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The coordination and organometallic chemistry of the f-elements, that is group 3, lanthanide, and actinide
ions, supported by nitrogen ligands, e.g. amides, imides, and nitrides, has become well developed over
many decades. In contrast, the corresponding f-element chemisty with the heavier pnictogen analogues
phosphorus, arsenic, antimony, and bismuth has remained significantly underdeveloped, due largely to
a lack of suitable synthetic methodologies and also the inherent hard(f-element)—soft(heavier pnictogen)
acid—base mismatch, but has begun to flourish in recent years. Here, we review complexes containing
chemical bonds between the f-elements and heavy pnictogens from phosphorus to bismuth that spans
five decades of endeavour. We focus on complexes whose identity has been unambiguously established
by structural authentication by single-crystal X-ray diffraction with respect to their synthesis,
characterisation, bonding, and reactivity, in order to provide a representative overview of this burgeoning
area. By highlighting that much has been achieved but that there is still much to do this review aims to
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rsc.li/chemical-science inspire, focus and guide future efforts in this area.

technologies,">* there has been burgeoning interest in the
fundamental chemistry of the f-elements over the past few
decades. Since f-element metal ions, that is group 3, lanthanide,
and actinide ions, are hard Lewis acids with typically large radii
and high coordination numbers, they preferentially bind with
hard bases (by the hard-soft-acid-base definition); the chemical
bonds of these ions are understood to be predominantly ionic,
thus their solution chemistry is dominated by N-, O-, and
halide-donor ligands."* With ever-developing synthetic methods

1. Introduction

Due to their widespread and important applications in
magnetic materials,"* electronic devices,> bioimaging,**
synthesis,”® catalysis,»'® materials science' " and nuclear
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Fig. 1 Bar graph summarising the number of molecular structures
deposited into the CCDC by 10-08-2023 for any type of f-element
pnictogen bond. Total numbers: M=N = 29713, M-P = 817, M-As =
67, M-Sb = 21, M-Bi = 28.

and characterisation techniques, molecular non-aqueous f-
element chemistry has developed in recent years, and under
non-aqueous conditions f-element complexes with novel link-
ages involving softer donor atoms can be accessed and inves-
tigated.' More peripherally, but still relevant, it is known that
softer donor ligands can effect better selectivity in extraction
processes, so the study of such linkages can provide bonding
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benchmarks of wider relevance.'” For group 15, the pnictogens,
f-element chemistry is well developed for nitrogen ligands, e.g.
amides, imides, and nitrides, but this is not the case for the
heavier congeners phosphorus, arsenic, antimony, and
bismuth.**° To illustrate the point, a search of the Cambridge
Structural Database (CSD, 10th August 2023+)** for any type of
crystallographically characterised chemical bond between the f-
elements and any pnictogen reveals a stark picture, Fig. 1. There
are almost thirty thousand complexes with f-element nitrogen
bonds, over 30 times the total number of 933 for f-element
heavier pnictogen complexes. Furthermore, below phosphorus
there are only 67, 21, and 28 examples of f-element bonds to
arsenic, antimony, and bismuth, respectively, with most of
those examples reported in the last decade.

The above data parallel transition metal chemistry in many
regards, though are a more extreme picture reflecting that sta-
bilisation of the heavier and softer pnictogen ligands multiply
bonded at large and hard Lewis acidic f-element metal ions is
certainly more challenging. However, f-element pnictinidene
and pnictido complexes remain of interest since in addition to
being heavy amide, imide, and nitride analogues, they are
isoelectronic congeners of transition metal alkyls, carbenes,
and carbynes, respectively, that have developed into excellent
catalysts for various organic transformations® or as precursors
to inorganic materials.”® Furthermore, whilst f-element phos-
phorus and arsenic multiple bonding is precedented, f-element
antimony or bismuth multiple bonds are conspicuous by their
absence.” Indeed, as group 15 is descended the pnictide ions
become increasingly electropositive and metal-like, which
increases the challenges of pairing electropositive f-element
and increasingly large pnictogen metal ions together to form
weak and highly polarised metal-metal bonds. Thus, well-
defined molecules are of vital importance to study the
inherent physicochemical properties and nature of covalency in
f-element ligand bonds. This in turn could benefit the devel-
opment of new synthetic methods, ligand design, catalytic

T Shortly after the census date of this review, reports of a yttrium-bismolyl
complex and a yttrium-bismuth cluster were published by Demir and
co-workers, and an account of rare-earth phosphinidene complexes was
published by Chen and co-workers. See ref. 156-158 for details.
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Table 1 3P NMR chemical shifts of reported f-element complexes with phosphorus ligands in this review
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Complex name *'p NMR (ppm) Solvent Ref.
[Y(Cp")(THF)(PHSi‘Bu;)] (5) -181.1 CeDg 44
[Y(Cp")of{(1-PH,)(p-Li[tmeda])},(C)}] (6) —218.5 Toluene-dg 45
[Yb(Cp*),{(PCHCMeCMeCHC),}] (8c) 191.6 THF-dg 48
[Yb(Cp*),{(PCHCMeCMeCHC),}] (8¢) 178.2 Toluene-dg 48
[{Lu(PNP*")(u-PMes)},] (9) 186.8 CeDg 50
[{Lu(PNP*")(u-PMes)},] (9) 18.1 CeDe 50
[{Nd(u-PDipp)(I)(THF);},] (10) —168 CeDg 51
[{Sc(PNP")(u-PTripp)}.] (13) 227.4 CeDg 53
[{Sc(PNP™*")(u-PTripp)},] (13) 7.0 C¢Ds 53
[Sc(PNP™*")(u-PDmp)(11-Br)Li] (14) 9.8 CeDs 53
[Sc(PNP™*")(u-PDmp)(11-Br)Li] (14) 8.0/13.2 CeDs 53
[Sc(PNP*)(u-PDmp)(i-Br)Li(DME)] (15) 56.1 CeDs 53
[Sc(PNP*")(u-PDmp)(1t-Br)Li(DME)] (15) 10.8/5.6 CeDe 53
[{Sc(NCCN™*")(u-PXyl},] (16) 183.8 CeDg 54
[{Sc(NCCN™")(u-PXyl)(DMAP)},] (17) 181.3 CeDs 54
[Sc(NCCN™)(2,2"-bipy){n>P,(Xyl),}] (18) 30.0/25.9 CeDs 54
[{Sc(NCCN™ 5 (w-S){u-nP,(Xyl),}] (198) —79.0 CeDs 54
[{Sc(NCCN")},(j-Se{u-n*-P,(Xyl),}] (19Se) ~72.2 CeDs 54
[{Sc(NCCNIPr)},(1-Te){n’>P,(Xyl),}] (19Te) ~60.1 CeDs 54
[Sc(NCCNP'PP)(Me){P(H)Dipp}] (20) —90.9 CeDg 55
[{Sc(NCCNPPP)},(1-CH,)(u-PDipp)] (21) 84.1 CeDs 55
[{Y[PhC(NDipp),](1o-Me)}s(1s-Me)(n3-PPh)] (26Y) 138.8 CeDs 56
[{Lu[PhC(NDipp),](1t2-Me)}5(1t5-Me)(115-PPh)] (26Lu) 103.4 CeDs 56
[{Y[PhC(NDipp),]}s(na-Me),(us-Me)(1,n*m>-PCsH,)] (27Y) 262.48 CeDs 56
[{Lu[PhC(NDipp)Z]}3(uz-Me)Z(u3-Me)(uz,nZ:n3-PC5H4)] (27Lu) 192.52 CeDs 56
[{Y(Cp™©)}5(1-PMes);Li][Li(THF),], (28Y) 57.24 CeDg 58
[Sc(NCCNPPPY{PP(EDAPPP)}] (29) 412.0 CeDg 59
[Sc(NCCNPPPYPP(EDAPPP)Y] (29) 157.2 CeDs 59
[Sc(NCCNP'PPY{PP(EDAPPP)}] (29) 402.3 THF-dg 59
[Sc(NCCNP'PPY{PP(EDAP'PP)Y] (29) 158.5 THF-dy 59
[Sc(NCCNM€){PP(EDAPPP)}] (30) 324.8 CeDs 59
[Sc(NCCNMPP(EDAPPP)Y] (30) 169.0 CeDs 59
[Sc(NCCNMe)|{PP(EDA”'PP)}] (30) 312.2 THF-dg 59
[Sc(NCCNMe|{PP(EDAP'PP)}] (30) 166.8 THF-dg 59
[Sc(NCCNM){(n-PB)[N(Dipp)CHCHN(Dipp)]}(1-C1)K], (35) 11.4 Toluene-dg 60
[Sc(NCCN™){(1-PB)[N(Dipp) CHCHN(Dipp)[}(1-C){K(DB18C6)}] (36) 19.6 Toluene-dg 60
[Sc(NCCNMeUN(*Pr)C(PB{N(Dipp)CHCHN(Dipp)})N('Pr)}] (37) —-103.1 CeDg 60
[Y(Tp™®"Me)(Me)(HPDipp)] (38Y) -117.8 CeDs 61
[Y(Tp™®*"M°)(PDipp)(DMAP),] (40) —-5.5 CeDs 61
K{Y(DHY[s-P(Dipp)](u-T)(THF)}a(ne-PHK(C/Hg)H] (41) 347.4 GeDs 62
{Y(HY[ns-P(Dipp)](n-T)(THF)}(nePHK(C,Hg)H (41) 154.7 CeDs 62
YD Y[s-P(Dipp)](-1)(THF)}4(1e-PHK(THF)}] (42) 346.6 CeDg 62
[{Y(HY[ns-P(Dipp)](n-T)(THF)}y(1e-PHK(THF)}] (42) 154.3 GeDs 62
{Y(DHY(D(THF)}{Y(THF), }5(u-1)[15-P(Dipp)Ja(15-P)] (43) 358.8 THF-ds 62
{YOHY(D(THE)}2{Y(THF),}»(1-D1s-P(Dipp)]a(ps-P)] (43) 148.4 THF-dg 62
HY(OHY(D)(THF)}{Y(NCCN'")}, (u-D)[1s-P(Dipp)Ja(15-P)] (44) 400.7 THF-dy 62
{Y(DHY(D)(THF)}{Y(NCCNP)}, (u-1)[u5-P(Dipp)]4(15-P)] (44) 176.3/172.9 THF-dg 62
[{Y(THE){Y(u-T)(THE){Y(THF){Y(Cp*)}{(n3-T)(1-1) [ 3-P(Dipp) Ja(1s-PHK(THF)}] (45) 300.9 THF-ds 62
[{Y(THE)KY(u-T)(THE)1{Y(THF){Y(Cp*)H{u5-1)(1-1)[3-P(Dipp) Ja(ms-PHK(THF)}] (45) 72.8 t0 130.4 THF-dg 62
[{Sc(NN)};P,] (47Sc) —131.4 t0 23.2 CeDg 64
[{Y(NN™)(THF)};P,] (47Y) ~130.4 to —20.4 CeDg 64
[{Sm(DippForm),},(1*n*m*-P,)] (48) 453 CeDs 67
[{Y(DippDBD)(THF)},(P;)][K(18C6)(toluene)] (49) —273.01 THF-dg 68
[Th(Cp*),(PPhy,),] (50) 143 CeDg 79
[Th(Cp*),(u-PPh,),Ni(CO),] (51) 177 CeDg 79
[Th(Cp*),(u-PPh,),Pt(PMe;)] (52) 149.3 Toluene-dg 80
[Th(Cp*),(11-PPh,),Pt(PMe;)] (52) -3.3 Toluene-dj 80
[Th(Cp*),(PHTripp),] (53) 1.66 CeDs 81
[Th(Tren™®)(PH,)] (54Th) —144.08 CeDs 83
[U(Tren™S)(PH,)] (54U) 595.07 CeDg 82
[Th(Tren™"5)(PH,)] (55Th) —133.01 THF-d 84
[U(Tren™")(PH,)] (55U) 605.91 THF-dg 84
[{Th(Cp*),}2{1-P[(2,6-CH,CHCH,),-4-PrCeH, ]} (57) 161.9 CeDg 81

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table1 (Contd.)
Complex name *'p NMR (ppm) Solvent Ref.
[{Th(Cp*),(n-PTripp)(n-PHTripp)(K)}»] (58) 171.91 THF-dg 87
[{Th(Cp*),(u-PTripp)(1-PHTripp)(K)},] (58) —110.54 THF-dg 87
[Th(Cp*),(PTripp){(PHTripp)][K(2,2,2-cryptand)] (59) 177.86 THF-dg 87
[Th(Cp*),(PTripp){(PHTripp)][K(2,2,2-cryptand)] (59) —106.99 THF-dy 87
[{Th(Cp"),(PMes*}(CIK)},](60) 108.79 CeDg 93
[Th(Cp"),(PMes*)(n-CI){K(18C6)}] (61) 133.5 CeDg 93
[U(Cp*).(PMes*)(OPMe;)] (62) 71.06 CeDs 95
[U(Cp*),(PMes*)(OPMe3)] (62) —59.84 CeDs 95
[Th(Cp™),(PMes*)] (63) 145.7 CeDs 97
[{U(Tren™"*)(u-PH)HK(2,2,2-cryptand)}] (66) 2460.4 CeDs 82
[Th(Tren™™®)(PH)][Na(12C4),] (67) 198.8 CeDs 83
[Th(Tren™"5)(PH)]|[Na(2,2,2-cryptand)] (69Th) 266.16 THF-d 84
[U(Tren™"%)(PH)][Na(2,2,2-cryptand)] (69U) 2628.50 THF-dg 84
[{Th(Tren™")},(u-P)][Na(12C4),] (70) 553.5 THF-dg 83
[{Th(Tren™®)},(u-PH)] (71Th) 145.7 CeDs 83
[Th(Tren™"®)(OCP)] (74Th) —339.91 CeDs 110
[U(Tren™S)(OCP)] (74U) —319.96 CeDe 109
[{Th(Tren™®) }4(1-OC,P3),(1-OC,P3H),Rb,] (76) 217.99 to 261.14 CeDs 110
{Th(Cp")o}a(1*>n*-Ps)] (77) —41.9 t0 125.3 Toluene-dg 111
{Th(Cp*)2H(n*n*-P;{Th(Cp™),Cl}] (78) —94.5 to —69.7 CD,Cl, 111
[{U(Cp*)(CsHe(Si'Prs),)}o (1> *-P,)] (79) 718 CeDs 112
[{Th(Cp")3}2(1>1>-P,)] (80) —246.55 to 323 CeDs 113

. . . I I ] v
transformations, and materials precursors. Reflecting the o o o o

. . Nomenclature: pnictide pnictinidiide  pnictinidene  pnictido
growing nature of this field, there have been a number of R
excellent but very ge'neral or l.igan.d-speciﬁc review articles and Bonding: I _R W M=¢ _R M?E
book chapters covering the historical developments of some of R Mz==E==M
the subtopics,>***° but recent developments justify a broad but
Charge on E: -1 -2 -2 -3

detailed review specifically focussed on this topic.

This review highlights the most notable achievements in the
field of f-element heavy pnictogen chemistry from phosphorus
to the heaviest abundant main group element bismuth up to
August 2023. In line with the criteria for reviews, a representa-
tive selection, rather than a complete literature survey, is pre-
sented, and discussions concentrate on structurally
characterised molecules. We aim to highlight the major
advances involving all heavy pnictogen ligand types, with the
exception of phospholyl and arsolyl ligands, which were
reviewed in 2021,* and (OCE)~ (E = P, As) ligands, which were
reviewed in 2019 and are normally O-bound unless the E centre
decisively directs the chemistry;** several other previous reviews
have separately covered the ligand classes that comprise this
review.>***> Here we present current challenges to inspire
researchers and focus and guide future efforts of the field to
develop f-element heavy pnictogen chemistry more rapidly in
the future. In this review, we include the group 3 elements
scandium, yttrium, and lanthanum under the heading of
lanthanide sections for convenience. *'P NMR chemical shifts
for P-bound complexes covered in this review are compiled in
Table 1.

2. Nomenclature

Metal heavy pnictogen nomenclature depends upon the pnic-
togen identity, charge and binding mode. The prefix is

16 | Chem. Sci, 2024, 15, 13-45

M = Metal; E = Pnictogen (P, As, Sb, Bi); R & R' = Non-metal R group

Fig. 2 General nomenclature for pnictogen metal bonding.

determined by the pnictogen identity; the general prefix is
‘pnict-’, whilst bonds involving phosphorus, arsenic, antimony
and bismuth begin with ‘phosph-’, ‘ars-, ‘stib-’, and ‘bism-’,
respectively. The suffix denotes the charge of the pnictogen and
binding mode; the suffix ‘ide’ is used for a terminally bound
pnictogen bearing a formal —1 charge, whereas a terminal
pnictogen with a —2 charge ends with ‘-inidene’. A bridging
pnictogen with a —2 charge has the suffix “inidiide’, and lastly
a pnictogen bearing a —3 charge ends with “ido’, independent
of the binding mode. This gives the four bonding types:
pnictide (I), pnictinidiide (II), pnictinidene (III) and pnictido
(Iv), Fig. 2. Exceptions to these rules are seen for (As)’~ and
(R,As)” ligands, which are given the prefix ‘arsen-’ to give the
respective terms arsenido and arsenide when bound to metal
centres. An additional exception is made for the parent phos-
phide (H,P)~, which is given the unique moniker ‘phospha-
nide’. However, within some f-element pnictinidiide and
pnictido examples, the ligands can be bridged by more than two
metal centres to form more complex bonding modes which are
not presented in Fig. 2, but will be discussed with specific
examples in the following sections.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3. Synthetic methodologies for
generating f-element pnictogen bonds

Precise synthetic strategies can vary depending on the type of
pnictogen reagents and f-element precursors, but a pnictogen
donor ligand is commonly installed on an f-element metal
centre in one of the following general ways:

(1) Dative coordination of a neutral phosphorus or arsenic
ligand to form an adduct with an f-element complex that has an
available vacant coordination site; this tends to not be the case
for antimony or bismuth, which need to be negatively charged
to coordinate to an f-element metal centre.

(2) Ssalt elimination/metathesis of alkali metal pnictogen
anions with an f-element halide (or halide equivalent) precursor
to produce a polarised-covalent f-element pnictogen linkage.

(3) Alkane elimination between a primary or secondary
pnictogen precursor and f-element alkyl (or cyclometallate)
complex exploiting the acidic nature of the proton on the
pnictogen atom.

(4) Oxidising highly reducing low-valent f-elements with
phictogen compounds.

(5) Combining salt and alkane elimination approaches using
a primary pnictide alkali metal salt to react with an f-element
alkyl and halide starting material (mainly used to produce
metal-ligand multiple bonds).

4. Lanthanide phosphorus complexes

The past few decades have seen significant progresses in f-
element phosphorus chemistry, with many novel f-element
phosphorus motifs isolated and investigated.>®***® The
neutral, soft phosphine donor tends to form weak dative
bonding interactions to hard f-element metal ions, though this
can be overcome by incorporating P-donor centres into poly-
dentate ligands as demonstrated separately by Fryzuk and
Lu,** and such complexes were reviewed previously, so these
compounds are not included here.*»****3* This section
discusses recent advances in f-element complexes containing
phosphide/phosphanide, phosphorin, phosphinidiide/
phosphinidene, phosphido, and inorganic polyphosphorus
ligands.

4.1 Lanthanide phosphide complexes

Due to the large size of the metal ions, lanthanide phosphide
complexes tend to form multi-nuclear species with bridging
phosphide ligands; mono-nuclear complexes are therefore
relatively rare and usually require bulky stabilising phosphorus
substituents as demonstrated by Izod.***” The first mono-
nuclear lanthanide phosphide complex [Tm{P(SiMe;),};(-
THF),] (1Tm) was reported by Rabe and co-workers in 1995,
Fig. 3; this was prepared from the reaction of [TmIz(THF); 5]
with three equivalents of KP(SiMes), in THF via salt elimina-
tion.*® The molecular structure of 1Tm exhibits the five-
coordinate thulium centre in a distorted trigonal bipyramidal
geometry with two axial THF molecules and three equatorial
bis(trimethylsilyl)phosphide ligands. The Tm-P bond distances

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Examples of lanthanide—phosphide complexes 1-6.

of 2.709(1) and 2.701(2) A are typical of single bonds. Subse-
quently, the isostructural neodymium analogue [Nd
{P(SiMe;),}s(THF),] (1Nd) was isolated using the same synthetic
approach, Fig. 3. The Nd-P bond lengths of 2.80(4) and 2.83(3) A
are slightly longer than those in 1Tm, attributed to the larger
metal radii of Nd than Tm in the same coordination environ-
ment.** However, because of the paramagnetic metal centres,
no resonances were observed in their *'P NMR spectra.
However, the similar reaction of the divalent samarium
precursor [SmI,(THF)] with two equivalents of KP(SiMe;), in
THF produced dinuclear and asymmetric [Sm{P(SiMe;),}u-
P(SiMes;),};Sm(THF);] (2).** Using a similar salt elimination
method, Nief and co-workers showed that monomeric divalent
lanthanide phosphide complexes could be accessed by isolation
of [Ln{P(Mes),},(THF),] (Ln = Yb, 3Yb, Sm, 3Sm; Mes = 2,4,6-
Me;CgH,), Fig. 3, where the metal centres adopt octahedral
geometries with two axial bis(mesityl)phosphide ligands and
four equatorial THF molecules.**> According to the +2 oxida-
tion state, the Sm-P bond of 3.034(2) A in 3Sm is significantly
longer than those of trivalent 1Ln. In 1997, Rabe and co-workers
also reported the synthesis and molecular structures of the first
examples of divalent lanthanide phosphide complexes con-
taining primary phosphide ligands, [Ln{HP(Mes*)},(THF),] (Ln
=Yb, Eu; Mes* = 2,4,6-'BuzCgH,), which also exhibit octahedral
metal centres.*

In 2002, Westerhausen and co-workers isolated a dinuclear
yttrium phosphide complex [Y{P(SiMe;),},{u-P(SiMes),}]. (4)
and a mono-nuclear yttrium phosphide complex [Y(Cp”),-
(THF)(PHSi Bus)] (5, Cp” = 1,3-(SiMe;),CsH;), Fig. 3.* The latter
contains one primary phosphide ligand stabilised by the steri-
cally demanding Cp” ligands paired with the bulky phosphorus
substituents. With the convention of using a Cp” centroid as
a ligating point, the molecular structure of 5 revealed that the
metal centre adopts a pseudo-tetrahedral geometry and the Y-P
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bond distance is 2.770(1) A. Complex 5 is diamagnetic and the
3'P NMR spectrum exhibits a doublet of doublets resonance at
—181.1 ppm with “Jyp and “Jpy values of 144.0 and 201.0 Hz,
respectively. Phosphanide complexes featuring the (PH,)~
ligand are exceedingly rare for f elements. Although actinide
phosphanide complexes with terminal An-PH, linkages are
known (see below), isostructural analogues still remain rare for
lanthanides. The only relevant example is the yttrium complex
[Y(Cp")of(n-PH,)(u-Li[tmeda])},(CD)}] (6), Fig. 3, which contains
two (PH,)~ groups that bridge to two lithium cations.** It was
found that 6 is unstable in both solid and solution states, and
decomposes under argon atmosphere at room temperature to
produce PH; as well as a small amount of H,PSiMej;, reflecting
the synthetic challenge of stabilising terminal lanthanide-PH,
species.

4.2 Lanthanide phosphorin and biphosphinine complexes

In 1997, Cloke and co-workers reported the synthesis and
molecular structure of the bis(2,4,6-tri-tert-butyl-phosphorin)
holmium(0) complex [Ho(n®Ttp),] (7), Fig. 4, prepared by co-
condensation of holmium vapor with an excess of 2,4,6-tri-
tert-butyl-phosphorin at —196 °C followed by further work-up
and recrystallisation.”® The remarkable thermostability of 7
(Tsublimation = 160 °C, 10™> mbar, 90% recovery) arises from the
better m-acceptor capability for phosphorin over arenes, which
was confirmed by optical and magnetic data for 7. The structure
of 7 was found to exhibit extensive disorder, with the P-atoms
equally disordered over the three possible positions of each
phosphorin ligand, so no preference for syn or anti conforma-
tions could be inferred.

During 2014 to 2016 Nocton, Clavaguéra, and co-workers
reported biphosphinine complexes of the general formula
[Ln(L),{(PCHCMeCMeCHC),}] (Ln = Tm, L = {P(CBu‘CMe),},
8a; Ln = Sm or Yb, L = Cp*, CsMes, 8b, 8¢),*”*® Fig. 4. In these
complexes the biphosphinine ligands are formally radical
anions but the extent of electron transfer for the Yb complex
was ambiguous, with characterisation data intermediate to
closed or fully open shell formulations. The Tm-P, Sm-P, and
Yb-P distances were found to be 2.825/2.862(2), 2.909(2)/
2.927(2), and 2.872(2)/2.938(2) A, consistent with the radii of
the lanthanide ions. We note that this work followed on from
prior work on P-methylated phosphinine ligands with
chelating side arms from Arliguie, Mézailles, and co-workers;

" )
‘Bu SN
But \@ ,P‘(
Ho By [Ln]\
utKé(P X
= [Tm{P(CBu'CMe),}] (8a)

[SmCp*;] (8b)
[YbCp™,] (8c)

7 [Ln]

Fig. 4 Lanthanide complexes containing phosphorin ligands 7 and 8.
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however, in those complexes the anion charge partially delo-
calises into the CsP rings, resulting in rather long M-P bonds
(~3 A for Ce, Nd, and U) that are between dative phosphines
and covalent phosphides,* thus we do not discuss them
further.

4.3 Lanthanide phosphinidiide complexes

Unlike their d-transition metal counterparts, lanthanide-pnic-
togen multiple bonds are relatively rare as a result of the valence
orbital spatial and energy mismatch of 4f metal ions and
pnictogen ligands. Most lanthanide pnictinidenes form
bridging dimeric pnictinidiide complexes where the “Ln=Pn”
moiety is stabilised through additional interactions with adja-
cent rare earth metal centres or electropositive alkali metal
cations.*® This section describes the progresses made in isola-
tion of a handful of lanthanide pnictinidiide complexes before
the terminal phosphinidene species was finally secured very
recently.

In 2008, Kiplinger and co-workers synthesised the first
bridging phosphinidiide lanthanide complex [Lu{(PNP™")(u-
PMes)},] (9, PNP*" = [{2-("Pr,P)C¢H,},N]") by protonolysis of
[(PNP""Lu(CH,SiMe;),] with MesPH,, in 52% yield, Scheme
1.°° Complex 9 exhibits an asymmetric Lu,P, core, with two
short [2.5973(15)/2.6031(16) A] and two long [2.6527(16)/
2.6724(14) A] Lu-P bonds. The sum of the angles about the
phosphorus atoms range from 358.9 to 356.5°, which indicates
that the phosphorus lone pairs possibly w-donate to the Lu ions.
The authors concluded that the structural data for 9 suggested

i ,' P, ,iPr Pr‘\ [
QP MesPH, 2\ )P Mespﬂj
\ SIMes Tolyene \ P/

N-Lu — 05 N Lu, Lu-N
[ NCH,SiMe, =2 SMeq =/ P \ =
F( VIR el ;\(
'P P ipr pf

9

Scheme 1 Synthesis of Lu—phosphinidiide complex 9.
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Scheme 2 Synthesis of Nd—phosphinidiide complexes 10-12.
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that the complex formed via the dimerisation of a transient
terminal phosphinidene species, [Lu(PNP"*")(PMes)].

Soon afterwards, Chen and co-workers reported the
synthesis of the first early lanthanide phosphinidiide complex,
[{Nd(1)(u-PDipp)(THF)3},] (10, Dipp = 2,6-'Pr,CeH;), via the
concomitant salt elimination and silyl redistribution reaction of
[NdI;(THF); 5] with two equivalents of KP(SiMe;)(Dipp) to
eliminate one equivalent of P(SiMe;),(Dipp) and two equiva-
lents of KI, Scheme 2.°* The Nd(m) ions in 10 exhibits pseudo-
octahedral geometries, with the two bridging phosphinidiides
forming an asymmetric Nd,P, core that is analogous to the
Ln,P, core of 9, with Nd-P bond distances of 2.7314(15) and
2.7769(16) A. In common with 9, the phosphorus atoms in 10
are trigonal planar, with the sum of bond angles equalling
359.1°. The authors carried out preliminary investigations into
the reactivity of 10, establishing that it reacts in a similar
fashion to carbenes with substrates such as benzophenone to
give a phosphaalkene.

In 2010 Chen and co-workers later expanded the range of
neodymium phosphinidiide complexes, utilising 10 in salt
metathesis reactions with two equivalents of either KCp* or
KTp™ (KHB(3-Ph-N,C3;H,);) to yield the phosphinidiide
complexes [{Nd(Cp*)(u-PDipp)(THE)},] (11) and [{Nd(Tp™)(s-
PDipp)(THF)},] (12), respectively, Scheme 2.%> Complex 11 was
isolated as the major product in a yield of 52%. Complex 12,
however, was initially isolated as a crystalline mixture with the
cyclometallated complex [Nd(Tp"™-cyclo)(TpPh)], with purifica-
tion of the two complexes performed via the manual separation
of crystals. The solid-state structure of 11 revealed that there is
a loss of the trigonal planar geometry of the bridging phos-
phinidiides, indicated by the decrease of the sum of bond
angles of the phosphorus atom to 349.2(3)° when compared to
complexes 12 [358.9(4)°] and 10 [359.1°], which could be a result
of the coordination of the sterically demanding Cp* ligand.
Complex 11 exhibits an analogous Nd,P, core to that of 10, with
inequivalent Nd-P distances of 2.7456(11) and 2.7827(10) A,
whilst 12 demonstrates a more regular core geometry with Nd-P
distances of 2.7808(16) and 2.7911(15) A. The molecular struc-
ture of 12 exhibits one inverted pyrazolyl group on each Tp*"
ligand, which is a result of isomerisation of the ligand via a 1,2-
shift to relieve steric buttressing between the Tp™" ligand and
the phosphinidiide Dipp group.

In 2010, Mindiola and co-workers reported that the reaction
of the sterically demanding phosphide precursor, LiPH(Tripp)
(Tripp = 2,4,6-'Pr;C¢H,), with [Sc(PNP*")(Me)(Br)] yielded the
bridging phosphinidiide dinuclear scandium complex

\_ Pr Pr \__Pr P
7N T\ Tnpp
O \ Vs

—/ ‘-\ Me LiPH(Tripp)

D

N Toluene

/N S/ \ —CH4and L|Br05 7<N S,C SC N _
1 \\>— \ I
/. A\ \_/ \ Tl’lpp/
/P py £OP e P

Scheme 3 Synthesis of Sc—phosphinidiide complex 13.
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