants (Table 2), implying an inadequacy in the crude analysis above.
We have previously noted the discrepancy between the small anisotropic hyperfine
components and calculated d-orbital spin density for related [ML3]~ systems.®® The
calculations approximate to axial symmetry with the “unique” axis (g1, A1 in Table 2) along

the M-bound arene direction.

Table 2. Experimental (frozen solution) and calculated EPR parameters for 2S¢, 2Y and

2La. Calculated hyperfine coupling constants in MHz; experimental Aiso taken from (Ai +
2A,)/3. Calculated parameters for 2Y are from 2Y-Et20. The calculated g1/A1 axes are along

the M-bound arene direction.

g1 g2 Us A1 Az Az Aiso

2Sc Exp.| 1.990 2.002 195 210 205

Calc. 1.990 2.009 2.015 159 171 184 171

2Y Exp.| 1.986 2.004 36 39 38
(2Y-Et20) Calc.| 1.983 2.004 2.006 -47 -49 -50 -48
2La  Exp. 1.952 2.005 100 110 107

Calc.| 1.954 1.971 1.993 101 106 108 105

The DFT calculations give the SOMO as being dominated by the 74 MO of the bound arene
ring (as defined in Figure 1). The contribution of this arene to the SOMO is 41, 56 and 56%
for 2Sc, 2Y-Et20 and 2La, respectively. The smallest contribution from this ligand orbital in
2Sc correlates with the largest metal contributions. This 74 MO has the correct symmetry to

mix with the metal dxz-y2, consistent with the EPR observations.
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The EPR parameters, and electronic structure, of 2S¢, 2Y and 2La are in contrast to related
d' [M'"Ls] species (M = Sc, Y, La, Lu; L = substituted Cp, aryloxide, amide) where the trigonal
crystal field instead stabilises the d-2 orbital (z being defined by the three-fold axis) giving

rise to characteristic g1 < gi (= ge) patterns.?®3881 The electronic structure in our materials

has more in common with the [Sc(Cp™)2] sandwich compounds reported by Evans and co-

workers,”® where DFT calculations give a dx2-y2-dominated metal contribution to the SOMO,
and a similar g1 > gi pattern can be observed from their (hyperfine unresolved) frozen

solution EPR data. The hyperfine interactions in 2S¢, 2Y and 2La are much smaller in
magnitude than in the trigonal M(ll) cyclopentadienyl-derived species; for example,
[Y(CpR)3]~ with various substituents [(CpR)s = Cp's, Cp's, {Cp"2(CsHs)}] have |Aiso| = 98—130
MHz;38.82.83 gand [La(Cp'/Cp"/Cp®)3]~ have Aiso = 390-640 MHZz.3881.84 As far as we are aware,
the analogous [Sc(CsRs)3]™ have not been isolated. Hence, there is much greater metal
character in the SOMOs of [M(CpR)s]~ than in 2M. Comparing the asymmetric sandwich
compounds 2M with more symmetric sandwiches, [Y(Cp™™®)2] and [La(Cp™"®)2], which have
Aiso = =505 and 2000 MHz, respectively,3' and [Sc(Cp't)2] which has Aiso = 83 MHz,”® seems
curious as [M(Cp™®™)2] (M =Y, La) have much larger Aiso than 2M, while [Sc(Cp)2] has much
smaller Aiso than 2Sc. However, such values can vary widely depending on the electron-
donating ability of the Cp substituents; for example, Evans also reported spectra that are
probably from [Sc(Cp*)2] (not structurally confirmed) with Aiso = 824 MHz,”® and [La(Cp")s]

and [La(Cp")s]~ have Aiso = 387 and 637 MHz, respectively.

Conclusion

A series of isostructural room-temperature stable divalent rare earth complexes supported
by a bis-terphenyl anilide ligand framework, [M(NHAr"®)2] (2M; M = Sc, Y, La, Sm, Eu, Tm,
Yb) has been reported which complements existing Y, U, and also Ti analogues.>%:6968 Al of
these feature at least one (2Sc, 2Ti) or two (all others) M---arene interaction(s). Within the
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complexes studied herein, 2Sm, 2Eu, 2Tm, and 2Yb, possess essentially perfectly planar
metal-bound arene groups, and SQUID magnetometry measurements unambiguously
reveal these to be “traditional” divalent 4/*' complexes. This is in accord with the large 4/*
— 454" promotional energies for these ions coupled with a lack of metal-to-ligand back-
bonding.3%4% DFT and CASSCF calculations further support this description. Meanwhile,
formally divalent 2Sc, 2Y,%° and 2La show buckling of one (2Sc and 2La) or both (2Y) bound
arenes in the solid state, which is suggestive of charge accumulation in the arene ring. DFT
and CASSCF calculations support conclusions drawn from the structural data that the
bonding in these complexes is similar to that of transition metal arene complexes, whereby
back-donation from the d-manifold of an electron-rich metal into T* orbitals of an arene ring
produces 0-bonding interactions. This is in contrast to the previously reported titanium

analogue, which features a diamagnetic closed shell Ti(IV) centre and an arene dianion.®8

EPR and UV-Vis-NIR of the formal nd' 2S¢, 2Y and 2La support a significantly delocalized
SOMO over the metal valence nd and (n+1)s orbitals and the m4 orbital of one bound arene
ring. DFT and CASSCF calculations of g-tensors and hyperfine constants show excellent
agreement with experimental data, which supports the validity of these theoretical models.
Indeed, calculated electronic excitation energies for 2S¢ and 2La align well with the UV-Vis-
NIR solution absorption data, and allow the assignment of dxyix2-y2) — dxyixe-y2) and
combined MLCT transitions. The solid-state structure of 2Y is C2-symmetric and features
two buckled metal-bound arene rings; using this structure, calculated UV-Vis-NIR excitations
and the solution-state EPR data have poor agreement, but good agreement is found with
the solid-state EPR data. Optimisation of the structure of 2Y based on the lower-symmetry
2L a structure to mimic a plausible solution-state structure with only a single buckled arene
ring (2Y-Et20) predicts electronic excitation energies and EPR parameters in excellent

agreement to the experimental solution UV-Vis-NIR and solution EPR data. This suggests
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the metal environment in 2Y changes dramatically between the solution and solid state, and

that this can be observed spectroscopically.

By expanding the range of formally divalent rare earth ions within the [M(NHAr"®)z]
framework to include a large range of metal sizes and different formal valence electron
configurations, there now exists an opportunity to probe the physicochemical properties of
these species, which are sure to be both highly reactive and display complex physical
properties. This, along with work to probe the limits of the bis-{NHAr"®} framework to

stabilise formally divalent -block complexes, is ongoing.
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Methodology

General considerations

KNHArP® was prepared from H2NArf® 8! and BnK in toluene. Exemplar 'H and "3C{'H}
NMR spectra of KNHAr"™® are provided in Figures S1 and S2. [Scl3(THF)s] was synthesized
in analogy to reported procedures for [Lal3(THF)4] and Y13(THF)3.5.%2 Solution phase UV-Vis-
NIR spectra were collected at ambient temperature using a PerkinElmer Lambda 1050 UV-
Vis-NIR spectrometer. The solution was contained in a low volume (1 mL) screw-capped
quartz cuvette (10 x 4 mm path length fluorescence cell). ATR FT-IR spectra of
microcrystalline samples were collected using a Bruker ALPHA Il FT-IR spectrometer
equipped with a Platinum ATR module with diamond window. NMR spectroscopic data
collection was performed on either a Bruker Avance Ill (400 MHz), Bruker Advance Ill HD
(400 MHz), or Bruker Ascend (700 MHz) between 295 K to 299 K. Elemental microanalyses
(C/H/IN) were carried out by Martin Jennings and Anne Davies at the University of
Manchester. SQUID magnetometry was conducted on finely ground samples immobilized in
an eicosane matrix, and flame sealed in evacuated (10-® mbar) 400 MHz Wilmad
borosilicate NMR tubes. Static and variable-temperature magnetic moment data were
recorded in an applied dc field of 0.1 T on a Quantum Design MPMS superconducting
quantum interference device (SQUID) magnetometer. Care was taken to ensure the sample
was at thermal equilibrium before each data point was measured, and samples were
immobilized in an eicosane matrix to prevent sample reorientation during measurements.
Diamagnetic corrections were applied using tabulated Pascal constants, and further
corrected by measurement of a diamagnetic analogue complex, [Ca(NHAr"™®).]-(Et.0)
(2Ca)! in some instances. Measurements were also corrected for the effect of the blank

sample holders (flame sealed Wilmad NMR tube and straw) and eicosane matrix. Cw EPR

! To be reported separately.
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spectra were recorded using a Bruker EMX 300 EPR spectrometer operating at X-band
frequency (ca. 9.8 GHz) and a Bruker EMX Micro EPR spectrometer operating at X-band
frequency (ca. 9.4 GHz). Temperature variation and control were achieved using a Stinger
closed-cycle helium gas cryostat (10-180 K) or the Bruker ER 4131VT-M liquid nitrogen
cryostat (130-250 K). The samples were measured in quartz EPR tubes as polycrystalline
solids or as 1 mM frozen solutions in Et20 or nPr20 (samples were flash frozen in liquid N2

and then flame sealed under vacuum).

Synthesis

The synthesis of 1Sc and 2Sc is provided below as an example, all others were synthesized
analogously. Please refer to the Supporting Information for more detail.
[Sc(NHAr™®™)(1)]-(C7Hs)2 (1Sc). Et20 (50 mL) was added to a pre-cooled (—98°C) stirring
mixture of solid [Scl3(THF)3] (1.616 g, 2 mmol) and KNHAr"® (2.072 g, 4 mmol, 2 equiv.) in
a glass Schlenk vessel equipped with a PTFE-coated stirrer bar. The mixture was allowed
to warm to room temperature and quickly became yellow with a fine white precipitate,
presumed to be Kl. After stirring at room temperature overnight (16 hours), the volatiles were
removed in vacuo (10~ mbar) which left a bright yellow powder. Toluene (20 mL) was added
and briefly (< 1 min) refluxed with manual agitation to loosen solids from the vessel walls.
The bright yellow solution and fine white solids were allowed to settle before filtration through
a glass microfibre filter disc. Concentration of the bright yellow supernatant to ca. 1 mL gave
a large quantity of yellow solids which were heated into solution and allowed to cool slowly
to room temperature to give large yellow blocks of 1Sc. This mixture was stored at 5°C for
2 hours followed by —30°C for 16 hours to increase the yield. Crystals were isolated by
decanting the supernatant followed by drying in vacuo (10~2 mbar, 2 hours). A second crop

was obtained in a similar fashion (combined yield = 1.329 g, 57%).
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Elemental analysis on C72H100IN2Sc-(C7Hs)n for n = 2 calc. (%): C = 76.529, H = 8.663, N =
2.076; for n =0 calc. (%): C =74.201, H = 8.649, N = 2.404; found (%): C =69.90, H = 8.44,
N = 2.07 — low carbon values were found across duplicate samples.

"H NMR ([D]e-benzene, 400.13 MHz 298 K): & = 7.33 (s, 8H, Tripp-3,5-H), 6.97 (d, 3JhH =
7.3 Hz, 4H, Ar-3,5-H), 6.69, (t, 3Jun = 7.4 Hz, 2H, Ar-4-H), 5.64 (s, 2H, ScN(H)), 3.01 (hept,
3Jnn = 7.0 Hz, 8H, Tripp-2,6-CH(CH?3)2), 2.66 (hept, 3Jun = 7.2 Hz, 4H, Tripp-4-CH(CHs3)2),
1.40 (d, 3JnH = 6.9 Hz, 24H, Tripp-4-CH(CHs)2), 1.32 (d, 3Jun = 6.9 Hz, 24H, Tripp-2,6-
CH(CH>)2), 1.11 (d, 3JnH = 6.9 Hz, 24H, Tripp-2,6-CH(CHs)2).

13C{"H} NMR ([D]e-benzene, 100.62 MHz, 298 K): & = 155.18 (Ar-CN(H)-Sc), 149.69 (Tripp-
ipso-C), 148.71 (Tripp-2,6-C), 148.08 (Ar-2,6-C), 131.59 (Tripp-4-C), 127.10 (Ar-3,5-CH),
123.47 (Tripp-3,5-CH), 116.32 (Ar-4-CH), 34.03 (Tripp-4-CH(CHs)2), 31.28 (Tripp-2,6-
CH(CHs)2), 25.96 (Tripp-4-CH(CHs)2), 24.34 (Tripp-2,6-CH(CHs)2), 24.10 (Tripp-2,6-
CH(CHsa)2).

UV-Vis-NIR (Et20): Amax (cm™; €) = A broad feature peak extends from ~500 nm (20,000 cm~
') into the UV region, and beyond our spectral range.

FT-IR (ATR, microcrystalline): cm=" = 3,482 (vs), 3,383 (vs), 3,284 (vs), 3,198 (vs), 3,052
(s), 3,021 (vs), 2,957 (vw), 2,927 (w), 2,867 (w), 2,754 (vs), 1,761 (vs), 1,603 (m), 1,585 (s),
1,574 (s), 1,566 (s), 1,541 (vs), 1,459 (vw), 1,441 (w), 1,406 (vw), 1,381 (vw), 1,361 (vw),
1,319 (w), 1,258 (vw), 1,243 (vw), 1,233 (vw), 1,188 (s), 1,163 (m), 1,153 (s), 1,126 (s),
1,097 (w), 1,077 (vw), 1,056 (m), 1,036 (m), 1,007 (m), 956 (s), 939 (m), 923 (s), 900 (s),
876 (vw), 863 (vw), 845 (w), 830 (w), 795 (w), 777 (m), 752 (vw), 730 (m), 695 (s), 668 (w),
652 (w), 635 (m), 619 (w), 602 (w), 586 (vw), 551 (m), 534 (m), 514 (w), 504 (m), 487 (m),

473 (m), 464 (m), 452 (m), 442 (m), 430 (m), 419 (m).
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Synthesis of [Sc(NHAr"r¢);] (2Sc). Et2O (15 mL) was added to a pre-cooled (-98°C)
stirring mixture of solid 1Sc (0.583 g, 0.5 mmol) and KCs (0.083 g, 0.6 mmol, 1.2 equiv.) in
a glass Schlenk vessel equipped with a glass-coated stirrer bar. The mixture was allowed to
slowly warm to room temperature while submerged in a cooling bath, during which time it
became significantly darker, from a yellow mixture to a dark brown/black mixture. After
stirring for 2 hours, the cooling bath had warmed to ca. 0°C, at which point the vessel was
removed and allowed to warm up to room temperature with stirring for 15-20 minutes. The
fine grey suspension, presumably a mixture of graphite, Kl, and excess KCs, was allowed
to settle at room temperature, and the dark solution was filtered through a glass microfibre
filter disc. The volatiles were removed in vacuo (10~ mbar) which left a slightly sticky dark
blue powder. Hexane (3 mL) was added with manual agitation to loosen solids from the
vessel walls. The dark blue solution was filtered through a glass microfibre filter disc,
concentrated to ca. 1 mL, and stored at —30°C for 16 hours which afforded a crop of dichroic
red/green planks which were dried in vacuo (10~3 mbar, 1 hour). Yield = 1.368 g, 26%.
Elemental analysis on C72H100N2Sc calc. (%): C = 83.268, H = 9.705, N = 2.697; found (%):
C=79.89,H=9.60,N=2.54.

'H NMR ([Dls-benzene, 400.13 MHz, 298 K): Only peaks attributable to diamagnetic
impurities could be identified.

UV-Vis-NIR (Et20): Amax (cm™"; €) = 756 (13,412, 805), 575 (17,394, 1,820), 469 (21,315,
2,471) — note that these peaks are fairly broad. The positions and € values here result from
fitting each broad feature to a single Gaussian curve.

FT-IR (ATR, microcrystalline): cm=" = 3,334 (vs), 3,042 (vs), 3,023 (vs), 2,957 (vw), 2,925
(w), 2,865 (w), 2,750 (vs), 2,721 (vs), 2,705 (vs), 1,605 (s), 1,583 (s), 1,566 (s), 1,527 (vs),
1,459 (w), 1,408 (vw), 1,381 (vw), 1,361 (vw), 1,317 (w), 1,264 (vw), 1,248 (vw), 1,188 (s),

1,163 (m), 1,126 (s), 1,100 (m), 1,073 (vw), 1,001 (m), 956 (s), 937 (m), 923 (s), 873 (vw),
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855 (vw), 847 (vw), 830 (w), 789 (w), 769 (s), 746 (vw), 699 (s), 662 (W), 594 (w), 547 (w),

522 (m), 506 (w), 493 (m), 483 (m), 467 (m), 440 (m), 420 (m).

Density functional theory calculations

Unrestricted Kohn-Sham calculations were performed on S = %2 complexes [M(NHAr"®)z]
(2M, M = Sc, Y, La), S = 3 [Sm(NHArP)] (2Sm), S = /2 [Eu(NHArP®);] (2Eu), S = 2
[Tm(NHArP®),] (2Tm), and S = 0 [Yb(NHAr");] (2Yb) at the DFT level using the ORCA 5.0
quantum chemistry program suite.?> Partial geometry optimisations were performed using
the TPSSh hybrid meta-generalized gradient density functional (meta-GGA)&:87 with
Grimme’s D3BJ dispersion correction,®8% and the resolution of the identity ‘chain of spheres’
(RIJCOSX) approximation.®®°! Elements Y, La, Sm, Eu, Tm, and Yb were treated with a
segmented all-electron relativistically contracted (SARC) Dougless-Kroll-Hess second order
(DKH-def2) basis set at the triple-C level (SARC-DKH-TZVP),%? Sc was treated with a DKH-
def2 basis set at the triple-C level (DKH-def2-TZVP),?? while a split-valence polarized basis
set (DKH-def2-SVP) was used for all other atoms.%® A SARC/J auxiliary basis set was used
for each atom type as appropriate.®?°* No symmetry constraints were imposed. Occasionally
the SlowConv switch was used to ensure SCF convergence, along with the DefGrid3 (tight

integration grid) switch.

For property calculations additional functionals (B3PW91,°> CAM-B3LYP,°¢ PBE,"%
PBEO,%®190 TPSSh86.87 TPSS0'91) and alternative relativistic treatments (DKH, and ZORA —
Zeroth Order Regular Approximation) were investigated,'9>1% along with the use of larger
basis sets on all atoms at either the triple- (H, C, N) or quadruple-C (Sc, Y, La) level and
with additional polarization functions as appropriate. The basis sets used were as follows:

H, C, N (DKH/ZORA-def2-TZVP); Sc (ma-DKH/ZORA-def2-QZVPP); Y (SARC-DKH/ZORA-
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TZVPP); also Sc, Y (Sapporo-DKH3-QZP-2012);'% La, Sm, Eu, Tm, Yb (SARC2-

DKH/ZORA-QZVP)."% All were used with their default settings within ORCA 5.0.4.8%

Complete active space self-consistent field calculations

CASSCF calculations were performed with OpenMolcas v21.06.'% (Partially) DFT-
optimized structures were used in all cases: H-atoms optimized for 2Sc, 2Y, 2Sm, 2Eu (15t
structure in asymmetric unit), 2Tm and 2Yb (15t structure in asymmetric unit); while for 2La
the six C-atoms of the distorted Tripp arene ring along with all atoms of the 4-iPr group and
all H-atoms in the structure were optimized; and 2Y-Et20 the whole structure was optimized
as described. Basis sets from the ANO-RCC library were employed, %" with VTZP quality
for the metal atom, VDZP quality for the 12 arene ring carbon atoms and the nitrogen atoms,
while VDZ quality was employed for all other atoms. Cholesky decomposition of the two-
electron integrals to a threshold of 10-8 was performed, along with employing the 2" order
Douglass-Kroll-Hess transformation to account for scalar relativistic effects.’? MC-PDFT
corrections were made in some cases.''3""4 For 2Sc, 2Y, 2Y-Et20 and 2La the active space
was one electron in the four lowest-lying metal-based orbitals (corresponding to the
excitations discussed in the text), while for 2Sm, 2Eu and 2Tm the active space was six,
seven and thirteen electrons, respectively, in seven 4f orbitals. We performed state average
CASSCEF calculations for four doublet roots for 2S¢, 2Y, 2Y-Et20 and 2La, while for 2Sm
we considered seven septets, for 2Eu we considered one octet and 48 sextets, and for 2Tm
we considered seven doublets. For 2Yb we started with a restricted Hartree-Fock calculation
and performed RAS-probing calculations for four doublet roots, including frontier orbitals (11
orbitals in Ras1 and 5 orbitals in Ras3) and single excitations, finding a 4f'4 ground state.
No indication of low-lying nd" or ligand radical configurations arose in any of 2Sm, 2Eu,

2Tm or 2Yb.
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Electron paramagnetic resonance spectroscopy

Cw EPR spectra were recorded using a Bruker EMX 300 EPR spectrometer operating at X—
band frequency (ca. 9.8 GHz) and a Bruker EMX Micro EPR spectrometer operating at X—
band frequency (ca. 9.4 GHz). Temperature variation and control were achieved using a
Stinger closed-cycle helium gas cryostat (10 — 180 K) or the Bruker ER 4131V T-M liquid

nitrogen cryostat (130 — 250 K).
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