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CONSPECTUSGroup 14 Zintl anions [F! (E = Si Pb,x = 4, 5, 9, 10) are
synthetically accessible, and their diverse chemical reactivity makes them valuabl
synthons in the construction of larger nanoclusters with remarkable structures,
intriguing patterns of chemical bonding, and tunable physical and chemical
properties. A plethora of novel cluster anions have now been isolated from the
reactions of polyanionic ,JE precursors with low-valent d-/f-block metal
complexes, main-group organometallics, or organics in polar aprotic solvents. &h
range of products includes intermetalloid clusters with transition metal %@P‘?
embedded in main-group element cages, organometallic Zintl anions ig]Which [E

acts as a ligand, intermetallic Zintl anions whgf® [& bridged by ligand-free
transition metal atom(s), organo-Zintl anions whelé [i& functionalized with
organic-group(s), and oligomers formed through oxidative coupling reactions. The
synthesis and characterization of these unconventional complexes, where important

contributions to stability come from ionic, covalent, and metal bonds as well as weaker aurophilic and van der Waals
interactions, extend the boundaries of coordination chemistry and solid-state chemistry. Substantial progress has been made in
eld over the past two decades, but there are still many mysteries to unravel related to the cluster growth mechanism and t
controllable synthesis of targeted clusters, along with the remarkable and diverse patterns of chemical bonding that presen
substantial challenge to theory. In this Account, we hope to shed some light on the relationship between structure, electron
properties, and cluster growth by highlighting selected examples from our recent work on homoatomic déltainéaita) [E

including (1) germanium-based Zintl clusters, such as the supertetrahedral intermetallig@ygteré\I Zn, Cd) and the
sandwich cluster {(@¢[ 5-Ge(PdPP})j]}* with a heterometallic Ge@Muderlayer; (2) tin-based intermetalloid clustef&[M

Snl9 and the application of [Co@Sh9h bottom-up synthesis; and (3) lead clusters with precious metal cores, including the
largest Zintl anion [AsPh,]® . In addition to their intrinsic appeal from a structural and electronic perspective, these new cluster
anions also show promise as precursors for the development of new materials with applications in heterogeneous catalysis, whel

have recently reported the selective reduction of CO
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e Xu, H.; Tkachenko, N.; Wang, Z.; Chen, W.; Qiao, L.;and a series of unprecedented discoveries will be outlined in this
Munoz-Castro, A.; Boldyrev, A.; Sun, Z. A sandwich-typAccount.

cluster containing Ge@Rdanar fragmentanked by
aromatic nonagermanide CM- Commu[zozq ]_]_| 2. GERMANIUM CLUSTER CHEMISTRY: NEW

5286. A heteroatomic metal cluster fragment Ge@Pd DISCOVERIES
with a central germanium atom in the zero oxidation statqretrahedral [§* ions have long been known in the solid-state

was sandwiched between twaJGelusters. where they are formed in reactions between alkali metals and the
tetrels’® but they wererst isolated from solution only in 2009
1. INTRODUCTION when Korber and co-workers obtained crystalf&f & =

The family of Zintl anions, naked polyanions of main-groug": P: A=Rb, Cs) fromliquid amgmmasqlﬁﬁiﬁhe dearth
elements, was named after the German chemist Eduard zfpkitetrahedral [E* -based speciés® stands in stark contrast
who rstidentied their presence in a liquid ammonia solutiont© the extensive coordmatlon_ chem|st_ry of isoelectronic and
containing both post-transition metals or semimetals and alkig@structural Fand also to the rich chemistry of fEalluded
metal$. His name is also associated with the Zintl phases, saf-Previously. . . .

like polar intermetallics formed from the reaction of an 'he obstacles to developing the chemistry of fife [fit
electropositive s-block element with a more electronegativelig‘:’ly simply reect their high charge:size ratio and consequent
block metal or semimetal. Despite the shared name, these ¥y Solubility in commonly used library solvents such as
classes of compounds were thought to be quite distinct until tigirahydrofuran (THF)N,N-dimethylformamide (DMF),
discovery of the Zintl pha€2sGey” which contains a [Gé acetonitrile (CHCN), pyndme, and ethylenediamine _(en).
anion that is well-known in the solution phaseobservation ~ Recently, however, we have isolated the tetrahegrzal iGie

that suggested a general synthetic route to solution-phase z|fitf€ intermetaliic supertetrahedral clustersGE” and
anions via extraction from soild-state Zintl phases. The real 6Gad” - '_I'hese compoun_ds_ emerged du_rlng the course of
accessibility of Zintl anions via this route has subsequently le¢y’ €xploration of the reactivity of the solid-state precursor
an extensive solution-phase Zintl anion chemistry, withtthe <1238 which contains one [g€ and two [Gg] anions.
example being the [¢SR)Cr(CO)4* cluster where the labile ' n€ cluster anions [{@eq" (M= Zn, Cd) are formed in the
mesityl ligand of Cr(CQmes) (mes = °-1,3,5-GMe;H.) is reaction of thls precursor wnh_ZanstMeg(Mes =2,4,
displaced by the Zintl anion [Bh.” Many derivatives of the 6-M&CeHy) in DMF/en solution. They adopt an almost
[EJ]% anions have since been developed, each one withPgrfectly Tesymmetric structure with four discrete JGe
fascinating structure and each posing an intriguing challengéggahedra at the vertices of the supertetrahedron, with each of
established theories of chemical bonding. These compoundsﬂ%’gﬁ'?‘ edges bridged by a single transition metal i6h (Zn
broadly be divided into four distinct categories: Cd™) in approximately square planar coordinafigu(e ).

(1) intermetalloid clusters containing at least tweretit
(semi-) metals, often with one or more endohedral metal
atom(s; within a deltahedral or 3-connected single
cagé '

(2) functionalized clusters with main-group organometallics,
organics, or transition metal fragments with/without
insertion of metal atom({§)**

(3) larger clusters generated by oxidative coupling reac-
tions™*2°

(4) ligand-free transition metal complexes where Zintl anions
[E]? are bridged by metal catiorifs}®

A number of recent reviews have summarized important
advances in thield and also posed important challenges to

both synthetic and theoretical cherﬁ?sf& Among these Figure 1 Crystal structure of the supertetrahedral cluste@e
challenges, perhaps the most pressing is a lack of knowledg@pa 71, cq), with Ge in blue and M in yellow.
the precise mechanisms by which these clusters are formed-in

the absence of this knowledge, controllable synthesis remains a

frustratingly elusive goal. We anticipate that ongoing reseaife stability of these anions in solution wasrcmd by

into the reactivities of [ anions (E = SiPb, x=4,5,9, 10) electrospray mass spectrometry (ESI-MS) where intense signals
will go some way towarlling this void. At the presenttime, no for the parentions and/or ion-pairs were observed. Continuous
more than three transition metal atoms have been embeddedonitoring of the reaction solution via ESI-MS also provided

a single tetrel cage, and the maximum size of tin- and lead-baisebrtant information on the assembly mechanism of the
Zintl clusters appears to be around 20, as exeuirpli[N;@ supertetrahedral [j&eq* clusters. A prominent peak
Gegd* °[Pd,@Sngd* **and [Pl Cd Cd Phy)® , respec- assigned to {[2,2,2-crypt)][ZnGg} was observed in the
tively>® The interplay between theory and experiment alsnitial stages of the reaction, which gradually reduced in intensity
continues to provide new directions for synthetic inquiry. Faaind was replaced by a species containing the target anion
example, the icosahedral [M@E cluster is almost {[K(2,2,2-crypt)lJZnsGeag4} . This observation suggests that
ubiquitous in Sn and Pb chemistry, but no germanium analogués [ZnGg] unit may be a key intermediate in the formation of

are known despite the fact that they have been shown to [#nGegd* . The electronic structure of the supertetrahedral
stableé®* Motivated by these and other questions, our lattlusters [MGegd* (M= Zn, Cd) was examined using density
continues to explore fundamental studies in this veryelctive  functional theory, followed by both adaptive natural density
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partitioning (AdNDP) and analysis of the electron localizatioorbitals of the three Ge atoms. Such a scenario is highly
function (ELF). The calculations reveal that the occupiedhdicative of electron donation fromdhes¢Ges]> cluster to
orbitals of the clusters can be decomposed into 12 3c-2e Géhe Nidimer. Natural population analysis and calculated Wiberg
Ge Ge bonds (three per @eand 12 3c-2e MGe Ge bond indices also support the idea thatweof electron density
bonds. The 3c-2e MGe Ge bonding interactions between from theclosgGe]? donor to the neutral NiCO), fragment
[Ge* and M* are indicative of substantial covalence ratheis the dominant bonding pathway, comng our earlier
than purely ionic interactions. The magnetic response propertassertion of the nucleophilicity of thesgE<]?> anions. The
of the supertetrahedra reveal that the 3c-286eviGe and apparent simplicity of the bonding in this molecule hints at arich
Ge Ge Ge bonds have aromatic character and also that theewis-base chemistry for thesgE-]?> anions.
tetrahedral Geunits display spherical aromaticity, accounting During the course of our in-depth exploration of the reactivity
for the stability of the [MGe d* clusters. of [Ge]* with zerovalent'@metals, we encountered a cluster
Among all the homonuclear deltahedral cluster anjphs [E assembled sandwich complexd(€-Ge(PdPP 4]} 4 ,%in
(x=4,5,9, 10), the most common structural type is the trigonahich a planar Ge@Juohit is anked by two Geluster units.
bipyramid, [E]?> , examples of which were structurally Sandwich complexes such as ferroceReC4fls)Fe( °-
characterized more than 30 years*a@espite this, its CgHs)), bis-benzene chromium §{CHq)Cr( &-CiHe)), and
reactivity remains relatively unexplored, perhaps becauseuitanocene (6-CgHg)U( 8-CgHy)) are icons of organometallic
closdeltahedral electronic structure renders it rather unreactiedemistry, but sandwich-type complexes with a heterometallic
in solution. Theloselectronic structure does, however, place &luster at the center had not previously been documented. This
lone pair of electrons at each vertex, suggesting that thedester was isolated from the reaction@&vith Pd(PPE),
clusters should be able to act as potent nucleophiles withaat the presence of a mild oxidizing agent, NC
disrupting the skeletal electrons. As proof-of-concept, we ha¥€ PPhy((triphenylphosphoranykde)acetonitrile). The
isolated the organometallic Zintl clusters§BECO)4]? ,*° stability of the sandwich complex {)ge®-Ge(PdPP§ 4]} *
the rst functionalizealosdE-]?> cluster. The anion was even in solution was cemed by the ESI-MS of the crystal
obtained from the reaction of the intermetallic precursodissolved in DMF, which shows strong signals assigned to the
“KGeg g7, from which trigonal bipyramidal [¥e can be parent ion. The {(G§,[ 5-Ge(PdPP§,]}* anion can be
extracted, with the zerovalent Ni complex NigEP)y) ,, and viewed as a neutral heterometallic Ge@ (RdRidnar unit
its structure can be viewed as a moderately distoytad@al sandwiched between tquasi-g, tricapped trigonal prismatic
bipyramid coordinated to a neutral-O)(NiCO),] frag- [Geg)? clustersina® % 1 l-coordination modé{gure 3).
ment (Figure 2. ESI-MS studies cam the stability of the

Figure 3.Crystal structure of the sandwich complexJ{G&
Ge(PdPPy4}* with the Pd(PP§) fragment denoted by a Pd atom
(a), and selected results of the ADNDP analysis: T\three 2cQ@e Pd

-bonds (ON = 1.9%)) of {(Geg),[ *-Ge(PdPH)}* (b), localized
2c 2e bonds of {(Gg,[ 5-Ge(PdPH)4}*, six 2¢c-2e Pdse -
bonds, ON = 1.9 (c). Ge is blue, and Pd is gold.

Figure 2 Crystal structure of the cluster aniongfG£C0)]? , with The electronic structure, again explored using a combination of
Ge in blue, Niin green, C in black, and O in red. DFT and postanalysis using the ADNDP methodology, reveals
that the Ge@Rdunit is stabilized by three 2c-2e Bé -
[GesNiy(CO)4]? anionin solution in an ion-pair with [K(2,2,2- bonds Figure B), while the bonding between the Ge@Pd
crypt)]” but again cer some clues about possible formationsheet and the two nona-germanide caps is supported by six 2c-2e
pathways. Strong signals for botl][Gend anionic fragments Pd Ge -bonds Figure B) and two delocalized 4c-2e Ge

of the transition metal reagent such ag@@);(PPh)] , Ge Ge Ge -bonds. NBO analysis reveals that the central Ge
[Niy(CO),(PPh)] , and [NL(CO)(PPh)] hintata possible atom and its bonded Pd atoms are approximately neutral. Very
formation pathway involving capture ottbsdGe]? anion similar 4c-2e bonds were also ider&d in copper containing

by a nickel carbonyl fragment. The ADNDP method reveals thadnogermanide clusters such as G{P@¥H,).}s and

the four Ggfaces directed away from the({O)(NiCO),] Cu(NHC)[Geg{P(NH,),}4 ,** suggesting that they may be a
unit remain largely unperturbed by the presence of thgeneral feature of zerovalent germanium chemistry, comple-
Ni,(CO); unit, while the remaining two {eangles form  menting the well-established stabilization of neutral Ge atoms by
two 4c 2e Ge Ge Ge Ni  delocalized bonds, in which carbene ligands.The magnetic response properties again
approximately 81% of the contribution comes from the preveal spherical aromaticity within thguBés, suggesting a
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formulation as a neutral Ge@ (PdfpP$heet sandwiched by  The crystallographic data for [Co@f8e and [Co@
two spherical aromatic nona-germanide clusters. Ge,® can usefully be compared with the structural chemistry
Another important objective in germanium Zintl-ionof the intermetalloid cluster [@@Ged* , which was
chemistry is the synthesis of endohedral [M@Gelusters.  synthesized from the reaction gbé with [{(ArN) ,C'Bu}-
The heavier group IV analogues stannesphergsé [8nd Co(l)( S-toluene)] (Ar = 2,6-diisopropylphenyl). The very
plumbaspherene [B]f are well-established species whichdi erent outcomes of the two reactions suggest that the ligands
have been isolated in naked form and also shown to be capableast play a daing role in the path of reactions that generate
encapsulating transition metal and f-block atoms whilgintl clusteré? The stability of the G&®Gegg unit in solution
maintaining the icosahedral structtifehe [Gg,]? cluster was again cormed by ESI-MS studies of the reaction solution
itself was shown to have several near-degenerate minimvajch showed the presence of the oxidized parent ig@ [Co
including the icosahedral strucfdreile the most stable Geg and its [K(2,2,2-cryptilcomplexed ion-pair {[K(2,2,2-
structures of endohedral [M@%® were predicted to be crypt)][Co,@Ggd} . The [Co@Gegqd* cluster crystallizes
icosahedral, hexagonal prismatic, or completely nondeltahedisla mixture of two quite distinct isomeric forms, a dominant
(D,symmetric}® The latter has been realized in the form of D,-symmetric () form (Figure 4) along with a mina€y,
[Ru@Ge,® , characterized by Goicoechea and co-workers isymmetric () component Eigure 4l) in a ratio of 1:9. The
20147 but the other two types remain unknown. Researcform features 3-connected Ge atoms, much like [Gd®Ge
carried out in our lab yielded a fourth structural type, [Co@and represents the largest group 14 nondeltahedral homoatomic
Ge® (Figure b) whichis a highly distorted icosahedron with cluster containing more than one interstitial metal atom. The
isomer, in contrast, is quasi-deltahedral and in that sense bears
closer resemblance to tg-symmetric [Co@G4® anion.
Thus, the delicate balance between deltahedral and 3-connected
structural types seems to be a common feature of Co/Ge
chemistry, irrespective of the dimensions of the cluster. The
DFT-computed potential energy surfaceromthat the two
isomers are almost degenerate. Direc€CGanteractions are
absentin both isomers, but the Ge contacts in theisomer
are signicantly shorter than those in thésomer, reecting
Figure 4 Crystal structures of [Co@# (a), [Co@Ge]® (b), - their very dierent electronic structure. Analysis of the
[Co,@Ged* (c), and -[Co,@Ged* (d). Geisblue,and Coisred. computed density using the AUNDP method indicates that the
skeleton of the isomer is dominated by localized bonding,
although there are alsotwo Ge Ge Co 4c-2e bonds and
Dsy point symmetr§ The [Co@Geg)]® cluster was One 6¢-2e CoGe, Co -bond, in which the contribution of

synthesized through the reaction gdeg with [Co(l)Me- the two Co atoms is very Io_w. In contrast, ﬂaemgr contains
(PMey),] and was found to cocrystallize with the previoushPnly multicenter delocalized bonds, includwg 7c-2e
documented pentagonal prismatic anion [Cq@fGEFigure delocalized-bonds in the Co-centered pentagongluGits

43)'° in the salt [K(2,2,2-cryptcoGe ], 7dCoGead o and one 6¢-2e-bond linking the two Co atoms to the central
en**The coexistence of the two cluster anions waseamhby ~ G€ square. The two isomers have the same number of bonds
the ESI-MS of a DMF solution of the single crystals, whereetween the pentagonalGeats and the central Gelane,
strong signals due to both [Ca@e (M z 784.25) and  butthe isomerhas more local bonds in then@gety than its
[CoGe, (nmVz 930.10) were observed. The [Co@Ge counterpart (7 vs 5), suggesting that th&omer is more
anion is substantially distorted from the icosahedral limit, wi¢l€ctron rich.

long Ge Ge distances (av. 2.902 A) between the two cappe,
pentagonal Geunits and rather shorter bonds within thg Ge - TIN-BASED INTERMETALLOID CLUSTERS AND

units (av. 2.640 (8) A). The dramatic elongation of the THEIR APPLICATIONS IN BOTTOM-UP SYNTHESIS
icosahedron can be traced to a strong second-ordéfelidin  The empty [ cages (E = Ge, 1% 3, 4) are well-known, as
distortion, but an alternative limiting view is as a sandwicire the corresponding endohedral clusters [M@M® = Cu,
complex of cobalt with two (egands. However, all Gge Ni) and also endohedral clusters with capping ligated
distances remain within the range established by kngwn Geeteroatoms such as [Ni@\¥(CO)]®, [Ni@Geg Ni-
clusters (2.52.9 A), although they are strikingly longer than(en)]® , and [Pt@Sn Pt(PPh)] ? .°*?* The latter are usually
typical Ge Ge single-bonds (2.4D.44 A). The CoGe obtained from one-pot reactions using ti} [Enions as
contacts (to the pentagonals@gands) are also longer than starting materials. Only in the past decade has it become
those in theDs, pentagonal prism [Co@fg€é . The apparent that the centered [M@JE clusters share the rich
elongation of the G&e and CoGe bonds is rected in chemistry shown by the pareng]{E cages, a point most

the AADNDP analysis, which reveals that eachg;Qofde  elegantly illustrated by Sésasolation and characterization of
contains ve 7c-2e delocalized bonds while the Ge Ge the [Ni@Sg)® and [Ni@Sg* redox pafwhich mirrors the
pentagonal prism contains three 11c-2e delocalized bondgectron transfer chemistry of the]Sf{Sng* couple. ltwas
Further electronic structure analysid §Ge;]°> and its against this background that w& undertook a systematic
encapsulated derivatives [M@J3e(M = Co, Rh, Ir ,and Mt) study of the reactivity of the Co centered deltahedral cluster
reveals that the cage size of thgJGeanion, with a diameter [Co@Sg]* , which can be extracted from a ternary solid-state
of 5.2 A, is too small to accommodate even the Co atom (5.¢Hhase“KsCo,Sry’ in high yield and proves to be a good
A), and the even larger endohedral metal atoms of the secopdecursor for reactions with various organometallic reagents.
third, and fourth transition series amplify the distortion toward Bour ternary functionalized cluster anions of general formula
genuinely sandwich-like structiigiire ). [Co@Sy ML]® (ML= Ni(CO), Ni(C,H,), Pt(PPh), and
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Figure 5Crystal structures of [CO@SNi(CO)]® (a), [Co@Skh Ni(C,H.)]® (b), [Co@Sy Pt(PPh)]® (c),and [Co@Sn Au(Ph)P® (d).
Snis dark red, Ni is green, Pt is brown, Au is gold, C is black, O is red, and P is purple.

| S Y

Figure 6 Crystal structures of the [RDSK]? intermetalloids: [Rh@SF (a), [Rh@Sp® (b), [Rh,@SR]® (c), and [RE@SB]° (d), with
Sn in dark-red and Rh in green.

Au(Ph)) have been generated from the reaction of [G@Sn  The largest known tin-based intermetalloid cluster is the
with the corresponding transition metal compounds, Nimultiply sheltMatryoshkaanion [Sn@Cy@SnJ*? , char-
(PPhy),(CO),, Ni(COD),, Pt(PPh),, and Au(PPyPh, acterized in salt-like intermetalljgCAy, ,Sny; (A = Na, K)?8
respectively. The M Co@Ss cluster is an approximately Solution-phase synthetic routes, in contrast, appeared until
C,, Symmetric monocapped square antiprism inrshéwo recently to be limited to rather small clusters such as phase
(Figure & andsb), while it is gpseudosymmetric tricapped  [Pd,@Srg* ,**and clusters with more than 18 tetrel atoms or
trigonal prismatic structure for the other two clusteysreé & more than three interstitial transition metal ions had never been
andsd). All four Co-centered clusters are stable in solution, asolated in this way. Tisistus queeld until very recently, when

con rmed by intense ESI-MS signals for the parent ions [Co@e characterized two large intermetalloid cluster anig@, [Rh
Sny, ML] and their ion-pairs [K(2,2,2-cryf@o@Sy Sng® *and [CuU@E4* (E = Sn, Pb) where a Cthombus

ML)] . Geometry optimizations of [Co@SMi(CO)]3 is embedded in an 18-vertex clistée triply fused stannide

and [Co@SpAu(Ph)P anions using DFT indicate that [Rh;@Snj]° , the largest known endohedral Group 14 Zintl
there is very little dérence between the two structural formsanion, was isolated from reaction,8f¥Wwith [Rh(COE)CI],

( E=E(C,) E(C,)= 0.27eV for[Co@3nNi(CO)]3 (COE = cyclooctene) or, alternatively, via thermal fragmenta-
and +0.31 eV for [Co@$SrAu(Ph)I ), but the relative tion/rearrangement of the [Rh@$h anion in DMF
energies are consistent with the adoptio@,0fnd C;, solution. We note in this context that DMF has found extensive

structures, respectively. Siggmt Co-ML interactions  use in Zintl-ion solution chemistry for thermal deligation and
emerge in all four anions. The isolation and characterizatioxidation reactions that generate large cl{iSténse further

of this family of ternary functionalized cluster anions [Go@Sn Sn Rh intermetalloid clusters, [Rh@Jn and thel,- and

ML]® hold out promise of a rich chemistry based on theDy-symmetric isomers of [Rh@Fh and [RB@Sk]° ,
reactivity of the [Co@§f anion. have also been synthesized and characterized through subtle
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modi cations of the same reaction betwegnKand
[Rh(COE),CI],.** The stability of these endohedral clusters
has been commed by ESI-MS. Although the crystal of [Rh@
Sng® su ered from serious positional disorder, its oxidation
state and bicapped square antiprismatic structure, which is
distorted signcantly from the idedD,y symmetry, were
established with reasonable certaifigufe @). The
icosahedral cluster [Rh@Pph, which crystallizes alongside
[Rh@SnJ® , contains individual,- and Ds--symmetric
isomers in the unit cell. An analysis of the potential energy
surface shows thigt and ng-[Rh@Sm3 (Figure B) are Figgre 7 Crystal structure of [G@SRg* , where Sn is dark red and
approximately iso-energetic, suggesting again that the structtais brown.

variance results from crystal packing. A sinalasurface

prevails in the [Rh@g]? cluster, where the experimentally —
observed bicapped square antiprismatic strudiysyime- \\ -2Pb;
try) lies only 0.16 eV higher than the global minim@y; a + —
symmetric structure. The J@SR,]® anion Eigure 6) was

—

obtained from the mother liquor depleted of both [RhgiSn
and [Rh@Sg]® crystals. The hexa-anion is sugrounded by [Pby* [Pby,]* [Pbyg]
three tightly boundations to form [{Rh,@Sn;)] ° , with ; ; ; 4 2
K Sn contacts in the range of 3.5980(81J865(13) A. The Figure 8.Structural relationship betweenf@®Phd* and [Ph,]“ .
[Rh,@SR]® anion can be viewed as a coalescence of two
[Rh@S4] units via a shared Sn vertex. Itis structurally similar tatoms in the [Ci@Eg4* clusters are of two distinct types:
D,-symmetric [M@Sh,]* (M = Ni, Pt)**** but with a  those at the foci of thgdEinits are 10-coordinate while the Cu2
pronounced bending at the shared Sn atom3RHRh = atoms are in approximate trigonal prismatic coordination. An
163.9). Structural optimizations on [[@SR;]® and analysis of the electronic structure suggests that the role of these
[K3(Rh,@SR,)]® demonstrated that the global minimum of latter two Cu ions is primarily charge balance rather than
the former is a perfecy, structure with a linear RBn Rh structural, because the optimized structure of th@E4°
unit, isostructural with the known and isoelectroni@[Ni anions where these Cu ions are removed is almost identical to
Sn4* compound. The pronounced BBn Rh bending is  the parent clusters. The relatively loose association of these Cu2
therefore a consequence of the presence of three tightly bondeas with the cluster ers the intriguing possibility that they
K* cations which necessarily breaks the 2-fold rotationatay play a role in cluster growth by acting as a template for
symmetry of thd,,-symmetric parent. The [{@Sn,° fusion before carrying away excess electron density: we note in
anion isCy-symmetric and can be viewed as a perfgct Srhis context that the formation of Cu mirrors is a common side-
triangular prism with each of its three square-faces capped bgaction in many of the reactions described here. T{@ [Cu
Rh-centered Sn capped pentagonalRh$or, alternatively, Sng* cluster diers from the Matryoshka cluster [Sn@@u
as a fusion of three [Rh@@mnnits around a Jrriangular Snd*? onlyinthe Cu:Snratio, and both can be viewed in some
prism Eigure @). The yield of the [Ri@Sn]° anion is sense as steps toward a bronze-like alloy. A comparison of the
somewhat higher from the thermal fragmentation/rearrangelectronic structures of the two clusters romn the close
ment of the preformed [Rh@@h anion than it is from the  similarity between the twsigure 9.
aforementioned reaction ofS§ with [Rh(COE)CI],,
suggesting that heteroatomic fragments such @JRh 4. LEAD CLUSTERS WITH PRECIOUS METAL CORES
may be intermediates in the growth of largey@Si Compared to the light analogues, oJ6eand [Sg]* ,
intermetalloid clusters. In particular, the [RASfragment described in the previous paragraphs, derivatives of the
that is ubiquitous in all our ESI-MS studies on this system is[Rbg]* precursor are notably less common, probably as a result
likely candidate although, as is the case with other reactiasfsthe higher activity of [(J5 compared to either [g€ or
described in this review, the precise cluster growth mechanig®mg]* . In fact, the Zintl-ion chemistry of lead is dominated by
remains unclear. endohedral icosahedral clusters of general formula[yf@Pb

A further signicant development in solution-based deltaheand several dérent transition metal atoms (Mn, Ni, Pd, Pt)
dral Zintl anion chemistry came with the isolation andhave been successfully embedded inside the plumbaspherene
characterization of two intermetalloid clusters@Ey]* [Pb,]? cage via reactions of jPb with appropriate low-
(E = Sn, Pb), which represent thet examples of an,M valent transition metal complexes. In an extension to this
cluster inside a continuoug ttrel cageRigure ¥.° Prior to chemistry, we have recently isolated the [Ay@Phnion
this report, intermetalloid clusters of group 14 elements wefeom the reaction of Rk, with Au(PPRPh in pyridine
limited to only one or two insertion atoms, with the singlesolutiort’ the rst example of this class containing a coinage
exception being [M@Gegg* which has thre€. The two metal. This cluster is very strikingly distorted from petfectly
[Cu,@Eg* anions (E =Sn, Pb) are prepared by the reaction ofcosahedral geometry and instead adopts an approXgately
K4Egwith CuMes(THT) , and are isostructural, wil, point symmetric structure. The [Au@fb anion has two more
symmetry. Their stability in solution were corroborated by thealence electrons than the perfectly icosahedral clusters [M@
presence of both the parent ion and the ion-pair with [K(2,2,2Pb; ]2 (M = Ni, Pd, Ptf and [M@Ph,)]® (M = Co, Rh, I}
crypt)] " in the ESI-MS in each case. Thg[€age of [Cu@ where all M atoms have ¥ don guration and four more
E;d* can be viewed as two icosahedigF[Enolecules fused valence electrons than that for form&d@Ph,]® , which
by the removal of two; Eiangular faces-igure § The Cu is also strongly distorted, in that case aldhg-symmetric
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[Cus@Snqg]* [Sn@Cu1,@Snz0] "

2.0

0.0 1~

-4.0

Energy / eV

-10.0

-12.0

DOS (eV) DOS (eV™)

Figure 9.Comparison of the density of states fop@3Rg]* and [Sn@Cy@SkJ*? . Eigenvalues are broadened with a Lorentzian line shape
with full width at half-maximum of 0.1 eV. Adapted with permission feo@agyright (2020) ACS.

Figure 10Crystal structures of [Ag@Rb (a), [AugPhsd® (b), and selected secondatype Pb-Au interactions in the [ARb;g® anion, with
the secondary P\ contacts labeled (c).

coordinaté’ Intrigued by the interesting electronic structure of[Au;,Ph,,]® contain three and four Au-centeneido
[Au@PR,]® , we have extended our study of the reactivity ofcosahedral [Au@Bpunits, respectively, and each of these
coinage metal complexes withg[Pband developed the units is isostructural with the [Ag@Pb cluster described
synthesis of a series of clusters, [AgBPHAUPL;° , and above. In this sense, jR;® could be considered, at least in
[Au;.Ph,J® ! from the reactions of [f]8 with (AgMes) or a structural sense, as thmieicosahedral [Au@BP units
Au(Mes)PPh (Mes = 1,3,5-trimethylbenzene) in ethylenedi-with their open Rifaces linked by a [4d* core Figure 1B),
amine or pyridine solution. The [Ag@Pb cluster represents  while [AuPh,J® can be viewed in an analogous manner as
the rstexample ofradoicosahedron containing an endohedralfour [Au@Ph]® units bound to four corners of an fJ

atom and is also thest binary AgPb Zintl anionFigure 18). cube Figure 1). However, the absence of the signals for large
We note here that Eichhorn and co-workers have very recengigid clusters such as fpand [Ay] in the ESI-MS suggests
reported two [Ru(Cp] * functionalizedideicosahedral Zintl  that this perspective is perhaps only a formalism and does not
anions [Phy( >-RuCp)]® and [Cu@PR( >-RuCp)]? , the necessarily rect the growth pathways that lead to these large
latter containing an endohedral” @n>? [AugPh® and clusters. We do, however, detect signals for [Ay @&
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of the [AyPhb]®> subunits with Auions, may also be
accessible. The electronic structure of these clusters reveals the
importance of secondaryype interactions between the open

Ph; face of thenide[Au@Ph;]® and remote Au atoms (i.e.,
those not directly bound to the open face) in stabilizing the large
Au Pb cluster. The successful synthesis and characterization of
these two large ARPb clusters, [ARb,4® and [AuyPh,j® ,
represents a sigoant expansion of the range of Pb-based Zintl-
ion chemistry.

5. CONCLUSION AND OUTLOOK

In this Account we have highlighted a number of recent
advances in synthetic methodology that have allowed us to
extend the range of known Zintl-ion chemistry. The reactions
between Zintl phasesE) where both covalent and ionic
contributions to bonding are important, and organometallic
complexes which are dominated by covalent bonding lead to
substantial rearrangements, and the resulting metal-doped Zintl
anions often exhibit unique structures and bonding patterns.
Moreover, seemingly subtle changes to the steric and electronic
Figure 11.Crystal structure of the [Rh,]® anion, where Pbis  properties of the ligand and even reaction conditions (e.g.,
green and Au is gold. temperature, solvent or cation-sequestering agent, etc.) provide
a powerful tool for manipulating the product distribution. This
[Au,Pby] in the ESI-MS in all reactions but no analogousnot only gives access to new clusters but also provides a window
[Ag,Phy;] signal for the Ag-based chemistry that generates orilyto the mechanism of cluster growth, as exehdy our
[Ag@Ph,]® . Based on this observation, we believe that thetudies of the formation of [§@Sg,°> from [Sp]* via
[Au,Pb; moiety may be an important intermediate in the(possibly) intermediate Rland Rh-containing clusters.
formation of the large A®b clusters, while the relative  The electronic structure of these clusters continues to present
instability of [AgPb] accounts for the absence of Ag challenges to theory. The structure and stability of the majority
analogues of the [fRb,]® and [Ay,Ph,® anions. of the clusters can, on an individual basis, be postrationalized in
DFT suggests that the intermediate cluster anion [Au@erms of existing paradigms of cluster bonding (Wade-Mingos
AuPR,]? is energetically accessible, while the bindingtof Ag rules, spherical aromaticity, and superaromaticity, all of which
the open Pyface in [Ag@AgRP? is considerably weaker. A have been used in aspects of this Account). As a result of these
cluster growth mechanism that is consistent with thessudies we have been able to identify previously unsuspected
observations invokes the aggregation of the Au-capped faatures of the bonding such as the secondampuPb
centered icosahedral cluster [Au@AlPwith excess Au  interactions in [AfPh]® and [AyPh® that highlight
derived from Au(Mes)PRle.g. 3[AwPb ]2 + 2AU for the the limitations of simple Lewis-type structures based on
former and 4[AdPby;]?> + 4 Au for the latter Eigure 1) In localized 2c-2e bonds. It is very clear, however, that we do not
this sense, other Au/Pb clusters, assembled from the aggregagien have an overarching predictive model of growth,

Figure 12.Possible pathways leading to cluster growth. Coalescence of smaller component clusters leads to the gB8bgffiblgnaf [Au
[AuPh 8 . The [Au@AuUPH], [AugPhsd, and [AuPh,] clusters have all been observed, by either X-ray crystallography or ESI-MS.
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composition, and structure that would enable us to identifypent four and a half years as a postdoc in USA with Prof. Bryan W.
plausible targets or indeed rational routes to their synthes&chhorn at University of Maryland, College Park. His research
Beyond the well-documented limitations of density functionaiterests include the experimental synthesis of new Zintl clusters. He is
theory, there are technical issues associated with the lasgerently working as a visiting research assistant professor at Nankai
prevailing negative charges and the resulting large lattice. IUigversity.

possible, therefore, that the isolation of a compound in the S‘Oleo'hn E. McGradis Professor of Computational Inorganic Chemistry

Stna}[the Imay rrﬁCt ghe ilt:)al?ntche i?1et2/r\1/eien tscl))Ii\Ili?tlofnthandl lattt'f%t the University of Oxford. He studied chemistry at St Catherine
gnior? ﬁzgfs Tr'j:g n?i?ur:eo? ch ESI-I?/I%Se?( er?/rr?entemce:?]se t Cgllege, Oxford, and then moved to Australia to study for a doctorate at
) P f}%ﬁ Australian National University. In 1997, he was appointed as a

the clusters observed are typlcally monoanionic, so althouI%cturer at the University of York, before moving to the University of
they share the same composition as many of the isolated clusté{s

: . s g, asgow as a WestCHEM Professor in 2006. In 2009 he returned to the
the link between the two experiments is indirect. We anticipate . > . . )
that the next frontier in Zintl-ion chemistry will therefore be to hiversity of Oxford, becomlng a fellow at Ne.W College. His research
establish a more nuanced understanding of strigtéliity Interests relate to the electronic structure of inorganic systems, metal
relationships that will open up routes to the rational synthesis @fSte" complexes, and mataétal bonds
larger clusters of well-ded composition and structure. These Zhong-Ming Surreceived his B.Sc. (2001) from Wuhan University
clusters have already shown promise as precursors wathl his Ph.D. (2006) in Physical Chemistry from Fujian Institute of
important applications in materials chemistry: they have prov&esearch on the Structure of Matter, CAS. After a four-year
to be viable precursors for intermetallic nanoparticteish postdoctoral stay at Washington State UniversitydPdaithwest
show promising catalytic activity. Early applications of thiational Laboratory and North Dakota State University, he accepted
strategy have shown great promise in the selective catalyicappointment as a full professor at Changchun Institute of Applied
reduction of C@Q by a CeQ-dispersed isolated Ru catalyst Chemistry, CAS, and worked there until 2018. He then relocated his lab
obtained from the [Ru@$h cluster’ Goicoechea and co- to Nankai University, becoming a faculty member in the school of
workers have also highlighted applications in homogeneausterials science and engeering. His main research interests include the
catalysis, specally the catalytic hydrogenation of cyclic synthesis of new metal clusters, mettal bonds, and cluster-
alkenes using an “[Ge(Hyp)]]Rh(COD) cluster® The assembled materials.
Zintl cluster [B{Ru(COD)},]® has also proven capable of
activating small molecules such asoQyenerate [EiRu-
(COD)},0,] .>° These exciting new results suggest that Zintl- ABBREVIATIONS
ion chemistry will continue to generate surprises that wihdNDP, adaptive natural density partitioning; 2,2,2-crypt,
challenge our understanding of structure and bonding and atd,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane;
open up new avenues of synthetic and catalytic chemistry. DFT, density functional theory; NBO, natural bond orbital;
NICS, nucleus independent chemical shift; ESI-MS, electro-
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