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A geometrically flexible bifunctional (bis)aminophosphine ligand was synthesized in a three-component,
one-pot Kabachnik—Fields reaction using “"butylphosphine, paraformaldehyde, and 3,5-dimethyl aniline.
The product, bis((3,5-dimethylphenyl)laminomethyl)®®butylphosphine (*"BIAMP®™"), containing two
secondary amines and a tertiary phosphine, was isolated in good yields. Deprotonation of both N-H
groups with (trimethylsilyl)methylpotassium (K-CH,SiMes), followed by salt metathesis with Lals, Yls, and
Luls generated the corresponding MI(A'BIAMP®Y)(thf); complexes (M = Y (1), La (2), and Lu (3)) in good
yields. A sterically encumbered indene, 1,3-diisopropyl-4,7-dimethyl-1H-indene, P™®Ind, was
deprotonated in situ and installed via salt-metathesis to generate the organometallic series of n°-
indenide complexes, M*"BIAMP®)(n>-P™e|nd)(thf) (M = Y (4), La (5), and Lu (6)). *H, *'P, *C, and ®°Y
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characterize these complexes. The Y—-P coupling constant was found to be variable depending on the

DOI: 10.1039/d4sc02077d modifiable coordination environment of the metal center, indicating potential as both a spectroscopic
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Introduction

Hard, electropositive rare-earth elements (REEs) favorably
coordinate harder oxygen-based ligands over softer ligands."*
Soft atom, such as phosphorus, coordination continues to draw
interest as a means of observing covalency of REEs through
overlap of the metal orbitals with the spatially extended p-
orbitals.>* While bridging phosphinidene complexes of REEs
have been known since 2008,° recent studies have expanded the
boundaries for REE-P interactions via a report of a terminal
phosphinidene on Y, which exhibits a large Jy_p coupling value
indicating significant Y-P interaction.® A range of anionic
phosphide-bound Ln complexes has been established, showing
wide diversity in their coordination modes.”** While neutral
interactions with lanthanide metals dominate pnictogen-metal
coordination, they remain difficult to control.”* A strategy for
expanding this landscape is the use of bifunctional phosphines
that may overcome unfavorable bonding properties by forcing
the REE-P interaction via the use of a tether, a route that
showed much promise in the nascent field.***® Continued
development of new phosphorous-containing ligand systems
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handle as well as providing insight into the influence of additional ligands on the metal center.

featuring both neutral donor-to-metal (L-type) and anionic
donor-to-metal (X-type) interactions deliver unconventional
entryways into f-element-phosphorus coordination and provide
insight into the nuances of these uncommon interactions.
Bifunctional phosphines demonstrate promising versatility,
spanning from metallodiphosphide complexes,**** (hydrox-
ymethyl)-phosphines,*** to deprotonated alkyl phosphines.>*?
Bifunctional chelates such as PN**?® and PNP***** have been
employed on lanthanide complexes (Fig. 1A), where nitrogen
acts as an anchor to force proximity and coordination between
the lanthanide and the phosphorus atom. Phosphinoamide
ligands were introduced by Nagashima,**® and subsequent
works by Thomas®” explored heterobimetallic chemistry sup-
ported by this system. An additional subset of bifunctional
(aminomethyl)phosphine ligands encompasses different P: N
ratios, with either one amine group per phosphine*® or three
amine groups per phosphine® being the most commonly re-
ported. Recent studies have employed (aminomethyl)phos-
phines in the synthesis of heterobimetallic complexes,****
including those that incorporate Ln-Ni heterobimetallic species
(Fig. 1A).*> An alternative synthesis employs a 1: 1 phosphine to
amine ratio to produce cyclic ligands. Bullock, Ott, DuBois, and
Helm,**¢ have shown that cyclic (aminomethyl)phosphine
ligands coordinate phosphorus to a transition metal and the
amine then works cooperatively with the transition metal for
hydrogen splitting catalysis (Fig. 1A). Tris(aminomethyl)phos-
phine ligands have been reported, and their complexes with Y

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Previously reported bifunctional ligand scaffolds
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Fig. 1 (A) Selected examples of previously disclosed bifunctional
ligand scaffolds containing (aminomethyl)phosphine-based support-
ing ligands. (B) A simplified coordination scheme of bis(amino-
methylene)phosphine ~'BIAMP'® ligand to form metal complexes. (C)
The expected possible conformations defining the metal coordination
sphere in Ln complexes with ~'BIAMP'®Y.

demonstrate through-space J-coupling between *'P and *°Y in
the *'P{"H} NMR spectrum.*’

The 2:1 bis(aminomethyl)phosphine motif can provide an
additional entry point through which to investigate Ln-P
interactions. Coordination of the deprotonated diamide to a Ln
precursor is expected to form a six-membered metallacycle
(Fig. 1B) with an inherent geometric flexibility allowing for both
chair and boat conformations. The metallacycle can either
adopt a chair conformation - and the distal phosphine will
assume a non-interacting lone pair - or the metallocycle will
adopt a boat-like conformation and the lone pair of the phos-
phine will be directed towards the central metal in a bonding
interaction (Fig. 1C). We envisioned that this bonding would be
affected by the coordination sphere of the metal, providing
a spectroscopic handle in the *'P atom as a supplemental
resource for investigation of the electronic structure of the
metal center (Fig. S17).

This report describes the coordination chemistry of the new
phosphine-bearing diamine ligand **BiAMP™®". The series of
diamagnetic ~rare earth element (REE) complexes
MI(*"BiAMP™®")(thf);, where M = Y, La, and Lu, was isolated and
characterized. Further derivatization with a bulky indenide-
based ligand was performed in order to interrogate the influ-
ence of the large anionic donor on the metal center. NMR
spectroscopy coupled to solid-state structural characterization
was used to gain a better understanding of the bonding inter-
actions between the metal center and the phosphorus atom of
the BIAMP. Lanthanum and lutetium span the lanthanide series
and present the extremes in ionic radius. Both La and Lu have
high natural abundance spin active (I = 7/2) nuclei (99.91%
(**°La), 97.41% (*”°Lu)). The quadrupolar nuclei of "*°La
(quadrupole moment = 200 mb) (mb = millibarn; 1 barn =
102®* m?) and '"°Lu (quadrupole moment = 4970 mb) suggest

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that *'P NMR experiments will provide broadened resonances
and the Ln-P coupling will remain unresolved, producing
a single coalesced resonance. Yttrium was chosen for its
comparably large ionic radius and its NMR-active nucleus
(100% (*°Y); I = 1/2). While %°Y NMR is notorious as a low-
gamma nucleus with long 7, values (slow relaxation)
requiring high concentrations,*® observed nuclear coupling, Jy-
p, has provided insight into the strength of Y-P bonding
interactions.®'>*->?

The bifunctional *"BiAMP™" ligand scaffold provides a flex-
ible phosphine moiety whose variable coordination strength
can provide insight into the f-element-phosphine interactions.
Despite this flexibility, the amide anchors strongly bind Ln
centers and allow for further modification of the coordination
sphere. Through coordination to diamagnetic, NMR active
metal centers, *'P{'"H} NMR coupling values can be used as
a probe by which to gain a better understanding of f-element to
phosphorus coordination and bonding.

Results and discussion
Ligand synthesis and characterization

The Kabachnik-Fields reaction,*** also known as the phospha-
Mannich reaction,* is an established entry point into (amino-
methyl)phosphine compounds.* Several substituted 1,5-diaza-
3,7-diphosphacyclooctane scaffolds have been reported using
this synthetic method.”””® Non-cyclic bis(aminomethyl)phos-
phines have been sparsely reported, having been characterized
as intermediates en route to substituted 1,5-diaza-3,7-
diphosphacyclooctanes or 1,3-diaza-5-
phosphacyclohexanes.**** Precise control of the stoichiometric
ratio between RPH,, (CH,0),, and aniline minimized the
formation of undesired macrocycles and generated bis(amino-
methyl)phosphine. For the synthesis of *BiAMP™", “"‘butyl-
phosphine (®"PH,), paraformaldehyde, and 3,5-dimethyl
aniline were used in a 1:2: 2 ratio (Fig. 2).

The initial reaction was performed using a commercially
available 10 wt% solution of ®"PH, in hexanes and two equiv-
alents of paraformaldehyde, which were stirred until the visible
paraformaldehyde suspension was consumed. At this time, 4 A
molecular sieves were added, followed by two equivalents of 3,5-
dimethyl aniline. Work-up followed by NMR analysis of the
tacky white solid in C¢Ds suggested the presence of two major
phosphorus containing products, with the *'P{"H} NMR spec-
trum containing resonances centered at ¢ —6.25 ppm and
0 —41.24 ppm in an approximate ratio of >4 : 1, as well as those
arising from minor additional impurities. Fractional crystalli-
zation of the product mixture from pentane furnished the
desired A"BiAMP™" in 45% yield (Fig. 2, bottom left). The major
side-product was identified as 1,3-bis(3,5-dimethylphenyl)-5-
tert-butyl-1,3-diaza-5-phosphacyclohexane  ((*"BiAMP*®“)CH,),
which was isolated in 6% crystalline yield (Fig. 2, bottom right).

NMR analysis of the isolated materials confirmed their
assignments as the diamine (**BiAMP™") and the heterocycle
(Fig. S2-S71). The "H NMR spectrum of *'BiAMP®™" in C¢Dq
contained a broadened triplet resonance at § 3.64 ppm that
integrated 2 : 9 with a doublet located at ¢ 0.95 ppm, consistent
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> 2 g isolated

N

ArBjAMPBUY

(A'BIAMPBY)CH,

Fig. 2 Top: optimized synthesis of the bis(aminomethyl) phosphine
A'BIAMP'™BY ligand under three-component, one-pot conditions.
Bottom: solid state molecular structures of A'BIAMP™®Y and cyclic side-
product (ABIAMP®BY)CH, with hydrogen atoms shown where relevant
or omitted for clarity. Thermal ellipsoids are presented at 50%
probability.

with the presence of two N-H groups per “"‘butyl-substituted
phosphorus. Additionally, two resonances at ¢ 3.25 ppm and
6 3.12 ppm with characteristic splitting patterns (doublet of
triplets and doublet of doublets, respectively) for two prochiral
methylene groups were observed.

For ("BiAMP®")CH,, no signals attributable to the N-H
protons were observed in the "H NMR spectrum. The methylene
resonance signals adjacent to the phosphorus were observed as
doublets of doublets at 6 3.83 ppm and 6 3.36 ppm. In addition,
the two diastereotopic methylene protons of the CH, group
bridging the nitrogen atoms were observed at ¢ 5.08 ppm and
0 4.20 ppm. Further characterization of the ligand and cyclic
byproduct was achieved by single-crystal X-ray diffraction (SC-
XRD) (ESI S3.2 and S3.31). These results confirmed that the
targeted non-cyclic compound was formed as a major product
in this three-component reaction. Our results contrast with
prior reported examples of bis(hydroxymethylene)phosphines
with primary amines or anilines, which have typically resulted
in the formation of cyclic 1,3-diaza-5-phosphacyclohexane as
the major product.>*%***

Optimization of the reaction conditions were pursued to
increase the yield of the desired (bis)amino *"BiAMP™" ligand.
Performing the reaction by combining the reactants simulta-
neously without the addition of molecular sieves improved the
product yield and minimized the appearance of *"BiAMP**"CH,.
Analysis of the crude mixture after filtration and removal of
volatiles revealed a significant improvement of the product ratio
to 17:1 (*BiAMP™" : (*"BiAMP"®")CH,) with minor impurities
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present. The target compound was purified by recrystallization
from pentane, resulting in a colorless, crystalline product in
66% yield (Fig. 2). Importantly, this synthesis was performed
with high reproducibility (five batches) on a multi-gram scale.

Rare-earth element coordination: MI(*"BiAMP"®")(thf),
synthesis and characterization

The **BiAMP™" ligand manifold was installed on Y, La, and
Lu(m) iodides by salt metathesis with the deprotonated ligand.
The deprotonation of *"BiAMP™®" was performed in THF using
two equivalents of (trimethylsilyl)methylpotassium (K-CH,-
SiMe;) to generate [K,|[*'BiAMP™"], a pale yellow powder
precipitated from THF. Analysis of the yellow material via "H
and "*C NMR displayed resonances consistent with the expected
(bis)potassium complex (Fig. S8-S101). However, ingrowth of
additional resonances over time indicated instability of [K,]
[A"BiAMP™®"]. Consistent results were found by employing a THF
solution of [K,][*"BiAMP™®"] prepared in situ through deproto-
nation of “"BiAMP™" in THF at —30 °C with two equivalents of
K-CH,SiMe;. Subsequent metalation was accomplished by
addition of the dipotassium salt solution to a cooled slurry of
the THF adduct of the corresponding starting M(iii) iodide.
After filtration of the formed KI salt, crystallization of the
colorless products, MI(*"BiAMP*®")(thf); (M = Y (1), La (2), Lu
(3)), was accomplished in moderate to high yields (70-91%) out
of cooled THF solutions either layered with pentane or using
vapor diffusion techniques (Scheme 1). The yield was depen-
dent on product crystallinity as the different metals each
showed similar crude yields.

Crystals suitable for X-ray diffraction studies were formed
from the reaction solutions, and SC-XRD experiments revealed
that the isomorphous metal complexes 1-3 all crystallized in the
orthorhombic space group P2,2,2,. For each compound of the
series, X-ray data analysis revealed a coordination sphere
around the metal that consisted of the *"BiAMP™®" ligand, three
bound THF molecules, and the remaining iodide (Fig. 3).
Additionally, the solid-state structures confirmed that the six-
membered metallacycle adopts a distorted boat conformation,
wherein the lone-pair of the phosphorus atom is directed
towards the three different metal centers in 1-3. Including the
phosphorus-metal interaction, the metal has a coordination
number of seven. The REE geometry is best described as capped
trigonal prismatic, which is distorted due to the constraints of
the chelate.

1) 2.0 equiv. O
K-CH,SiMes o ©
THF, -30 °C >LP M.

i =Y (1), 90%
/—NH 2
o 2) IV(I-IZSTITH?) \\_\ N/ ) La (2), 91%
N -30350 tort N /Q Lu(3), 71%
(-2KI)

Scheme 1 General synthetic route to diamagnetic complexes
MI(ArBiAMPtB“)(thf)3, where M =Y (1), La (2), Lu (3). Yields for isolated
crystalline products are reported.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Arepresentative solid state molecular structure of 3 shown with
hydrogen atoms omitted for clarity and the thermal ellipsoids at 50%
probability.

The solid-state metrical parameters of 1, 2, and 3 generally
display linear trends dependent on the ionic radius of the
central metal atom. The distance between the metal and
phosphorus linearly correlates to the corresponding ionic
radius of the metal (Table 1),°>** with Lu having the shortest
distance (3.077 A) and La having the longest (3.192 A). The M-N
distances are consistent with amide coordination to Y, La, and
Lu with average distances of 2.296(6) A, 2.404(5) A, and 2.242(5)
A for 1, 2, and 3 respectively. For all three complexes, the C(3)-
P-M angles are nearly linear (avg = 175.1°) with the angle
becoming more linear as the ionic radius of the central metal
decreases. In contrast, the observed P-M-I angles, which
deviate significantly from linearity with an average angle of
160.9°, become more acute as the ionic radius of M decreases.
Complete solid-state metrical parameters of 1, 2, and 3 are
provided (Tables S1a and S1b, ESI 3.4-3.67).

NMR characterization of the complexes was performed in
THF-dg and  structural integrity of the  series
MI(*"BiAMP™®")(thf); in the solution phase was experimentally
confirmed to be limited specifically to THF (Fig. S11-S207%).
Upon dissolution of isolated crystalline 1 in solvents such as

Table1l Select solid-state metrical parameters for complexes 1, 2, and
3

D(A)or £ (9 1(Y) 2 (La) 3 (Lu)

M-P 3.124(2) 3.192(1) 3.077(1)
M-Ng,* 2.296(6) 2.404(5) 2.242(5)
M-I 3.119(2) 3.226(6) 3.046(4)
C3-P-M 175.2(2) 173.9(1) 176.2(2)
P-M-I 160.4(4) 163.2(2) 159.2(2)
N1-M-N2 91.7(1) 88.8(1) 92.2(1)

“ ESD (ESD = estimated standard deviation) values for the average were
calculated using the root-mean-square method.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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toluene, benzene, or methylene chloride, the colorless solution
of the complex turns yellow and the *'P{"H} NMR spectrum
shows resonances consistent with multiple species. Although
our attempts to isolate individual products of decomposition
were not successful, we propose decoordination of THF and
potential formation of dimeric and/or oligomeric p-iodo- and/or
anilide-bridged structures to be responsible for the observed
multiple signals in the *'P{'H} NMR spectra. This process was
found to be reversible; after removal of solvent and redis-
solution of the solid residue in THF, the parent complexes were
observed. Ligand exchange of coordinated THF of the (mono)
iodide series was also observed in THF-dg solutions. For
example, integration of natural abundance THF in THF-dg
solutions gave variable and lower than expected values. This
suggests that holding the isolated crystalline material under
reduced pressure induces de-coordination of THF.

The expected resonance centered at 6 —15.7 ppm in the *'P
{'"H} NMR spectrum was observed as a doublet with (Jp_y) =
2.7 Hz coupling, and the corresponding **Y NMR resonance was
observed as a doublet with (Jy.p) = 2.6 Hz centered at
6 422.4 ppm (Fig. 4). Observation of coupling between the
phosphorus and yttrium center indicates an interaction
between the metal and phosphorus that contains orbital over-
lap impacting the nucleus. The coupling arises from nuclear
interactions that are facilitated through orbital overlap, and
various factors, such as bond geometry, bond type, and even
through-bond interactions, contribute to the observed j-values.
Including J-coupling in discussions of relative covalency of
bonds within series of similar complexes provides additional
tools to gauge subtle influences of bonding contributions.
Observation of these values for Y suggests value in studying
BiAMP complexes beyond REEs, specifically as a spectroscopic
handle through which to interrogate the nature of phosphine-
actinide bonding interactions. The phosphorus resonances for
2 and 3 appear as relatively sharp singlets located at
6 —16.4 ppm (Av,,, = 2.8 Hz) and 6 —18.2 ppm (Av,,, = 4.3 Hz),
respectively. The lack of observed metal-phosphorus coupling
likely arises from rapid relaxation owing to the quadrupolar
nuclei, resulting in unresolved coupling of the expected octet

31P
Jry=2.7Hz

89Y
Jrp=2.6Hz

T T T T T
-15.6 -15.8 ppm 423 422 ppm

Fig. 4 Expansions of the S3P(*H} and ®°Y{!H} NMR spectra of
(A"BIAMP!BY)Y|(thf)5 (1) in THF-dg (at 25 °C) showing metal-phosphorus
coupling.
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that would arise from the abundant I = 7/2 **°La and ”’Lu
centers.

Indenide complexes: M(ArBiAMPtBu)(n5-iPrMelnd)(thf);
synthesis and characterization

The installation of the primary ligand “"BiAMP™" and forma-
tion of diamagnetic complexes 1, 2, and 3 was successful. The
presence of the iodide ligand allows for further chemistry at the
rare-earth element center; one specific facet of interest is how
substitution of the supporting anionic ligand affects the
observed coupling between *°Y and *'P. The observed small
coupling value provides a baseline from which we can start to
investigate the effect of secondary supporting ligands on the
observed M-P bond strength.

A bulky, electron-rich indene ligand (1,3-diisopropyl-4,7-
dimethyl-1H-indene, *™¢Ind)** was chosen for addition to the
coordination spheres of 1, 2, and 3. Indenyl moieties as ligands
are known for being electronically flexible and capable of
binding to a metal center through variable coordination modes
(', m°, or n®). Additionally, adding steric protection by
employing an indene with large substituents may offer addi-
tional stability that the iodide is unable to provide. The addition
of [K][**™¢Ind] - made by in situ deprotonation of *™*Ind using
a stoichiometric amount of K-CH,SiMe; in THF - to 1, 2, or 3
resulted in the formation of the corresponding indenyl species
(Fig. 5a). The M(*"BiAMP™")(1>-"™¢Ind)(thf) complexes of Y (4)

TG

Co,

/—N‘ M =Y (73.5%), Lu (65%)

+P\_N'M_I e or
-35°Ctort
(-KI)
Q + \ /OD
N \°Q
a) /@

M = La (71.5%)

<)

Fig.5

(a) General synthetic route to form diamagnetic M(ArBiAMPtBu)(n
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and Lu (6) were isolated as colorless to pale-yellow crystalline
products in moderate yields (respectively 73.5% and 65%).

The substitution of n°-*™¢Ind onto 4 resulted in a much
more pronounced M-P interaction as determined by the J-
coupling. This effect was experimentally confirmed by *'P{"H}
and *’Y NMR investigations of 4 (Fig. 5b). The corresponding
31p resonance signal (doublet) for this compound was shifted
downfield to 6 —13.6 ppm and exhibited a considerably
increased J-coupling value ((Jp-y) = 17.5 Hz). The same
increased value was observed for the doublet resonance in the
89Y NMR spectrum ((Jy_p) = 17.4 Hz) that shifted to 6 176.0 ppm
(A6 = 246.4 ppm when compared to 1). NMR experiments per-
formed on 5 and 6 showed no signs of M-P coupling, with broad
singlet resonances observed in the *'P{'"H} NMR spectrum at
0 18.1 and 6 —14.5 ppm, respectively.

SC-XRD experiments were performed to confirm the identi-
ties of complexes 4 and 6, which are isostructural, and both
were solved in the monoclinic space-group P2,/c. The asym-
metric unit cell contains one THF molecule in the interstitial
space and a single THF molecule coordinated to the metal
center (Fig. 5¢). The metal center was found n’-coordinated to
the indenyl ligand, and the *"BiAMP*" ligand retained the boat
conformation, maintaining the metal-phosphorus interaction.
Introduction of the indenyl ligand resulted in a significant
contraction of the P-M distance to 2.886(1) A for 4 and 2.858(1)
A for 6 (compared to 3.124(2) A for 1 and 3.077(1) A for 3). A

31p 89Y

Jry=175Hz ) Jre=17.4 Hz
k" 3

L

=

b) 13.0 13.5 1] 0 ppm ) 179 179 177 176 175 174
<
|
't" o % -
[(
MHTW
(] i’
0 & N2 PN
Eal 0
W ) )
f aSed @
}Tz‘\@
/] @
d) g

L/

5_iPrMe|nd)(thf),, where M =Y (4, n =1), La (5, n = 2), Lu (6, n = 1). Yields

are reported for isolated crystalline products obtained by fractional crystallization. (b) Expanded section of both *'P{*H} and 8°Y{*H} NMR spectra
of 4in THF-dg (at 25 °C) showing metal-phosphorus coupling with increased J-coupling values shown. (c) The solid-state molecular structure of
6 is shown at 50% probability ellipsoids with hydrogen atoms omitted for clarity. (d) The solid-state molecular structure of 5 is shown at 50%
probability ellipsoids with hydrogen atoms, disordered lattice solvent, and disorder of a bound THF arising from symmetry omitted for clarity.
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contraction of the metal-amide bond distances for 4, 5, and 6 is
observed upon coordination of n°-*™¢Ind to the metal center.

In contrast to 4 and 6, our attempt to generate the iso-
structural La complex resulted exclusively in the formation of
a bis-THF coordinated product
La(*BiAMP™")(1>-"™¢[nd)(thf), (5), which was confirmed by
SC-XRD analysis (Fig. 5d). Complex 5 was isolated in 71% yield
after crystallization from a THF-pentane mixture. The crystals
formed as multi-crystalline clusters of colorless blocks,
requiring careful separation prior to SC-XRD analysis. Data
acquired for complex 5 was solved in the tetragonal space group
P42,m. The “"BiAMP™" ligand was found again in the boat
conformation. Even with the sterically demanding indenide
ligand, La was able to accommodate an additional THF ligand,
inducing several structural changes as compared to 4 and 6
(Table 2).

A pronounced elongation was observed in the M-P distance,
from 3.192(1) A in 2 to 3.658(1) A in 5, suggesting a significant
weakening of the P-La interaction, with this distance outside of
the sum of the covalent radii of La and P (3.15 A) but remaining
within the sum of van der Waals radii (4.78 A). Additionally, the
conformation of the *"BiAMP*®" is significantly changed, where
the M-N-C atoms of the ligand are nearly planar, and the
phosphorus atom protrudes above the formed plane. Overlays
of the solid-state structures are provided to aid with the solid-
state structural comparison (Fig. S51t1) The centroid of the
indene ligand is offset slightly with the oxygen atoms of the
second THF with a centroid-La-O £ of 167.42(7)°. Further
discussion of geometric data analysis is provided in ESI S.2.3.1

Complex 5 showed instability in diethyl ether, which was
indicated by a color change to yellow and the observation of
multiple phosphorus resonances in the *'P{'"H} NMR spectrum.
Attempts to crystallize the lanthanum complex from diethyl
ether or toluene to generate a La complex with a single coor-
dinated THF, analogous to 4 and 6, resulted in undesired
reactivity and the formation of a dimeric product. The crystal-
line material that formed out of diethyl ether was collected as
thin, polycrystalline plates, and the SC-XRD data was adequate
to provide a connectivity structure only (Fig. S601). The data
confirmed the loss of THF ligands and formation of a dimer
derived from 5. The connectivity structure obtained showed that
the phosphorus atom is indeed hemilabile, and the six-

Table 2 Select solid-state metrical parameters for complexes 4, 5,
and 6

D(A)or £ (9 4(Y) 5 (La) 6 (Lu)

M-P 2.886(1) 3.658(1) 2.858(1)
M-Nyyg’ 2.252(3) 2.388(3) 2.214(3)
M-centroid 2.389(1) 2.645(2) 2.343(1)
C3-P-M 169.5 (1) 167.6(1) 170.5(1)
P-M-centroid 111.0(3) 92.3(2) 111.3(4)
N1-M-N2 97.2(1) 85.7(1) 98.5 (1)

% ESD (ESD = estimated standard deviation) values for the average were
calculated using the root-mean-square method; 5 has symmetry
equivalent M-N bonds.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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membered metallacycle will rearrange into the chair confor-
mation in appropriate conditions. A similar experiment was
performed with 4, which crystallized out of diethyl ether in
a different space-group (P1) with a molecule of ether in the
asymmetric unit cell (Fig. S57at), otherwise, the metrical
parameters were not notably different. The coordination
differences and instability observed with the lanthanum
congeners can be attributed to the metal's propensity for
a higher coordination number due to its larger ionic radius as
compared to Y and Lu.

Triethylphosphine oxide substitution

The observed Ln-P bond shortening - and correlated increase
in the Jy_p-value - upon installation of 1> *™¢Ind was signifi-
cant. The products 4 and 6 showed Ln-P contraction of nearly
0.2 A, while 5 exhibited an La-P bond expansion to a length
outside of the sum of covalent radii. These results suggest that
the M-P bond can be tailored by substitution of secondary
ligands surrounding the lanthanide centers. Substitution of the
bound THF with a stronger phosphine-oxide was then pursued
to observe the effect the addition of this hard, strongly donating
oxygen atom has on the M-P coupling value. By choosing trie-
thylphosphine oxide (TEPO), we can also compare the relative
Lewis acidities of the metal centers through an established
technique.

Gutmann-Beckett analysis offers one of the most commonly
applied and convenient experiments to measure relative Lewis-
acidities via a calculated acceptor number (AN).***” The exper-
iment employs TEPO as a hard Lewis-base that undergoes
a distinctive *'P{'"H} NMR chemical shift change (Ad) induced
by coordination to a Lewis acidic center.*” This method was
originally applied to assess the effective Lewis acidity®® of
boranes,* arylboronic catechol esters,” and silylium ions.”™
Guttmann-Beckett analysis has also found use in complexes of
the transition metals,” alkaline-earth metals,”® and with rare-
earth elements.” A prior study also employed simple rare-
earth salts to correlate Lewis acidity to observed Lewis-acid
catalyzed rates of reactivity.”

Complexes 4, 5, and 6 present an opportunity to study
molecular systems that presumably can coordinate a single
molecule of TEPO. Employing NMR-tube reactions, the addition
of a single equivalent of triethylphosphine oxide to solutions of
4, 5, and 6 resulted in ligand exchange with the bound THF
molecule, as determined by NMR spectroscopy, to generate
M(*BIAMP™")(n*-F™¢Ind)(TEPO) complexes (M = Y (7), La (8),
Lu (9)). The *'P{'"H} NMR spectra of these complexes comprised
two resonances with varying coupling, giving rise to different
splitting patterns at room temperature (Fig. 6, Top).

For 7, coupling to the *Y nucleus induced additional split-
ting; the *'"P{'H} NMR spectrum comprised two doublets of
doublets with TEPO resonance shifted downfield to 6 70.66 ppm
(Jo.y = 10.0 Hz, Jpp = 2.9 Hz) and *"BiAMP®" phosphorus
resonance centered at 6 —13.89 ppm (Jp_y = 10.2 Hz, Jp.p = 2.8
Hz). A resonance of low signal strength appearing as pseudo-
triplet at 6 170.5 ppm was observed in the **Y NMR spectrum,
with an observed coupling of Jy_p = 10 Hz. We attribute this

Chem. Sci., 2024, 15, 12138-12147 | 12143
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Fig. 6 Resonances from the *'P{*H} NMR spectra of (*"BIAMP®Y)(-
n°-P™MeInd)M(TEPO) adducts in THF-dg (at 25 °C); 7 (Y) (top), 9 (Lu)
(Bottom), with expansions of the observed resonances attributed to
TEPO (left) and BIAMP (right).

splitting pattern to near-coincident coupling observed to the
"Jp_y of the BIAMP phosphine and */p_y from the coupling of the
TEPO phosphine through the oxygen atom. The *'P{'"H} NMR
spectrum of 9 showed two doublets (Fig. 6, Bottom): one
centered at 6 72.62 ppm (/p_p = 3.2 Hz) corresponding to the
downfield shifted phosphine oxide of the coordinated TEPO
and the second resonance centered at 6 —17.21 ppm (Jp_p = 2.9
Hz) attributed to the phosphorus resonance of “*BiAMP™",
Complex 8 shows two broadened singlets at 25 °C centered at
4 68.78 ppm (Av,,, = 10.8 Hz) (TEPO) and 6 —13.77 ppm (Avy), =
26.7 Hz) (BiAMP) by *'P{'"H} NMR spectroscopy. Variable
temperature *'P{'"H} NMR experiments allowed for the obser-
vation of J-coupling in 8 at —50 °C. In this case, the respective
resonances for TEPO and BiAMP ligands were observed as
doublets at 6 70.29 (Jp_p = 3.2 Hz) and 6 —14.97 (Jp_p = 2.8 Hz).

Gutmann-Beckett acceptor numbers (AN) for each
(A"BiAMP™")(n*-*™°Ind)M(TEPO) adduct (7-9) were calculated
using the A¢ values of the metal-coordinated TEPO resonance
measured at 25 °C (298 K) according to the equation AN = 2.21
X (0sample — 45.05) that takes into the account the “free” TEPO
phosphorus resonance observed at ¢ 45.05 ppm in THF-dg with
3'p{"H} NMR spectroscopy. As predicted, the observed change
in the resonance frequency arising from the TEPO group follows
a roughly linear trend (AN(7) = 56.6; AN(8) = 52.4; AN(9) = 60.9
based on established Shannon radii of the metals.®> However,
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the observed trend is imperfect; recent reports describe the
variables which prevent Gutmann-Beckett analysis from being
a universal indicator of Lewis-acidity.” In our case the trend is
consistent but falls far outside of linearity (Graph S1) and we
can hypothesize several reasons for this. Complex 7 bears
a metal (Y) with a lower principal quantum number, 4d, than
the lanthanide metals La and Lu (4f/5d). The 4f electrons are
considered core-like and non-participatory in bonding, while d-
orbitals tend to dominate bonding. Additionally, the La
analogue 8 may be able to reversibly accommodate an addi-
tional THF as a ligand from the THF-dg solvent, which would
produce broadened resonances through dynamic averaging.
Evidence for an unknown dynamic process was found by per-
forming VT NMR experiments, during which a doublet (Jp_p)
was observed at —50 °C (Fig. 7).

An unfortunate physical consequence arising from the
addition of TEPO was the decreased crystallinity of the resultant
complexes that necessitated investigating these molecules
solely from material generated and analyzed in situ. Complexes
7-9 were observed as tacky solids, and attempted crystallization
using various solvents and methods were non-productive. Thus,
solid-state analysis and the related metrical parameters were
not obtained. While these data would have allowed for further
correlation between structural and spectroscopic parameters,
we were nevertheless able to confirm the substitution of TEPO
onto the metal center. The obtained NMR parameters from
these complexes proved useful; specifically, the *Y-*'P
coupling were determined to increase along the series 1 <7 < 4.
We rationalize this observed trend based on our original
hypothesis on the electrostatic nature of the M-P interaction,
where the electron rich, tris(thf) iodide environment of 1 is
observed with the smallest coupling. The largest coupling was
observed in 4, where n°-"™¢Ind substitutes the iodide and two

J=3.2Hz J=2.7Hz

‘I
EtsPsg—Lat— +
@NN—/
BiAMP

TEPO

223 K
298 K

'70.4  70.1 68.9  68.6 )

Fig. 7 Resonances from the *'P{*H} NMR spectra of 8, ('BIAMP®Y)(-
n°-P™MeInd)La(TEPO), in THF-dg recorded at 25 °C (298 K) and —50 °C
(223 K), with the expansions of the resonances attributed to TEPO (left)
and BIAMP (right).

-13.6 -14.22 -14.8 -15..
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THEF ligands. A substantial decrease in coupling was observed
upon substituting the coordinated THF with TEPO in 7, as the
P=0 donor would be the stronger donor in the spectrochemical
series. Future efforts will be dedicated to understanding the
effects of additional ligands at the metal center, either to
increase or decrease the observed coupling values in order to
aid future predictive ability. Further exploration of REE-P
bonding and covalency, using J coupling as a tool, may further
aid our understanding of fundamental bonding descriptions.

Conclusions

A new bifunctional ligand, “"BiAMP™", was prepared in good
yields in a one-pot reaction using the Kabachnik-Fields
condensation. The synthesis of the new ligand was optimized to
reduce the amount of observed cyclic byproduct, and the reac-
tion consistently produced a 66% yield of highly pure crystalline
A'BiAMP™". The coordination chemistry of three diamagnetic
rare-earth elements with the deprotonated “"BiAMP™" ligand
was investigated. Installation of the doubly deprotonated,
dipotassium salt of the ligand onto the THF-adducts of MI; salts
was achieved to generate the mono(iodide) complexes of Y (1),
La (2), and Lu (3) that crystallize as THF adducts
MI(*"BiAMP™")(thf),. These compounds proved unstable in
non-coordinating solvents as observed by *'P{'H} NMR spec-
troscopy. Subsequent organometallic derivatization of 1, 2, and
3 to form ns-indenyl products 4, 5, and 6 was accomplished by
performing a salt metathesis with [K][n°>*™¢°Ind]. And while
the products proved non-isolable, the TEPO derivatives 7-9 were
characterized using NMR techniques to determine the effect of
a stronger donor ligand in the coordination sphere.

For complexes 1-6, SC-XRD analysis was used to evaluate
potential bonding between the Ln and phosphorus, and a linear
trend was observed correlating the ionic radius of the metal to
the M-P distances found in the solid-state data. NMR spec-
troscopy confirmed direct Y-P bonding as determined through
both *'P and *Y NMR spectroscopy. The strength of the Jp_y-
coupling increased from 2.7 Hz to 17.5 Hz, following installa-
tion of the n°-*™¢Ind. The increase in bond strength also
manifested as an observable contraction of the Y-P bond.
Lanthanum complex 5 exhibited an elongation of the La-P bond
to that of a non-bonding interaction owing to an additional
ligand coordination, which supports our hypothesis that
increasing the electron density at the metal center will result in
a weaker electrostatic interaction between the two moieties. For
Lu, the substitution also led to a significant contraction of the
M-P bond, but the *'P{"H} NMR spectra did not show resolved
coupling but rather a broadened resonance, which is likely
attributable to the I = 7/2 nucleus with inherently small J-
values. Complexes 7-9 were characterized using NMR spec-
troscopy (Fig. S31-S417) as the crystallization proved difficult,
which precluded solid-state characterization.

This preliminary exploration of the chemistry of “"BiAMP**"
as a supporting ligand for f-block metals produced encouraging
results. Additional reactions and further chemical derivatiza-
tion may begin to elucidate the necessary conditions for M-P
bond expansion and contraction, with the goal of predicting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and controlling the observed nuclear coupling. We hope to
further explore the extent to which the flexible phosphorous
moiety enables the ligand to act as a spectroscopic handle. The
M-P bond was sensitive to the coordination environment
around the metal center and attempts to understand and
control that sensitivity will support future work with the BIAMP
system, including efforts targeting separations, frustrated
Lewis-acid base pair reactivity, and actinide coordination and
bonding studies.
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