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Abstract

The chemistry of the p-block elements is a huge playground for fundamental and applied work. With
their bonding from electron deficient to hypercoordinate and formally hypervalent, the p-block
elements represent an area to find terra incognita. Often, the formation of cations that contain p-
block elements as central ingredient is desired, for example to make a compound more Lewis acidic
for an application or simply to prove an idea. This review has collected the reactive p-block cations
(rPBC) with a comprehensive focus on those that have been published since the year 2000, but
including the milestones and key citations of earlier work. We include an overview on the weakly
coordinating anions (WCAs) used to stabilize the rPBC and give an overview to WCA selection,
ionization strategies for rPBC-formation and finally list the rPBC ordered in their respective group
from 13 to 18. However, typical, often more organic ion classes that constitute for example ionic
liquids (imidazolium, ammonium, etc.) were omitted, as were those that do not fulfill the — naturally
subjective — “reactive”-criterion of the rPBC. As a rule, we only included rPBC with crystal structure

and only rarely refer to important cations published without crystal structure.

This collection is intended for those who are simply interested what has been done or what is
possible, as well as those who seek advice on preparative issues, up to people having a certain
application in mind, where the knowledge on the existence of a rPBC that might play a role as an

intermediate or active center may be useful.
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Abbreviations
CN Coordination number Me Methyl
DFT Density Functional Theory Me,-cyclam N,N’,N”’,N"”’-Tetramethyl-1,4,8,11-
& relative Permittivity of a Solvent tetraazacyclotetradecane
(static Dielectric Constant) Mes 2,4,6-Me;CgH,

FLP Frustrated Lewis Pairs

IL lonic Liquid

n.a. not available

rPBC reactive P-Block Cations nacnac

WCA Weakly Coordinating Anion NBD

Arc 3,5-(CF5),CeH3 NPPh

Ar® 3,5-Cl,-C¢Hs 1-MIM

9BBN 9-bora[3.3.1]bicyclononane m-TP

bipy 1,2-Bipyridine 0SSO

BOX Bis(oxazoline)

CatBH Catecholborane/ OR"*
1,3,2-Benzodioxaborole OR""

coD 1,5-Cyclooctadiene OR"*

Cp CsHs ORM

Cp’ CsMe,H Ph

Cp* CsMes Phen

Cy Cyclohexyl 4-Pic

DDP 2-(DIPP)amino-4-(Dipp)imino-2- Pip
pentene PMAF

Dipp 2,6-'Pr,-CsHs pmdta

DMAP 4-Dimethylaminopyridine

DMeOPrPE1,2-(bis(dimethoxypropyl)- PNP
phosphino)ethane Py

DMH 1,1-Me,N,H, Pytsi

Dmp 2,6-dimethyl-phenyl p-Xyl

dmpe 1,2-Bis(dimethylphosphino)ethane R

Do Donor Salen

DPE 1,2-Diphenylethane

dppe 1,2-Bis(diphenylphosphino)ethane Salen®?

DTBMP  2,6-Di-tert-butyl-4-methylpyridine

dtbpy 4,4'-Di-tert-butyl-2,2"-bipyridyl

Et Ethyl

Fc Ferrocenyl Salpen

FP CpFe(CO),

FP’ Cp’Fe(CO), Sch

Fp* Cp*Fe(CO), SubPc

hppH 1,3,4,6,7,8-hexahydro-2Hpyrimido- tacn
[1,2-a]pyrimidine ‘Bu

IMe 1,3-Bis(methyl)imidazol-2-ylidene Tf

IMes 1,3-Bis(2,4,6-trimethylphenyl)imidazol- THF
2-ylidene timtmb ™"

Pr iso-Propyl

'Pr,-ATI  N,N“Diisopropylaminotroponiminate

IPr 1,3-Bis(2,6-diisopropylphenyl)imidazol- TMM
2-ylidene Tol

I'Bu 1,3-Bis(tert-butyl)imidazol-2-ylidene ~ Tipp

3,5-lutidine 3,5-Dimethylpyridine X

Me;SiS?Tol 1-SSiMes-4-Me-CgH,
Mes-tacn N,N’,N”-trimethyl-1,4,7-triaza-

3

cyclononane
(NMesCMe),CH
2,5-Norbornadiene

2,5-Bis(2-pyridyl)-1-phenylphosphole

N-Methylimidazole
meta-Terphenyl
trans-1,2-cyclooctanediyl-bridged
[OSSO]-type bis(phenolate)
-OC(CF3)s

-OC(CH;3)(CF3),

-OC(H)(CF5),

-OC(CH;3)(CF3),

-CeHs

1,10-Phenanthroline
4-Methylpyridine

Piperidyl
Pentamethylazaferrocene
N,N,N',N',N"-
pentamethyldiethylenetriamine
Bis(2-'Pr,P4-Me-phenyl)amido
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C(SiMe3),SiMe,(2-CsH;N)
para-Xylene

typical univalent organic Residue
N,N‘-Ethylenebis(2-
hydroxyphenyl)imine
N,N‘-Ethylenebis(2-hydroxy-2-
(CF53),-ethyl)imine

Salomphen N,N’-(4,5-dimethyl)phenylene-

bis(2-hydroxyphenyl)imine
N,N‘-Propylenebis(2-
hydroxyphenyl)imine

tridentate Schiff base
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1,4—'Pr2—1,4,7—triaza-cyclononane
tert-Butyl

-SO,CF;

Tetrahydrofuran
1,3,5-{tris(3-tert-butylimidazol-2-
ylideno)methyl}-2,4,6-
trimethylbenzene

n*-C(CH,)s

Toluene

2,4,6-Pr3-CH,
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Introduction

Main Group Chemistry continues to reside at the heart of fundamental as well as applied chemistry.
As such, recent years have seen an enormous growth of concepts that shed new light on hitherto
undiscovered, or more correctly, underdeveloped areas of main group chemistry. Thus, the
availability of stable singlet carbenes® as strong donors offered tremendous new perspectives as did
the establishment of the frustrated Lewis pairs (FLP) concept® or the systematic investigation of
(often low valent) cationic mixed main group-transition metal salts.>” In the framework of those
approaches, next to other fundamental® and applied questions,”*° also the stabilization or use of
reactive p-block cations (rPBC) with weakly coordinating anions (WCAs) was one focus that led to
fascinating new rPBC. This review gives a comprehensive overview on recent rPBC developments
since about 2000, but also cites all-time classics in the field. It also includes the fascinating class of
transition metal substituted rPBC for which the assignment of the positive charge to one specific

moiety is often not clear.

Scope of this Review: Many of the p-block elements have relatively high ionization potentials and
electronegativities. Thus, most of the stable examples base on delocalization and other electronic or
steric effects. In addition, rPBC are often very electrophilic and/or oxidizing. Therefore, chemically
stable and inert weakly coordinating anions (WCAs) and solvents are needed to access their salts.
These ingredients allowed the syntheses of a large number of fundamentally interesting rPBC of the
groups 13-18 in the condensed phase. We discuss typical synthesis routes, give a brief overview of
the WCAs, and describe the rPBC ordered according to their main group as well as cation class.
However, typical, often more organic ion classes that constitute for example ionic liquids
(imidazolium, ammonium, etc.) were omitted, as were those that do not fulfill the — naturally
subjective — “reactive”-criterion of the rPBC. As a rule, we only included rPBC with crystal structure

and only rarely refer to important cations published without crystal structure.

Handling of Substance Classes with Recent Reviews: Some of the substance classes, which fit into
this review were just recently and sometimes very comprehensively reviewed (cf. our contribution
describing the advances in the synthesis of homopolyatomic cations of the non-metals since 2000™).
To reduce the overlap, we decided to give an overview on general aspects such as WCAs in Table 1
and include a short table with relevant reviews for each main group at the beginning of each main
group chapter and only list the compounds in these cases. Therefore, we only list, but do not
describe the cations of this category in the chapters of their corresponding element. Nevertheless,

the scope of this review is rather large, which in any case precludes extensive discussions and mainly

serves as an overview on what is known.
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Reactive p-Block Cations

The rPBC in this article need a WCA as counterion and, therefore, we first briefly describe typical
WCAs and give some advice on their selection before turning to typical ionization and synthesis
procedures for rPBC preparations. Thereafter, the ordering of the cation classes for the individual
sections is described, and finally the rPBC are addressed grouped according to the main group of the
relevant cationic entry. In addition, first applications emerged for rPBC salts and will be highlighted in

the respective cation sections.

WCA Overview

12-15

Because of their potential in fundamental and applied chemistry, a great variety of different WCA

types are currently known (Figure 2) and was frequently reviewed (Table 1).

Table 1. General reviews with focus on WCAs.

Year Topic Title Ref
1993 WCAs The search for larger and more weakly coordinating anions -
1998 WCAs Carboranes: A New Class of Weakly Coordinating Anions for Strong Electrophiles, 16
Oxidants, and Superacids
2004 WCAs Noncoordinating anions—fact or fiction? A survey of likely candidates B
2006 WCAs Chemistry with weakly-coordinating fluorinated alkoxyaluminate anions: Gas 1815
phase cations in condensed phases? v
2006 WCAs Chemistry of the Carba-closo-dodecaborate(-) Anion, [CB4;H;,] 18
2008 n-Complexation of Post-Transition Metals by Neutral Aromatic Hydrocarbons: The 12
Road from Observations in the 19th Century to New Aspects of Supramolecular
Chemistry
2013 WCAs Weakly Coordinating Anions: Halogenated Borates and Dodecaborates 20
2013 WCAs Weakly Coordinating Anions: Fluorinated Alkoxyaluminates 21
2013 WCAs Weakly Coordinating Anions: Highly Fluorinated Borates 22
2015 WCAs Taming the Cationic Beast: Novel Developments in the Synthesis and Application =

of Weakly Coordinating Anions (to be submitted by IK et al. in October 2015)

But which out of the multitude of published WCAs shown in Figure 2 should be used for a given

problem...? Is there one best WCA that fulfills all needs...?

Clearly holds: The more reactive the rPBC are, the more demanding is the task for the anions, to
meet the requirements for a successful stabilization in the condensed phase. Some of this reactivity
may be dampened kinetically by the use of suitable bulky ligands, e.g. for the silylium ions. However,
there is not one ultimate WCA that fulfills all requirements to allow for use with all in here

described rPBC. Typically, rPBC follow at least one of the following classifications:

e Being a strong electrophile, thus having a strong tendency to coordinate an anion or solvent.
Silylium ions SiRs" are good examples for this. This coordination is often the entrance
towards an anion degradation by heterolytic cleavage of a bond in the WCA.

e Being a strong oxidant, thus needing anions and solvents compatible with this need. Halogen
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and noble gas cations are typical examples.

e Being a weakly bound complex, in which the interesting main group particle can easily be
displaced by anion or solvent, just as in many metal-non-metal clusters. This includes
protonated, weakly basic molecules that tend to pass the proton to more basic and more

coordinating anions or solvents.

Thus, the demand for very weak coordination behaviour is only medium for several very oxidizing
cations, but the necessity of the WCA being stable against oxidation is a prerequisite of highest
importance. For example, the typical counterions of group 16 to 18 rPBC are fluorometallates like
[MF¢l™ or [M,F1;]” (M = As, Sb) compatible with i) the oxidizing power of the cation and ii) the
typically used super acid solvents. However, despite the fact that fluoroantimonates allow for the
synthesis of tremendously oxidizing cations like [Xe,]*, they fail to stabilize the extreme electrophiles
[SiRs]" and form F-SiR; and antimony pentafluoride. On the other hand, with some steric protection
at the silylium ion, already the [B(C4Fs)s]” WCA suffices to stabilize for example the [Si(Mes);]" cation.
By contrast, and due to the aromatic system, [B(CsFs)s]” is not compatible with the only mildly
oxidizing NO* or NO," cation. Some thoughts that allow for the selection of a suitable WCA for a given

problem may be summarized by the triangle shown in Figure 1.

electrophilic stability

WCA

coordination oxidation
ability +— stability

Figure 1. Triangle delineating the independent demands of a rPBC that lead to different mixtures of the WCA
properties necessary for its successful stabilization.

With Figure 1 in mind, a personal selection of the “best WCAs” includes [1-H-CB;;MesBre]”,** [1-Et-
C|311F11]_;25 [CBM(CF3)12]_;26 [Sbanﬂ_;27 [Sb(OTEFS)G]_Izg [A|(ORPF)4]_ e [B(Cst)a]_32_34 and [B(CF3)4]_-35
A recent noteworthy addition overcoming the frequent disorder of the also towards fluoride

abstraction less stable [B(Ar“™),]” anion is the [B(Ar),]” WCA.*

Page 6 of 189



Page 7 of 189 Chemical Society Reviews

R T s X S

[MCl,J- [BF.,I- [MFg]- [Sb,F ] [SbsF el [SbyFq]
(M =Al, Ga) (M =As, Sb, Ir, Pt)

.\
€3
[OTH]- [B(CF3),]~ [M(CgFs5)sl- (M =B, Ga) [B(ArCF3),]-aka “BArF”

[CHBH:Clg]-  [CHB,1HsBr]- [CHB;MesBrg]- [CHBF ] [CEtB1F ] [B12Cli1NMe;]-

"H OB eC eN @e0O ©oF

oCl @Br OS @5b oTe

[AI(ORFF),I- [F(AI(ORPF)3),1- [Sb(OTeFs)s]-

Figure 2. Some of the weakly coordinating anions discussed in this review.
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Other aspects that will influence the choice, are the synthetic availability of the entire WCA class, or
the specific starting material necessary to ionize the system of interest. In this respect, most of the
WCAs known so far also do have disadvantages: The carborates are hard to synthesize and have
often low yields. [CB11(CFs)12]” is even explosive, as is the LiC¢Fs intermediate needed for the
[B(CsFs)a]™ synthesis. In addition, starting materials such as solvent free Ag” salts or NO*, NO," are not
accessible as salts of [B(CsFs)4]™. Anions with multiple —CF; groups often tend to disorder in the solid
state, which sometimes makes it hard to solve or refine the crystal structure. The problems
associated with the refinement of structures with the [AI(OR™),]” WCA even led to the development
of the software tool DSR.>’ It allows for the simplified refinement of such disordered structures and is

now implemented with standard programs like OLEX2.%®

Therefore, the search for new useful anions is still in progress. With the amminated chloroborate
cluster anion [1-Me3N-B1,Cl,,]” another promising candidate that refined earlier ideas by S. Strauss et
al.,* was just recently presented by Jenne et al. in 2014.% The positive charge of the ammonium
function leads to an overall -1 charge and makes it possible to use the in 30 g scale accessible —
B,,Cly; cluster residue. Important starting materials M*[1-Me;N-B,Cl;;]” (M* = Na*, HNMe;", HNOct;",

NO*, CPhs*, N"Bu,", Et;Si*) have been described facilitating application.*>*°

More details on typical
W(CA starting materials to introduce a counterion into the given system can be found in the synthesis

section below as well in the numerous WCA reviews cited in Table 1.

Synthesis Routes to Reactive Main Group Cation Salts
At the beginning, each proposal to prepare a target-rPBC needs to consider the choice of the WCA as
delineated in the preceding section, as well as the available starting materials, ionization method and

reaction medium.

WCA Starting Materials: A suitable starting material, should be accessible in good yields and contain
a useful cation that typically acts as either a strong oxidant (e.g. 0," **, NO**°, NO,",*® N(arene);***) a
halide- (e.g. Li* **, Na*, Ag" %), hydride- or alkyl-abstractor (CPh;" *’), a Brgnsted acid (H(OEt,)," *,
H(NMe,Ph)") or a metal cation, if a simple metal complex is desired as product (e.g. Cu" ***°) (Table
2). Neutral Lewis acids for bond heterolysis are available in great variety and include the classical
simple halides M"'X; and M¥Xs (M" = B, Al, Ga; M" = P, As, Sb, Bi; X = F, Cl, Br, I; not all combinations
useful), the rather fine tunable B(Aryl); acids (Aryl = fluorinated,*® chlorinated™? or fluoroalkylated™®
aromatic residue), or aluminum based systems like Al(CeFs);>* and AI(ORF);.>® Also the ion-like
RsSi(WCA) compounds have frequently been used.”®*’ Recent systematic work analyzed the potency
of a given acid versus fluoride, chloride, hydride and methanide as a base. It includes benchmark
Lewis acidity values for a smaller set of simple MX, acids.’® Neutral Brgnsted acids like HF, HNTf, and

60,61

derivatives thereof,”® or combinations of Brgnsted and Lewis Acids like HBr/nAlBr; are suitable for
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protonations. Novel, and in large quantity available very strong acids like R"0S0;H®? should also be

mentioned.

Suitable Media / Solvents: Since the synthesis of reactive ions is aspired, a suitable reaction medium
should favorably be polar but not itself be a base or a nucleophile. This often rules out classical polar
solvents that are itself good donors such as ethers or nitriles. Often chlorinated solvents CH,Cl, (& =
8.9), 1,2-Cl,C,H, (& = 10.4) or CI-Ph (& = 5.7) tend to be good choices that nevertheless are
incompatible with strong electrophiles like the silylium ions [SiRs]". Fluorinated arenes like F-Ph (& =
5.5) and 1,2-F,C¢Hs (& = 13.4) are good additions that got cheaper (but not cheap) over the last
decade. However, they are incompatible with oxidants like [NO]" or [NO,]* due to nitration /
nitrosation reactions. Especially for non-metal cations, often superacids or SO, (& = 16.3), SO,CIF (& =
n.a.) etc. are the solvents of choice. ILs® like acidic BMIM[AICI,]®**®® and others were shown in recent

006785 Egpecially for group 15 cations,

years to be very promising media for rPBC cation synthesis.
solvent free reactions using MesSi-OSO,CF; or MX; (M = Al, Ga; X = Cl, Br) were shown to provide
quantitative yields of the desired salts. By contrast, several of such reactions do work only
incomplete or not at all in solution.®® Similarly, protonations with HBr/nAlBr; turned out to be best

done solvent free.®®

The recently established concepts of absolute acidity,® absolute reducity’® and their two-
dimensional combination as the protoelectric potential map’® can be used to understand protonation
and/or redox chemistry over medium / solvent and even phase boundaries. This also includes ILs and

therefore a thermodynamically sound pH definition has been introduced for IL media.®™”*

lonization Protocols: Overall, we have categorized the rPBC included with the tables in the following
sections by an acronym describing the synthetic approach used for their preparation. The synthesis

routes are collected, explained and abbreviated in Table 2.

Table 2. Acronym (Acr.) and Type of the classified Synthesis Routes leading to rPBC.

Acr. Type Example Ref
Complexation Ag*+ S + 7
> L Ag--| \
Com reaction | X[ Ae ‘/\‘
2P, — —
. . . . @ +2 arene . 0
Oxidation reaction; Ag'(son) + Ga'()  —= Gafarene),’ (i) + Ag(
Ox including 1 € and 2 1e Ox. S021
e oxidations. Sg+3AsF;  — Sg¥([AsFgl'), + AsFy
2 e Ox.
Lewis acid induced Mes,B-F + [Mes,B]*[HCB,Cl, ]

halogen bond
Lewis heterolysis

With neutral Lewis

acids,

Et,Si(HCB,,Clyy)  +EtySicF 3233

73
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Including ion-like
compounds.

salt Salt elimination [BCI3(NHC)] + Na* [BCI,(NHC)]* + NaCl 74
reaction

Hydride  metathesis

Hvd reaction /@\ z
y With neutral or ionic Ar Ar +[PhyCl" —— '

76

H -acceptor oSy - H-CPh,
Alkyl metathesis i
v AlMe, + NELO [ve Al(OEL,),]*
Alk reaction - ; — M 2B 2 F2 2! .
With neutral or ionic (C12Fe)s [MeB(C1,Fs)s]
R -acceptor
Ins Insertion reaction P,+NO* —— [P,NO]* 78
. . * -2E,0  [AICp,]* -
Prot  Protonation reaction AlCp; + [H(OEt L™ =2 20 - [AICp,]" +Cp-H 79
[AI{ORPF),I" [AI{ORPF),I
_|+ —|+
O~ © O~ °
: Ligand exchange N N\) +PMe,Ph —— N N\) +THF 80
Lg reaction od = ad
Ph P Ph Ph P& Pn
THF —R
Ph
. o |
lon lonization - Pr -8
PraSi(HCB11Clyy) + CeHaCly —> Pr—i--~Cl [HCB41Cly4]
'Pr

Other reaction
Other not classified as one - -
of the above

Almost all the early approaches to reactive main group cations used halide abstractors as the Lewis
acids AsFs or SbFs, which form the conjugated [AsFg]™ or [SbFs]” WCAs through the reaction. The trityl
cation is a hydride abstractor, which is especially in case of silanes as starting materials very useful to
produce silylium cations. Most of the metal-non-metal complexes were synthesized by complexation
of a non-metal molecule (e.g. P4, Ss, Cl,, Xe) with a metal salt of a WCA. The coinage metals Cu', Ag'
and Au' with their d*° electron configuration induce positive charge on the main group elements,
stabilize the almost undistorted non-metal clusters, and provide insights in their bonding situation. If
the cation is a strong oxidant, it is also possible to oxidize neutral substrates directly to give reactive
cations, which are in turn stabilized by the corresponding WCA. An interesting recent addition are
the transfer oxidation of e.g. the simple diorganodichalcogenides R,E, (E = S, Se) with the

combination of XeF, (primary oxidant and source of fluoride) and a Lewis acid.®

' This tgge of reaction is sometimes referred to as Bartlett-Condon-Schneider (BCS) type hydride transfer
reaction.

10
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On the Representations of the Cation Chemical Structures

Note that the structural diagrams used throughout this review obey a distance criterion for
interactions, but not necessarily a 2e2c-understanding of every interaction line. However, at least in
the organic residue we attempted to follow an electron precise 2e2c picture. Necessarily, this gets
difficult for structures with N-heterocyclic carbenes that formally allow for a neutral dative

(imidazolyl) as well as ionic (imidazolium) description (Figure 3).

By By Bu

c. Cl N N
‘B—Q ] - ‘B—</ (I ‘B—<\ ]
c' c’ N c’ N

By By By

Imidazolium vs.
Imidazolyl Description

tB\u tBu _|+
cl, N c, N
] =]
Cl N N

/
By Bu

Figure 3. Possible descriptions of NHC-containing structures exemplified for the simple [Cl,B-I'Bu]* cation.

For simplicity, we chose the representation shown in the box in Figure 3 and adopted similar
drawings for related cases throughout. Thus, we only use arrows for relatively weak interactions with
the bonding situation in ammine-borane H3;B<—:NH; being the prototype as suggested by A.
Haaland,® and later contributions.®® For thoughts on these ongoing discussions, see these recent
publications: ®. Only if the positive charge can clearly (and not just formally) be attributed to one
atom, we assigned the charge to this atom. More common is the case in the box in Figure 3, in which
the charge may be delocalized to quite a series of atoms and therefore we placed the charge at the

upper right corner.

Ordering of the Cation Classes

The rPBC were as far as possible ordered according to accepted cation classes that may either refer
to the number of valence electrons (i.e. the onium / enium / inium-series) or to the structure. In each
subchapter, we intend to go from homoatomic, to binary and then to more complex cation
compositions. The not always consistently used classification according to onium- (8 VE), enium- (6
VE) and inium-cations (4 VE) presents some problems. Note, that the coordination number of a
group 14 onium ion may not always be four, as the o-donation of n-density of a donating double
bond may increase the coordination number to 5 as, for example, in the 2-norbornyl cation, a
carbonium ion.®® Similar considerations hold for other donor coordinated onium- und enium-ions.
Thus, we typically include the coordination number in the cation classification, for example as Ligand

substituted, (CN = 2). By contrast to these cation assignments, the group 15 to 18 cations were in

11
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addition classified by the oxidation state of the central atoms. This is often used for such rPBC. In
addition, we included ion-like compounds that were initially defined for silylium compounds with
coordinated counterions that structurally have to be addressed as a tight ion-pair but from the
reactivity still bear a considerable amount of reactivity related to the free cation, e.g. see the ion like

silylium compounds R3;Si(WCA) in Figure 4:

109°é i—Y 117°<}?‘+'"Y6 1200(-%+ Y

2,

covalent ion-like ionic
2 (C-Si-C)=329° I (C-Si-C)=345°-354° X (C-Si-C)=2360°

Figure 4. Definition of ion-like compounds as exemplified for silylium ions.

Related cases were published for coordinated aluminium cations, e.g. R,Al(WCA), and were used in a
similar manner.®” For ion-like compounds we keep the notation with the anion in parentheses and no
charges written, as in R3Si(WCA) and R,Al(WCA). Heteropolyatomic clusters were discussed in the

group of their most electropositive element (e.g. [PsSea]” in group 15, but [S:N4]** in group 16).

Group 13 Cations

Traditionally, group 13 chemistry is dominated by compounds in the +IIl oxidation state.®® Of those,
the simple halides are commonly applied as Lewis acid catalysts and initiators (e.g. BF;) and usually
associated with anion formation (e.g. [BF,]7). However, discrete trivalent group 13 cations have been
found to be more reactive, owing to their greater electrophilicity if paired with coordinative

unsaturation.®*°

Except for boron, it has become increasingly possible to stabilize group 13 cations
in their +1 oxidation state, e.g. by employing bulky substituents and/or WCAs*****! (for thallium, this
is the favored oxidation state due to the inert pair effect®®). Featuring a lone pair of electrons and
empty p-orbitals, the +l cations are ambiphilic and can function both as Lewis base or acid, thus

offering unique reactivities and selectivities in organometallic chemistry,” ™’

as well as organic® and
polymer”®® syntheses. Overall, different aspects of the chemistry of cationic group 13 compounds
were reviewed and these contributions are compiled in Table 3. In this context, this sections intends
to give a comprehensive overview of reactive group 13 cations of the larger WCAs since about 2000.
Due to the large scope of this chapter, we mainly omit rPBC with the simple halometallate based

counterions and only include those in special cases of high relevance.

Table 3. Review articles including cationic group 13 compounds.

Year Group Title Ref
1985 13 Arene Complexes of Univalent Gallium, Indium and Thallium 100,101
1998 13 Cationic group 13 complexes 102
2004 13 From group 13—group 13 donor—acceptor bonds to triple-decker cations o
2005 13 Borinium, Borenium, and Boronium lons: Synthesis, Reactivity, and Applications 5

12
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2007 13 Development of the Chemistry of Indium in Formal Oxidation States Lower than +lI|
2008 13 Borylene Transfer from Transition Metal Borylene Complexes 3
2008 13 Synthesis, Characterization, and Applications of Group 13 Cationic Compounds o
2009 13 Highly electrophilic main group compounds: Ether and arene thallium and zinc complexes 0
2009 13 Transition metal borylene complexes: boron analogues of classical organometallic systems 108
2010 13 Electron-Precise Coordination Modes of Boron-Centered Ligands 105
2011 13 Coordination chemistry of group 13 monohalides %
2011 13 New Light on the Chemistry of the Group 13 Metals 88
2011 13 The Chemistry of the Group 13 Metals in the +I Oxidation State 108
2011 13 Mixed or Intermediate Valence Group 13 Metal Compounds 107
2011 13 Coordination and Solution Chemistry of the Metals: Biological, Medical and Environmental 108
Relevance
2012 13 Cationic Tricoordinate Boron Intermediates: Borenium Chemistry from the Organic 109
Perspective
2012 13 Cyclopentadiene Based Low-Valent Group 13 Metal Compounds: Ligands in Coordination 110
Chemistry and Link between Metal Rich Molecules and Intermetallic Materials
2012 13 Low-Oxidation State Indium-Catalyzed C—C Bond Formation %8
2013 13 1.17 — Low-Coordinate Main Group Compounds — Group 13 o7
2013 13 Transition metal borylene complexes ®
2013 13 Boron, aluminum, gallium, indium and thallium 1
2015 13 Discrete Cationic Complexes for Ring-Opening Polymerization Catalysis of Cyclic Esters and 10
Epoxides

Boron Cations

For a long time, boron cations have remained a chemical curiosity due to their redox lability.
However and partly owing to the developments in the field of WCAs, more and more boron-based
cations are being reported. Overall, the cations can be classified according to the coordination
number at boron: i.e., di-, tri-, and tetra-coordinated boron cations are referred to as borinium,
borenium and boronium cations. To this day, the boron cations have been most notably reviewed by

112

Noth (1985; a milestone in cationic boron chemistry), Piers (2005; structural and bonding

aspects)®® and Vedejs (2012; reactivties and applications).’®

Alkyl-/Aryl Substituted (CN = 2): To our knowledge, there is only one contribution to this class of
compounds: i.e., the recently reported [Mes,B]" borinium cation with the very good
[HCB11Cl11)/[B(CeFs)a]” WCAs."** Herein, the boron atom adopts a linear di-coordinated structure
and the Mes substituents are aligned orthogonal to each other, allowing for a perfect shielding as
well as m-donation into the empty p-orbitals of the highly electrophilic borinium cation (cf. the
modelled delocalized molecular orbitals). The [Mes,B]" cation is likely to become a textbook
compound as it is the first borinium cation that does not rely on strongly m-donating heteroatom
substituents (cf. the earlier reported [(‘BusPN),B]" cation''* in the section Ligand Substituted (CN = 2)

in Table 4).

Ligand Substituted (CN = 3): Tri-coordinated borenium cations are not as electron deficient as the

borinium cations and therefore more stable. Nonetheless, the cations can only be isolated in the

5 116,117

solid state if chelating (e.g. phthalocyanine'® and catecholborane ) or strongly o-donating

118,119

ligands (e.g. N-heterocyclic carbene I'Bu’* or hexaphenylcarbodiphosphorane ) are applied. For

13
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the synthesis and reactivity of the [BCl,(I'Bu)]" cation, the nature of the WCA is crucial. Hence and
though the cation can be prepared in the presence of [AICL]", [OTf]” or [B(Arc')4]_, only the latter
allows for a structure with no notable cation-anion contact. This leads to an increased reactivity of

the [BCl,(I'Bu)][B(ArY),] salt.”

14
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Ligand Substituted (CN = 4): Some of the tetra-coordinated boronium cations directly derive from
the corresponding borenium cations: i.e., the tri-coordinated [PMAF-9BBN)]* cation (only stable in
solution, as monitored by ''B NMR spectroscopy) reacts with 1-MIM in a ligand exchange and

addition reaction to form the tetra-coordinated [(1-MIM),(9BBN)]* cation (Figure 5).
Me  Me, ,Me_r

+ N N N
S 20y Chl)
= %—

Mes

Figure 5. Synthesis of the [(1-MIM),(9BBN)]" boronium cation via a borenium cation precursor.

For the isolation of the discrete [BH,(PR,H),]" cation, the nature of the WCA is again essential:
compared to [OTf]", [B(Ar?),]” features no hydrogen bond with the cation, thus allowing for

increased reactivities.*®

Transition-Metal Substituted: The number of transition-metal substituted boron cations is much
higher than the one of related alkyl-/aryl- or heteroatom substituted compounds. Numerous
contributions have been made by Braunschweig and Aldridge and both authors recently reviewed

31045 The d-orbitals of the transition-metals

the chemistry of transition-metal borylene complexes.
allow for stabilizing o- and m-interactions with the orbitals of boron (Figure 6) and of all the ligands
the FeCp(CO), / FeCp’(CO), / FeCp*(CO), substituents protrude: e.g., various linear borinium cations,
such as [CpFe(CO),B(NCy,)], and borenium cations derived thereof, such as

[(CpFe(CO),)B(NCy,)(4-Pic)]", have been isolated."

.
S'=he @R 06,0 OC co |

- 2y
Qo—0 T OC:Mn-B-Mn-CO
0M® n B—R oC’&o o¢ co
a) b)
_|+
g
werFe

“Ba Lco
OoC \F?/

S

Figure 6. a) Orbital interaction between borylenes and transition-metal fragments; b) and c) exemplarily
selected transition-metal substituted borinium cations.

Another notable substance class are the cationic T-shaped platinum boryl complexes that are usually
accessible via salt metathesis reactions: e.g., [(CysP),(MeCN)Pt(B=0)]* can be synthesized by reacting
(CysP),Pt(B=0)(Br) with the halide abstracting reagent Ag'[B(Ar“>),]".>** Employing a ferrocenyl ligand

on the other hand, Braunschweig et al. were able to isolate a rare example of a structurally

15
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characterized boron dication: [FcB(Pic);]*" (Figure 7).**

74 M:IH
Bry,BFc w§ /@ (

+2 Na'[B(CeFs)al

1B\
— 2 NaBr =N N A
+3Pic @ Q
Me Me

Figure 7. Synthesis of the boron dication [FCB(PiC)3]2+ via bromide abstraction and subsequent complexation.

[B(CeF5)al)2

Multinuclear: Due to the pronounced electron deficiency of boron there are not many contributions
to the field of cationic multinuclear boron-based rPBC. The neutral diborane [HB(u-hpp)], complex
however, is an excellent precursor for hydrid abstractions and via unexpected boron-boron coupling

reactions the unprecedented tetraborane dication [B,H,(p-hpp)a]** was isolated (Figure 8).'*

N N— |
D

o
N7 g g N
HONg N M

Figure 8. The tetraborane dication [B4H2(u-hpp)4]2+. The bonding properties in the rhomboid B, core of the
product can be described as two B—B units connected by 3-c-2-e bonds, sharing a short diagonal.

Multinuclear Transition-Metal Substituted: Compared to their mononuclear congeners, both the
ligands and coordination modes in the multinuclear borinium, borenium and boronium cations are
very similar: i) linear in the [(CpFe(CO){B(NCy,)}),(n-dmpe)]** complex'?*, ii) trigonal-planar in the
[(CysP){Pt(B(Br)},(1-Ph)]** dication'®® and iii) tetrahedral in [{(bipy)(Me)B}(u-Fc)]*"."**** The
aggregation usually occurs via bi-functional ligands like dmpe or via the transition-metal ligand itself

(Figure 9).

T e, . [

! CO
CyZN;géFe‘F/I/\/ P\Fle.‘:B:NCy2
&2 o
=
~_N. Me 2+
b) B % /_I
| N K Fe ! N |
= 'B'\/
Me N

L~

Figure 9. Dicationic a) [(CpFe(CONB(NCy,)}),(u-dmpe)]*** and b) [{(bipy)(Me)B},(p-Fc)]***** complexes.
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Aluminum Cations

Among the group 13 cations, the lower- and higher-coordinated derivatives of aluminum have been
of significant interest as they feature increased Lewis acidities and ligand labilities, thus allowing for
higher catalytic activities compared to their neutral analogs.” While Atwood (1998)'°? and Dagorne
(2008)°* have given a good overview on cationic aluminum species from a fundamental perspective,
Sarazin and Carpentier (2015)™ recently reviewed various discrete cationic aluminum complexes that

are able to catalyze ring-opening polymerizations.

Alkyl or Aryl Substituted: The synthesis of di-coordinated alkyl complexes of aluminum [R,Al]" (R =

Me, Et, 2,6-Mes,C¢Hs) is only viable, if extremely weakly coordinating anions (e.g. borate®” and

128 129

carboranes *°) and/or bulky substituents'® are applied. In the case of “[Me,Al]"”” and “[Et,Al]™”, the
Lewis acidity of the aluminum cations is so significant that the latter feature distinct contacts to the
corresponding WCAs and should therefore be described as ion-like compounds (Figure 10). However,
preliminary investigations showed that jon-like (Et,Al),B,,Cl; is a very active initiator for the cationic

polymerization of isobutylene.**°

ol. N, Cl
Me, / B\/ /B N\ Me
AL A
e’ \ch/x %B\CI/ Me

Figure 10. The ion-like (Me,Al),B1,Cly, salt.¥’ For clarity, all BCI moieties of the perchlorinated closo-
dodecaborate that feature no contact to the “[Me,Al]™ cation have been omitted.

The [(2,6-Mes,CgHs),Al]" cation on the other hand, is a discrete and therefore almost linear
di-coordinate aluminum cation that features no contact to the WCA [B(CsFs)s]”.**° The occurrence of
the highly Lewis acidic aluminum cation is attributable to the intrinsic stabilization effect of the

2,6-Mes,C¢H;s ligand: i.e., bending of the flanking Mes-moieties towards the aluminum center.

Cyclopentadienyl Complexed: This class of compounds is to some extent related to the just
mentioned alkyl substituted [(2,6-Mes,C¢Hs),Al]" complex. Hence, the Cp ligands are n’- but not
o-bonding, and allow for the synthesis of discrete aluminum cations with different WCAs as
counterions: [(n>-Cp), Al [AI(OR™),] 7, [(n°-Cp’),Al]*[B(CeFs)a] ™! and [(n>-Cp*),All"
[MeB(CeFs)s]~.***** Moreover, the salts offer insights into the relationship between the
nucleophilicity of Cp, Cp’ and Cp*, the corresponding WCAs and the resultant Lewis acidities and
reactivities of the aluminum cations: i.e., with increasing nucleophilicity of the Cp ligands (Cp < Cp’ <
Cp*) the WCAs can be less coordinating ([MeB(CsFs)s]” > [B(CsFs)sl™ > [AI(OR™),]7). The more
interacting anions induce decreased Lewis acidities and lower reactivities of the aluminum cations for

the initiation of olefin polymerizations: [(n>-Cp),Al]" > [(n°>-Cp’),Al]" > [(n°>-Cp*),Al]".”

Ligand Substituted (CN = 2): The above mentioned o-coordinated [R,Al]" complexes are either
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stabilized by intermolecular interactions with the corresponding WCAs or intramolecularly by two
bulky terphenyl ligands. Within this context, Sekiguchi et al. were able to contribute another cationic
di-coordinated, yet differently intramolecularly stabilized aluminum  species: the
['Bu,MeSi-Al-Si'Bu,-SiMe'Bu,]" cation.’** As supported by the solid-state structure and theoretical
calculations, the stabilizing element is a o-mt hyperconjugation of the aluminum cation and the

neighboring Si-Si o bond (Figure 11).

+ [EtzSi(CeHg)"

+
[B(CeFs)al SiMe'Bu, |
.y -CeHe) v L
Al(SiMe'Buy); BuzMeS|—AI-OS|tBu2 [B(CeF5)al™
BupMeSi , Bu O
via Al-Si

Bu,MeSi”  Bu

Figure 11. Synthesis of the ['Bu,MeSi-Al-Si'Bu,~MeSi'Bu,]" cation via demethylation and subsequent migration
of a '‘Bu,MeSi group.

Ligand Substituted (CN = 3): Tri-coordinated aluminum cations are a bit less electrophilic than their
di-coordinated congeners but nevertheless still very reactive. The few examples that have been
reported, require chelating and sterically demanding B-diketiminate ligands, thus allowing for the
successful synthesis of cationic [(B-diketiminate)Al-H]"™** and [(B-diketiminate)Al-Me]™3® complexes,
respectively (Figure 12).
,DlF;r Me ,DIP?r

N/\AI—H C NI\AI—Me

—N N

Me DIPP ME  DIPP
a) b)

DIPP—N

Figure 12. a) The [(B-diketiminate)Al-H]" cation derives from the reaction of a N-imidoylamidine ligand with
AlH3;:NMe,Et and [Ph3C]+[B(C6F5)4]_.135 b) The [(B-diketiminate)Al-Me]" cation is formed by reacting the neutral
precursor (B-diketiminate)Al(Me), with the demethylating reactants [CPh;]'[B(CsFs)s” and  B(CeFs)s,
respectively.136

Ligand Substituted (CN = 4): In their recent review on group 13 cations, Dagorne and Atwood state
that “four-coordinate cations are most common ... as they incorporate an electronically saturated

metal center”.”®

In all compounds the aluminum cations are coordinated in a tetrahedral fashion with
at least one coordination site being occupied by a heteroatom (N, O, P). Moreover, the vast majority
of aluminum cations are incorporated into heterocycles, which derive from chelating ligands, such as
Pytsi*®’, hpp'®2, BOX'®, 'Pr,-ATI***™*! and SchNMe,."”* The usual synthesis routes are alkyl or hydride
abstractions. On the other hand, there are a few examples where aluminum is coordinated by four
discrete ligands: [Me,Al(OEt,),]",”” [Me,Al(THF),]",*** [Me,Al(NPhMe,),]" *** and [H,AI(NMe;),]" ** (cf.

Figure 13 for the complex synthesis of the [H,Al(NMe;),]" cation and the in-situ generation of the

corresponding WCA).

18
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o e + CHZ’Bu 2-
6 ‘BUC=CLIi 2 MesN_ .NMes
- /\\\ CHztBu
+ 12 AHNMe tBtHzC C C\//C CH,Bu
3 3
BUHzC A|\A\|/A|\A|

Zam:
+ 2 [NMey(CH,Ph)(CH,Bu)]*CI~ "H H

CHztBu

Figure 13. Salt metathesis and hydroalumination reactions lead to the formation of the weakly coordinating
carbaalanate cluster that allows for the synthesis of two equivalents of the [HZAI(NMe3)2]+cation.145

Ligand Substituted (CN 2 5): As mentioned in the previous sub-chapter chelating ligands are of

significant importance in terms of stabilizing cationic highly coordinated (CN = 5) aluminum cations.

Of all the different chelates, the Salen derivatives'*® protrude, allowing for the synthesis of distorted

148151 g quivalents of

square pyramidal / octahedral aluminum cations that interact with one™’ or two
Lewis base, such as Et,0 and THF (Figure 14).

Do _|+

Figure 14. Octahedral or quadratic-pyramidal coordinated [SalenAl(Do),]" cations (Do = Et,0, THF) with n = 1,2.
Multinuclear: A common structural motif of dicationic and dinuclear aluminum cations are the often
centrosymmetric [Al,0,]-rhomboids™>*****3*13* 35 seen in the recently reported [{{(OSSO)AI},]** cation

(Figure 15)."°

Figure 15. In the [{(OSSO)AI}2]2+ cation one aluminum atom is coordinated in a trigonal-bipyramidal and the
other in a distorted-square-pyramidal fashion. The cationic species is a potential catalyst for the ring opening
polymerization of propylene oxide.™

On the other hand, there are various dinuclear, yet singly charged aluminum cations in which the
latter usually feature different coordination modes. Notable contributions to this field of research
have been made by Jordan et al., such as the cationic aluminum aminotroponiminate™*! and

amidinate®*® complexes in Table 4.

AICp* Substituted: The coordination chemistry of low-valent group 13 organyls such as AICp* to
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transition-metals is a growing field in inorganic chemistry, though more contributions were reported
using the heavier homologue GaCp* (see below). Nonetheless, Fischer et al. were able to isolate the

cationic [Rh(COD)(AICp*);]* complex by reacting [Rh(COD),]* with three equivalents of AlCp*.*’

Gallium Cations
As mentioned above, gallium in its +| oxidation state is thermodynamically unstable and usually
disproportionates into the metal and the +lll ions. Notable contributions to the field of reactive

gallium cations therefore allow for the stabilization of the +I oxidation state of gallium.*

Alkyl or Aryl Substituted: The isolation of the linear di-coordinated [(2,6-Mes,C¢Hs),Ga]" cation*®
was performed by Wehmschulte et al. as a test run for the above mentioned structurally related
[(2,6-Mes,C¢Hs),Al]" cation.’”® Hence, the bowl-shaped terphenyl substituents are potential ligands in
terms of shielding highly electrophilic cations. Moreover, both syntheses were only possible due to

the presence of very good WCAs, such as the [Li{AI(OR™),},]” and [B(C¢Fs)s]” anion.

Cyclopentadienyl Complexed: Partial protolysis of GaCp* with [H(OEt,),]'[B(Ar">),]" vields the
bipyramidal double-cone structured [Ga,(n’-Cp*)]* cation.”®® The latter can be seen as a
GaCp*-substituted “naked” Ga* cation, thus reacting as a gallium(l) source with ligands such as DDP
(Figure 16).

R
N

E NH N,R
R \G% + iiNzGa
R

)4l salt cleanly reacts as a gallium(l) source with ligands such as DDP.

CF3

Figure 16. The [Ga,(n>-Cp*)]'[B(Ar
The coordination mode of the Cp* ligands in the [(n’-Cp*)(n®*-Cp*)Ga]’ cation on the other hand

differs.’®® Hence, the originally expected n°,n°>-ferrocene-like structure that was also observed for the

aluminum analogue is likely perturbed by the more interacting [BF,;]” counterion.

Arene Complexed: Cationic arene complexes of univalent gallium are known for more than 30 years
and Schmidbaur et al. have made notable contributions to this field of research.’® vet, the
reported compounds feature strong cation-anion interactions and are labile towards com- and
disproportionations. More recently, Krossing et al. developed a simple oxidative route to
[Ga(n®-arene),]” complexes of the weakly coordinating [AI(OR™),]” anion with n = 2, 3
(Figure 17).3"°"°* The arene complexes have proven to be a powerful starting material for further
gallium(l) chemistry (e.g. various ligand exchange reactions) but also highly efficient catalyst for the

polymerization of isobutylene.”?*°
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Gal + Ag*[AI(ORPF) -
-AgP ﬁ _R
[AIORPF),]~
Figure 17. Oxidative access to [Ga(n®-arene),]’ complexes with n = 2, 3(R = F, Me).
Ligand Substituted (CN = 2): The arene ligands in the [Ga(n®-arene),]” cations with n = 2, 3 can be
substituted by electron-richer analogues. In addition, o-donating ligands such as carbenes IR (R = Pr,

> can also be applied, yielding bent [Ga(IR),]" and [Ga(P'Bus),]*

Mes)'®" or phosphines P'Bus™®
complexes (cf. the stereoactive electron lone pair at the gallium(l) cation). Another notable
di-coordinated gallium(lll) cation is the linear ['‘Bu;Si-Ga-Si‘Bus]* complex (Figure 18), which could be

isolated in the presence of the [AI(OR™"),]” WCA, but not the simple [GaCl,] anion.'®?

Figure 18. Molecular structure of the ['BusSi-Ga-Si‘Bus]* cation. A. Budanow, T. Sinke, J. Tilmann, M. Bolte, M.
Wagner, Two-coordinate gallium ion [‘BusSi-Ga-Si'Bus]* and the halonium ions [‘BusSi-X-Si'Bus]” (X = Br, 1):
sources of the supersilyl cation [‘BusSi]" Organometallics 2012, 31, 7298—7301. Data from this Reference were
used to draw this figure and the hydrogen atoms were omitted for cIarity.163

Ligand Substituted (CN = 3): This class of tri-coordinated gallium(l) cations again derives from the
above mentioned [Ga(n®-arene),]" cations with n = 2, 3. The coordination mode for the gallium(l)
cations is trigonal-pyramidal due to the stereoactive lone pair electrons. Besides sterically less
demanding phosphines, N-heterocylic arenes like pyrazine and DTBMP (a o-, and not a m-donating
ligand, proving its perception of being non-nucleophilic wrong) were also applied as potential

%% Due to the bifunctionality of pyrazine, both the monomeric [Ga(pyrazine)s]* complex and

ligands.
the one-dimensional coordination polymer [{Ga(p-pyrazine),(n'-pyrazine)}'].. were isolated

(Figure 19).
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Figure 19. a) Monomeric [Ga(pyrazine);]" complex and b) One-dimensional coordination polymer
[{Ga(u—pyrazine)z(n1—pyrazine)}+],<.. The propagation of the polymer into the second dimension was not possible
as each cationic strand is surrounded by strands of the corresponding [AI(ORPF)4]_ anions.'®

Ligand Substituted (CN = 4): Using the BOX ligand, Dagorne et al. isolated tetra-coordinate neutral

gallium complexes.'®

The latter were easily ionized by applying [CPh3] [B(CgFs)s]” or B(CeFs)s in
NMe,Ph. Interestingly, the trityl cation functions as hydride and B(CsFs); as methyl abstracting

reactant (Figure 20).

A\ * N AN +
O /CMez_l [CPh3]+ (0] /CMGQ B(CgFs)3 o} /CMez
=N Me  [B(CeF5)al N Me +NMeyPh N Me
Ga,_ ~— Me C Ga_ Me C Ga_
=N Me N Me N  NMeyPh
O__CMe, O__CMe, O_CMe,

Figure 20. Hydride vs. methyl abstraction of neutral BOX ligated gallium complexes.165

Ligand Substituted (CN 2= 5): Cationic penta- and hexa-coordinated gallium complexes are

166,167

synthesized via protonation or complexation.'® Within this context, the [Ga([18]crown-

6)(CgHsF),]" complex is of special interest as the gallium(l) cation features no contact to the

corresponding [AI(OR"),]” anion and the C¢HsF ligands coordinate in different fashions (Figure 21).*%®

1/
D
Figure 21. The [Ga([18]crown—6)(r]e—/r]l—CGHg,F)z]+ cation. The nG— and nl—coordination modes could be an
indication for a stereoactive lone pair on the side of the weaker and only nl—coordinated CgHsF molecule.®®

As the N-heterocyclic arenes are potential ligands for univalent gallium (see above), Krossing et al.
additionally reacted the chelating bipy with the [Ga(n®-C¢HsF),]* complex. Instead of witnessing a
simple ligand exchange reaction, they isolated the paramagnetic and distorted octahedral
[Ga"{(bipy)3}*]** complex due to the non-innocence of the bipy ligand.'” This is reminiscent to

transition metal chemistry where for example the [Ru"{(bipy);}*]** complex features similar bonding.

Transition-Metal Substituted: Similar to the transition-metal substituted boron cations, CpFe(CO),
(FP) and Cp*Fe(CO), (FP*) are the most important ligands in terms of stabilizing di-, tri- and
tetra-coordinated gallium cations: cf. the [(FP*),Ga]" '®, [(FP*),Ga(4-Pic)]**°, [(FP*)Ga(phen)(Y)]" (Y =
Cl, S’Tol)'"* cations (Figure 22).
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e e

Figure 22. a)The linear di-coordinated cation [(FP*),(u-Ga)]” derives from a salt metathesis of (FP*),GaCl and
Na'[B(Ar<®),]”. The Fe—Ga—Fe moiety features a significant  bonding component (population analysis).”® b)
The [(FP*),(u-Ga)(4-Pic)]" cation is an addition product of [(FP*),Ga]" and 4-Pic and the second structurally
characterized complex containing a cationic tri-coordinated gallium centre.'”’ c) Applying the chelating phen
ligand, Ueno et al. isolated the tetra-coordinated [(FP*)Ga(phen)(Y)]" (Y = Cl, S’Tol) cations, i.e. the first
transition-metal complex with a thiolate group on the gallium atom.'”*

Multinuclear: There are not many contributions to this field of research and some cationic

172,173

multinuclear gallium complexes are a product of hydrolysis. Two remarkable examples however

are the dinuclear [(n°®-C¢HsF)Ga(p-n®-m-TP),-Ga(n®-CeHsF)1** complex®*® in which the gallium(l) cations
are solely m-coordinated by arene ligands as well as the o-coordinated amidinate-bridging

[{'BUC(N'Pr),}GaMe{'BUC(N'Pr),}GaMe,]" cation.™®

Multinuclear Transition-Metal Substituted: A notable class of contributions are the
B-diketiminate/THF coordinated gallium cations that can be bridged by a gold atom'* or a
{ZnCITHF},-rhomboid.’”® Reaction of Cp*Fe(n’-Ps) with the [Ga(o-C¢HaF,),]" complex on the other
hand resulted in aggregation and the formation of a cationic one-dimensional coordination polymer

(Figure 23).'"°

P/P\
'Vle5é [Ga(o-CgHaF2)o]" P“/P R

PFy 1-
pF [AIOR™F),] /PR
Ga m P

P P IJDCEfP P\P
.P
\
P\
P n
Figure 23. Reaction of [Ga(o-CsH,F,),]" and Cp*Fe(n’-Ps) results in aggregation and formation of a cationic
one-dimensional coordination polymer.

GaCp* Substituted: As of today, GaCp* is a widely used ligand concerning cationic transition-metal
complexes, thus leading to an enormous variety of cationic gallium species. This area of research has

been intensively reviewed by Fischer et al.'*°

and we would like to refer to the multiple entries in
Table 4 of this review. Yet, some of the compounds also include “naked” and bridging gallium atoms:
e.g. [(Ga)Ru(PCy;),(GaCp*),]","”” [(Ga)M(GaCp*),]" (M = Ni'’%, Pt'*™°), [(Cp*Ga),Rh{Ga(Me)}]","*!

[(Cp*Ga)4Rh{Ga(Me)(py)}I","™ [{Ru(GaCp*)s-[(CH,),C{CH,(1-Ga)1k1", [{(GaCp*)sPtHPt(H)-
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(GaCp*);}u-Ga)]**.* Contrary to GaCp* (a strong o-donor and weak m-acceptor, cf. similarity to the
boron related compounds in Figure 6, the “naked” gallium cations function as pure acceptor ligands,

with significant components of o- and t-symmetry contributing to the M-Ga linkages.'”®**°

Indium Cations
Compared to the lighter homologue gallium, well-defined indium(l) halides exist, though they are
practically insoluble in organic solvents. The synthesis of In‘[OTf]” by Macdonald et al. as a soluble

alternative is therefore an important development concerning the indium(l) chemistry.'®

Cyclopentadienyl Complexed: Using the just mentioned In"[OTf]” salt as starting material and

reacting it with manganocene, the inverse sandwich complex [In,(n>-Cp)]* was successfully

synthesized.'®® Interestingly, the counterion is the complex [CpsIn"'-Cp-In"Cps]™ ion, deriving form a
partial oxidation of the starting material. The formation of the mixed valence species seems to be
preferred over an alternative indium(ll) species. Reacting InCp* (a hexamer in the solid state) with a
mixture of B(C¢Fs); and H,0:-B(CeFs)s, the first indium-based triple-decker cation [(n®-Tol)In(p-n°-
CsMes)In(n®-Tol)]" was formed.'® Reducing the size of the counterion from [(C¢Fs)sBO(H)B(CeFs)s]™ to
[B(CFs)a]” on the other hand, results in the formation of the inverse sandwich complex [In,(n*>-Cp*)]*
in which the indium(l) cations are not capped by toluene molecules but rather interact with the
[B(CgFs)4]” anions (Figure 24)."*
Me

i | B(CeFs)3 [H(TohI" :
n H20'B(C6F5)3 InC *) [B(CGF5)4]7 In_|

- n —_—_—
| 4 toluene ( Ps toluene )
Me In,

Figure 24. Reducing the size of the counterion from [(CgF5)sBO(H)B(CgFs)s] to [B(CeFs)a]l” “squeezes” the toluene
molecules from the triple-decker cation, yielding the inverse sandwich complex [Inz(nS-Cp*)]+.

Arene Complexed: By reacting elemental indium with Ag'[AI(OR™),]”, Krossing et al. expanded the
above mentioned oxidative route to gallium(l) salts towards the synthesis of [In(arene),]* complexes
with n = 2, 3.2 |dentical compounds can also be synthesized by using the salt metathesis reactions

of Scheer et al., with insoluble InCl as starting material.**®

Ligand Substituted (CN = 2): These [In(arene),]" complexes with n = 2, 3 are an ideal starting
material for further indium(l) chemistry: e.g. the arene ligands can be substituted for N-heterocyclic
carbenes such as IPr."®" Salt metathesis reactions on the other hand are still very important: i.e.,
using the isosteric and isoelectronic terphenyl Mes,py ligand, Aldridge et al. were able to isolate
mixed-leptic [In(Mes,py)(n°®-C¢HsF)]* (both o- and m-coordinated) and homo-leptic [In(Mes,py),]*
complexes (only o-coordinated, though the flanking mesityl rings of the Mes,py ligands also partly

187

ni-coordinate).”™’ The latter features an indium(l) cation wholly encapsulated by two Mes,py ligands
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and remarkably long In-N distances, which the authors explain with an energy mismatch between

the (low lying) pyridine ligand donor and (high energy) metal acceptor orbitals.

Ligand Substituted (CN = 3): Besides complexation and ligand exchange reactions of In*[OTf]” and
[In(arene),]* (n = 2, 3) with ligands such as bis(imino)pyridines’®***® and PPhs,'®* tri-coordinated
indium cations can also be isolated by thermolysis of [{Pr,-ATI(CPh;)}InMe,]", a cationic

tetra-coordinated indium precursor (Figure 25, conversion of a) to b)).**

} [PhsCT* , N , +
=NRE Me  [BCeFslal PhsCy N’F’r, el 75°C /N'\rm_M]
=Nipr Me H Nlpr ‘Me  _phyCMe =NiPr

b)
[HNMe,Phl*

[B(C6F5)4l” =N \MM
_ CH4 NIPr NMezPh

Figure 25. Formation of tetra- and tri-coordinated cationic diimine substituted indium complexes: a)
[{Pry-ATI(CPh;)}InMe,]", b) [(Pr-ATl)InMe]” and c) [(Pr-ATl)In(Me)(NMe,Ph)]". For each complex, the
counterion is [B(CgFs)a] -

Ligand Substituted (CN = 4): The cationic diimine [{Pr,-ATI(CPh3)}InMe,]" complex was synthesized
by reacting the neutral (Pr,-ATI)InMe, precursor with the ionizing [PhsC]'[B(CeFs)s]” salt
(Figure 25)." Surprisingly, the latter does not function as methyl abstracting reactant but rather
adds to the C5 carbon of (Pr,-ATl)InMe,. Reacting (Pr-ATl)InMe, with the protonating
[HNMe,Ph]*[B(CsFs)s]” on the other hand, results in CH, formation and the labile adduct
[(Pr,-ATI)In(Me)(NMe,Ph)]" (Figure 25).**°

Ligand Substituted (CN 2 5): Compared with the lighter homologues aluminum and gallium, indium

shows a tendency to expand its coordination sphere.'®*%®

Protonolysis of the neutral In(CH,SiMe;);
complex in THF therefore yields a penta-coordinated indium cation: [In(CH,SiMes),(THF)3]".*"
Moreover, In‘[OTf]” ****** and [In(arene),]” **® (n = 2, 3) can be reacted with the crown ether
[18]crown-6, yielding cationic indium complexes with similar structures to the gallium congener (cf.
Figure 21) and strong anion-cation interactions in the case of the [OTf]” anion. Reacting In"[OTf]” with

[15]crown-5 on the other hand, the sandwich complex [In([15]crown-5),]" was isolated.™®*

Transition-Metal Substituted: The class of cationic transition-metal substituted indium compounds
very much relates to the related gallium structures: i.e., the [InPt(PPh;)s]" complex with a “naked”

179180 35 well as the di- and tri-coordinated [(FP*),In]* and

Pt-substituted indium cation
[(FP*),In(THF)]* complexes.'®® Reacting the chelating phen ligand with the [In(CsHsF),]* complex in
the presence of silver salt, Krossing et al. isolated the silver bound indium dication®’
[(phen),In-Ag(n>-C¢HsF)]** that is related to the [InPt(PPh);]" complex.”’** In this complex the

tetragonal-pyramidal [In(phen),]’ cation reacts as a Lewis basic donor (cf. the stereoactive 5s lone
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pair at indium), while the [Ag(n*-CsHsF)]" complex is the corresponding Lewis acidic acceptor.

Multinuclear: For the synthesis of multinuclear indium cations, the [In(arene),]" **®

complexes with n
= 2, 3 are a powerful starting material. Hence a dicationic [{(PPh;)sIn},(1-PPh3)]** complex in which
one PPh; ligand bridges both indium(l) cations was isolated.’®® Applying the non-innocent and
chelating bipy and phen ligands on the other hand, Krossing et al. surprisingly isolated the first
cationic tri- and tetra-nuclear indium clusters: [Ins(bipy)s.s)** and [Ins(Do)s]** (Do = phen, bipy)
(Figure 26)." This result very much differs from the above mentioned synthesis of the paramagnetic
[Ga"{(bipy)3}*]** complex and can be attributed to the higher redox-stability of indium compared to
gallium. In addition and to our knowledge, these are the first higher charged clusters that have been

reported to this day: i.e., for cluster formations usually reductive syntheses are applied, yielding

neutral and anionic clusters.

Na
N Nﬂ In
C N’ | \Ir#\\N N\*|n_|n4/N
CN‘In/ »'N N \In/ N
N\‘MN N\) N7 SN
) NN
N N —N N— N N —N N=—
U =47\ U=/
a) b)

Figure 26. Cationic a) [Ing(bipy)_q,_ﬁ]3+ and b) [In4(Do)6]4+ (Do = bipy, phen) complexes synthesized via ligand
exchange reactions and aggregations.

Thallium Cations

In contrast to the lighter homologues, thallium’s thermodynamic most stable oxidation state is +I.
Hence, various syntheses of unsubstituted thallium(l) cations of different WCAs have been reported:
i.e., the protonation of TIOEt using [H(OEt,),]'[B(Ar)s]” / [B(CeFs)al” **'%, the Lewis acid base
reaction of TI'[OTeFs]” and B(OTeFs);'*® and the salt metathesis of TIF and Li'[AI(OR""%),]7.292% The
thallium(l) salts are relatively stable (cf. the silver congeners decompose upon exposure to light) and
mainly used as reactant to introduce WCAs (e.g. salt metathesis reactions). TI'[AI(OR"),]” could only
be isolated, if the precursors were applied in an exact 1:1 stoichiometry. An excess of TIF however,

led to the formation of the cationic multinuclear [TI5F,Al(OR™);]" complex.?®

Arene Complexed: Various cationic thallium(l) arene complexes have been reported. While the

di- and tri-coordinated [TI(n®-arene),]’ complexes (arene = CsHsMe, n = 2, 3;*°* Mes, n = 2;°%* CsMeg, n

= 2% are structurally related to the lighter homologues, CsMes additionally allows for the first

mono-coordinated [TI(n°-C¢Meg)]" complex (DFT calculations gave a remarkable TI-C¢Meg mt-bonding

energy of 163 kJ mol™).?**
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Ligand Substituted (CN = 2): Reacting TI'[OTeFs]” with B(OTeFs); in 1,2-dichloroethane, the solvent
functions as chelating ligand, thus forming the five-membered TICI,C,-ring in [TI(1,2-Cl,C,H,)]" (after
silver and ruthenium, thallium was at that time the third reported metal atom coordinated by a

simple chlorocarbon).*® By contrast, from CH,Cl, the “naked” TI'[B(OTeFs),]” salt was isolated.

Ligand Substituted (CN = 3): Similar to the lighter homologues gallium and indium, the
[TI(n®-CsHsR),]* (R = F, Me) bent-sandwich complexes can interact with N-heterocyclic ligands such as
Mes,Py, thus forming tri-coordinated [Tl(Mes,py)(n®-CsHsR),]" complexes.’® On the other hand

stuZOS

tri-dentate chelating ligands like timtm and bis(imino)pyridines®® can be applied to isolate

tri-coordinated thallium(l) cations (Figure 27).

z

tBu

Figure 27. Both the a) [TI(timtmb™")]" and b) [{ArN=CPh},(NCsH;)TI]" complexes derive from TI'[OTf]” and are
synthesized via complexation reactions of the corresponding ligands. In addition, the inverted sandwich
structure C) [{{ArN=CPh}2(NC5H3)T|}2([1-I’]6-C6H5R)]2+ (Ar = 2,6'Et2C6H3, 2,5'tBU2C6H3; R= H, Me) was isolated.

Ligand Substituted (CN = 4): The protonation of TIOEt with [H(OEt,),]" [H,N{B(C¢Fs);}.]” in Et,0 yielded
the tetrahedral coordinated cationic [TI(OEt,),]" complex, which shows no contact to the

corresponding WCA.*®

Ligand Substituted (CN 2 5): 2,5-Bis(2-pyridyl)-1-phenylphosphole (NPPh) exhibits a rich coordination
chemistry towards thallium(l) cations and dependent on the nature of the solvents and WCAs,
different structures were obtained: i.e., reacting TI'TAI(OR™),]” with NPPh in CH,Cl, / C¢HsMe, the
tetra-coordinated and C¢HsMe-capped [TI(NPPh),(n®-CsHsMe)]" complex formed, whereas in CH,Cl, /
n-pentane the dinuclear and dicationic [Tl,(NPPh),]** was isolated (Figure 28). If TI'[PF¢]” was applied

as starting material a coordination polymer with strong cation-anion interactions was formed.
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P,{/ﬁ o TI[AORPF),]- e
CH,Cl, / N7\ CH,Cly/ { é
N N) foluene * (_ PPh n—pezntazne Q\

N7\ PR NZ
P
s

d

74

Figure 28. Solvent effects on the formation of cationic thallium(l) complexes of NPPh. a) If toluene is applied,
the solvent-stabilized penta-coordinated [TI(NPPh)z(nG-C(,-H_r,Me)]+ complex forms. b) If non-coordinating
n-pentane is applied two [Tl,(NPPh),]* cations aggregate via their phenyl substituents, forming the dinuclear
and dicationic [Tl,(NPPh),)** complex.

An even higher coordinated thallium cation is the [TI([18]crown-6)]" complex, which features a

similar structure as the [18]crown-6 complexes of the lighter homologues gallium and indium.?*

Transition-Metal Substituted: Reacting the above mentioned [TI(n®-CsHsMe),]" complexes (n = 2, 3)
with FeCp,, Sarazin et al. were able to isolate the [Tly(FeCp,)s] {[H.N{B(CsFs)s}.] }. salt that contains
the mono- and di-coordinated [TI(FeCp,).]" complexes with n = 1, 2 in a 1:1 ratio.’*® Increasing the
amount of FeCp, from 1 to 2.2 equivalents, only the [TI(FeCp,)]" complex was isolated.’® In contrast
to the lighter homologues, the reaction of Cp*Fe(n’-Ass) with TI'[PFs]” and Li"[FA{OCeF10(CeFs)}s]” did
not result in aggregation and formation of a cationic one-dimensional coordination polymer, but

176

rather yielded the pseudo-trigonal-planar [TI{(n’-Ass)FeCp*}s]* complex.!’® Performing a similar

chemistry in the presence of the very good WCA [AI(OR),]” however, one-dimensional polymers

were isolated (cf. Figure 23), proving the importance of the WCA.>”

Reacting the neutral
Pt(CH,Ph)CI(PCH,-ox) complex with TI'[PF¢]", Braunstein et al. did not isolate any chloride abstraction
product but a “trapped” thallium(l) cation: the cationic [{P(Ph,)CH,ox}(CI)(T1)Pt-CH,Ph}]" complex.?*®
Herein, the ligand functions as a chelate and interacts with thallium via a Pt-Tl bond and a n®-benzyl
coordination (Figure 29).
"
N |
):P//"' Pt
o SNT el
\_

Figure 29. The first fully characterized metal-metal bonded TI-Pt-Cl complex. If Ag'[OTf]” and Ag'[BF,]” is
applied, the expected chloride abstraction takes place.208

Multinuclear: Some of the cationic multinuclear thallium complexes have already been mentioned in
the text above. A further example is the [TI(B-triketimine),]** complex that features Tl-n°-aryl and
weak thallophilic interactions, allowing to overcome the Coulomb repulsion of both cations (cf.

Figure 28)." The reaction of the P,-ligand {CpMo(CO),},(P,) with TI'TAI(OR™),], yields the dicationic
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[TL{CpMo(CO),},)s]*" complex that features a distorted TI,P, ring (Figure 30).%’
2 co§0 CCco
Py, PR ,p?‘ Cp-Mo-Mb6-Cp
AT | X
P p-Pp P2 p,pp= P—pP
Figure 30. Formation of the [TIZ({CpMo(CO)2}2)6]2+ complex.

29 |n the

Reacting RuCl,(DMeOPrPE), with TI'[PFs]” an “arrested” chloride abstraction occurs.
resultant one-dimensional coordination polymer, the thallium(l) cations are coordinated in an

unusual octahedral fashion with a stereoactive 6s” lone pair at thallium.
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Table 4. Group 13 cations, their counterions (WCA) as well as the synthesis routes. The entries are ordered as follows: i) from boron- to thallium-based cations, ii) from
unsubstituted, via alkyl/aryl, Cp, arene and ligand to transition-metal substituted cations, ii) from low to high CNs, iv) from mono- to multinuclear group 13 complexes. Note
that the structural diagrams obey a distance criterion for interactions, but not necessarily a 2e2c-understanding of every interaction line. See comment in the Introduction.

Cation WCA Class* Synthesis Comment / Structure Ref
Unsubstituted
In* [OTf]” Prot InCp* + H'[WCA]” soluble in organic solvents in contrast to the In(l) halides 8
T [B(Ar™),] / [B(CeFs)a”  Prot TIOEt + [H(OEt,),] TWCA]” - 196197
+ = R
" (BOTeR.T Lewis  110TeF] +BIOTeR inCHicl
[AIOR™),]"/
" [AI(OR™),17/ Salt TIF + Li'[WCA]” - 199,200
[AIORY),]"
Alkyl/Aryl Substituted
Me Me —|+
[Mes,B8]" [HCB1,Cly,] ™/ [B(CeF)al”  Salt '[‘g'ff;?,;;j}ff\}f,';i?}lc'll’/ Me—QB Me 1332
Me  Me
(R,Al) (R = Me, Et) [B1,Cll> Alk RsAl + {[CPhs]*},[B1,Cl1o]> ion-like compound &
(Et,Al) [CByHeXs) (X=Cl, Br)  Alk EtsAl + [CPh3] [CBy;HeXe] ion-like compound 128
related structure to the [Mes,B]" cation, though the Mes
[(2,6-Mes,CsH3),All [B(CeFs)al” Hyd (2,6-Mes,CgHs),AlH + [CPhs] TWCA]” moieties of the 2,6-Mes,C¢H; substituent additionally 12
shield the aluminum cation
[(2,6-Mes,CeH3),Ga]” [Li{AI(OR™), 1,1 Salt (2,6-Mes,C¢H;),GaCl + 2 Li'[WCA]” similar structure as the [(2,6-Mes,C¢Hs),Al]" cation e
Cyclopentadienyl Complexed
[(n>-Cp),All" [AI(OR™),]” Prot AlCp; + [H(OEt,),] TWCA] - 70
[(n*-Cp’),All" [B(CeFs)al” Alk Cp'3Al + [CPhs] TWCA]” - =
[(1-Co™), A" [{Ph(Me)B(n"-CsHa)aJzr Cp*;AIMe + {Ph(SMe,)B-(n"-CsHa)azrCly + 132
cl,) [PhsP=N=PPh,]"Cl
[(n*-Cp*),All" [MeB(CyFs)]” Alk Cp*,AIMe + B(C4Fs); - =
[(n>-Cp),(Et,0),AIl" [AI(OR™),]” Prot AICp; + [H(OEt,),] TWCA] Et,0 can coordinate the [(n°-Cp),Al] cation. 79
¥
Go, |
[Gay(n’-Cp*)]* [B(Ar ), Prot [H(OE,),]'[WCA]™ + GaCp* 19
Ga/
[(n*-Cp*)(n*-Cp*)Ga]’ [BF4]” Prot Cp*3Ga + HBF, cf. [B(n’/n"-Cp*),]" and [Al(n°/n’-Cp*),]" 0
[In,(n*-Cp)1* [CpsIn-Cp-InCps]” Com In"[OTf]” + Cp,Mn in CgHsMe inverted sandwich structure 183

(cf. the related [Gaz(nS-Cp*)]+cation)
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185

[In,(n>-Cp*)1" [B(CgFs)al” Prot [(CeHsMe)H] [WCA]™ + InCp* similar structure to the [Ga,(n°-Cp*)]" cation
Me —|+
- Prot, [ )
[(u-n*-CsMes)iny(n*-Tol),]" [(CoFs)sBO(H)B(CGFs)s] (o " (CP¥In)s +B(CeFs);s + H0-B(CeFs)s In e
/
I
Me
Arene Complexed
R\®_|+
[Ga(n®-CeHsR),]" 7
[AI(OR™),]” ox Ga’+ Ag'[WCA] in arene Ga 31,9192
(R=F,Me; n=2,3) O/R
[Ga(r]s—arene)n]+ [AI(ORPF) I Com [Ga(CgHsF),.3] TWCA]™ + arene bent-sandwich (2 ligands) or tubby coordinated complex 7
(n=2,3) 4 (arene = Mes, p-Xyl, CsMeg) (3 ligands)
[Ga(nG—DPE)]+ [Al(ORPF)A]— Com [Ga(CGHsF)2_3]+[WCA]_ +DPE first structurally characterized bent-sandwich ansa-arene g9
complex
[In(n®-CeHsF),]* PFy 1- 0 + - . . 162
(n=2,3) [AI(OR™")4] Ox In" + Ag' [WCA] in CgHsF bent-sandwich complex (cf. gallium analogue)
[In(r]s-o-CGH4FZ)2]+ [AI(ORPF)4]7 Salt InCl + Li'[WCA] ™ in 0-CgH,F, bent-sandwich complex (cf. gallium analogue) 186
[Tl(r]s—CeMes)]+ [HoN{B(CgFs)3}o]™ Other [TI(CcMeg),]" in Et,0 + CgHsMe, vacuum first example of a mono—ns—coordinated thallium complex 208
[Tl(r]s—CsHsMe)z]+ [HCB4;HsBrg]™ Salt Cs'[HCB,;H<Br] + TIF bent-sandwich complex (cf. gallium analogue) 201
[TI(r]s-CGHSMe)3]+ [H,N{B(CgFs)s}.]” Com [TI(OEt,),] TWCA] + CgHMe tubby coordinated complex (cf. gallium analogue) 203
[TI(r]s-Mes)z]+ [B(OTeFs),]” tivr:s’ TI'[OTeFs]” + B(OTeFs); in Mes tubby coordinated complex (cf. gallium analogue) 202
[TI(r]S-CGMes)Z]+ [H,N{B(CgFs);}.]” Com [TI(OEt,);] TWCA]™ + CsMeg tubby coordinated complex (cf. gallium analogue) 203
Ligand Substituted (CN = 2)
2F
Mes\N
[Cp*B(IMes)** [AICI,] Lewis  Cp*BCl,(IMes) + 2 AICI B—<( ] 20
N
Mes
t + - t + - * 114
[(BusPN).B] [B(CFs)] Hyd  (Bu;PN),BH + [PhyCI TWCA] BusP=N-B-N=PBu |
['Bu,MeSi-Al-Si'Bu,-Si'Bu,Me]" [B(CgFs)al™ Alk Al(SiMe'Bus,); + [EtsSi] [WCA] hyperconjugation with a neighboring Si-Si bond =
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+
[Ga(lR)zF (\
[AOR™),]” Com [Ga(CeHsF),] TWCA]™ + IR J/l—Ga—v 161
(R = Pr, Mes) ’ R’NN\)
['Bu;MeSi-Ga-Si'Bu,-Si-Me'Bu,]" [B(CeFs)a] Alk Ga(SiMe'Buy); + [EtsSi(CeHe)] TWCA] ;f:;"zed by hyperconjugation with a neighboring S=S1 134
['BusSi-Ga-Si‘Bus]” [AI(ORPF)4]_ Salt (‘BusSi),GaCl + Ag'[WCA] linear arrangement 163
-
[Ga(P'Bus),]" [AI(OR™),]” Com [Ga(CgHsF),] TWCA]™ + P'Bus /Ga\_l 162
BusP PBus
-
s
. B} salt, . B
[In(Mes,py)(n°®-CsHsF)] [B(Ar®),] C‘Z; InBr + Na'[WCA]™ + Mes,py 74 \N—In/ F 187
Mes
N/IPr +
+ PRy 1- + (/\) IPr 161
[In(IPr),] [AI(OR™),] Com [In(CeHsF),]" + IPr N/l_ln_VI\II
prl Pri=N_ ]
Mes / \_I
Mes N
[In(Mes,py),]" [B(ArCF3)4]7 Salt In*Br™ + Na'[WCA]™ + 2 Mes,py / N / Mes 187
N—1In
Mes+
) Cl
[TI(1,2-Cl,C,H)T* [B(OTeFs),]” <L:2V:qls TI'[OTeFs] + B(OTeFs)s in 1,2-CoH,Cl, [ ,Tl_l 198
Cl
Ligand Substituted (CN = 3)
Me [
Mes \N
. - Mes,BF + [Me3Si] [OTf]” + . 1
[BMes,(IMe)] [0Tf] salt M)l TAs] 4B—<( ]
Mes N
Me
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T

ClL N
[BCl,(I'BU)]" [B(ArY) Salt BCl3(I"Bu) + Na'[WCA] ‘B—<( ] 7
Cl N
By .
+ - PPh3 H’ PPEI 118,119
[{(PPh.),CIBH,] [HB(C4Fs)a] wa  HeB—( B—(( :
PPhs B(CsFs)s H PPh3  first dihydroborenium cation
[BMes,(DMAP)I" / [B(Ar™),(DMAP)]"
[oTf" Salt Mes,BF + Me;Si-OTf + Ar",BF + DMAP 37
AN = 4-(Me,N)-2,6-Me,-CgH,)
[B(SubPc)]*
[HCB1;MesBre]” Salt B(SubPc)Cl + Et5Si(HCB,;MesBre) 1
(Sub = Cy4H15Ng)
[CatB(O=PEts)]" [HCBy; HsBrs]” ZZ':n Ag'[WCA]™ + CatBBr + OPEt, 16
[(CatB)(PNP)PdH]"* [B(Ar™®),] / [CBiiH1,]~  Other  [(PNP)PA(THF)]'[WCA] + CatBH w

Me
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[ArN(C(=CH,)NAr)(C(Me)NAr)AIH]

- ArN(CMeNAr), + AlH;-NMe,Et + N .
[B(CgFs)al Hyd N 2 DIPP—N Al-H
(Ar = DIPP) [PhsCT [WCA] _
Me _DIPP
Me DIPP
HHCICMeNAN:JAIMe] [B(CeFs)al / Alk {HC(CMeNAr),}AIMe, + [CPh;] TWCA] ™/ C N_ ~ e
(Ar = DIPP) [MeB(CgFs)s] B(CeFs)3 N/A| Me
Me  DIPP i}
F
tBu\®_|
6 + - /
[Ga(n®-CeHsF),(DTBMP)]" [AI(OR™),]" Com {Sa:(le -:)CsHsF)n] [WCA]” + DTBMP 164

[Ga(pyrazine)s]" / [{Ga(u-pyrazine),- PRy - [Ga(CeHsF)] TWCA] + pyrazine | N— N 164
(n*-pyrazine)F 1. 2 [AIORT) Com (1223 N\/ (/\ \\\/

/ one-dimensional coordination polymer

_Ga, _|+
[Ga(PPh,)5]* [AI(OR™),]” Com [Ga(CsHsMe),] [WCA]™ + PPh, Phsp” N “PPhg Loz
PPhy
-
; N _ thermolysis of /NiEr _| 190
[(Pra-ATI)InMe] [B(CeFs)a] other  1ipr ATI(CPhs)}inMe, ] [WCA]” ©; _In-Me
N'Pr

[{ArN=CPh},(NCsH,)In]* =N
1
(Ar =2,4-'Bu,CeHs, 2,5-Bu,CeHs, [oTf" Com  In'[WCA] + bis(imino)pyridine ligand N—In 188,169
2,6-Et,CgH3, 2,6-Pr,CeHs,) X
1
—N
\
Ph Ar
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[IN(CeHsF)a] TWCA]” + 3 PPh,

trigonal pyramidal

162

+ PFy -
[in(PPhs)s] [AI(OR™)a] com (n=2,3) (cf. gallium analogue)
Mes
[TI(Mes,py)(n°-CsHsR),1" L+ / R
[B(Ar),] za't' TICI + Na*[WCA]™ + Mes,py in C¢HsR / N—TI 187
(R=F, Me) om —
[TI{timtmb™)]* [OTf" Com TI'[WCA] + timtmb™ 208
[{ArN=CPh},(NCsH5)TI]
[OTf] Com TITWCA] + bis(imino)pyridine ligand 206
(Ar = 2,6-Et,CgH3, 2,5-'Bu,CgHs)
Ligand Substituted (CN = 4)
[{(PPh3),C}BH,(DMAP)]* [HB(CoFs)s]” Com [{(PPhs),C}BH,] TWCA]™ + DMAP =N  PPh; 118119
N\ /
MezN
[BH,(PR,H),]" +
[B(Ar™®),1 Salt [BH,(PR,H)]'Br™ + Na'[WCA]” HRoPS B/PRFI 120
(R = ‘Bu, Cy, Ph) Ho
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Chog )
[(1-MIM),(9BBN)]* [B(Ar3),]” Com [PMAF-9BBN)]' [WCA] + 1-MIM N-N~p- 212
-
[Me,Al(OEt,),] [MeB(Cy,Fs)s] Alk AlMe; + B(3,Fo)s in Et,0 77
[Me,Al(THF),]* [{MezSi(NDIPP)JZroCls) Al,Meg + {Me,Si(NDIPP),}ZrCl,(THF), 143
[Me,Al(NPhMe,),]" [B(CsFs)al” z::; Al,Meg + [HNMe,Ph] TWCA] 14
. o ‘Bu=CLi + AlH;-NMe; + CIAIH,-NMe;, 145
[H,AI(NMejs),] [(AlH)g(CCH, Bu)e] Other +['BUCH,(BzI)NMe,] CI”
|V|62 +
) SN—AL SiMes; ,
[(Pytsi)AIMe]* [MeB(CgFs)s] Alk (Pytsi)AlMe; + B(CgFs)3 7
~Z—sj SiMej
(=) -
Me, Me _|
< \ Al / >
[H,C{hppLAIMe,]* [BPh,]” Prot [{hpp}H,C{hppIH] TWCA]™ + AlMe;, N N 138
N,—\<( ) —N
LNVNL)
+
0" CMe;
. _ 4 - _N\ )Me 139
[{H,C=C(BOX-Me,),}Al-(Me),] [B(CeFs)a] Hyd {BOX-Me,}Al(Me), + [CPhs] [WCA] 'AI"’Me
—N
\
O._ CMe,
F
Q" “CMe;,
R _ . ( v wMe 139
[{BOX-Me,}Al(Me)(NMe,Ph)] [MeB(C4Fs)s] Alk {BOX-Me,}Al(Me), + B(CsFs)s in NMe,Ph - Me Al
N NMeyPh
\
O._CMe;,
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[{6-(CH,NMe,)-2-CPh;-4-Me-

\"Bu—|+

- {6-(CH,NMe,)-2-CPh;-4-Me-CgH,0}Al- A 213,214
CeH,OJAI(BuU)(NMe,Ph)]* (HB(CeFs)s] Hyd ('Bu), + B(CgFs); + NMe,Ph Al~NMe,Ph
NM62
Me -
Ph SiMe; |
[{HC(CPhNSiMe;),}-Al(Do)Me]* _ Prot/  {HC(CPhNSiMes),}AIMe, + N  Me
{E/f:gischl )/ . A, [HNMe,Ph]'TWCA] + E,0 / B(CeFs)s + @ e
(Do = Et,0, THF) oTsls Com THF N Do
PH  SiMes
Me Ar +
[(ArN)C(Me)CHPPh,(NAr)AIMe(OEt,)] BT Alk, (ArN)C(Me)CHPPh,(NAr)MMe, + _N\AIAMe 216
67'5/4 + - ‘v
(Ar = DIPP) Com [PhsC]*[WCA]” in Et,0 th}j N/ 'OEt,
[(Pra-ATIAI(Et)(Do)] _ Alk, (Prp-ATI)AIEL, + [CPhs] TWCA] ™ in PhCI / + _N Pr Et 140,101
[B(CgFs)al Com MeCN
(Do = CIPh, NCMe) N’Pr Do
. _ + - /NMez 142
[(SchNMe;,)AIMe] [BPh,] Salt (SchNMe,)AIMeCl + Na‘[WCA] AI
+
2 h { ! 2 h PPh2 B
[(n"-0,P-(2-PPhy-4-Me-6-Bu-CoHOILA o) - Al {n-0,P-(2-PPh,-4-Me- o AI O 27

6-Bu-CgH,0)},AIMe + B(CgFs)s

j Ph2
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=N M
[{H,C=C(BOX-Me,),}Ga-(Me),]’ [B(CeFs)al” Hyd {BOX-Me,}Ga(Me), + [CPhs] TWCA]” Ga © 165
_N/ 'Me
\
O\/CMGZ
2N
0" “cMe, |
N‘ -\Me 165
[{BOX-Me,}Ga(Me)]" [MeB(CgFs)s]” Alk {BOX-Me,}Ga(Me), + B(CFs); in NMe,Ph  Me ( Ga
N NMeyPh
O__CMe,
-
i + - Alk i + - N‘Pr \Me 140
[(Pr,-ATI)Ga(Me)(CIPh)] [B(CeFs)a] Com ('Pr,-ATI)GaMe, + [CPh,] [WCA]” in PhCl ~ NG
<\ipr CIPh
F
(N'Pr)>-5-CPha- 36 . NPr M
[{1,2-{N'Pr),->-CPhy-cyclohepta-3,6 [B(CoFs)a]” Other  (Pr,-ATi)inMe, + [PhsCI [WCA] PhsC ZON 0
diene}inMe,] o - -in
H Npr_Me
| , _NPr Me |
[(Pr,-ATI)In(Me)(NMe,Ph)]* [B(CoFs)al” Prot (Pry-ATI)InMe, + [HNMe,Ph] [WCA]” IR 1%0
\NiPr NMeQPh
F
[TI(OEt;),]" QEtz_l -
[H,N{B(C4Fs)s}o]” Prot TIOEt + [H(OEt,),] [WCA]” in Et,0 £t O;n.‘,,OtEt2
2
Ligand Substituted (CN = 5)
Me +
N\/ CF3
[{Salen“}AI(OEL,)]" [MeB(CgFs)s]” Alk {Salen“™}AIMe + B(C¢Fs); in Et,0 [/Alzg 853 147
N % °
\ = CF3
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[Ga(n"-CsHs),(THF),]*

166

(n=2,3) [B(CoFs)al / [B(Ar")al”  Prot  Ga(n'-CsHs)s(THF) + [HNMe,Ph] TWCA] a
0
_| -
. , CH,Si h]'[WCA] i O
[In(CH,SiMe;),(THF);] [B(CqFs)al Prot !I'nl-(IFHZ iMes); + [HNMe,Ph] [WCA]  in Co7in_o<:| 191
Me;SiH,C CH,SiMes
n X +
I TI"+ NPPh in CH,Cl, / CHsMe @—I\/;I
PRy - | 218
NPPh = 2,5-Bis(2-pyridyl)-1- [AI(OR™)a] Com Ph "'Tl""PPh
phenylphosphole l\ )
N N
Ligand Substituted (CN 2 6)
-
MeOH _|
R>_
[DoAI(MeOH),]* Salt N/@
e (BPh,]" oo DOAICI + Na'[WCA]” + MeOH [ ;“'18 Hae
(Do = Salen, Acen) N \
\
R MeOH
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R
7
+ - Salt, + - AN 4 ,
[Salpen(‘Bu)AI(THF),] [BPh,] o Salpen(‘Bu)AICI + Na"[WCA]™ + THF Z /A|\8 tgﬂ 150151
NG\
\
R lo) t
ke
_|+
Py OO
[(SchNMe,)AI(OPh)-(THF),]* [BPh,]” Com [(SchNMe,)AIPh] [WCA]” + O, in THF @;/ArNMez 1
\/
_|+
[GaH(THF),(0TA]" [Ga(THF),(OTf),]” Prot  GaCp* + HOSO,CF5 in THF THF",G “‘THF 167
THF™ '~ THF
(N [T
[Ga(CeHsF)] TWCA]™ + bipy N dgeN
P 02t PRy 1- — N— N” 7 N 17
[Ga™{(bipy)s}'] [AI(OR™),] Com NN _ (N
(n=2 3)\/ B \ / \ /
’ paramagnetic complex featuring non-innocent bipy
ligands
F
_|+
o, /DN
6 + -
[Ga([18]crown—6)(n6—/n1—C6H5F)2]+ [AI(OR™).]" Com [Ga(n’-CgHsF)] [WCA]™ + [18]crown-6 + 168

(n=2,3)
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no coordinated solvent, but a strong anion-cation
In([18]crown- Tf] om IN"[WCA] ™ + [18]crown- interaction: cf. In-0 = .2 pm and 278.5 pm (sum of the
[In([18] 6)]" [OTf] C “[WCA] +[18] 6 f. In-0 = 227.2 d278 ( f th
van der Waals radii 345 pm)

192,193

- [In(n®-CHsF),] IWCA] + [18]crown-6

[In([18]crown—6)(n6—/ r]l—CsHsF)z]+ [AI(ORPF)4] Com (n=2,3) similar structure to the gallium analogue (see above) 168

[In([15]crown-5),]" [OTf] Com In"[WCA]™ + [15]crown-5 sandwich complex =
+

EE\Hf(fzS) Me,pz)s)nTi] [PFe]™ Com TI[WCA]™ + HC(3,5-Me,pz)s 29

[TI([18]crown-6)]" [H,N{B(CeFs)shT Com [TI(CeHsMe),] [WCA]” + [18]crown-6 similar to gallium analogue, yet featuring significant TI-F 203

interactions to two counteranions

Transition-Metal Substituted

_|+
[(FP*)(BMes)]* [B(Ar),]" Salt (FP*)(BMes)Br + Na TWCA]” | 20

\u"Fe N
oC / B.
ocC Mes

Q-

l —|+
CpFe(CO)(PCy,)(B(CI)-NCMes,) + ocFes. -
Na‘[WCA] CysP SN Mes

Mes

[CpFe(CO)(PCy;)-(BNCMes,)] [B(Arc')4]_ Salt

) <X
[CpM(CO)(RKB(NCy,)1] | "
B(Ar),]" Salt CPM(CO)(RM{B(NCy,)Cl} + Na'TWCA]” ocms M ] 12,128
(M = Fe, Ru; Do = CO, PMe, PPh,) 7/ B
bo “NCy,

T
PCys _|

(CysP),Pt(B=0)(Br) + Ag' [WCA]” + MeCN OEB—Plt—NCHMe
PCy3

_ Salt,
Com

[(CysP),(MeCN)Pt(B=0)]* [B(Ar?),] 12
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.
oc GO O¢ co |

222

[{(OC)sMn},(u-B)]* [B(Ar?),] Salt {(OC)sMn},(-BBr) + Na [WCA]” 0C-Mn-B-MA-CO
v = z»
OC co oc €O
< 7
I
[(FP")a(u-B)]" (A, salt (FP'),B(Cl) + Na"[WCA]" OC"}FEEE co 22
P1{%S 4 2 oc B‘\\Fe?\/CO
|
Me
_ _|+ Me _|+
%Fe - \N Je Fe \ ) Me
[Fc(NCsH,Me,)BPh]" [AIOR™),]" Salt B % "—B/N 23
o)
O
Ag'/Li'[WCA]”
Q> +
| B
[(FPHB(N'Pr,)(OPPh; )" [B(Ar).] Com  [(FPB(NPr)][WCA] + Ph;PO oc Fex. NP, “
/7 B
oC |
OPPhy
"
| e |
[(FP)B{N(Pr)(CMe,)}(Do)]" , wFe~_ N=CMe
_ (B(Ar),]" 82:1 [(FP)=B=N'Pr,]'[WCA]” + Do ocr, e\‘B/ 2 25
(Do = Ph,C=0, Me,C=N'Pr) er oC ]
Do
including a Meerwein-Ponndorf B-hydride transfer
N0 +
[(FP)B(NCy;)(Do)]" | T
[B(Ar),I Com [(FP)=B=NCy,][WCA]  + Do 12

(Do = CsH,PPhs, 4-Pic)

OC“}Fei\B,NCyZ

OoC I
Do
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[CPRU(CO){B(NCy,)-(4-Pic)" (B(Ar),1" 2l CPRUCORBINGIC +Na [WCAT + oc N 124
S
Me
_|+
[(FP*)B(CI)(LB)] [B(Ar),]” salt (FP*)B(Cl,)(Do) + Na“[WCA] | 226
(Do = 3,5-lutidine, PMes, IMe) OC“"'Fe\§B/C|
oC I
Do
cp* .
ocFel  _c |
[(FP*)B(nacnac)]” /7 B | Mes
CF3y - Salt oC | +Fe y 227
[B(Ar*™),] other N OC“‘/ %B/N Me
Mes” 7 o/ ¥
NMes + MeS/N
Na'[WCA] M
e
_|+
R I
[(FP)C(NCy);BNR,] A T o [(FP)(BNR),]'[WCA] + RN=C=NR OC““‘Fe e
(R="Pr, Cy) 4 (substoichiometric) oc c ll\le
' CyN-B,
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+ i PiPr
[(H)(PNP)Pd(BCat)]

[B(Ar),1 Other  [(BCat)(PNP)Pd(BCat)]'[WCA] + H,0 H—N— Pd BCat w
i ,P’Pr
+
[(RsP),Pt{B(Fc)Br}|" PR
_ [B(Ar),] Salt (R3P),Pt(Br){B(Fc)Br} + Na"[WCA] % 3 229,230
(R="Pr, Cy)
[(CysP),Pt{B(X)X'})" X\ ||3Cy3
(X=Br; X=ortho-tolyl, ‘B, NMe, Pip, Br; LBA ALY/ BICGFS)T” salt (CysPIPHBIHBOOX] + Na'/KTWCAT ,/B:'ljt -
XX'=(NMe,),, CatB) X PCys
[(CZ_:,P)th(%r){B(NC5H4'4-R.)X}]_+t ) o I (P PHErBE-NCH AR + Q _| -
|(DIT —) Me, X = NMe,, Pip, Br; R="Bu, X = [B(Ar—"),] Salt Na'[WCA]" /, PR3
P B“Fl’t Br
X PR3
F
Com/  (CysP),Pt{B(Br)(NMe,)} + NCMe / MeZN\ Fl’Cy3_|
[(CysP),Pt{B(Br)(NMe,)}-(NCMe)]" BAr®) / [ByCll”™  Salt,  (CysP),Pt{B(Br)(NMe,)}Br + {Na ,[WCA]* B=Pt-NCMe 0
Com +MeCN / l
Br PCy3
3
cl, F|’Cy3_|
[(CysP),Pt(BCI)]" (B(Ar),)" Salt (CysP),Pt(BCI,)Cl + Na [WCA]” ‘lelat 20
4
Cl__PCys
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Cp*Ru(P'Pr3)-(BH,MesCl) + Li'[WCA] 2.5

[Cp*RU(P"Pl's)(BHzIVIES)]+ [B(C6Fs)al Salt OEt, o ‘U'//,H 232
PraP HQZ
\Mes
_|+
+ - Hyd + - FQN\ /N? 212
[(PMAF),BH,] [B(CeFs)al com PMAF-BH; + [CPh3] [WCA]™ + PMAF e E =
Q 2 g
Mes Me5
PhsP H. H
[Rh(PPh;),(k",n-PPh,BH,-PPh;)]* (B(Ar),]" f:?;lrtn CIRh(PPhs); + Na'[WCA] + HB-PPh,H PhsP” p” PPh m
3 3
Phy
+
% 2N
Sal Fe ~ N |
[FcBMe(bipy)]" [PFe]” C";rtn FcBBrMe + bipy + [NH,] [WCA]” B’ 126
\
M N
| =
Me_|2+
N (1
F -
%e /’»B/N
[FeB(Pic)s]™ [B(Ar ), zzlrtn Br,BFc + 2 Na‘[WCA]™ + 3 Pic MR 122

rare example of a structurally characterized boron
dication
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| T
[(FP){C(NCy),B-(NCy),CNR,}]" ocFe
, [B(Ar),]” Ins [(FP){B(NR,)}]* + CyN=C=NCy oC =NCy 124228
(R="pr, Cy) CyN-B-NCy
CyN
NR,
_l "
[(dppe)Cp*FeGal]’ [B(Ar)T Salt (dppe)Cp*FeGal, + Na'[WCA] l 33
thP“‘ e,
PP, %
w Fe
. - N , OC“ \
[(FP¥);Ga] [B(Ar?),] Salt (FP*),GaCl + Na'[WCA] OC = CO 169
F?
_|+
|
oc Fess, FeCp*(CO),
[(FP*),Ga(4-Pic)]" [B(Ar®),]” zzl; (FP*),GaCl + Na'[WCA]™ + 4-Pic OC/ Ga 170
N
Me
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[(FP*)Ga(Mes)(dtbpy)]" [B(Ar3),]” Z‘Z'; (FP*)Ga(Mes)l + Na"[WCA]” + dtbpy 24
[(FP*)Ga(phen)(Y)]" o z;;lr:; ) 2 (FP*)GaCl, + Na'TWCAJ + phen / .
4 * . o
(Y =cl, $°Tol) Lewis  L(FP*)Ga(phen)(CI)]" + MesSiS Tol ‘oo
-,
Y FeCp*(CO),
Cy _|+
t + - (OC)ZCpFe, /N
[(FP)Ga(OEt,){(NCy),-C'Bu}]* [B(ArCF3)4]_ z:;lr:; SP())Ga(CI){(NCy)ZC Bu} + Na'[WCA] in (Ga >>—tBu )as
’ Et,0' N
Cy
— — _|+
i 7\
[(FP),Ga(bipy)]" [Cl,Ga(FP),]” ti"r‘]’q's 2 CIGa(FP), + bipy \ NN / .
Ga
(0C),CoFd FeCp(CO),
In *
[InPt(PPhs);]" [B(Ar™®),1 Com IN'TWCA]™ + Pt(PPhs), Phspll"Fl’t—PPh 179,180
PhaP” 3
2+
[In(CeHsF)o] TWCA] + phen Fo
(n=2,3) )
[(phen),In-Ag(n’-CsHsF)]™ [AI(OR™)a)" Com N N— NN O o
NN g INTAg-=

TN/ /

NN
N

first cationic indium-silver compound
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+
1 B
wFe
+ - + - ocv AN CcO 195
[(FP*),In] [B(Ar®),] Salt (FP*),InCl + Na'[WCA] 7 SIn N
X =.CO
OoC N F?/
+
| O
\\-\-Fe
[(FP*),In(THF)]" [B(Ar™),]" Com [(FP*),In]'[WCA]™ + THF Ogc/ \ SC%O 195
In—Fe~,
/ |
S
_| -
[TI(n*-FeCp,)]* [HoN{B(CoFs)shl” Others  [TI(n°-CsHsMe)s] [WCA] + 2.2 FeCp, TI—@ Fe@ 204
_|+
[Tlo(n*-FeCpy)s]” [HN{B(CeFs)s] Com  [Tl(n®-CHsMe),]'[WCA] +FeCp, @ Fe@‘ﬂ'@ Fe@ ”
1:1 mixture of [TI(r]s-Fesz)]+ and [TI(r]‘r’-Fesz)z]+
AS/A\S ’
Co* 5 + - - A As
p*Fe(n’-Ass) + TI'[PFg] + Li' [WCA] ASd <S
\-As
M As 1'%
5 + - Salt As % AI Tl /AS 176
[TH(n’-Ass)FeCp*}s] [FA{OCgF0(CeFs)}s] Con; AS\/ As - e S ;AS
As—As A s As” As
AS‘As’ s AS\A’S
trigonal planar complex with no short distances to the
next units
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[{P(Ph,)CHaox)(C)(TPE-CH,PhI" [PFel” Other  TIWCAJ + {P(Ph,)CH,0x}Pt(Cl)-CH,Ph} Phom” = 208
2)CH, -CH; 6 2)CH; -CHy )iP/,,,' I n
SNT el
o N
]
Multinuclear
+
[{Pr(HB)(u-H)T [HB(CFs)s] Hyd  IPre B(CoFsls Prig-Hag 1P| o
Ho Hp _
* - + - MesN. __H.__NM
[{MesN(H2B) ), (1-H)] [B(CFs)a] Hyd Me3N-BH; + [CPhs] TWCA] €3N~g-M-g gl 237
H, H,
2+
<:N>_ _<N _l
D
N/ B/’. N
[B4Hz(u-hpp)4]2+ [HB(CgFs)s]” Ezg; [HB(p-hpp)], + B(CeFs)s H/ \//, \ /H 13
~B—FB,
< A N
NN
AAND)
2+
MezN I\E
[[{6-(CH,NMe,)-2-CPh;-4-Me-CH,O0}Al( | toal
R)LI** (B(CFol] c [{6-(CH,NMe,)-2-CPh3-4-Me-CeH,0}AI(Bu PhsC /AI‘O 152
e om )(BrPh)]'TWCA] + 1-hexene O_ 7
(R =CgHy3) A‘l\R CPh3
Me NMe2
Me  |*
[{2-(CHzDo)—6—R—C6H30}AIM?({2— 5 oMe/' ',/A'\|—DO
(CH,Do0)-6-R-C4H30}AIMe,)] [MeB(CqFs)s]” Alk {2-(CH,Do0)-6-R-C4H30}AIMe, + B(CgFs)s ©f\A|m~ d 238,214
(R = Ph, ‘Bu; Do = NMe,, NC,Hg, NCsH) O Me
R R
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R,
+ N \ B
[{MeCINR):}Al;Mes] [B(CeFs)al / Alk, {MeC(NR),}AIMe, + [CPhs] TWCA] "/ Me, 7\ N-R 156
i [MeB(CgFs)s] Com B(CsFs)3 Me” 'AI‘I All‘
(R="Pr, Cy) NN
R” \( R
Me _
N'Pr
= \AI,Et ,\E
[AIEt(-n’,n"-Pr,-ATI)-(u-Et)AIEL,]" [B(CeFs]” Com [(Pr,-ATI)AI(Et)] WCA]™ + AlEt, Ni,':r \/ Hy m
Al
Et,
. +
/Nll\:ere . _|
[{(Pry-ATI)AIMe),(p-Me)]* [B(CeFs)al” Alk, (Pr,-ATI)AIMe, + [CPhs] TWCA]" — Alpe PNs 129
com NPr VS
Me" iprN=
2+
' i > - i * - N’PI’ o Pr ’PFN _I 141,153
[{('Pry-ATI)AI(u-0'Pr)},] [B(CgFs)al Com [('Pr,-ATI)AI(Et)]'[WCA] + Aceton Al g
SNIPr o,p/ i
Me\AI Me _|
[Me,Al(-0Si(R*)5),Al-Me(NMe,Ph)]" . N S
[B(CeFs)al” Prot MezAl(u—OSJR3)2A|M82+ (R123)3SIO,,' ,OSI(R123)3 154
(R, R? = Me; R® = Me, 'Bu) [HNMe,Ph] [WCA] /AL
' ' ' Me’ " NMeoPh
(RY, R? = Me; R® = Me, 'Bu)
tBU 2+
i WEOT : butvl N’Pr PrN
[{(iPI’Z-AT|)A|—(|.l—CECtBU)}2]2+ [B(Cst)A]_ Com [( PI"Z-AT|)A (Et)]'[WCA] + tert- uty 141,153
acetylene ’Pr . PrN

Bu

50



Page 51 of 189

Chemical Society Reviews

. +
; M? ’ﬁr ’
Pr/ A\ 4
2+ - N, N/AI", j 240
[{(tacn)AIMe},] [MeB(CsFs)s] Alk [(tacn)AlMe,]; + B(CgFs)3 [ ., /N/ /Ni
NrAlI N/ Pr
ipr Me
'Bu
_|2+
w g Bu
\\Al’o\m/S
[{(0SSO)AIL]"" [MeB(CFs)s]” Alk (0SSO)AIMe + B(CFs)s O \Nal e
/9 N\
t (0]
Bu tBU (0] tBU
Bu ‘Bu
tBU 2+
(D) ® CY rl
[(n°*-CoHsF)Ga-(u-n°-m-TP),- (AIOR™ )T com [Ga(n’-CeHsF),] TWCA] ™+ m-TP Ga Ga@ 899
Ga(n®-CeHsF))** 4 (n=2,3) Cé
F
first structurally characterized dicationic ansa-arene
complex
-
Me MQ N/Pr—l
. ) Me., 1 Ga »>—1Bu
[{BuC(N'Pr),}GaMe- - Alk, t i + - Ga. A . 156
{BUC(N'Pr), GaMe,]" [B(CoFs)al Com {'BUC(N'Pr),}GaMe, + [Ph;C]'[WCA] "PrN§<N( NiPr
By .
'Pr,-ATI)Ga(Me)(NMe,Ph)] [WCA] /Nip\r Me Me’Nipr _|
[{(Pr,-ATI)GaMel,(u-OH)]" [B(CoFs)al other  [(ProATIGa(Me)(NMePhITTWCA] + Ga Ga ;@ 172

H,0

NPr

“o” NPr
H
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[{(Salomphen)Ga}(p-Cl)]* [BPh,]” Salt (Salomphen)GaCl + Na'[BPh,]” a
[(BuGa)4(p-OH)s]** [HCB,4BrsMes]” Other  [(2,6-Mes,CsH;)GaBu]” [WCA]™ + H,0 73
2+ PRy 1- [In(CeHsF)a] TWCA]™ + PPhy one PPh; moiety functions as a bridge between both In' 162
[{(PPh3)sIn},(1-PPh;)] [AI(OR™),] Com (n=2,3) cations
3+
q _l
NN N )
[In(CHsF)a] TWCA]™ + bipy ( N"”\I 7N
[ins(bipy)s.s]** [AI(OR™)]" com  (=23) N, | VN v
TRGRY) NI ND)
N

first cationic indium clusters

(NN -

N~ ,N
[Ina(Do)e]* [In(_CGH sF).] TWCA]™ + phen Ne /_\ N
[AI(OR™),]" com (=23 Non /ln ‘N 17
(Do = bipy, phen) - GO-O B
"N
CN D
first cationic indium cluster
—In’P #
[1n(0-CoHF,),] TWCAT I_l 0G0 Oco
4+ PFy - In(0-CgH4F,),] [WCA] + T 186
[In4{(CpM0(CO),),P,}s] [AI(OR™),] Com {COMO(CO),15(P,) Py ||: PPP In—P, Cp- '\/;O |V{O Cp

P’ln_P Py, P-P = P—P
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[{{ArN=CPh},(NCsH3)Tl},
(u-n°-CHsR)*

206

[oTH" Com 2 [(ArN=CPh),(CsHsN)TI] TWCA]” + CgHsR
(Ar = 2,6-Et2C6H3, 2,5-tBU2C6H3; R=H,
Me)
TI'[WCA]™ + NPPh in CH,Cl, / n-pentane
[Tl,(NPPh),)**
PFy - 218
NPPh = 2,5-Bis(2-pyridyl)-1- [AI(OR™)a] com
phenylphosphole
If [PFg]” is employed as WCA, a one-dimensional
coordination polymer forms
R l\,/lle 2+
Y
DIPP >N/
[TI(B-triketimine),]** DIPP Ti
[BIAr )T Com TI'[WCA]™ + B-triketimine \ / "
(R = Me, ‘Bu) Q\ TI DIPP
I\
N/NI </DIPP
LA
)Il N R
o 0%
[T, ({CPMo(CO )6l [AIOR™). Com  {CPMO(CO),}(P,) + TITWCAI 20 \yaP2 Cp-MoMo-Cp 207
P 7 / '/P \/\\ l
2 PP 2 Py, P-P= P—P
TI—ORMF RHF
HEC 1+ HEy - Salt, + - \ N OR 200
[TI3F,AI(OR™);] [AI(OR™),] Other TIF + 2 Li'[WCA] /F /AI T
TI—ORMF F___
24 - + - H/TI\ _| 203
[Tl4(u-OH),] [HaN{B(CFs)s}.] Other [TI(OEt,),] [WCA] +H,0 TI—0, ,O—TI
T
+ - + - “arrested” chloride abstraction yielding a one- 200
[{TI(OR)4(p-Cl),} 1, [PF¢] Other RuCl,(DMeOPrPE), + TI'TWCA]

dimensional coordination polymer
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Multinuclear Transition-Metal Substituted

& wme, . |

2+ CF3y 1- Com, + - _ ! \\CO 124
[(CpFe(CONB(NCY,)})-(1-dmpe)] [B(Ar),] calt (FP){B(NCy,)}Cl + dmpe + Na'[WCA] CyzN;B'C'Fe“K’A;\/P\F.é;BZNCV2
Me
N
[(BCat)(PNP)Pd(BCat)]" [(PNP)Pd(THF)]* [WCA]™ / 0 /P"Pr
a a CF3, - - N 117
[B(Ar—),]" / [CBy1H1,] Other (PNP)PA(CB,,Hy,) + CatB-BCat ©:O/B—N‘Pd\_chat
P'Pr
Me 2+
Cy3P/ _I
Br. / 'PC
[(Cy3P).{PH{BBI)}-(1-CeHa)l ™ [B(CGFs).]” Salt  {(CysP);Pt(Br)(BBr))-(-CoHl) + K'IWCAT \B@B/ . e
CysP._ /- )
Y3 Pt‘ Br
PCy3 -
CysP g PCys |
[{(CyP)2PtBI(1-0),)"" [AIOR™),]" Salt (Cy3P),BrPt(B=0) + Ag'[WCA]" Pt-B, :B_Fl)t 2
cyP O PCys
= 2+
A N\ Me _I
B % Z
[{(bipy)(Me)B},(p-Fc)]** [PFe]” zzlrtn Fc(BBrMe), + 2 bipy + [NH,] [WCA] | N ’%Fe ] /N | 126,127
7 B
ME N
! =
Mles Mles _|+
[{(FP)Ga(Mes)}(u-ChI’ [B(Ar )l o (FPIGa(Mes)(Cl) + Na'[WCAT Ga Ga o
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[{{FeCp(CO),}Ga{(NCy),-C'Bulh,(1-OH)I*

(CO),CpFe FeCp(CO), |
[BIAr )T Other  [FpGa(OEt,)-{(NCy),C'Bu}]'[WCA] + H,O ’Bu—c-:gCN:Ga éé’ggxtBu 23
CyN o' NCy
H
~R
TR
PsFeCp* + [Ga(o-CgHaF,),] TWCAT Pxp'
R
Me y En N
[{Ga(PsFeCp*)s} T, [AI(OR™),)" Com Sy Gap\'P,P v
/P Fe P’P\
=S VP
P P’
P n
one-dimensional coordination polymer
+
.
Me /Ar \A\r Me
Salt N\ /N
[{(DDP)(THF)Ga},Au]" [B(Ar®), ’ {(DDP)Ga},AuCl + Na*[WCA] in THF C Ga—Au—Ga ) 4
Com ;o
N ~, N
//’/, Me
Me Ar <)JAr
2+
0
Me  Ar A\r Me
WA | N cl
. It, | | \
[{(TH)(DDP)GaZ(THE)-{y-Cl) 1 [B(Ar™).] o OPICHGZnlCTHR, * NaWEAT IR (™ g—2n]

N
a—Zn “Zn—Ga :>> e
cl N
M N\A <Oj ¢
e T %
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EsFeCp* + In"[WCA]”

5 * + Me
[{in{n™Es)FeCp™s [AI(ORPF)J Com E. 5<é> one-dimensionfl c?ordination polymer / similar structure 176
(E=P, As) Eing/E =  Fe to [{Ga(PsFeCp*)s} ]n
EsFeCp* + TI'[WCA]
5_ * +. M
[{TH(n -Es)FeCp*}s} 1, (AIOR™ )] com e eSE\D one-gimpe:signfl c?ordination polymer / similar structure 207,176
(E=P, As) E FE - ke to [{Ga(PsFeCp*)s} ],
E-E
‘E'
ECp* Substituted (E = Al, Ga)
l Acp |
[Rh(COD)(AICp*)s]" [B(Ar),I Com [Rh(COD),]" [WCA]™ + 3 AlCp* l “Rh=AICp* 7
AlCp*
_|+
[Cp*Fe(GaCp*)s]* [B(Ar<™),]” Com [Fe(MeCN)g]*{[WCA]}, + 4 GaCp* | o
Fe. *
Cp*Ga” \'Gan
GaCp*
_|2+
[Cp*Co(GaCp*))** [B(Ar?),] g’)‘m [Co(MeCN)]*{[WCA] }, + 4 GaCp* [ 3
Co/ *
S GaCp
Cp*Ga” \
GaCp*
+
GaCp |
[Cu(GaCp*),]" [B(Ar),I Com [Cu(MeCN),]'[WCA]™ + 4 GaCp* ___Cuga cp* 243
Cp*Ga”
GaCp*
2+
Gacp" |
[Zn(GaCp*),1* [B(Ar ), E;cr’; ZnMe, + [H(OEt,),] [WCA]™ + 4 GaCp* .. Zn 1GaCp* e
Cp*Ga™ »
GaCp*
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Zn,Cp*, + [Ga,Cp*] [WCA]

G C 2+
Cp*Ga,Z/ S \GaC_l

[Zn,(GaCp*)el™ (B(Ar?),)" Other Cp*Ga” \ / "GaCp* 204
mechanism unclear
stabilized by dlspersmn forces
Gan_l
[Rh(COD)(GaCp*)s]" [B(Ar),I Com [Rh(COD),] TWCA]™ + 3 GaCp* Rh —=GaCp* w7
Gan
Gan
[{Rh(NBD)(PCys)-(GaCp*),}I" [B(Ar)a]" Com  [Rh(NBD)(PCys),] TWCA + 2 GaCp* Rh<PCy3 7
Gan
[PL(H)(GaCp*)a]' [B(Ar)]" Prot  PE(GaCp*), + [HOEL),*] [WCAT CP*Ga','Pt—Gan* m
Cp*Ga (|3an*
-
+ CF3y - + - CyasP ('36 _I 177
[(Ga)Ru(PCys),(GaCp*),] [B(Ar—), Other Ru(PCys),(GaCp*),(H), + [Ga,Cp*] [WCA] Cy3 ';Rlu-Gan*
Y3 Gan*
-
e, 82|
[(Ga)Ni(GaCp*)a]’ [B(Ar )" Other  Ni(GaCp*), + [FeCp,] TWCA]” Cp’Ga: Nj-GaCp* e
Cp*Ga” CISan*
Ga _|+
[(Ga)Pt(GaCp*).)’ [B(Ar )] Com  Pt(GaCp*), + [Ga,Cp*] WCA] Cp*Ga','Plt GaCp* e
Cp*Ga GaCp*
1 e T
" . CF3, - (Cp*Ga)4Rh-(n"-Cp*GaMe) + 181
[(Cp*Ga),Rh{Ga(Me)}] [B(Ar—"),] Prot [H(OEtz)z]Jr[WCA]’ gp*ga,(,Rh Gan
P Gan
+
Me_l
[(Cp*Ga),Rh{Ga(Me)-(py)}] (B(AC), I Com [(Cp*Ga),Rh(GaMe)] TWCA]™ + py 181

gp*ga'f'Rh GaCp*
P GaCp*
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H +
l //'Rl \\GaC;l

245

*\ 1+ CF3y 1- + - *
[Ru(COD)(H)(GaCp*);] [B(Ar—"),] Com [Ru(COD)(H)(DMH)3] [WCA] + 3 GaCp |( |U'Gan*
GaCp*
+
3 2 Ru(GaCp*);(TMM) + [H(OEt,),] TWCA] Me\'Q’CHz_I
[Ru(GaCp*)y-{n*-(CH,),C(Me)}] (BAC) T prot \F\{/;,CHz 177
TMM=n"-C(CH,)5 Cp*Ga” % GaCp*
Cp*Ga GaCp*
H,C ot
+ CF3y - + - H2C)@"' G!Z:I/Ru(c-;an9¥| 177
[{Ru(GaCp*)s-[(CH,),C{CH,(1-Ga)}}.] [B(Ar™")al Com Ru(GaCp*)3(TMM) + [Ga,Cp*| [WCA] 2N\ \\\\ H,
(GaCp*)sRu—Ca CH,
Cp*Ga. GaCp* H —|Z+
[{(GaCp*),PLHPL(H)-(GaCp*)s}(u-Ga)*  B(ArT),I Prot, pt(GaCp*)s + [H(OEt,),*] [WCA]™ Cp*Ga—Pt—Ga—ht./Ca’CP 180
alp™)y -\Galp~)3sp-Ga ra Com alp™)s 2)2 | |‘Ga*Cp
GaCp* GaCp*
+
e |
a
Ga. *
) | / :\ ~GaCp
Pt(GaCp*), + [FeCp,] TWCA] Crra=PC /\G C
. + CF3, 1- aCp*), + [FeCp, aCp* 178
[Pts(GaCp®)s(u-Ga)l (B(A™)a] Other (substoichiometric) Cp*Ga'\P|7/
Ga
Cp*

metal-rich molecules as discrete models for intermetallic
phases

* Classification according to the introduction (Table 2).
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Group 14 Cations

Already in 1887, Henderson described the synthesis of trityl malonate starting from triphenylmethyl

bromide and ethylic sodiomalonate®*®

and 15 years later, Bayer and Villiger realized that the yellow
color of a solution of triphenylmethane in concentrated sulfuric acid is the result of the formation of
a carbocation.””” Despite these early discoveries, it took another 63 years until the structure of this
cation could be determined.?*® While the first structure determination succeeded with [ClO,]", the

structure of the trityl cation is nowadays known with several different anions (e.g. **°

) and it has
become a common reagent for the generation of various other cations. Only one earlier structure
determination of a carbocation was published: the structure of triphenylcyclopropenium perchlorate
in 1963.° Since then, many rPBCs of group 14 were synthesized and characterized. Carbocations
have drawn a lot of interest, due to their role as intermediates in organic chemistry. Silylium ions are
more electrophilic and more reactive than their carbon analogues, so that the structural
characterization of a truly free silylium ion was only achieved in 2002** and is still in the focus of
interest. But also the heavier elements of group 14 were subject to extensive research and today a

multitude of interesting rPBCs are known, part of which have been reviewed in the articles included

with Table 5.

Table 5: Review articles including cationic group 14 compounds

Year Title Ref
1995 Modern Approaches to Silylium Cations in Condensed Phase >t
2005 Cations of Group 14 Organometallics »2
2005 Carbon, silicon, germanium, tin and lead 253
2010 Silylium ions in catalysis >
2010 H*, CH,", and R5Si* Carborane Reagents: When Triflates Fail 295
2011 N-Heterocyclic Carbene Analogues with Low-Valent Group 13 and Group 14 Elements: 236
Syntheses, Structures, and Reactivities of a New Generation of Multitalented Ligands
2013 Catenated Compounds — Group 14 (Ge, Sn, Pb) 7
2015 Cations and dications of heavier group 14 elements in low oxidation states 8
Carbon

Homopolyatomic and Cluster Cations: In group 14, carbon is the only element for which
homopolyatomic cations are known in condensed phase. While [Cs]",** and [Ceol",>*° are already
known for more than ten years, there is only one more recently published compound of that class. In
[Cool* ([ASFs]7),,*®° the cations build a 1D polymeric structure, in which the [Cel** cations are
connected alternatingly by single C-C bonds and four-membered carbon rings. Along with the before

259
d

mentioned [Cg]", the protonated Buckminsterfullerene [HCg]" was publishe and by oxidation of

the [CssN], dimer, [CsoN]* was synthesized and structurally characterized.?®

Carbonium lons: As mentioned before, the classification according to onium-, enium and inium-
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cations is not always consistent and in literature, the term carbonium ion is often used to describe
what is mostly a carbenium ion. A prototype for a carbonium ion is the 2-norbornyl cation, whose
structure has been controversially discussed. In 2013, 49 years after its first preparation under stable
ion conditions,?®® its structure could be determined by scXRD.2® This finally provided a

crystallographic proof that the 2-norbornyl cation adopts the non-classical structure (Figure 31).

,’ -1}\ VS. -
< +

Figure 31. Non-classical vs. classical structure of the 2-norbornyl cation.

It remains the only structurally characterized non-classical carbonium ion. Substituted relatives

exhibit distinctly distorted structures that are better classified as carbenium ions.**

Carbenium lons: The first simple structurally characterized alkyl cation, was the tert-butyl cation with
[Sb,F11]™ as the counterion,”®* and later also with [HCB;;MesClg]™. *®® In the same publication, two
more carbocations with slight variations in the alkyl chains were presented (Figure 32).>® Recent
additions include the super-acidic room temperature lonic Liquid [(CHs);C]'[ALBr;]?%® and an
additional structure of the tert-butyl cation with the [HCB;Cli;]” anion.®’ In 2000, ion-like
(CH3),CF(AsFs) was the first structural characterized example of a fluorinated carbocation and was

published together with a higher substituted variant.?®®

In both compounds, each cation is stabilized
by two stronger contacts to the anion. The higher substituted [(m-CF;CgH.)(CeHs)CF]* derivative,
contains the less coordinating [As,F;;]” anion in the structure with only weak interaction between the
ions.”®® With [HCB,111]", two more fluoro-substituted carbocations and one with fluorine substituted
aryl residues could be isolated (see Figure 32).°° Apart from [CF;]", all [CXs]" cations are now
synthesized and structurally characterized (see Figure 32). First, [Cl3]'[AI(OR™),]” was published in
2003%%° and shortly after [CCl;]" and [CBrs]* with [Sb(OTeFs)¢]” as the counterion.”’”® In addition, the
latter was used to stabilize related [C(OTeFs);]".?”° Later, also [CCl;]" and [CBrs]* were synthesized
with the [AI(OR™),]” and the [(R?7O);Al-F-AI(OR™");]" counterions.””* In all of those compounds
containing [CX;]" cations, still some weak interactions between cation (mainly halogen atoms) and
anion exist. These interactions are weaker between [Br-C(SBr),]” and the mentioned

117

alkoxyaluminate, due to delocalization of the charge.””" Although comparable, far stronger

«]".2”* However, there is no

interaction between cation and anion was found in [(MeO)(MeS)CSH]'[SbF
close contact between the carbon atom and the fluorine atoms of the anion. Instead, the anion

forms hydrogen bonds to the thiol group of the cation.
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){ _Br

Cl Cl Br Br | | Br s

Figure 32. Structurally characterized carbenium ion salts.
In 2004, the structure of the benzonorbornenyl cation was published, with an intramolecular
stabilization of the cationic center by the aromatic ring.””> Intermolecular stabilized carbenium
cations are known of the [Cl;]" with the weak bases PX; (X = Cl, Br, 1) and Asl; (Figure 33).”* Only two
related vinyl cations are known (see Figure 33).””>*° Both are B-substituted by two silyl groups,

which help to stabilize the positive charge.

T II—\C—P'—X_|+ Noah
M

X I—C-As—I
X | |
X=Cl,Br, |
— <:SiMe2 E <:SiMez
SiMe, SiMe,
Figure 33. Structurally characterized ligand-stabilized carbenium ions and vinyl cation salts.

Delocalized (Cyclic) Carbocations: Only shortly after the first structural characterization of an alkyl
cation, the first structure determination of an arenium ion — [C¢Me,]'[AICI,]” — was published.””” To

date, more structurally characterized arenium ions with several WCAs are known (Figure 34).
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GP YWY
H_ H H / E E
Figure 34. Protonated and methylated structurally characterized arenium ion salts.

An exception is the radical cation [C¢Fs]™ in the solid state structures with [Sb,F1;]” and [Os,F14]7: it

278

yields two different forms.”’® One cation can be described as a quinoidal cation and the other as a

bisallyl cation (see Figure 35) and both are separated by a barrier of ar38ound 13 kJ mol™ according

F F F F

F F F F F F F F

F F F F F F F F
F F F F

Figure 35. Lewis structures of the canonical forms of the quinoid and the bisallyl cationic form of [CsFe] .

to calculations.

Shortly after the publication of the radical cation of the hexafluorobenzene, some more related

279,280 and

structures were presented. Among them, the other perhalogenated benzene radical cations
some partially and mixed substituted analogs, including the [CeFs-CoFs] 2%*?%" (Figure 36). The only
other example displaying both a quinoidal and a bisallyl cationic form is [2,4,6-'BusC¢H,NH,]*.2%* At

123 K, this cation adopts the bisallylic structure but upon heating, a transition to the quinoidal form

x T F I “+ F FlI°
X X F F
X@[X Fj@[F F@[F \Q
X S T
F

-+
C|:©:C|_| FsC F F3C
Cl Cl F F F CF3

OcCcurs.

F F .
FE FFE F | — NH, |
MeO F Bu Bu
OO+ XX
F OMe
F FF F By

Figure 36. Structurally characterized substituted benzene radical cation salts.

A different type of delocalized cations are the allyl cations amongst which the cyclopropenyl cations
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take a special position. Already since 1986, two examples, [(Cy)sCs]* and [(Cy)»(Ph)Cs]", are known®®
and in the same year, an allyl cation stabilized by an hydroxyl group has been published (Figure
37).%* In 2002, the structure of [CsMesH,]" was determined although it was by mistake addressed as
an [CsMes]" cation, probably due to its unexpected formation during the reaction of CsMesH with

[Ph3C]*.%® Finally a silyl stabilized allyl cation was characterized, which formed via an interesting

286

mechanism that starts with the formation of a silylium cation (Figure 37).

o

Cy Cy

Figure 37. Structurally characterized delocalized cation salts.

lon-like Carbon Compounds: As mentioned before, in the analog structure of [(m-CF;-CgH.)(Ph)CF]*
with [AsF¢]” instead of [AsFy41], stronger interactions to the anions are present.”®® The same applies to

268

the related Me,CF(AsFs).”” Also known is the ion-like (Me,CH)(HCB;;MesBrg), which displays a

covalent C-Br distance of about 210 pm.”®’

Along with the latter, the preparation of
HsC(HCB;;MesBrg) and H;C(HCB;;MesClg) was reported, but no structural data from XRD was
presented. In 2010, the strongly methylating ion-like Me,B,,Cl;, was structurally characterized with a

C-Cl bond length of 182 pm.*®®

Silicon

Silylium lons (CN = 3): Silylium ions are certainly amongst the most electrophilic cations known and
thus exhibit an enormous Lewis acidity. Most of them are either stabilized by bulky ligands, or display
a strong interaction with the corresponding WCA and have therefore to be categorized as ion-like
compounds. In addition, the first claimed “stable silyl cation” [Et5Si]® in 1993 contained a
coordinating toluene ligand — a feature typical for many silylium ions.”® In order to obtain a truly
tricoordinate silylium ion without stabilization through the anion or an additional ligand, bulkier
substituents were needed. Hence, the first structurally characterized compound featuring a free
silylium ion was [Mes;Si]" [HCB:MesBrg]” ** and in 2013, ([Pemp;Si]*),[B1,Cli,]*” was published (Figure

PFy 17— 291
)l

38).2%° The latter was afterwards also synthesized and characterized with [Al(OR In all three

structures, the cation has no closer contacts to the anion.

63



Chemical Society Reviews

JESNSNp 2 S

Figure 38. Structurally characterized tricoordinate silylium ions.

Delocalized Cyclic Cations: Despite the early characterization of cyclopropenyl cations, the first
example for a comparable silicon ion was published only in 2000 (Figure 39, left).””> In this
compound, however, it is not the three-membered silicon-ring with a delocalized m-system but rather
a silicon butterfly with one Si-Si-o-bond stabilizing the positive charge. A direct equivalent of a
cyclopropenyl cation was finally published in 2005 (Figure 39, middle).?* One more example is
known with the positive charge being partially delocalized over four silicon atoms.?** An example for
a Si(ll) cation with 6m-aromaticity provides the silyliumylidene-like species introduced by Driess et al

295

(Figure 39, right).”” This compound is stabilized by delocalization so that, although produced through

protonation with [H(OEt,),]*[B(C¢Fs).]”, no ether molecule remains coordinated to the cation.

’Bu‘ :fBu _|+
4 Si ipr
Bu,MeSi, /
S'
t /SI ==Sj
Bu,MeSi *SiMeBu, O Si:
SlMe’Buz 4@
Sl
/@\

Bu,MeSI”> © " SiMe'Bu,

Figure 39. Delocalized cyclic silicon centered cations.

296
d

Ligand-stabilized Silicon Cations: Already in 1983, pyridine stabilized [Me;Si]* was reported.” Yet,

this compound is stable to such an extent that Br™ and I” are sufficient as anions and that it can be

prepared just by reacting Me;SiX with pyridine. Many of these [R;Si-L]" ions stabilized by different o-

297-299 296,300 81

donors are known: with nitriles, pyridine, water,** o-dichlorobenzene®, sulfur dioxide

02

and bipyridine.®® Even though 2,6-bis(2,6-difluorophenyl)phenyldimethylsilylium ion has no

additional ligand acting as a o-donor, the cationic center is stabilized by one fluorine of each 2,6-

303

difluorophenyl-substituent (Figure 40). With the stronger stabilizing DMAP, the dication

[Me,Si(dmap),]** has been synthesized.**
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c |
. + + + .
Pr _I ‘Bu, _| Bu, _| Pr,
Pr—si---N=C—  Bu- SI'“N C-Bu  Bu- s|---0H2 Pr— 8i---Cl

P By BY Py

Et I

4
N Fc —
+ Nt
Et—/Si---OSO Fc—/S|---N\ />
Et Fc

Mes _N., | _oTf NN,
Si----N=C— o
]
x \
~N
\

Figure 40. Structurally characterized silylium ions stabilized by o-donors.

[RsSi-L]" ions with m-donor ligands L = arenes like the before mentioned [Et;Si(C;Hg)] are less

289

stabilized than those with c-donors (Figure 42).”* Several different arene adducts of [MesSi]* were

3% As can be seen in Figure 41, some of these

reported by Schulz and Villinger et al (Figure 42).
compounds are coordinated by a second arene molecule binding in an n°®-fashion to the proton ipso
to the silylium center. This also shows that these arena adducts are also very strong cationic Bronsted

acids.

Figure 41. Molecular structure of [Me;Si(CgH1o)-(CsH1o)]". The weak interaction between the stabilized cation
and the adjacent ethylbenzene is indicated by the dashed bonds. M. F. Ibad, P. Langer, A. Schulz, A. Villinger J.
Am. Chem. Soc. 2011, 133, 21016-21027. Data from this Reference were used to draw this figure.

Comparable to the before mentioned 2,6-bis(2,6-difluorophenyl)phenyldimethylsilylium ion without
any additional ligand, a 2,6-diarylphenyldimethylsilyl cation is existing, which is stabilized by

intramolecular ri-donation.”®
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Figure 42. Structurally characterized silylium ions stabilized by internal or external m-donors. Ar = benzene,
toluene, ethylbenzene, n-propylbenzene, and iso-propylbenzene, o-xylene, m-xylene, p-xylene, 1,2,3-trimethyl-
benzene, 1,2,4-trimethylbenzene, mesitylene.

Compounds of the type [R3Si-X-SiRs]" have to be treated as a special case of ligand stabilization. The
first example of this type is the initially as [Et;Si]" misinterpreted [Et;Si-H-SiEt;]",** whose structure
determination has been published about two years ago.>? [Me;Si-H-SiMe;]" ® is also known as well

307

as the analogous [Me;Si-X-SiMes]* compounds with X = F, Cl, Br, | and trifluoromethane-

308

sulfonate.”™ The X-bridged species are typically addressed as halonium ions, but it appears more

reasonable to address them as ligand-stabilized silylium ions (see Figure 43).
Me3Si—X+—SiMe3 < Me3Si—X +SiMe3 - Me3SiJr X—SiMe3

Figure 43. Canonical structures of the halogen-bridged bis-silylium ions.

Calculations state that the positive charge is still located at the silicon atoms and F, Cl and Br are
negatively charged.”” Only in the case of iodine, a small positive charge is located at the bridging
atom.>”” Additionally, bissilylated pseudohalonium cations [Me;Si-X-SiMe;]" with X = CN, OCN, SCN,
and NNN are known.*® Of these, only in [(Me;Si),NNN]* both silyl groups are attached to the same
atom,*® so that the structure of the cation is analog to the protonated hydrogen azide*™ (see Figure
44 and Table 7 for [H,N3]*[SbFs]"). Some more examples with bridged SiRs-groups, in which both

groups are connected with each other, are known (Figure 44) 33"
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Figure 44. Structurally characterized bridged bissilylium ion salts.

A special case of intramolecular ligand stabilization can be observed in [FcSiMe'Bu]*.>*® Here the

silicon is dipped towards the iron atom due to two 3c2e bonds between C;,,, Si and Fe and Cj,,, Si

316

and Fe, respectively (Figure 45).

Figure 45. Molecular structure of [FcSiMetBu]+. K. Mather, R. Frohlich, C. Muck-Lichtenfeld, S. Grimme, M.
Oestreich, J. Am. Chem. Soc. 2011, 133, 12442-12444. Data from this Reference were used to draw this figure.

More intramolecular o-donor stabilized silylium ions are known: [RSi(R’),]" or [RSi(R’)(R”)]" with R
being a pincer ligand can be seen as an extra class of ligand-stabilized silicon cations. In 2009, several

silylium ions with OCO and SCS pincer ligands were published by Jutzi et al (Figure 46).>"
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Figure 46. Structurally characterized silylium ion salts with intramolecular stabilization by pincer ligands.

All before mentioned ligand-stabilized silicon cations contain an inter- or intramolecularly by
additional donor atoms stabilized [R;Si]" cation. Two more different types of ligand-stabilized silicon
cations were published with silicon in oxidation state +IV. Both were synthesized by oxidation of

318319 These cations containing subvalent

silicon(ll) cations through elemental sulfur (Figure 47).
silicon are very rare and most of the known examples are bearing a cyclopentadienyl substituent (see
Cyclopentadienyl Substituted Cations). However, with well stabilizing ligands, two [LSiCI]" cations
were synthesized (Figure 47).3'®3%° Both are prepared just by adding the chelating ligand to NHC-SiCl,.
The NHC ligand is being replaced by L and yields the [LSiCl]* cation with chloride as the anion. This
shows that the silicon cationic center is largely stabilized by coordination. By using well stabilizing
NHCs, it was possible to generate an [(L)(L’)Sil]'[I]” and even the dication [LsSi]**([1]),.>** In addition,
two related silicon(Il) monocations [RSi(L).]" were structurally characterized in which the residue R is

not a halogen atom (Figure 48).>"

S, ./CI _|+ —|+

i Bu
"BugPs, /Ny 2P"BUs S

N—si_
P
Ph” N

By

Figure 47. Structurally characterized ligand-stabilized silathionium cations.

/
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Figure 48. Structurally characterized ligand-stabilized cations of subvalent silicon.

Cyclopentadienyl Substituted Cations: So far, two cyclopentadienyl substituted silicon cations
without any further stabilization through additional ligands were structurally characterized. First
[(CsMes)Si]* with [B(CsFs)a]™ was published in 2004°* and two years later, the synthesis and
characterization of [(CsPrs)Si]'[AI(OR™),]” was presented®”®. However, the latter structure
determination was of poor quality and did not allow obtain any exact structural parameters.

Additionally, two ether stabilized [(CsMes)Si]" cations are known (Figure 49).3**

Figure 49. Structurally characterized cyclopentadienyl substituted silicon cation salts with and without
additional ligands.

lon-like Silylium Compounds: In alkylsilylium ion salts without an additional stabilizing ligand,

interactions between the cation and the corresponding WCA can be observed. The first structurally

325

characterized R;Si(WCA) was the jso-propyl substituted compound in 1993.>” Today, at least one

example with the most common alkyl substituents ‘Bu, ‘Pr, Et and Me is known 326732881329,297,330
Additionally, with ‘Bu,MeSi(CB;;H¢Brs) one mixed substituted ion-like silylium compound was

328
d

published.”™ Another example might be Fc;Si(OTf). However, its Si-O interaction is with 175 pm in

the range of a normal Si-O bond.**

Germanium, Tin and Lead

Cluster Cations: As for silicon, no homopolyatomic cations comparable to the fullerenium ions are

known for germanium, tin and lead. Nevertheless, one example of a germanium cluster exists (Figure
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50).3*2 The cluster is composed of ten germanium atoms, of which seven bear substituents. The

remaining three unsubstituted germanium atoms carry the positive charge, which is evenly

distributed.

+
BugSi ~ SiBug _|

\ BusSi /

Ge—/—Ge

B //\

Ge
Ge::“l"::G
A
Bu,Si~ Ge, ~SifBu

Figure 50. Lewis structure of the 5-iodo-2,4,6,8,9,10-hexakis(tri-tert-butylsilyl)heptacyclo[4.4.0.02.0**.0°°.0*’
.Os'lo]decagerman-7-ylium ion.

Enium lons: Just as for silicon, enium ions of Ge, Sn and Pb need substituents with a high steric
demand to shield the cationic center. The first example of the heavier elements of group 14 —
["BusSn]*[CB1:Mey,]” — does have, as expected, interactions between cation and the [CB;;Mey,]”
WCA.** At about the same time, Lambert et al. and Sekiguchi et al. published the first examples of
free enium ions of germanium and tin. While Lambert relied on bulky aryl substituents to synthesize
[(Tipp)sSn]*,** Sekiguchi deployed silyl groups and managed to produce [(‘Bu,MeSi);Ge]™** and
[("Bu,MeSi);Sn]*,** all with [B(CeFs)a]” as their counterpart (Figure 51). Although enium ions with aryl
substituents have always been under the first examples for carbon, silicon and tin, it kept lacking an
example for germanium until in 2009 [Ge({2,6-0'Bu},C¢Hs)s]'[AI(OR?),]~ was synthesized and
characterized.**® However, the cationic center is stabilized by contacts to the oxygen atoms of the

336

tert-butoxy residues at 286 and 288 pm.”> More recently, a mixed substituted enium ion of tin has

337 Examples for lead are still missing and the only formally [RsPb]*

been published (Figure 51).
containing ion-like substance Et;Pb(HCB.;HsBrg) has like its Si, Ge and Sn analogs stronger

interactions between the ions.**

SiMe'Bu, MesSi_SiMe; |
’BuzMeSi/E‘SiMe’Buz Sn-SiR,
E=Ge, Sn Me;Si SiMe;
ipr

R Ro_~_|"
Ge R=0Bu P i
R ae R ipr r P’IrDr
R R +Sn
_ @;r@@
Pr

Figure 51. Structurally characterized enium ions of germanium and tin.
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Delocalized Cyclic Cations: The germanium compound [Ge;(Si'Bus)s]*, has been published long before
the first silicon analog of a cyclopropenyl cation.®®® Although it is known with a few different

340,341

anions, it is still the only example of delocalized cyclic cations of the heavier elements of group

14 (similar to Figure 39, middle).

Ligand-stabilized: Far less ligand-stabilized cations of Ge, Sn and Pb in oxidation state +IV are known
than of Si. [Me3;Sn(OPPhs),] [(MeS0,),N]™ and [PhsSn(OPPhs),] [(MeS0,),N]” were synthesized already
in 1994** and six years later, the [‘BusE(NC-'Bu)]" cations were synthesized with E = Ge and Sn, but

only for the germanium compound the crystal structure is known.?*®

In addition, together with the
analogous silicon complex, [Me,Ge(bipy)(OTf)]'[OTf]” has been published.>** Interesting is however,
that the corresponding substances with DMAP coordinating to germanium and the ones with DMAP
or bipyridine coordinating to tin have to be described as ion-like, since in all of them both [OTf]
anions do have close contacts to the cationic center.>> As already stated for silicon, symmetrical
compounds of the type [R;E-X-ERs]" are somewhat special since the positive charge is evenly
distributed and it is not possible to speak of an cation and a ligand anymore. Contrary to silicon, only
one cation belonging to this type is known for the heavier homologues (Figure 52).3** Additionally,
for germanium and tin ligand-stabilized dimeric cations are known, both synthesized by oxidation of

their E(I1) precursors through elemental sulfur (Figure 52).3**3%

Norbornyl cations with the heavier group 14 elements were classified in here as ligand-stabilized
cations, although one may address them as onium ions. Although the heavier norbornyl cation
analogues were all published — also with silicon — no crystal structure could be determined.**®
However, by addition of acetonitrile to the norbornyl cations, the stronger o-donor replaces the
weaker m-donating C=C double bond. An exception is the plumbanorbornyl cation, which gets
coordinated by acetonitrile additionally and remains coordinated by the alkene (scXRD).>*® A
comparable m-stabilization as in the norbornyl cations can be found in the 1,4,5-
trigermabicyclo[2.1.0]pent-2-en-5-ylium ion, in which the cationic center is coordinated

347
d.

intramolecularly by a C=C double bon Another unique m-stabilization can be observed in

348

bis(cyclopentenemethyl)plumbylium.”™ This cation is intramolecularly stabilized by the C-C double

bonds of the two cyclopentene substituents (Figure 52).
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Figure 52. Ligand-stabilized cations of germanium, tin and lead in oxidation state IV.

Hard to classify are two germanium cations stabilized by a monoanionic bidentate bis(NHC)borate

ligand (Figure 53).

349 Both originate from the attempt to synthesize a germanium dication stabilized

by the before mentioned ligand through the reaction of LGeH with [Ph;C]'[B(C¢Fs)s]”. Instead of

delivering the desired germanium dication, two different products were obtained. In one, instead of

abstraction the hydride, the trityl cation attacks the lone pair of the Ge(ll) cation, forming the adduct.

In the other, the hydride is indeed abstracted by the trityl cation, but the resulting germanium

dication is coordinated by unreacted starting material.

.
Ph_ Ph _I"' (\NtBu tBuN/§ —I
_B. J -
@ )N&/} Ph\B/N—{Ge—Ge N‘B’Ph
N

/ N\ t
H CPh,

Figure 53. Germanium cations stabilized by a monoanionic bidentate bis(NHC)borate ligand.

Apart from those examples, the ligand-stabilized cations of the heavier group 14 elements are in

oxidation state +II. Already as early as 1989, [Sn([15]crown-5),]*" has been published along with its

crystal structure.® This cation is accessible directly through the reaction of SnCl, with two

equivalents of the crown ether, which is why [SnCls]” serves as the counterion. In this or a similar

fashion it has been possible to synthesize a portfolio of different crown ether complexes of tin(ll) and

lead(11).%°*73%3
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To isolate the first related Ge(ll) compound, better stabilizing ligands were needed. By employing

NHC ligands, a germanium dication was isolated (Figure 54).%**

The germanium center is highly
stabilized by its ligands, and — although iodides are the counterions — only weak interactions between
the ions are present. Another germanium containing dication was synthesized with the encapsulating
cryptand [2.2.2],>*° and a few years later the analogous tin complex®®. Today, quite a few different

357

crown ether complexes of germanium are known as well (Table 6).”’ By using other well stabilizing

chelating N-donor ligands, it was also possible to isolate [(L)Ge]* cations.>*®

N 2+
dh oy
P © Pr

Pr—N""N-Pr

E=Ge, Sn

2 —|2+

N, /.N N
/Ge\. - \1/ \
N N Ge

N\
Figure 54. Structurally characterized dicationic compounds of germanium and tin.

The autoionization reaction used for the preparation of many of the crown ether complexes has also
been applied to synthesize most of the structurally characterized [(L)EX]'[WCA]~ compounds of

germanium and tin (Figure 55).°>°%***" With even stronger donating ligands, comparable salts

363,364
d

[(L)GeCI]*CI” were prepared. These compounds are strongly stabilized so that even halides are

sufficient as anions (Figure 56). Related [RE(L)]" cations with the residue R not being an halogen atom

are also known. In these cations, the residue is capable to stabilize the cationic center by an

365-367,80,368,345

additional o- or -donation (Figure 57). In case of bulky residues it was possible to work

without an additional ligand and to obtain the free [RE]" cations (Figure 57).3%%3%>3¢

For lead, one
additional [RE(L)]" cation is known with R being a bulky aryl ligand and with a toluene molecule

coordinating to the lead atom.>”
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Figure 55. Ligand-stabilized cations [(L)EX]" of germanium and tin.
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Figure 56. Ligand-stabilized cations [(L)GeCl]” with chloride as their counterion.
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Figure 57. Structurally characterized [RE(L)]" and [RE]" cations of germanium, tin and lead.

A rather special case is [Sn(C;Hs)s]", in which a tin(ll) cation is coordinated by three toluene

molecules.’”*

Although lots of arene complexes of tin(ll) are known, almost all of them do still have

strong interactions to the anions, mostly halides and/or [AICl,]” (see for some examples *). An

exception is the Sn(ll) complex with [2.2.2]paracyclophane.?”? Only one of the two [AICl,]” ions is

coordinated to the tin atom, the other one does not have interactions with the cation. However,

[SN(C;Hs)31**([B(C6Fs)a] ), is the first example of a tin(ll) complex with independent arenes and

without additional stabilization by the anion (Figure 58).
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)
P~

Figure 58. Molecular structure of [Sn(C7H8)3]2+. A. Schifer, F. Winter, W. Saak, D. Haase, R. Pottgen, T. Mdiller,
Chem. Eur. J. 2011, 17,10979-10984. Data from this Reference were used to draw this figure.

Cyclopentadienyl Substituted Cations: The tin analog of the [(CsMes)Si]® cation was already
published in 1979,>” about 25 years before the silicon compound was characterized by XRD. This is
due to the fact, that [(CsMes)Sn]* could be synthesized as its [BF,] salt, which is not possible in case

3% In [(CsMes)Sn][BF,] are still some

of [(CsMes)Si]" because of its instantaneous decomposition.
stronger interactions present between the fluorine atoms and tin. In 2005, the structure of the
[(CsMes)Sn][B(CsFs)s] was determined in which these interactions are a lot weaker®”® and with the

same anion, [(CsMes)Pb]" was synthesized and structurally characterized.?””

The sole exception is
germanium, whose [(CsMes)Ge]* was only characterized by XRD with [BF,]™*’® and [SnCl5]  *”7 as its
counterion and not with any larger WCA. In addition, interesting triple-decker cations are known for
tin and lead: [({MesCs}Sn),(u-MesCs)]" was first synthesized and structurally characterized with the

[Ga(CeFs)a]™ anion,?”® its structure was subsequently published with [B(CeFs)s]” together with the

AR

n

analogous lead compound.®”®

T ' 5
. FX X
Sn Pb
E = Ge, Sn, Pb % %

Figure 59. Structurally characterized cyclopentadienyl substituted cations of germanium, tin and lead.

lon-like Compounds of germanium, tin and lead: As for silicon, alkyl substituted enium ions of the
heavier group 14 elements without any additional ligand need stabilizing interactions with the WCA.
However, far less examples are known for E = Ge, Sn and Pb, although already in 2000, the first
example was published with "BusSn(CBi;Me;,).3** The other known examples are the

Et3E(HCB,;HsBre) compounds were already mentioned before.>*®
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Transition-Metal substituted Cations of germanium, tin and lead: Other than for silicon, more
transition metal coordinated cations are known for the heavier elements of group 14, especially for
tin. Via a salt elimination reaction, the complex cation [(dppe),W=Sn-C¢Hs-2,6-Mes,]” was
synthesized with [PF¢]™ as its counterion in which the W-Sn-C angle is close to 180 °.*”° A similar
germanium compound was published one year after, in 2004. In [(MeCN)(dppe),W=Ge-(n'-Cp*)]",
the germanium is substituted by a Cp* and the tungsten atom is coordinated additionally by an
acetonitrile molecule.®®® As WCA serves [B(C¢Fs)s]™ in this case. A new complex cation featuring a Sn-
Pt bond was published in 2010. In trans-[Pt(Me)(SnCl,)(2-PyPPh,),][BF,], the tin atom is

pentacoordinated and adopts a trigonal-bipyramidal geometry.**

Along with that, comparable
compounds were synthesized with the remaining group 10 metals, but no crystal structure
determination was performed. By using an OCO-pincer ligand, a chromiumpentacorbonyl
coordinated tin(ll) cation was synthesized. Two variants were published, {2,6-
(MeOCH,),CsH3}(H,0)SnCr(CO)s(OTf), in which the tin is coordinated additionally by a water molecule
and [{2,6-(MeOCH,),CsH3}(THF,)SnCr(CO)s]* [CB1:H15] 7, in which the tin is hexacoordinated with two

%2 The former has indeed no contact

THF molecules complementing the coordination sphere.
between the triflate and the tin atom, but a strong hydrogen bond between the coordinated water
molecule and the anion is existing, with an 0-O distance of about 261 pm. Two more
chromiumpentacorbonyl coordinated tin(ll) cations were published in 2013, both also with a pincer-

3% The same ligand was used to prepare the [RSn{W(CO);Cp},]", withR = R =

type ligand (Figure 60).
4-'Bu-2,6-{P(0)(O'Pr),},C¢H,) and [W(CO);Cp]” as its counterion.®* Recently, new platinum-
coordinated cations of tin and lead were published. Starting from (Cys;P),Pt(SnBr,), [{(CysP),Pt-
SnBr},]* was synthesized with two different anions.?® The analogous dimeric lead cation [{(CysP),Pt-

PbCl},]" was accessible by using (CysP),Pt(PbCl,) as a starting material.**®

Through further reaction
with AlXs, {(CysP),Pt},Sn(AlBr,), respectively {(CysP),Pt},Pb(AICl,), were synthesized.*®> However, in
both dications some interactions between the ions are present. Additionally, the dimeric lead cation

was also synthesized with iodine instead of chlorine.?®
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Figure 60. Structurally characterized transition metal substituted cations of germanium, tin and lead.
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Cation Anion Class.* Synthesis Comment Ref.
Homopolyatomic and Cage Cations
[Crel* [HCB11HsBrg]” Ox Cy6 + [ArsN] [WCA] e
[Cool” [HCB11HsCle]” Ox Ceo + [ArsN] [WCA]” 9
[Ceol* [AsFg] Ox Ceo + 3 AsFs Polymeric 260
[HCeol* [HCB14HsClg]™ Prot Ceo + H(WCA) 29
[CsoN]* [Ag(HCBy;HsCle),]” Ox (CsoN), + 2 [HBPC] "[WCA]” !
+
Bu,Si ~ SiBug _|
\ BusSi /
Ge/-C% BusSi, I
/ Ge \ /Ge<
Gee-—-|----ce [B(CoFaH)T Other —
Y > Ge—Ge
~o - f . ~a:t
G/>\G6/4C\5 Bu,Si i “SiBus
tBUSSi/ Gle\ \SItBU + Kl + K [WCA]
Ge SifBus,
|
[Al,Br;]” Lewis ;b 86
Br +2 AlBr;
Enium lons
. _ "BuH + Me‘[WCA]” or ‘BuH + 265
[(CH3)5C] [HCB11MesCle] Hyd Me(WCA)
[(CH3)5C]* [Al,Bry]” Lewis ‘BuBr + 2 AlBr; 266
N _ thermal decomposition of 267
[(CH3)5C] [HCB4;Cly4] Other [Et,CI][CHB4,Cly4]
n-pentane + Me(WCA) or
/E [HCBllMGSBrG]_ Hyd 265

)i + Me(WCA)
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é+ Me(WCA) or % +

265

é [HCB1:MesBre]” Hyd
Me(WCA)
[HCBy1l11] Lewis p-CH;-CeF4-CF3 + Et3Si(WCA) + PhF >
[HCBMCIM]_ Lewis p'CH3'C6F4'CF3 + Et35|(WCA) + PhF 36
[AsyFi1]” Lewis CgHsCF3 + AsFs excess AsFs 268
[HCBy;111]” Lewis p-F-CsH4CF; + Et3Si(WCA) + PhF >
[HCByl11] Lewis CH,CF; + Et;Si(WCA) + PhF >
[AI(OR™),] Salt Cl, + Ag'[WCA] 269
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270

[ccl]) [Sb(OTeFs)s]” Ox CCl, + [XeOTeFs] [WCA]
. [AI(OR™),T, . - 71
[cCls] [(RPO),AIF-AIOR™).] Salt CCl, + Ag'[WCA]
[CBrs]* [Sb(OTeFs)s]” Ox CBr, + [XeOTeFs] [WCA] 270
. [AI(OR™),T", N . a1
[CBr3] [(RPFO)3A|_F_A|(ORPF)3]— CBr4 + Ag [WCA]
[C(OTeFs)s]" [Sb(OTeFs)s]” Ox CBr, + [XeOTeFs] [WCA]® 270
Br- + _
S PEy 1- CS, + [AsBr,] [WCA] and 117
. ){S/Br [AI(OR™)d] Ox CS, + Br, + Ag' [WCA]”
;
MeZSi/\/\SiMez
SiMe, H ‘ ‘
<: : + é [B(CsFs)al” Hyd 275
SiM
1ieo tBU .
[Ph;C]"[WCA]®
MeZSi/\/\SiMez
H
SiMe, I
<: : + :l [B(CsFs)al” Hyd 276
SiM62
+
[PhsC]"[WCA]®
[Mes;Si]* [HCB11MesBrg]” Other Mes;Si(CH,CH=CH,) + Et3Si(WCA) 24
[Pemp;Si]* [B1,Cln]* Hyd 2 Pemp,MeSiH + [Ph;C], [WCA] 290
[PempsSi]* [AI(OR™),] Hyd 1.5 Pemp,MeSiH + [PhsC] [WCA] 21
P If
§iMe’Bu2 [B(CeFs)a] o) '(.?elme o 334
B(CeFs)a]l™ X . e
+G 61'5)4 1 - 1
Bu,MeSi~ e‘SiMe‘Buz Buo,MeSi SiMe'Bu,

+ [PhsC] [WCA]”
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R G g [AI(OR™),] Salt (Ar);GeBr + Ag*[WCA] R=0Bu 336
R R
iMe'B
§iMe’Bu2 [B(CeFs)al” o S§r: o 335
B(CeF X . ca:
+S 67'5/4 § - §
Bu,MeSi~>SiMe'Bu, BuMeSi™  SiMeBu,
+ [Ph;C] [WCA]
[E]" not exactly
. + - . N _ defined, likely 3
[(Tipp)sSn] [B(CsFs)al Other (allyl)(Tipp)sSn + [E]' [WCA] [Et3$i(C6H6)]+ or
comparable
Me3Si .
MesSi_ SiMe; | SiMe;
_ Sn: )
Sn-SiRy [B(CeFs)a] Com, Lig " R=Et, Pr
! SiMe3
MesSi” SiMes Me,Si -
Delocalyzed (Cyclic) Cations
[CeH,1" [HCB;:MesBre]” Prot CeHg + H(WCA) 386
H H
[HCB,;HsBrg]” Prot CeHs + H(WCA) 387
H H
[HCB4;HsBre]” Prot C¢Me,H, + H(WCA) 387

82



Page 83 of 189

Chemical Society Reviews

H H
[HCB4;HsBre]” Prot C¢MesH; + H(WCA) 387
H H
- . C'HF'C 388
[B(CeFs)a) Prot Et3Si(WCA) + HCl + Cg(Me)sH interactions
H
[HCB,;HsBr¢] Prot CsMeg + H(WCA) 387
[CsMe, ] [AICI,] Other CsMeg + CH5Cl + AICI5 277
(CF” (SbyFu]” Ox CeFs + [O,] [WCA] Ic_lrlzlstallized out of 278
[CeFe]™ [Os,F11] Ox CoF¢ + OsFg + SbFs in HF 278
[CeCle] ™ [Sb,F11] Ox CoF¢ + SbFs 279
[CeBrg] [As,F11]” Ox CeBrs + [0,] [AsFs]” + HSOSF 280
[Cele]™ [AsFe]” Ox Celg + AsFs in HF 279
[Cele]™ [SbFg] Ox Celg + SbFs in HF 279
[Cele]™ [OTf] Other [Cols][AsFs] + HOTF 279
[CeHFs]™* [AsFg]” Ox CeHFs + [0,]' [WCA] 279
o+
T ]
@: [SbFe] Ox CeH,F4 + [0,] [WCA] 279
F F
o+
F F
[AsFg] Ox CeHsF3 + [0,] [WCA]™ + AsFs 279
F
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279

F
\©/ [SbFe] Ox CeHsFs + [02]+[Sb2F11]_ in HF
F
-+
Fooo
FsC F
[SbZFlll_ Ox Cst(CFg) + [02]+[WCA]_ in HF 280
F F
F
o+
__—_—
FsC F . o
[Sb2F11] Ox C6F4(CF3)2 + SbF5 in HF
F CF,
F
-+
Cl CI_| »
j/@[ [5bzFul Ox CoHaCla + [0, [WCAT
Cl Cl
.+
K F R F _l
FF [SbsF 6] Ox [CeFs-CFs] + [O,] [WCA]™ + SbFs 280
F F F F
.+
MeO F ] MeO F
:@: [Nb,Fy,] Ox 281
F OMe F OMe + NbF,
NH, | NH,
Bu Bu Bu Bu
[SbFe]” Ox 282
Bu Bu  +Ag [WCAI
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[CysCs]" [SbFe] Salt [CysCs]Cl + Ag'[WCA] 283
[Cy,PhC,]* [BF.]” Lewis [Cy»(Ph)Cs]F + BF; 283
o)
[SbClg]” Prot 284
+ HCI + ShCls
[HCB,;MesBrg]” Hyd ArMe,SiH + [PhsC]" [WCA] 286
N ‘Bu,MeSi, SiMe'Bu,
E Si
Bu,MeSi, S ) 2
2 \Si/ [B(CeFs)a] Other BuMeS> O SiMe'Bu, 22
/+ N . + -
_git=g; Et3Si(CeHe)] TWCA
tBUQMeSI Si SI\SiMetBuz [ 3 ( 6 6)][ ]
SiMe'Bu, ‘BuMeSi, SiMe'Bu,
I - Si
/SI\ [B(CeF4R)4] Other t _/Si:\Si\ - R = 4-SiMe,'Bu 203
Si@ 5, t Bu,MeSi SiMeBu, ,
t vl Nt
Bu,MeSi SiMe'Bu, [PhsC] [WCA]”
Ph G
Bu. 1Bu
N\/\/N o /Bu By
Bu Si v N \
\ VAN i , . .
Ph H“\ _Si_ siT \N»\Ph [Zr,Cl;Cp*,] Lewis Ph\«\l Si” =
(s \ N
N S Bu B *
BY t N, + Cl3ZrCp
Bu” \( B
Ph
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.
Pr 1
N Pr

(it
N JPr

=,

[B(CeFs)al”

N Pr

Prot Q:Si -
N 'Pr

-

+ [H (OEt2)2]+[WCA]_

295

1 H if
B i BusSi,, ,SI Bus
Gil ts [B(CeHs)T, Ge 339340,
o [B(Ar),], Other Gh=Se R = 4-Si(Me),(Bu) ™
tB S/Ge_Ge\StB [B(C6F4R)4]_ tBU Si” \SitBU3
UsSl rBus + [PhsC] [WCA]
Ligand-stabilized Cations
_|+ Me F
E : [SbyFai]” Lewis 273
72N
_ + 2 SbFs
[15C-PX5]" [AI(OR™),]” Comp [CI;]'[WCA] + PX;3 X=Cl, Br, | 274
[15C-Pl5]* [(R"0);AI-F-AI(OR™);]  Comp [CI,]'[WCA]™ + Pl, 274
[15C-Asls]* [AI(OR™),]” Comp [CI;] [WCA] + Asl; 274
ipr " ,
IPr—Si- - -N=C— [HCBoHaBrs]” Hyd 'PrsSiH + [PhsCl [WCA]™ + MeCN 27
ipf
‘Bu T 'BusSi-SiBu; + 2 [PhsC]'[WCA]”
tBu—/\Si———NEC—tBu [B(C6F5)4]_ Other 3 3 [ 3 ] [ ] 298

Bu

‘BuCN
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[B(CsFs)al” Com + MeCN
[FesSipy]® [B(Ar"),]” Lig [FcsSi(THF)]™ + py
Bu, _|+ . .
‘Bu—Si---OH, [HCB11HsBrg] lon BusSi(WCA) + H,0
By

ca. I

Pr [HCB1,Clya]” lon 'PrsSi(WCA) + CoHaCly
iPr-Si---Cl

,' /

Pr

Et i
Et—\Si---OSO [HCB11MesBrg]” lon EtsSi(WCA) + SO,
/
Et

[OTf]” lon Me,Si(OTf), + bipy

[B(CeFs)a]” Hyd Me,ArSiH + [Ph;C]* [WCA]
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=N \N AN ~ . 302
\ | [OTf] lon Me,Si(OTf), + 2 DMAP
—
\ /
Et_ +
Eét—/SI\ @/ [B(CeFs)a]” Hyd EtsSiH + [PhsC] [WCA] 289
Ar = benzene,
toluene, ethyl-
benzene, n-
propylbenzene,
and iso-
propylbenzene, o-
[MesSi(Ar)]* [B(CsFs)al” Lig [MesSiHSiMe;] [WCA]™ + arene xylene, m-xylene, 304
p-xylene, 1,2,3-
trimethyl-
benzene, 1,2,4-
trimethyl-
benzene,
mesitylene,
[B(C6Fs)s]” Hyd Ar Ar e
LS
4Ry phycrweal
[Me;SiHSiMe;]" [HCB1;HCly1]™ Hyd 2 MesSiH + [Ph;sC] [WCA] 81
[EtsSiHSIEt;]" [B(CeFs)al” Hyd 2 Et5SiH + [Ph;C] [WCA] 306
[MesSiXSiMe;]* [B(CeFs)al lon MesSiX + Me;Si(WCA) X=F,Cl,Br,I 307
[Me;Si-CN-SiMe;]* [B(CeFs)al” lon Me3SiCN + Me;Si(WCA) 309
[Me;Si-OCN-SiMe;]* [B(CeFs)al” lon Me;SiOCN + Me;Si(WCA) 309
[Me;Si-SCN-SiMe;]* [B(CeFs)al lon Me;SiSCN + Me;Si(WCA) 309
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[(Me;Si),NNN]* [B(CeFs)al” lon Me;SiNNN + Me;Si(WCA) 309
SiMe; |
%
FSC_§:O [B(C6Fs)s]” lon Me;Si(OTf) + MesSi(WCA) 308
?
SiMe,
"
H\ . . -
Me,Si” S|Me_2| Me,HSi SiHMe,
[B(CeFs)a]” Hyd OO 311
OO + [PhsC]" [WCA]
+
+ JHo |
Me,Si SiMe
MeQSi/F\SiMe_zl 2 2
[B(CeFs)al Other OO 311
OO + CGHSCF:), or
C10H21F or [Ph3C]+[WCA]_
* AL HSi  SiHAr
A 2 2
ARSI~ Ir*SiHAr_|
Oe [B(CeFs)al” Hyd OO Ar = Tol 312
+ [PhsC] [WCA]
Me, |
(Messi)zC;\gz’r'@ [B(CeFs)al” Other (MesSi)sCSiMePhH + [PhsC]*[WCA]” 313

Mez
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Me; |

Me;Si_ Si
H>SiMe, [B(CeFs)al” Other

MesSi” Si
Me,

e
®S! siMe,
Si:

! SiM63
MesSi + [(MesCq)sSil* [WCA]

or [Et5Si(CeHe) [WCA] or
MesSi
>l siMe,
SiH,

! SiMe3
Me;Si + [PhsC]* [WCA]

314

Me, |

Me; |

Me,Si. Si Me,Si. Si
H-0>SiMe, [B(CeFs)al” Other H>SiMe,
Me,Si” Si Me,Si~ Si
Mez MGQ +H,0
X .
Me,Si "+ SiMe, [(Me)3S|]3Cé2(
|
ST\ B(CeFs)al” Other = X =Cl, Br 315
Me,Si~_ _SiMe, [B(CeFs)a] (Me)3SiASi(Me)3+
MesSi SiMes [Et3Si(CeHs)] WCA]”
0 +./
\//,/S|\ . o e + - 316
i / tBu [312C|12] Hyd 2 FcMe BuSiH + [Ph3c]2 [WCA]

I

Cgsli"\lah [OTf] Lewis
| H
(')Me

MeQ

I
9..\\Ph

1
OMe + MesSiOTf

317
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N MeO
QMe_l
| cl
gjwMe [OTf]” Lewis diMe 3
" “Me | ~“Me
| |
OMe OMe  + Me,SiOTf
" MeS
$Me_|
! cl
Sli“\'vIe [OTf] Lewis Sli“\Me 317
| H T H
| |
SMe SMe  + Me,SiOTf
" MeS
$Me_|
| cl
giuPh [oTf]" Lewis LPh 317
| |
SMe SMe  + Me,SiOTf
¥ MeS
$Me_|
| cl
Sli“\Me [OTf] Lewis Sli"\Me 37
" “Me | ~“Me
| |
SMe SMe  + Me,SiOTf
Dipp
N
e T [ )—Si~
"Bu3P\\N/SI\N/,P”Bu3 N\D. cl
cr lon Ipp 318
nBU3P\\N N//PnBUg,
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s.c T

|
nBU3P\\N/ \N/,PnBU3

. 7

Cl

_|+

*Si
nBUgP\\ /N /,PnBU3

318

cr Ox
+1/8S,
m
Bu, S _|+ Bu, _I
_ ./\ a- N—Si. _ 319
(_ ] TDMAP [OTf] Ox (_ | "DMAP
Ph \ Ph \t
Bu Bu [WCA] +1/8 Sq
Dipp
[N>>_..
N Si-
@\l\ D N o
; N ; - M 320
ipr --SI\CI cl lon Dipp ¥
Pr Pr fN N/\>
(5 L
Dipp/ bipp
m
Dip |
N ' i
(/\) Dipp Pr
N .S.i/l _ N N 321
iPr—N” N-iPr Dipp 4 pr
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Bu Bu
"
Bu ] r\il\é:i é’i/Bll
N—Si. - - 319
A/ “DMAP [OTf] Ox ph/QN/ \N)\ph
P N By Bu
By Bu ‘Bu
+ [Me;Si-DMAP] [WCA]™ + 2 DMAP
+
Bu, . _I
A | A/ “DMAP
tBu—N\/\/N-tBu Ph N\‘B
; u N -
N—Sj Si—N Bu Bu
&r\f }\1)\ El\é:i é’i/'jl
Ph . Ph -
Bu tBu/ Ph/<N/ \ll‘l>\Ph
‘Bu Bu
2+
A .
e A i '
N
N
/N Si N\ - lon [ >>_S'\\| :< I( *
N
A I N
—H— Dipp +3 |
tBu t _ t + -
’Bu—\C-‘;éL<—NEC-’Bu [B(CoFs)a] Ox tBugGe GeBu; + 2 [Ph;C]'[WCA] + 208
o/ BuCN
Bu
+
[ |
/N.,/ | .-OTf 302
Ge [OTf]” lon Me,Ge(OTf), + bipy
7 N/\
S I
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+ H H
H. I I
"Bu,Ge” Ge”Bl;| "Bu,Ge  Ge"Bu,
OO [B(CeFs)a]” Hyd OO 343
+ [PhsC]*[WCA]
~or
PhaP-__G PPh PhoPy_-Ge o
e _ 3
TyoUNel 3 [AICL,] Ox DR e
PhsP  Cl=Ge™ “PPh, PhsP [WCA] ™ +1/8 Sg
S
Ph. Ph
Ph, Ph | B’
B Z NN
7 N N7\ - (\ />
q )Q [B(CsFs)al Ox or Com NA )gN 349
N tr,! Ge: '
to./ e \ Bu / Bu
BU 1 cPh, BY H
3 + [PhsC]*[WCA]
"
By Ph_ Ph
(\NBU BUN/§ _I B
en N =Ny IO
‘B Ge—Ge B [B(CeFs)al” Hyd /N/Kee)\w\ e
PN N=( 4 "N Ph Bu 7 Bu
S Mg, Fiwear
NN, g N/ + [PhsC]*[WCA]
P P - -
(A ST
' /N Ge ‘ - lon [)>—Ge [ >: 354
Pr )\ Pr N N
Pr—N” " N-Pr Pr +2 Pr
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TN 2+
O/_\O _|

§/

355

N ..
N.,,/\O Ge O/\\\N [OTf]” lon, Lig )I'\?_Ge;"OTf
\\/O\ /O\/l )\ CI
+ cryptand[2.2.2]
2+
[Ge([12]-crown-4),] [GeCl5]” lon GeCl,-dioxane + [12]crown-4 357
[Ge([12]-crown-4),]** [OTH lon GeCl,-dioxane + [12]crown-4 + 2 357
Me,Si(OTf)
[GeCl([15]-crown-5)] [GeCl;]” lon 2 GeCl,-dioxane + [15]crown-5 357
[Ge(OTH([15]-crown-5)T' [oTH" lon o e+ [slerowns v 2 357
[GeCl([18]-crown-6)] [GeCl]” lon 2 GeCl,-dioxane + 1.5 [18]crown-6 37
| N _|+ 2 GeCl,-dioxane . +
. pZ . N —l
PrY N iPr ' | '
N— | _— [GeC|3]_ lon Pr | N | ipr 360
Ge N N
Cl
Pr Pr
iPr ipr
_l -
Pr Pr
—N\ iPI" —N /'Pr
pr— - 361
N"‘Ge'{ [GeCl5] lon — Y
N\ cl N\
P 0
2 GeCl, + /
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G I
AN

PhsP Ph,P.__Ge—
Ph?’/ Cl [AICL,)” Lewis Y \Cl Cl 344
° PhsP +AICl;
Cl " Nt
L —l PhsP.__Ge _|
PhsP.__Ge N Y 3 .
Y \‘DMAP [BuClu] Com Ph-P Cl B
PhsP 3 [AIC,]

+ DMAP + 0.2 K, [WCA]

~Ar T A T

N, N«

Dipp/N\Ge/N\Dipp [HO{B(CeFs)3}]” Lewis Dipp ;Ge'/‘ Dipp 369
: Cl + B(CgFs); +
H,0
. + Ge
Ge _| Dipp\N/ \N—Dipp
. / .
Dipp~p| \N,D|pp [B(CFs)al” Prot . Pr.ot'o'nated by 365
\ / ki W acidified benzene
+ [Eth|(C6H6)]+[WCA]_
m ~
Et,0, ] B
Ge’ Dipp~N~ N-Dipp
Dipp\N/ \N/Dipp [B(CeFs)a]” Prot >:< 365
/ H H +
[H(OEt,),]" [WCA]”
_|+ —|+
S/N\ /N\2 [SbFe] Salt S/N\G /N\g 80
Ph ,Ge Ph Ph €. Pnh
THF Cl

+ Ag'[WCA] + THF
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oNern T
N, -

cesy

< N/Ge\r[j [SbFe]” Lig %
l G -
= Ph P€  Pnh
O 1
_| " _|+
O~ 5 o\%\/o
N\Ge/N P [SbFe] Lig S/N\ /N\__> 80
Ph 7% Ph Pph %€ Pn
_/P\Ph THF [WCA]
+ PMezph
Ar, Cl
N—G/e 366
PFy 1- .
[AI(OR™),4] Salt Me3Si/
+ Ag'[WCA] or Li[WCA]
[AI(OR™).]" Lig e

SiMes 4 pmaP

97



Chemical Society Reviews

Page 98 of 189

+
siBu; | Bu,Si, Br
! Ge
/\ G/ \G 3
- . B — 47
tBu si \\G ] Ge"StBu3 [B(C6F5)4] Lewis tBU3Si'\\ e e//,SitBu3
Ph Ph +
[Et3Si(CeHe)'[WCA]
[MesSn(OPPhs),] [(MeSO,),N]” lon MesSnN(SO,Me), + 2 OPPhs 302
Pro A Pro T
'Pro-P=0 O=R-OPr Pro—P=0
bos, b :
‘Bu Sn'...sn ‘Bu By &
| "] 87 | ' [B(Ph),]” Ox P OMAP L= DMAP 345
PrO-p=0  O=R-OPr Pro-P=0
] i . /
Pro OPr Pro [WCA]_
+1/8 Sq
2+
[Sn([15]erown-5),] [SnCl5]” lon 2 SnCl, + 2 [15]crown-5 330
2+
[Sn([12]erown-4),] [OTf] lon Sn(OTf), + 2 [12]crown-4 32
2+
[Sn([15]crown-5),] [OTf] lon Sn(OTf), + 2 [15]crown-5 332
[Sn([18]crown-6)(0T)] [OTf] lon Sn(OTf), + [18]crown-6 32
[Sn([18]crown-6)(F)] [PFeI" Other [Sn([18]crown-6)]* [WCA],” + KF 3
/\O s /\ Sn(OTf), + cryptand[2.2.2] or 2 SnCl
,//\O n O/\ [OTf]_ |0n 2 L 2 356

+ cryptand[2.2.2] + 4 Me;Si(OTf)
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356

! SnCl : [SnCl5]” lon 2 SnCl, + cryptand[2.2.2]
AN
<
fo/_\o/\_|
N\'"\//\g SnBr%/\EIN [SnBrs] lon 2 SnCl, + cryptand[2.2.2] + 4 MeSiBr 36
AN
"
L]
11
N
¢ [B(CgFs)al Com 346
nBUsz
+ MeCN
__|’r
oy Et,Pb
= _Pb [B(CsFs)al” Other 348
: 2 4 [PhsC]'[WCA]
~\__ Ph
- @W»Ph
[SnCl5] Salt .
e
sncl,+ THF  “THF
[GeBr3]” lon GeBr, + bipy bulk product is 259

GeBr,(bipy)
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~ [GeCls]” lon GeCl,-dioxane + pmdta 359
N— N
/ (_/?,e
Cl
. Gl _|+ GeCl,-dioxane
nBUP\\N/Ge\N/,PnBU3 I nBU3P\\N N//PnBU3 .
cr lon
-
s..c 'G,CI ]
MBugPs. SR _PMBus "BuPs. /N, P"Bus
N N o Ox N N 363
I I I I +1/8Sq
"
(/\J\l/\l\t/% _| GeCl,-dioxane
; NJ\ )\N ; - (/\N/\N A\ 364
"Pr ,(_36~C| 'Pr cl lon oL
Pr ipr . /N N
Dipp Dipp
2+
\/ 7]
N N
< :Ge/\: :> [GeCl5] lon GeCl,-dioxane + Me,-cyclam 358
N N
d\_/\
//\ I /\\ _|2+
_N_N N [GeBrs] + Br~ lon GeBr, + Me;-tacn 358

NS
Ge
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2 SnCl,
X Nk
| » |
[SnCl5] lon Pr | N | ipr 360
ipr ipr
’Pr@
=N Pr
[SnCl3] lon — 361
NN
0
2SnCl, + /
| X
- Ph =z Ph Ar = 390
SnBr lon N
/Nl\ [ ! l | "Bu(CeHs)
Ar SnBr, + Ar” SAr
| X
Ar =
[SnCl5]” lon Ph | N/ | Ph tBuz(C5H3) 390
- N\ 2,6‘Me CgH
SnCl, + Ar Ar 2(Cotts)
Ar, /CI
N—Sn
[A|(ORPF)4]_ Salt o 366

Me,Si’
+ Ag'TWCA]” or Li'[WCA]”
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[AI(OR™),]” Lig 366

+ DMAP

[MeB(CsFs)s]™ Lewis 367

O\H\/O
[SbFe]” Salt S/NAN\) 368

Cl +Ag'[WCA]

t-Bu

|
" [B(Ph)a] Salt t-Bu ?n\ 345
(0]

i-PrO iPro + Na'WCAJ
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Pro T

i _Pro,
Pro"P=0 " pipp 'Pro—P:?
'-. N
Bu S [B(A)" Salt B &
J i
I
. _1 N Cl
T Diep Pro—P=0
'ProO +Na'[WCA]”
@/ 2+
sn @ [B(CeFs)al” Other (Tipp),Sn + [Et5Si(C,Hg)] TWCA] 371
[Pb(NOs)([12]-crown-4),]* ES]b_(Nos)3([12]crown_ lon Pb(NO), + [12]crown-4 351
[Pb([15]-crown-5),]** [SF)’]b_(N03)3([15]crown- lon Pb(NOs), + 2 [15]crown-5 31
2+ [Pb(N03)3(benZO- w1
[Pb(benzo-[15]-crown-5),] [15]crown-5)] lon Pb(NOs), + benzo-[15]crown-5
_|+
had had
Dipp” N,\pb/N\Dipp [B(CeFs)a]” Salt Ar” N\Pb/N\Ar 367
.:‘ \‘CI . \CI + L'+ WCA _
ci— i"[WCA]
Tipp Tipp
Pli [B(C6Fs)s(CHs)] Lewis Pb\ 370
Tiep TiPP 4+ B(CoFs)s
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Cyclopentadienyl Substituted Cations
+

Si
ld;\ [B(CeFs)al” Prot (MesCs),Si + [MesCsH,] [WCA]

322

o S o [AI(OR™)a)" |
.Pr;@j. Prot (MesCs)(PrsCs)Si + [H(OEt,),] TWCA]

323

s [B(CgFs)al Com [(MesCs)Si] [WCA]™ + dme

324

L [B(CeFs)a]™ Com [(MesCs)Si] [WCA]™ + [12]crown-4
|

324

gbj\ [BF.]” Prot (CsMes),Ge+ H(WCA)

376

l@\ [SnCl5]” Lewis (CsMes)GeCl + SnCl,

377

lqlbj\ [BFa] Prot (CsMes),Ge + H(WCA)

373

lﬂbj\ [B(CeFs)al” Salt (CsMes)SnCl + Lif[WCA]

375
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+

Pb
ldﬁj\ [B(CeFs)al” Salt (CsMes)PbCl + Li[WCA] 375
_|+
Sn\‘e —Sn - 378
%1 X [Ga(CoFs)a] Other (CsMes),Sn + Ga(CqFs)s
_|+
%ﬁsﬂq_sﬁnﬁ/ [B(CeFs)al” Com [(CsMes)Sn]"[WCA]™ + (CsMes),Sn 37
_|+
%ﬁpb q_?ﬁj [B(CeFs)al” Com [(CsMes)Pb] [WCA] + (CsMes),Pb e
lon-like compounds
Me,(B1,Clys) Salt [Lil, [WCA]™ + 2.2 MeF + 2.6 AsF L:1 mixture with s
2\B15Lln 2 . . 5 [Li]{'[WCA]_
(Me,CH)(HCB,;MesBrs) Lewis (H5C),CHCI + (H5C)(HCB,;HsBr¢) 287
Me,CF(AsF) Lewis (H5C),CF, + AsFs 268
(m-CF3-C¢H,)(Ph)CF(AsFg) Lewis CeHsCF3 + AsFs 268
Me;Si(HCBy;F1;) Hyd Me;SiH + [PhsC] [WCA]® 326
Me;Si(C,HsCB11F14) Hyd MesSiH + [PhsC] [WCA] 326
. o Ag'TAI(OR™),]” + Me,SiCl or AlEt; + 3 227
Me;Si(FAI(OR™);) Other HOR™ + MesSiF
Et;Si(HCB,1HsBrg) Hyd Et;SiH + [Ph3C] [WCA] 328
Et;Si(HCB;,Clyq) Hyd Et;SiH + [PhsC] [WCA] 81
'Pr3Si(HCB1;HsBre) Hyd 'Pr3SiH + [Ph;C] [WCA] 325
'Pr3Si(HCB1;3HsClg) Hyd 'PrsSiH + [PhsC] [WCA] 329
'Pr3Si(HCB11Hsl) Hyd 'Pr3SiH + [Ph;C]' [WCA] 329
'Pr3Si(HCBgH,Brs) Hyd 'Pr3SiH + [PhsC]* [WCA]” 297
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328

‘Bu3Si(HCBy;HsBrg) Hyd "Bu,SiH + [PhsC] [WCA]
'Bu3Si(FAI(OR™)s) Other 'BusSil + 15 (‘Bu)3SiF + Ag'[AI(OR™),] 330
‘Bu,MeSi(HCB1;HsBrg) Hyd ‘Bu,MeSiH + [PhsC]* [WCA] 328
+\__.Fc
FcsSi(OTf) Prot Fe S|\F 331
<«
+ HOTf
Et;Ge(HCB,;HsBr) Hyd Et;GeH + [PhsC]* [WCA] 338
Et;Sn(HCB1;HsBre) Lewis Et;SnCl + (Et);Si(WCA) 338
"BusSn(CB1;Me;s) Ox "BugSn, + 2 CB11Mes, 333
Et3Pb(HCB1;HsBre) Lewis Et3PbCl + (Et);Si(WCA) 338
Transition-Metal substituted Cations
_|+
o T R2
_ \s Cl—-W=Ge-Cp*
—C:N-l\/y:Ge-Cp* [B(CeFs)al” Salt Pl i’D 380
T P
PP 7 =
S/ (g = dppe CP dppe
+ Li'[WCA]” + MeCN
_|+ —|+
Mes Mes Mes d Mes
n
- 379
i [PFe] Salt Pl P
Priiay P C (W\
P’W‘P P Cl P
P
= dppe
Cﬁ = dppe Cp = oo
+ TI'[WCA]
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Ph | /Ph_|+

Ph—P—Pt—P~Ph

J — [BF.]" Com 7 W N7 281
NSNS — N IWCAT
cl Cl + SnCl, or [PtMeCl(cod)] + 2 2-
PyPPhZ + SnC|2 + [N BU4]+[BF4]_
OMe OMe
| B-r-ott a:C
SM~er(Co)s Salt : "~crco)s 32
| OMe
OMe +Ag'[WCA] + H,0
OMe _|+ OMe
1L ) : Cl 382
v Sn—Cr(CO)s [CB11H;2] Salt :n‘Cr(CO)5 L=THF
OMe OMe +Ag'[WCA]”
+ ’PrO
Pro 1 PPro—p=0
iPrO—P=0 :
| | #OCIO;
wOP(Ph) - 383
B I [ClO,] lon Sn.
UAQ’S:n CHCO) <:§ [ Cr(co)s
| Pro-pP=0
PrO-P=0 iPro
’PrO
+ OP(Ph);
Pro T PrQ,
Pro—P=0 iPrO-P=0
] ]
| |
i wDMAP - S \\OC|03 383
‘B Sn’ [ClO,] lon ng
Y "Cr(CO)S S ~Crco)s
Pro-pP=0 Pro—-p=0
iprg Pro + DMAP
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. + Pro
i Iprg\ _ B ’PrO—\P:CI)
Pro7P=e | W(CO)Cp
t —
tBU 1 W(CO)5Cp [W(CO)ng]_ Prot Bu (Sln W(CO)3Cp 384
I "W(CO)sCp i H |
Pro-P=0 Pro-P=0
oo 'PrO
Pro + HW(CO);(Cp)
CysR PCys |2 CysR By
Pt—Sn, _ wSn—Pt [AIBr,]” Lewis Pt—Sn 385
CysP PCy; CysP +AlBr;
CysR PCy, |2 CysR By
Pt—s ‘;‘2:’:3 —F{t [B(Ar)al” Salt Pt—Sn 385
CysP PCy, CysP + Na'[WCA]
2+
CysP),Pt},Sn(AIBr. Lewis TR L 385
{(CysP),Pt},Sn( 4)2 CysP Br I\:’Cy3
AIBr3
CysR ol PCys |2* ) . cyR Sl .
l?t_Pb‘;Cl'l’Pb_P‘t [AICI,] Lewis Pt—Pb
CysP PCys CysP +AlCl;
YR c Pys [2* cy:R - Slo
I?t—Pb‘;\Cll,"Pb—P\t [B(Ar“)a] salt Pt—Pb 385
CysP PCy; CysP + Na'[WCA]
2+
CysP PC
CyR PCys | 2* oy Clpy gy
Pt—Pb'\\\III,'Pb—P/t [AICI ]— Salt ?t Pb‘Cl'Pb P\t 385
] ~- | N CysP PCys

Nal
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{(Cy3P),Pt},Pb(AICl,),

+
CysR PCys |2
o P—Pb SPb—Pt
CysP PCys;
AICI,

+

385
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Group 15 Cations

Of all the pnictogen elements, especially phosphorus has a rich cation chemistry. The analogy
between CR, and [PR,]" displays the possibility of creating a large variety of cationic phosphorus

frameworks (Figure 61).

| |+
/C'\"/ /P"//

Figure 61. Analogy between cationic phosphorus atom and carbon.

Over the last decades a multitude of catenated phosphorus cations were synthesized. The classical
phosphino-phosphonium cation (Figure 62, left), which can be synthesized through halide
abstraction from PR,Cl and formal insertion / coordination of the resulting [PR,]" (see section
“Oxidation state +lII” below) into a R,P-R bond / to PR; stands for an entire substance class of
compounds typically containing organic residues R.*** However, we refer the interested reader to the

392,393

multitude of recent reviews especially on these cations, the analogous interpnictogen cations

(Figure 63)*°* and other types of cationic pnictogen compounds (Table 7).

+, \ /\\ //,.+,:\
wP—R " P—RY Pp2
VRN v\ AF
| | =7/
P ~P/ \p/P\ /P\

Figure 62. Examples for catenated phosphorus cations in the formal phosphino-phosphonium or
diphosphonium form. Also cyclic versions are available.

Pn=As, Sb
Figure 63. Example for a catenated interpnictogen cation.

Table 7. Review articles including cationic group 15 compounds.

Year Title Ref
2004 Homoatomic Cages and Clusters of the Heavier Group 15 Elements. Neutral Species and Cations %
2008 Catena-Phosphorus Cations 393
2011 Homo- and Heteroatomic Polycations of Groups 15 and 16. Recent Advances in Synthesis and 5
Isolation using Room Temperature lonic Liquids
2012 Multiple-Charged P,-Centered Cations: Perspectives in Synthesis 3%
2013 Catenated Phosphorus Compounds 392
2013 Recent Advances in the Syntheses of Homopolyatomic Cations of the Non-Metallic Elements C, N, 1
P, S, Cl, Br, | and Xe
2013 Catenated Compounds — Group 15 (As, Sb, Bi) 397
2014 Interpnictogen Cations: Exploring New Vistas in Coordination Chemistry =
2014 The Chemistry of Cationic Polyphosphorus Cages - Syntheses, Structure and Reactivity 398
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2015 Coordination Chemistry of Homoatomic Ligands of Bismuth, Selenium and Tellurium 399,400

Homopolyatomic Cations: Except for the long-known bismuth cations, all homopolyatomic pnictogen
cations were synthesized in the last 16 years. In late 1999 the third all-nitrogen molecule [Ng]" —
besides N, and Ny~ — was prepared through a reaction of [N,F]'[AsFs]” and HN;.** The obtained
compound [Ns]*[AsFg]™ is explosive but an anion exchange led to the more stable [Ns]"[SbF¢]” and to
the crystal structure of [Ns]*[Sb,F1:]7.* In 2004 the reduction of SbCl; with [Ga]'[GaCl,]” in a GaCls-
benzene solution led to the square-antiprismatic arachno-[Sbg]** Wade cluster cation.*® Recently
also the first — formally electron precise and Zintl type — phosphorus cation [Ps]” was synthesized
through the reaction of P, and the nitrosyl salt of the [AI(OR™),]” WCA.* By contrast, bismuth has a
rich cation chemistry. The first structure of a bismuth cation was measured already in 1962. Most of
them were synthesized through high temperature solid state reactions. The newer room

temperature approaches are based on ionic liquids.*®*

Normally the clusters formed are badly
soluble, but there is evidence that the use of very weakly coordinating anions like [AI(OR?),]” can
lead to [Bi,]" clusters, which are soluble in solvents like CH,Cl, or SO,."” Besides the lighter noble
gases and fluorine, only arsenic has still no homopolyatomic cation. Yellow arsenic (As,), which has
now a relatively stable storage form (see section “Metal-Pnictogen Complexes”) might be a good

starting point for a future synthesis.

+ N+ PP PP
=N""Nz XPQ AL
N N P\P/ \P/P
_sb__ 1% Bi 3+
Sb_/\_=Sb //\
N\ /SbT /7 (Bi\
s/;y— \b Bi \ /Bi
Sb——Sb \Bi

Figure 64. Examples for homopolyatomic pnictogen cations (only for bismuth, several entries are known).

Metal-Pnictogen Complexes: There are still only a few complexes with pnictogen modifications as
ligands in the literature. Early examples of tetrahedro-P, complexes like (PPh;),Rh'Cl(n*-P,) are better
viewed as phosphide complex (PPh;),Rh"(P,%"). By contrast, the d'’-metal cation Ag" is ideal for the
stabilization of the non-metallic clusters and the electronic structure of the ligand stays relatively
unaffected (see also chapter chalcogen cations). In 2001, the WCA [AI(OR™),]” made it possible to
crystallize the [Ag(P.),]" complex and later through salt metathesis with Cul also the copper complex
[Cu(P4),]" was accessible. In 2012 the gold complex was obtained as [GaCl,]” salt and completed the
whole series [M(Ps),]" (M = Cu, Ag, Au). Recently light-stable (!) [Ag(As.),]'[AI(OR™),]” was
synthesized, which finally serves as a good storage form of yellow arsenic (As,). As such, As, is both
thermally and photochemically unstable. The salt made it possible to transfer the As, tetrahedron to

gold in [PhsPAu(As,)]" and opens new possibilities in the synthesis of arsenic complexes.*®
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Figure 65. Molecular structure of [Ag(As4)2]+[AI(ORPF)4]7. C. Schwarzmaier, M. Sierka, M. Scheer, Angew. Chem.
Int. Ed. 2013, 52, 858-861. C. Schwarzmaier, M. Sierka, M. Scheer, Angew. Chem. 2013, 125, 891-894. Data

from this Reference were used to draw this figure. The disorder of the anion was omitted for clarity.

Diazonium Cations and Heavier Homologues: There is a multitude of crystal structures of different

393398394392 \We decided to give an

cluster or cluster-like cations that contain pnictogen atoms.
overview and to list parent (model)-compounds like [N,Ph]" and [N,Mes]" in case of diazonium
cations””” as examples for the entire diazonium substance classes. The heavier homologues of the
diazonium cations [RNPn]* (Pn = P, As) need sterically demanding groups like Mes* (2,4,6-'Bu;C¢H,) to
protect the highly reactive triple bonds.**®4%

+

R—N=Pn
Pn =N, P, As

Figure 66. The diazonium cation and its heavier homologues. R e.g. Mes*.

Cluster and Cage Cations: The reaction of phosphorus halides PX; with halide abstractors led to very
reactive carbene-analogous [PX,]" cations (see chapter “Phosphenium lons”), which are able to
formally insert in the X,P-X bonds of a second equivalent to form [P,Xs]" clusters or in the P-P bond of
white phosphorus to produce [PsX,]* for instance. Insertion in P,S; or halide abstraction from P,Ssl,
followed by rearrangements led to the phosphorus-sulphur cluster cations [PsS,X]" *** and
[P,Sel,]*. 2" Reference *** contains investigations on the nature of this formal insertion reaction, which

is not as simple as thought and rather follows a concerted, orbital controlled mechanism.
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/x P + P,
~P—R PhsPn _~H_\__PnPh I\ +
X X g(x 3 \P/P\P/ nEn; MeS\P//plhD,Mes
|
X =Br, | Pn=P, As ¢
P +X
- ,
s | P~x S—P /S\
TR S RN e
I:)\ e N/ \S/ S/
(| p—S
X=0Br, |
PP B PPN PP/ po P NCY2
X RY X RY X R* X /P+
=P Br ~P” Ph ~P ~P” Tl
R = Me, Et, Pr,
Cy, Ph, CgF5

Figure 67. Typical examples for phosphorus cations.

The binary group 15 and 16 cations have also a strong tendency to form clusters. The newer

examples like the antimony-chalcogen cations [SbioSeo]>" and [SbyTeg]®" were synthesized in ionic

410,411

liquids or GaCl; melts. Very recently [PsSe,]’, the first binary P-Se-cation was prepared by six

different groups with three different approaches.**? It is accessible from solution, but also through

413

solid state syntheses.”” In 2004 the synthesis of the sulphur- and selenium-bismuth cations from a

chloroaluminate melt completed the series of the heterocubane cluster cations [Bi,Ch,]** (Ch = S, Se,

Te).414‘415
.

Pn_ As As Y
Se/l Se s s S/é ~s ./CTJ,/?'
Pn—|—Se As- —S/ >\3—178/+ I|3|/B.' |_/Ch *

s / As +Ch—B
S/
Pn=P, As _ - o
Te—Sb
NS |
2 Sbgge—Te
_Sb _Sb |~
/ \—-\—Sb Te Slb S]e S/e\/Sb Te—/S|b—/Te
®Se / 124 &l Te=ISb
Sk N Se—shse Sb \S e Pl
N\ /
Sb | sb—Te |

Figure 68. Examples for binary pnictogen containing cations.

(4n+2)n-Cations: The pnictogen cations with planar delocalized m-systems can be described as
(pseudo-)aromatic systems. The four-membered rings were all synthesized through halide
abstraction from the neutral rings with two halogen atoms. The five-membered As-N ring was

prepared through cycloaddition of the highly reactive [AsNMes*]*, which reacts as dienophile with
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the 1,3 dipole tritylazide N;CPhs;.

“Mes. AS CPhy  p_\T¢"
' 131 X =Cl, N3
N-N N=—P
Ter

X Ter Cl{ Ter | Ter
As: SboN Bi—N
ey [ 4] | ]

_N=As N—Sb _N—Bi

Ter Ter Ter

Figure 69. Heteroatomic, cationic aromatic 6m-systems containing pnictogen atoms.

n*-n*-Complexes: Like the chalcogen compounds, the pnictogen cations containing w*-m*-
interactions can be described as dimers of chalcogen radicals, whose half-occupied interacting
orbitals have m*-character. The interannular t*-n*-bonds between the “monomers” are relatively

weak. They were synthesized through halide abstraction from the chlorides of the monomers.**°

s N

N
\ ‘+‘,‘S\ S N %
_As ,;l;'As/
/

Figure 70. Arsenic cations containing n*-n*-interactions.
Radical Cations: Radical cations of pnictogens can be obtained through direct oxidation of Pn,
fragments with stabilizing ligands like N-heterocyclic carbenes (NHC) or cyclic alkylaminocarbenes

(CAAC). As one-electron-oxidants the trityl salt of [B(CsFs)s]” was used.**’2%418

L Dipp

Figure 71. Cationic phosphorus radicals stabilized by NHCs or CAACs.

Bulky arylphosphines and -diphosphines (Figure 72) can also be oxidized to their radical cations, if the

419,420

cation is stabilized by a WCA.

FT:'.OP Tipp\P_P,Tipp
TiPp™ TP | Tipg Tipp
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Figure 72. Phosphorus radical cations.

The delocalization of the single electron over a ring system also leads to stabilization. The four-

membered radical cation ring systems with different pnictogen atoms (Figure 73) were obtained

through direct oxidation with silver and nitrosyl salts of WCAs.***

ot

ot
Ter TMS,N,  TMS

P’ P—N
_N-Pn Ll
Ter ™S NTMS,
Pn=P, As

2’PrN N /N’Pl'z

JPN"NiPr,

Figure 73. Cyclic pnictogen radical cations.

* 422 the oxidation state of the central

Formal Oxidation state +l: In some compounds like [PsPhg]
pnictogen “P*™ can be described as +I, which is for example supported by the unusual high field shift
in *'P-NMR of the central phosphorus atom in these cations (—210 to =270 ppm).*® In case of the
ligand-stabilized arsenic cation [AsDppDIMPY]" this is also supported by the synthesis: (DppDIMPY =
[o,0’-{2,6-Pr,PANC(Me)},(CsHsN)1). The reduction of AsCl; with SnCl, led to a cation with a planar

424

carbenoid-like structure.”™ Under the same conditions with a different ligand an arsa-carbenoid of

type [As(NR),C,H,]" was obtained (Figure 78). This displays the difficulty of a clear assignment of

oxidation states in such systems.

Ph. p.
Ph Ph | P

Figure 74. Phosphorus and arsenic cations in formal oxidation state +I.

+

Phosphenium lons (Oxidation state +lll): The chemistry of the highly reactive phosphenium ions
[P(R/Y),]" (Figure 75) was part of many studies in the past. The stability increases with the n-donor-
ability of the substituent and the Lewis acidity with a stronger negative inductive effect (FIA:

[P(NH,),]* < [PCI(NH,)]* < [PCI,]").**

+

/P\
RN Y

Y= NRz, CI, N3,
NCO, NCS, OTMS

Figure 75. Structurally characterized simple phosphenium ions.

For most of the reactive phosphorus cations, the decomposition is normally accompanied by the
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formation of strong P-X bonds (X = F, Cl...). This makes it necessary to use weakly coordinating anions
stable against electrophilic cations. For the homoleptic halogen substituted cations, extremely weak
anions are needed. The first examples of the less, but still highly reactive mixed amino-halogen
substituted phosphenium cations were published already in 1976. Through the use of a halide-
abstractor (MCl;, M= Al, Ga, Fe) is was possible to prepare [P(NR,)CI]* (R = Me, Et, 'Pr) (X = [AICl,]")
but no crystallographic data was obtained. It was not until 2012 that the first crystal structure of a
halogen and a pseudohalogen mono-substituted phosphenium cation was determined. The
structures of [P(NR,)X]" (R = TMS; X = Cl, N3, NCO, NCS) and (R = 'Pr ; X = Cl, N3) were determined by
scXRD. All cations were stabilized with the [GaCl,]” anion. Especially the azidophosphenium
compound turned out to be a versatile starting material for further chemistry, and made it possible
to derive more complex phosphor-centered cations like iminophosphorane-substituted-
phosphonium salts ['Pr,NPNP(CI),NR,]*[GaCl,]” [R = 'Pr, SiMe;] (Figure 76) — for instance through the

reaction with the corresponding chlorophosphane R,NPCl,.

cl, cl

Pr. _P. _P_ _R
"“N*N N

ipr R

R = Pr, SiMe,
Figure 76. Iminophosphorane-substituted phosphorus cation.

Miscellaneous Cations in Oxidation State +llIl: There are also some examples of the heavier
homologues in oxidation state +lIl (Figure 77). They were typically synthesized through halide
abstraction with Lewis acids.

+

+ _Sb, i
~SBcl +_Bi
MeAS™ CI'  Physb™ cl

+ _Sb, :
5B p +_Bi.
PhsAS™ CI™ phas™ “Ph

Figure 77. Pnictogen cations with pnictogen atoms in formal oxidation state +lIl.
Another example of ligand-stabilized pnictogen cations are the N-heterocyclic carbenoid rings
[Pn(NR),C;H,]** (Pn = P, As, Sb), which are formally 1,4-diaza-1,3-butadiene complexes of a pnictogen
cation in oxidation state +lll, but the delocalization of the positive charge supports also a description
as a neutral pnictogen atom. In case of the 1,3,2-Diazaphospholidinium rings [Pn(NR),C,H.]" (Pn = P,

As) the double bond between C4 and C5 is missing.

Bu. P Bu |° Mes. _As Mes]" Bu. _Sb Bu |"
N7 N [ SN7YNT SN ]

Bu. P _Bu ’ Dipp P Di ’ Bu. _As 'Bu ’
N7 N [ PPN PP [ N7 N~
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Figure 78. Examples for pnictogen carbenoids.

Reactive Pnictonium Cations (Oxidation state +V): The halo-pnictonium cations [PnX,]" with
pnictogen atoms in oxidation state +V (Figure 79), have a very different presence in the literature.
For phosphorus, all four cations (X = F, Cl, Br, 1) have been synthesized but for [PF,]" no crystal
structure was determined. A multitude of structures of [PX,]" with different anions was
characterized, but only a few of [AsX,]" and [SbX,]" are known. The cations are normally prepared
from PnX;, X, and a Lewis acid.
X
N, Py Pn,
Foog XK xR

X=Cl,Br, | Pn = As, Sb

X=Cl, Br
Figure 79. Classical halo-pnictonium cations in oxidation state +V.

But there are also some newer, highly oxidized cations in the literature: The formal [PnPh;]* cations

(Figure 80), which have a strong contact to the anion, serve as useful starting materials for further

% The ligand stabilized formal “PO*" cations were

coordination chemistry of Pn' compounds.
prepared through the oxidation of a phosphorus carbenoid (Figure 80, see also the phosphorus
carbenoids above) with the amine-N-oxides Me;NO and pyO.*?” The charge of the carbene-stabilized
formal “[PFPh,]**”, which was prepared from the carbene-stabilized “[PF,Ph,]"” through fluoride

abstraction is likely partially localised on the strongly bound ligand (Figure 80).%*®

+ 2+

oTf Dipp Mes

] /

. \Ph Ne g N
Ph-Pn) (_ ~ [ —PRph

. L - N

} Ph N/\ N Ph

OTf Dipp Mes
Pn = Sb, Bi L = NMe3, py

Figure 80. Examples for recent pnictogen cations in oxidation state +V.

Protonated Cations: With the super acidic system HF/MFs (M = As, Sb) it is possible to protonate
hydrazoic or phosphoric acid for instance and obtain the aminodiazonium [H,N;]° and
phosphatacidium (tetrahydroxyphosphonium) cation [P(OH),]*. The structure determinations of the

[SbF¢]™ salts revealed the structures of the cations (Figure 81). **°

+ +

H OH
N—N=N _P'OH

H HO™ Y%oH
[HoNs]* [P(OH)4]"
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Figure 81. Structures of [H,N;]" and [P(OH),]" in their [SbF¢] salts.
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Table 8. Overview on selected and structurally characterized pnictogen cations.

Cation Anion Class.* Synthesis Comment** Ref.
Homopolyatomic Cations
INs]* [Sb,Faal” Other [N,FI'[SbFg] + HN; in aHF 02
[Po]” [AI(OR™),T” Ox P, + [NOJ'[AI(OC(CF3)s)a]” 2.5 equiv. of P,, no X-Ray 2
[Sbel” [GaCl,]” Lewis SbCl; + [Ga]*[GaCl,]” in GaCls/C¢Hs 403
[Bi,]*"[Big]*" [AgsBisBris]° -6[Br]” Lewis, Ox Bi + BiBr; + Ag HTS (350°C) 30
2[Bis]"[Big]*" 2[IrBigBry,] [IrBigBris]>  Lewis, Ox Bi+ Ir + BiBr, HTS (1000°C) 1
[Bis]* [AlCI,T Lewis, Ox Bi + BiCl; + AICl; HTS =2
[Bis]* [AICI,] Lewis, Ox Bi + BiCl; + [BMIM]CI/AICI; lonic liquid based synthesis 08
[Big]* [AIX,]” (X =Br, 1) Lewis, Ox Bi + BiXs + AlX3 HTS (490°C (1), 520°C (Br)) 33
[Bis]*"-250, [AsFg]” Lewis, Ox Bi + AsFs in SO, No X-Ray 196
[Bigl* [AlCI,T Lewis, Ox Bi + BiCl; + AICl; HTS i
[Bigl* [Ta,0,8r,1” Lewis, Ox Bi + BiBrs + TaBrs HTS (570°C), traces of H,0 3
[Big]** 4[BiCls])**[Bi,Clg]” Lewis, Ox Bi + BiCl, HTS (325°C), BisCl, 36238
[Big]> [Bi]*-3[HfCl]™ Lewis, Ox Bi + BiCl; + HfCl, HTS =7
[Bio]** [8i]"-3[NbCI¢]>” Lewis, Ox Bi + BiCl; + NbCl :'eTjuc(tSisr? €l Nb(V) to Nb(IV) s
. 5+ 10~ . Lo, HTS (250°C), 438
[Bis] [SnyBry,l Lewis, Ox Bi + BiBr; + Sn Ca, symmetric
Metal-nonmetal-cluster complexes
[Cu(Pa)o]® [A(OR™),]” Com Cul + [Ag]'[A(OR™),] "+ P, =
[Cu(Pa)] [GaC|4]P_F Com CuCl + GaCIgF+ P, :z"
[Ag(P4)s] [AI(OR™),] Com [Ag] [AI(OR™),] + Py
[Ag(P)] [GaCl,]” Com AgCl + GaCl + P, ::Z
[Au(P,),]" [GaCl,]” Com AuCl + GaCl; + P,
[Cp*M(dppe)(P4)]" (M = Fe, Ru) [BPh,]” Salt [Cp*M(dppe)Cl] + P, + [Na] [BPh,]” il
[CpOs(PPhy),(P4)]" [oTfl Salt [CpOs(PPh,),Cl] + [Ag] [OT]” 442
pRU(PPhs3),},(Ps Tf]™ om, Salt pRu(PPh;),Cl] + P, + [Ag] [OTf]”
[{CPRU(PPhs),},(P,)I** [0Tf] Com, Sal [CpRu(PPh,),Cl] [Ag]'[OT] e
[{CpRu(PPhg,)z}—{CpOs(PPhg,)z}(P4)]2+ [OTf]” Com [CpOs(PPhg,)z(P‘;)]+ + [{CpRu(PPhg,)z}]+ Bridging end-on/end-on a4z
[Ag(Asa),]" [A(OR™),]" Com [Ag]'[AI(OR™),] "+ As, o
[AUPPh(As,)]" [AI(OR™),I” Com, Salt [Ag(As,),] TAI(OR™),]” + AuPPhsCl 406
[Cp*Ru-(dppe)(As)]* [A(OR™),]" Com, Salt [Ag(Asa),] TAI(OR™)s]” + Cp*Ru-(dppe)Cl -
[Ag(PsS3)]” (=1, 2) [A(OR™),]" Com [Ag]'[AI(OR™),]” + P,S; -
PF PF 170
[Ag5(P4S3)el [AI(OR™),] Com [Ag] [AI(OR™")4] + P4S3
[{CPRU(PPhs),}(P4Ss)1™" [oTf Com, Salt [CPRU(PPhs),Cl] + P,S; + [Ag] [OTH 443
Clusters, Cluster-like and Catenated cations
[N,Ph]" [BF]” Other PhNH, + NaNO, in HClg,q and [Na]'[BF,]”  N-N triple bond 498
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N
“N'+
FsC CF
3 3 (BRI Other H,NC4(CFs)s + NO[BF,]™ 447
FsC CF3
CF3
+
Mes—N=N [050,(NO3)(Mes)]”  Other [N,Mes]'[NOs]” + [050,(NO3)(Mes)] “
TMS . _
N - Hg(N,(TMS);), + [Ag] [GaCl,] or LTS (-80°C) 449
N=N~ [GacCla) Other Bi(N,(TMS)s), + GaCls + Cl,
TMS TMS
Mes*—NJrEP [AICI,]” Lewis Mes*-NPCl + AlCl; N-P triple bond, 408
- +
iP'"\N/,P\N/ PCys (GaCl,]” Other [P(N'Pry)N5] [GaCl,]” + PCys 450
L Pr
- +
' Cl, Cl
lPr\ //P\ /P\ ,R .
N N '}l [GaCl,]” Other [P(N'Pry)N5] [GaCl,]” + P(NR,)Cl, N, as leaving group 430
L Pr R
R =Pr, SiMe3
7 N—tBU 2+
N\K - [(‘BUIM)NPCI(C(PPh3),)I [CIT” ST 451
— [SbFe] Salt + - Dicationic Iminophosphorane
Bd N=P. PPh [Ag]'[SbF]
—FFNhg
L PhsP"
. _ . First homoleptic phosphine- 452
[P,Phs] [OTf] Lewis Ph,PCl + TMSOTf + PPh, phosphonium
[P,Megl”* [OTf” Lewis P,Me, + MeOTf 3
[P,Brs]” [AI(OR™),]” Salt PBr; + [Ag] [AI(OR™),]” i
[P,ls]" (Al Lewis Pl, + Ally 5
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[P,ls]" [AI(OR™),T” Salt Pl; + [Ag] TAI(OR™),]” >
+
Ph, _P___Ph
Ph‘?l?/ \I?Qph [AICL]” Lewis PPhs + PCl; + AlCI; [P(PPhs),]" a2
Ph Ph
Me Me
- ' Me
p > p=Me [oTf]” Lewis P,Me, + PMe,Cl + TMSOTf [(PMe,)s]* 456
Me' i
Me
H
|
Ph?“/ P< |;:Ph [AICl,] Prot [P(PPhs),]*[AICI,]” + AICI; + HC *7
Ph'a  -“Ph
+Ph Ph PF = ¥ PRy - ¥ 758
[Psle] [F(AI(OR")3),] Salt P, + 1, + [Ag] TAI(OR™"),] [(P1)s]
[PMe(AsMes),]" [oTf]” Other MePCl, + AsMe; + TMSOTf [PRL,] 9
[P,Phgl” (ot Lewis PPhCI, + PPh; + TMSOTf 70
[P,NO]" [AI(OR™),]” Other P, + [NOJ'[AI(OR™),]” Insertion in P,, no X-Ray 78
P
I\ + - o
MeS\P/PlP/ Mes [GaCl,]” Lewis CIP(PMes*),PCl + GaCls Bicyclic phosphine de1
| phosphonium
Cl
2+
{S:PE‘);(SPQE;“)Z] [AICI,] Lewis PPhCl, + PnPhs + AICls 462
[PsBr,]" [AI(OR™),T” Lewis, Other P, + PBrs + [Ag]'[AI(OR™),]” Insertion in P, 763,454
[PsPh,]", - . Different stoichiometries, 68
[P7Ph6]3+ [GaCl,] Lewis, Other P, + Ph,PCl + GaClz insertion in P,, HTS (60-70°C)
[PsRCI]" (R = Me, Et, 'Pr, Cy, Ph, CFs) [GaCl,]” Lewis, Other P, + RPCl, + GaCls Insertion in P, e
[PsR,]* (R = Me, Et, 'Pr, Cy, Mes, Dipp) [GaCl,]” g’i"r“”:r P, + R,PCl + GaCl, Insertion in P, 465
[Ps(NCy,)Cl* [GaCl,]” gi\;‘v:r’ P, + P(NCy,)Cl, + GaCl, Insertion in P, 466
S P-x
S
\P\— 7,3/ [AI(OR™),]” Salt, Other P,Ss + PX3 + [Ag]'TAI(OR™),]” Initial Insertion in P,S; 134
P
X=Br, |
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467

N
phgp\ /Pl PPh3 [AICI,]™ Other [P4(AsPh3)z]z+([AICI4]7)Z + PPh; Ligand exchange
P
N
/ — 467
Ph:A s\ / lp/ AsPh, [AICI,] Other AsPh; + PCl5 + AICl;
/S—/P\ P/
I\P\ £ ORX [AI(OR" ). Salt P.Sil + [Ag) TAIOR™).]
/
p—s S
Pths\ — ]\ ASPh3
ph3 P | [oTi" Other (AsPhs)(OTH), + PCl; + PhsAs 468
P\—||D7P
P
Se l Lewis lonic liquid based synthesis,
\ [AICI,]” Otherl Pired) + Se + SeCly + BMIMCI/AICI, rhombohedral and a3
P l Se N orthorhombic modification
p
+ _ Lewis, In solution, orthorhombic 413
[P3Ses] [AICI,] Other P;Se, + MesCeBr + AlCI; modification
[PsSeq] [Ga,Cly]™ gi\;\véi PCl; + SeTMS, + GaCls In solution a3
[PsSe,Ph,]* [GaCl,]” ox [PsPh,][GaCl,]” + Se HTS (160°C) e
[PsSe,Cy,]" [GaCl,]” ox [PsCy,]* + GaCl; + Se HTS (140°C) e
+
Mes*—N=As [GaCl,]” Lewis Mes*NAsCl + GaCl; N-As triple bond 409
[As3N3PhsCl,]" [GaCl,]” Lewis N,As,Ph,Cl, + GaCl, As3N; ring 469
[As,Meg]*" [oTf” Other MesAs + PCl; + TMSOTf 459
[As,Phel” [AICl,] Ox AsPh; + PCl5 + AICI; 467
s/?s
T | [AsFel” Ox As;S, + AsFs in SO, 470
As-— /S
“AS
[AssS,]" [SbFe” Ox As,S, + SbFs in SO, 470
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As
s~ é ~s
AS_‘_ S/ [AlCI,] Ox, Lewis As +AsClz + S + AlCl; HTS (80°C) an
[oas
As
S/
se” TS se
\ Se | [SbFe]” Ox As +Se + SbFs in SO, 470
As\— —/Se+
As
[AssSe ] [alCl,]” Ox, Lewis As + AsCl, + Se + AICI; HTS (80°C) e
(ISb,Se,l"), [AlCI,]” Ox Sb + Se + BMImCI/AICI; lonothermal, HTS (160°C) &
2+
Sb Sb
-~
Se |\ _an—aa | O
//Se\—-‘/Sb S(e,é;\Slb Sle S/e // [AICI,]” Ox, Others Sb + Se + SeCl, + BMImCI/AICI; lonic liquid based synthesis 410
e Kokl \Se
Sb\ | Se—Sb—Se Sb(\ ~Se
Sb
(ISb,Te,l"). [alCl,]” Ox, Lewis Sb + Te + SbCl; + NaCl + AICl; HTS (130°C), polymeric >
[Sb,Teg]”" g{g:zg:q,g{g:g“}/ 0x, Lewis Sb + Te + ShCl; + GaCl, AICl3/GaCl; melt au
pAyi i 4
_ 5+
Te—Sb
NS |
Sb—=Te
Sb|—Te
'!'e/—SJb/—Te . Nat [MCI,]” (M = Al, Ga) Ox, Lewis Sb + Te + SbCl; + MCl; + NaCl AlCl5/GaCl; melt a
davd
Te_T§|b—Sb
v
| Sb—Te
[Bi,X,)*"(X = Cl, Br) [AIX,] Lewis BiX; + AlX; 72
Evidence for soluble [Bi,]**
[Bi,OF,Clg(CsMeg)a]** [AI(OR™),]” Other [Bis]'[AsFe]™ + [Li] TAI(OR™),]” + CsMeg salts, partial decomposition of ~ *®

anion and solvent
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T
gl
Bi—!Ch | HTS (130°C), heterocubane,
Bi|—Ch~+ [AICI,]” Ox, Lewis Bi + BiCl; + Ch in AlCl;/NaCl Series Bi,Ch,** (Ch = S, Se, Te) *“
S 1/
+Ch—Bi complete
Ch=S§, Se
+
/Te+7B|
Bi_B!‘Te _!_ [AlCI,] Ox, Lewis Bi + BiCl; + Te in AlCls/NaCl HTS (130°C), heterocubane a3
I—let
V%
+ Te—Bi
. R . . HTS (1000°C
[PdBi;]* ([BiBr])., Ox Bi,Pd + Bi + Br, Pd@([Bilo]‘” ) 473
(4n+2)n-Cations
Cl JTer
P= _
lll‘z' | [GaCl,] Lewis CIP(pu-NTer),PCl + GaCls P,N, ring a7
Ter’
N3 Ter
P_—\N _ + - . 474
lll(ZIID [N3(GaCls),] Other [CIP(u-NTer),P] [GaCl,] +TMSN; + GaCls P,N, ring
Ter
*Mes. .As _CPhg B N _ 409
N\(\+)!\l [GaCl,] Other [Mes*-NAs]"[GaCl,] + Ph3sCN3 Cycloaddition
Cl Ter
ll](s“{.,& [GaCl,]” Lewis ClAs(u-NTer),AsCl + GaCls As;N; ring 47
—AS
Ter
Cl Ter
sTN - + - . 475
llj(j’.l [OTf] Salt ClAs(u-NTer),AsCl + [Ag] [OTf] As;N; ring
—AS
/
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N3, Ter
s< ] ) o
lll(i'l [N5(GaCls),] Lewis [GCa:élsa(u NTer),As] [GaCl,] + TMSN; + As,N, ring 475
=As
/
Ter
[As(u-NTer),As]>* (ot Salt ClAs(p-NTer),AsCl + [Ag] [OTH” g\:ga{(')"ﬁ]f‘“ system, 2 equiv.  a7s
[CISb(p-NTer),Sb]* [GaCl,]” Lewis CISb(p-NTer),ShCl + GaCls Sb,N, ring 478
[Sb(u-NTer),Sb]** (ot Salt CISb(u-NTer),SbCl + [Ag] [OTF]™ ztf’;Ngi[rgﬁ]f‘“ system, 2 equiv. 476
[IBi(u-NTer),Bi]" [B(CsFs)al” Salt IBi(u-NTer),Bil + [Ag(Tol)s] [B(CeFs)al” Bi,N, ring 478
[Bi(u-NTer),Bi]*" (ot Salt CIBi(u-NTer),BiCl + [Ag] [OTH" g'fzgéf['(’)‘fﬂ‘f" system, 2 equiv. 476
n*-n*-complexes
[GaCl,]” Lewis AsS,(CH),Cl + GaCl 418
4 2 2 3
[MCl,]” (M = Al, Ga) Lewis As(NMe),(CH),Cl + MCl; 416
- [P(CN(Dipp)CyioH18)N(C(N(Dipp)),CoH,)] + CN(Dipp)CyoH15 = CAAC, cyclic 417
[B(CéFs)al Ox

[CPhs]"[B(C4Fs)al”

alkylaminocarbene
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.t
TMS,N,  TMS
| _'Il [SbF]” Ox [(NTMS),(PNTMS,),] + [NOJ"[SbF¢]” a1
™S  NTMS,
Tipp - -
bt K]I (6R[,§'})’F]E] : Ox PTipps + [Ag]' X" 419
Tipp” "Tipp )
_ o+
Tipp Tipp
P—F [AI(OR™),]” Ox P Tipp, + [Ag] TAI(OR™),]" 20
Tipg  Tipp
— .o+
Ter
P—N i . . 477
N—P [B(CoFs)a] Ox [P2(NTer);] + [Ag(Tol)s] [B(CoFs)a]
L Ter’
=X : —
Dlpp\N
Dipp
/
NS <§\IE
P — . + - C(N(Dipp))ZCZHZ = NHC, N- 208
[,\?: Dipp/ [B(CgFs)al Ox [P2(C(N(Dipp)).C;H,),] + [CPh;] " [B(CgFs)a heterocyclic carbene
\
B Dipp ]
Pn=P, As
-
[B(CeFs)al” Ox [P,(CN(Dipp)CioH1s),] + [CPhs]*[B(CeFs)a]™  NCyoHys = tetramethylamide 478
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JPrN_ NP,

[AI(OR™),]

Ox

[P4(N'Pr,),] + [NOJ'[BF,]” +

421

— [Li]"[AI(OR™),]”
. P N .
L 2’PrN N’Pr2
i Ter
P—N 5 ¥ _ 477
/,{,_ Al (B(C4Fs)a] Ox [AsP(NTer),] + [Ag(Tol)s] [B(CeFs)a
L Ter
Dlpp\
Dipp N
N/ As _ 418
[ ) A{s/ N [GaCl,] Ox [As(C(N(Dipp)),C;H,),] + GaCly
> ./
N\ Dipp
L Dipp
i Ter
As—N _ N _ 477
/N‘Aé [B(CéFs)al Ox [As,(NTer),] + [Ag(Tol)s] [B(CsFs)al
L Ter
Oxidation state +I
_-As.
\N|’ | \|N/ [AsL;]", DppDIMPY = [a,a’-{2,6
| - . sL3| , Dpp =la,a-14,6- 424
| N\ [SbCls-THF] Lewis AsCl; +SnCl, + DppDIMPY iPrzPhN—C(Me)}z(C5H3N)]
L —
Oxidation state +lll
[P(N'Pr,),]" [GaCl,]” Lewis P(N'Pr,),Cl + GaCl, [PX,]" 75,480
[P(NCy,)CI]* [GaCl,]” Lewis P(NCy,)Cl, + GaCl, [PX,]" 56
[P(N'Pr)Cl]* [GaCl,]” Lewis P(N'Pr,)Cl, + GaCl, [PX,]" 0
[P(NTMS ,)Cl]’ [GaCl,]” Lewis P(NTMS,)Cl, + GaCl, [PX,]" el
[P(N'PryN5] [GaCl,]” Other [P(N'Pr,)CI'[GaCl,]” + TMSN; [PX,]* 50
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[P(NTMS,)X]"

_ + - + 481,482
(X = N; NCO, NCS) [GaCl,] Other [P(NTMS,)CI] [GaCl,] + TMSX [PX,]
[P(NTMS,)OTMS]" [GaCl,]” Other [P(NTMS,)CI] [GaCl,]” + TMSCNO [PX,] 2
[PCp*Cl]” [CIAIOR™)3),T Lewis PCp*Cl, + PhF-AI(OR™); [PR,]* 483
[PCp*,]" [CI(AI(OR™)),T Lewis PCp*,Cl + PhE-AI(OR™ )3 [PR,]*, Phosphocenium ion 3
[AsCp*Cl]” [CIAI(OR™),]” Lewis AsCp*Cl, + PhF-AIl(OR™); [AsRX]" 3
[ShCl,(AsMes)]” [OTf]” Lewis SbCly + AsMe; + TMSOTf [SbX,L]" hs
[SbPhCI(AsPhs)]* [AlCl,] Lewis SbPhCl, + AsPhs + AICI5 [SbRXL]" el
[BiPh(AsPh,)]** [oTf]” Lewis BiCl,Ph + AsPh; + TMSOTf [BiRL]™ s
[BiCI(SbPh3)]* -CeHs [AlCI,] Lewis BiCl; + AsPh; + AlCl, [BiXL)™ 5
[BiCl,(AsPhs),]* [oTf” Lewis BiCl; + AsPh; + TMSOTf [BiX,L,]" e
[BiCl,(SbPhs),]"-C;Hg [AlCl,] Lewis BiCl; + SbPh; + AlCl; [BiX,L]" s
[Bi(N,TMS5),]" [GaCl,]” Lewis Bi(N,TMS;),Cl + GaCl, [BiX,]" 7%
+
Bu. P B
AN u _ _
SNTSNT [BF,] salt PCI(N'BU),C,H, + [Ag]*[BF,] P carbenoid a7
Bu P B
AN u _ _
SNTINT [PFe] salt PCI(N'Bu),C,H, + [Ag] [PFe] P carbenoid a8
[ MeoN_ P _NMe
2 \N/,’ \N/ 2 [GaCl,]” Lewis PCI(NMe),C,H, + GaCl; P carbenoid 480
| \—/
[ Bu. P _Bu - : 489
N+ %N [GeCls][CI] Other Ge(N'Bu),C,H, + PCl3 P carbenoid
+
tB P. t
u > Bu _ _
SNT N7 [PF¢] Salt PCI(N'BU),C,H, + [Ag]'[PFe] P carbenoid 488
" D P D +
] AN 1 _
pp\N// S N/ PP [GaCl,] Lewis PCI(NDipp),C,H, + GaCl; P carbenoid 427
] \/
r +
Mes.. _As _Mes _ o4
N N [SbCls-THF] Lewis AsCl; + SnCl, + (MesN),C,H, As carbenoid
tB A t
u S, _'Bu o
SN ‘,N/ } [GeCls]-[C]] Other Ge(NtBu)ZCZH4 + AsCl; As carbenoid 489
i \/
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Pr. .As__Pr
N~ \‘N - i 490
[GaCl,] Lewis As(PrN),C;oHeCl + GaCls As carbenoid
r +
As
VRS
S NH
[AICI,]” Lewis AsCI(HN)SCgH, + AlCl4 As carbenoid a9
r +
-9
[AlCl,]” Lewis AsCIS,CsH3CH; + AlCl; As carbenoid 91
- +
~ CAS - - 492
N ™~N [GaCl,] Lewis AsCI(NMe),CsHg + GaCls As carbenoid
[ Me,HN
. \ .
’Pr\N,Sb\N,’Pr
[OTf Other Sb(PrN),CyoHe(NMe,) + HOTF Not planar through the ligand a0
OO NHMe,
tB Sb l{
u o0 _'Bu _
SNTTINT [Sb,Clg]? Lewis [Sb("BuN),C,H,]" + SbCls Sb carbenoid 493
\_ \—/
Oxidation state +V
INF,] [BF,], [SbFel, [ShoFu]”  Lewis NF; + F, + BF; or SbFs o
[PF,]" [ShsFyel” Lewis PFs + SbFs No X-Ray 93
[pcl,]” [SnCIs]Zf Lewis PCls + SnCl, For more structures see *-° 7
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[PBr,]" [AI(OR™),T” Salt PBr; + Br, + [Ag] TAI(OR),]”
[Pl [AlCl,]” Lewis Pl; + ICl + AICl; in CS, 456
[P1,]" [AIBr,]” Lewis Pl; + IBr + AlBr; in CS, %
[PLI (Al Lewis Pl + I, + Ally in CS, 58
[Pl [Gal,]” Lewis Pls + 1, + Galz in CS, 9
[Pl [AI(OR™),]” Salt Pls + I, + [Ag] [AIOR™),]” =4
[AsCl,]" [AsFg]” Lewis, Ox AsCly + Cl, + AsF %8
[AsCl,]" [As(OTeFs)e]™ Lewis, Ox AsCl; + ClIOTeFs + As(OTeFs)s 200
[AsBr,]* [AI(OR™),]” Salt AsBrs + Br, + [Ag] TAI(OR™),]” 01
[AsBr,]" [FAs(OTeFs)s]” Lewis, Ox AsBr; + BrOTeFs + AsF(OTeFs), >00
[SbCl,]" [Sb,Faal” Lewis SbCls + SbFs 202
[SbCl,]’ [Sb(OTeFs)e]” Ox Sb(OTeFs); + Cl, >0
[SbBr,]" [Sb(OTeFs)e]” Ox Sb(OTeFs); + Br, >0
+
/Dipp
N\ //
QN/ L [GaCl,]” Ox [(CH,),(NDipp),P]" + OL “PO™ cation a7
\Dipp
L = NMeg, py
_ 2+
Mes
/
‘N /F - ; + : + - 2+ . 428
[_:'>_—P\"Ph [B(CgFs)al Lewis [(SIMes)PF,Ph,]™ + [Et;Si(Tol)]"[B(CsFs).l »PFPh,”"“ cation
N\ Ph
Mes
[PhsPn]** (Pn = Sb, Bi) [OTf] Salt PhsPnCl, + [Ag] [OTf]” Strong contact to the anion 26
Protonated cations
[H,N5]" [SbFe]” Prot HN; + HF/SbFs 310
[P(OH),]" [SbFe]” Prot H3PO, + HF/SbFs 2

* Classification according to the introduction: Lewis = Lewis acid halogen bond heterolysis , Ox = Oxidation, Com = Complexation reaction, Prot = Protonation, Other = All other reactions not

classified; ** HTS = High temperature synthesis.
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Group 16 Cations

Hundreds of chalcogen cations are known to the literature (See Table 9 for reviews). The relatively
strong Ch-Ch- and Ch-X-single bonds (Ch =S, Se, Te; X = F, Cl, Br, ) led to a great diversity of reactive
compounds, which include homo- and heteropolyatomic clusters, radical cations and a large number
of different [ChXs]" structures for instance. To avoid the formation of the more stable neutral

compounds, weakly coordinating anions are needed to stabilize the reactive chalcogen cations.

Table 9. Review articles including cationic group 16 compounds.

Year Title Ref

2000 Recent advances in the understanding of the syntheses, structures, bonding and energetics of the =08
homopolyatomic cations of Groups 16 and 17

2003 Homoatomic Sulfur Cations >0

2004 Cages and Clusters of the Chalcogens >0

2006 Synthesis, reactions and structures of telluronium salts 07

2011 Homo- and heteroatomic polycations of groups 15 and 16. Recent advances in synthesis and &
isolation using room temperature ionic liquids

2013 Catenated Sulfur Compounds 208

2013 Catenated Compounds — Group 16 (Se, Te) 509

2013 Recent advances in the syntheses of homopolyatomic cations of the non-metallic elements C, N, P, 1
S, Cl, Br, | and Xe

2013 RCNSSS™: A novel class of stable sulfur rich radical cations 310

2015 Coordination chemistry of homoatomic ligands of bismuth, selenium and tellurium 399,400

Homopolyatomic Cations: The first observation of homopolyatomic cations were the colored
solutions of elemental sulfur, selenium and tellurium in sulfuric acid in the 18" and 19" century. Over
the next centuries, the nature of these solutions stayed unclear and it was not before the middle of
the 20" century that the use of superacidic media and better analytical methods made it possible to

> the crystal

characterize the responsible species. Since then, starting with [0,]'[PtF¢]” in 1962,
structures of a multitude of different homopolyatomic chalcogen cations were measured in the last
50 years (Figure 82). All of them have more or less weakly coordinating anions as counter ions. In
some cases, cationic clusters with unusual bonding situations including trans-annular interactions
and negative hyperconjugation were found that presented quite a challenge for theory (e.g. the [Sg]**

11504512 Tha cations were mostly synthesized under superacidic conditions or through solid

dication).
state or solvothermal reactions at higher temperature. Either the elemental chalcogen is directly
oxidized with strong oxidants like MFs (M = As, Sb) or WClg or a combination of the elemental
chalcogen, chalcogen halides ChX, (e.g. SeCl,, TeBr,) and a strong Lewis acid undergo a

synproportionation.
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_Se — —_
Ch—=Ch Se™ 98
R /
(29 Se |Se Mo
Ch—Ch e,
& ‘SeSeS‘*+ Te| 1o Te
Ch =S8, Se, Te e Te/Ie/\Te
Te
2+ Te 4+ N
f\:f:‘\ch‘(:?h\ /N Te—1Te
ch+ 1 JCh TeT.—Te \T /eTe‘Te
7 | +
ch—CN~¢h | Te K
Te—Te - —n
Ch =8, Se, Te

Figure 82. Selected examples for homopolyatomic chalcogen cations.

Metal-Chalcogen Complexes: The use of very weakly coordinated metal salts M[WCA] (e.g. M" = Cu’,
Ag’) made it possible to obtain complexes with very weak ligands like the elemental modifications of
the chalcogen elements. Stable, metastable and hitherto unknown modifications were prepared, for
example [Cu(S1,)(Ss)],** [Cu,Ses]”” (Figure 83)°° and [Ag,Se¢]*" (Figure 84).°™ In all such complexes,
extensive charge delocalization from the metal cation to the chalcogen ring took place as evidenced

by cation-anion contacts as well as accompanying quantum chemical calculations.

Figure 83. Molecular structure of [Cu25e19]2+([AI(OC(CF3)3)4]7)2-C6F4H2. a) J. Schaefer, A. Steffani, D. A. Plattner, I.
Krossing, Angew. Chem., Int. Ed. Engl. 2012, 51, 6009—6012, Angew. Chem. 2012, 124, 6112-6115. Data from
this Reference were used to draw this figure.

o ¢

Figure 84. Molecular structure of [(SOZ)ZAgZ(SeG)]2+([Sb(OTer)s]f)z. D. Aris, J. Beck, A. Decken, I. Dionne, I.
Krossing, J. Passmore, E. Rivard, F. Steden, X. Wang, Phosphorus, Sulfur, and Silicon and the Related
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Elements 2004, 179, 859—-863. Data from this Reference were used to draw this figure. One anion of the
formula unit and the disorder of the anion and SO, molecules were omitted for clarity.

Clusters/Cluster-like Cations: Chalcogens have a strong tendency to form clusters. There are
examples for chains, rings and cages with almost every combination of the groups 15 and 16 (Figure
85). The clusters often have delocalized charges, positive and negative hyperconjugation, or show
pseudo-aromaticity (Figure 86) or *-n*-interactions (Figure 87). The clusters were often synthesized
through direct oxidation of neutral clusters like S4N4 or mixtures of the elements (e.g. Se and Te) with
strong oxidants like MFs in SO,. [NS]", a useful starting material for the syntheses of further rPBC, can

be obtained by halide abstraction from trichlorocyclotrithiazene (NSCl); with [Ag] [WCA]".>*®

= S—N
Ty v
+ N\\\_,'/N S‘\~-—"N
S=N=8 S-S N-S
|
Cl AN
on® Ly L fheen X /Si
one ™" e Ch~ch +Te§/§/s
Cl I Te
Ch=§, Se Ch=Se, Te
Se----Se
Te-Te |?* S /| /|
A ¢ %e  +Te—sé
S8SS \_sé Sel—Te+
\//\ / +-Te\\ +_-Se o :///
Te—Te Te Sé____se

Figure 85. Selected examples for cationic chalcogen clusters or cluster-like structures.

(4n+2)n-Cations: Some planar cationic conjugated m-systems containing chalcogen atoms can be
described as (pseudo-)aromatic systems. The four-membered rings are related to the homopolyatmic
cations Ch,*" and were synthesized through direct oxidation of mixtures of the elemental chalcogens
instead of the pure elements. The five-membered rings were obtained by cycloadditions of [NS]* and
[NS,]* **® or in case of the selenium containing rings with Se, [Seg]** or EtSeCl and [NS]* as starting

517-519
(S

materials. N5]*, a 10m-system, was synthesized through the reaction of S4N, with Se,Cl, and is

stabilized by the polymeric ([SeCls]).. anion.**

Se—S Se—Te ,N ~ /,S_\\
|24 [(2+] NCON NN
‘_’S Te—Te S\;' SLIS
S S ~N<
2N PN FAN S-S
NN N7oON NN U0
2hy \W2hy \\ NN
Se-Se Se-S Se— S-S
CI/

Figure 86. Heteroatomic cationic aromatic (6m) systems containing chalcogen atoms. (S,N5" is a 107 system).

n*-n*-Complexes: The chalcogen cations containing m*-n*-interactions can be described as dimers

of chalcogen radicals, whose half-occupied interacting orbitals have m*-character. The two [Ch,l,]**
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cations (Ch = S, Se) have a very similar structure, but include different orbital interactions. In case of

. |2]2+)_521

[S21a)** two 2e4c-bonds were formed through the * of the diatomic molecules ([l, S, In

22 |n the last 10

[Se,ls]** the two delocalized * orbitals of the “monomer” [Sel,] " are overlapping.
years, chalcogen systems, which are analogous to the [I,]*" cation were characterized by scXRD. The
isolobality of [Ch,R,]™ and [X,]" leads to the same rectangular structural motif with two long m*-m*-

and two short o- interactions. Overall those cations are typically diamagnetic in the solid state.

yg\ TR - /I\ 2+ /
|/ Se\| /,
| e e B

\ / Me\ Me
N
CI:h”‘\S Te----Te 2+ Se----Se
_\Ch ohy | | nr-n*
Y Te----Te Se----Se
\N Ch _: -_: =
R R Me e

Ch=S, Se R = Me, Et, Pr, ‘Bu

Figure 87. Selected chalogen cations containing different n*-n*-interactions.

Radical Cations: The chalcogen elements have a rich radical cation chemistry. Most of the cations
contain (pseudo-)aromatic systems or Ch-Ch fragments, over which the unpaired electron is
delocalized. Strong one-electron oxidants like [NO]" or XeF, combined with a Lewis acid were
frequently used to synthesize the cations. There are also examples of diradicals like (CNS5™),,
obtained by the reaction of homopolytomic sulfur cations (a formal [S;]° equivalent) and

523,524

dicyanogen. We also refer the reader to a recently published comprehensive review about

[RCNSSS] * radical cations and their properties.>*°

,Neo .+
S S S PN -8 N~ N-----S |* OO
NN S~ S
- OO0 g [
s s s s=d  SW§S O-----g $--8
z Ph Ph

Neo
F
F. ot
F Mps—Q o o+
F ch /
F / F Mes Ch—Ch  Mes 7
Ch----f S—S
F
. < EFMes s—g
F

Ch=S8, Se Ch=S§, Se, Te

Figure 88. Selected chalcogen radical cations, which were stabilized by WCAs.

Oxidation State +ll: Chalcogen cations [RCh]" in the formal oxidation state +Il are only known in

combination with stabilizing donor ligands. It was for example possible to stabilize the formal

525
d

selenenium cation [RSe]” with the two amine-arms of a pincer ligan (Figure 89). Two different
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Te(ll) cations with the strong donors DMAP and the carbene 'PrIM as ligands (Figure 89) were
synthesized with the useful starting material [(Dipp,BIAN)Te]**([OTf]"),, a base stabilized “Te(OTf),”,
which was presented in 2009 and can also be understood as a tellurium analogue of a carbene.*?®
The thi-, selen- and tellur-irenium cations (in the figure drawn as coordination complexes of [RCh]"
ions) were all synthesized with starting materials that contain Ch-Ch bonds like Me,S, # or [SesMe;]*

- 527
6l

327 or already oxidized chalcogens like [PhTe]'[SbF and alkynes.

+

NMeQ 2+ 2+
| /Te I""Te"“L
Se PrM~ PrIM L
1
1
NMe; L = DMAP, /PriM
+ + +
Bu——-Bu R——-R' Bu~=—-Bu
1 ] 1
|
;i e Te
R R Ph
R = Me, Ph R = Me, R' = tBu

R=Ph,R' =Ad

Figure 89. Selected chalcogen cations with chalcogen atoms in the formal oxidation state of +II.

Another example of ligand-stabilized chalcogen cations are the N-heterocyclic carbenoidic rings
[R,C,N,Ch]** (Ch =S, Se, Te), which are formally 1,4-diaza-1,3-butadiene complexes of a chalcogen
cation in oxidation state +II, but the delocalization of the positive charge supports a description as a
chalcogen in oxidation state +IV.*?® The carbene-analogues were prepared through complexation of
an in situ generated Ch** dication, which can be obtained through halide abstraction from SCl,,**°
SeCl,”*® or (Dipp,BIAN)Tel,>*® (Dipp,BIAN = 1,4-(2,6-diisopropyl)phenyl-bis(arylimino)-acenaph-

thene).

2* Dipp-., ~Te, -Dipp 12"

[ R‘N7§?N/R

R = Dipp, Dmp O?O

S 2
Dlpp\ 9€ /Dlpp
NN ]

Figure 90. Carbene-analogous chalcogen dications.

Oxidation State +IV: The [ChXs]" cations were one of first structurally characterized reactive
chalcogen cations (Figure 91). The first experiments mainly on [TeCl;]" were published already in the
1950s.%3! Now, a multitude of crystal structures can be found in the literature. Due to the relatively
simple vibrational spectra of the four-atomic molecules, they can serve as a probe for the
coordination power of the anion. The stronger the secondary interaction is, the weaker are the

intramolecular Ch-X bonds and thus they get red-shifted.”* There are also over 60 crystal structures
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of triorganyltelluronium [TeR;]" cations with different anions. We decided only to list the “classics”
[TePhs]" ** and [Te(CsFs)s]" *** and to refer to a recently published review about the chemistry and

structures of these cations.””’

Some newer examples of compounds with chalcogen atoms in
oxidation state +IV are the triazidetelluronium cation [Te(Ns);]" *** and a fluoride bridged version of
[TeCl;]".

+ + +

+
Ch, S S T
TN PN & RIY
Ch=S§, Se, Te; X=F,Cl R = Alk, Aryl, CgF5
X =F,Cl,Br,I* Y =N,
+
C‘h"\Ph .
TePh CI—IT?—F—IT?—CI
R Cl ¢t CI ¢
Ch~pp,
Ch=S, Se

Figure 91. Chalcogen cations with chalcogen atoms in oxidation state +IV. *Every combination but [SI5]" is
known.

Oxidation State +VI: To our knowledge, the only chalcogen cation with a chalcogen atom in oxidation
state +VI is [TePhs]". It was obtained through halide abstraction from TePhsCl with silver triflate and

crystalized with the classical WCAs [B(CeFs)a]” >** and [B(Ar<3),]".>%

+

Ph
Ph/.—_.\Ph
Te
P Ph

Figure 92. [TePhs]”, a cation with a chalcogen atom in oxidation state +VI.

Protonated chalcogen cations: The use of super-acidic conditions, makes it possible to obtain the

537

protonated forms of very weakly basic molecules like trifluorosulfonic acid (Figure 93). In some

cases, it is not possible to isolate the neutral form of a molecule, but the conjugated positively

538
d

charged acid (e.g. carbonic acid*®). We decided to list the protonated carbonic acid together with the

sulphur species like protonated sulphuric acid in this chapter.®®

+ + +
(é)H Hor S HoO\S‘C/F g OH
P \O/ \/ \‘A l'/F s |

HO OH HO F HO bH

[C(OH),]* [HOSMe,]* [H2SO5CF3]* [H3SO4]"

Figure 93. Examples for protonated molecules obtained under superacidic contitions.
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Table 10. Overview on structurally characterized chalcogen cations.
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Cation Anion Class.* Synthesis Comment** Ref.
Homopolyatomic Cations
[0,]" [PtFe]” Ox 0, + PtFg >
[0, [PtFe]” Ox 0, + PtF Neutron Diffraction 540
IS [AsFg] Ox S + AsFs in SO, 541
1S, 4,11 [AsFs]” . 0x, Lewis S+ 1, + AsFs in SO, 54254t
2+ [SboF3o] ™ (£ . 543
[Sa] [(SbF6)5(Sb2F4)(SbZF5)]27) Ox S + SbFs in SO, Traces of Br, were added
[54]2+~A5F3 [AsFg]™ Ox S + AsFs + AsF; in HF Traces of Br, were added >4
[Ssl™ [AsFe] Ox S + HF/AsFs 5%
SbF¢] -[SbsFial (2 , .
Sl [SbFs 3h1a Ox S+ SbFs in SO
sl [(SbFe)(SHF,)T") S0 502 ]
[Ss]”* [AsFg]” Ox [Ss]”*([AsFg] ), in SO,/ SO,CIF
Sl AsFe]” Ox S + AsFs in SO,/ SO,CIF >
[ 19]2+ [ 6]_ 5. Z/ 2 g
[S1a] [SbF¢] Ox S + SbF< in SO,
[Se,* [AlCI,]” Lewis, Ox Se + SeCl, + AlCI; 547
[Se.” [MCle]” (M = Zr, Hf) Lewis, Ox Se + SeCl, + MCl, HTS (130°C) 5
2+ [SbFg] “[SbsF1i] (2 . 548
[Se4] [(SbFs)z(ZszFs)zr) Ox Se + SbFs in SO,
ShgoFso] ™ (& ) 547
Se ™ [SbsFso . Ox S +Se +SbFs in SO
(el [(SbFe)s(Sb2Fa)(SbaF)l”) sin SO,
[Se,” [MoOCl,]” Ox Se + MoOCl, HTS (190°C) 549
= = v 7= 7+ 7=
) 4 4 4
[Segl™ [AICI,]” Lewis, Ox Se + SeCl, + AlCl3 Crystals from vapour-phase transport >t
[Sesl” [Tegl*" SO, [AsFg] Ox Se + Te + AsF< in SO, 552
[Sesol”” [SbFel” Ox Se + SbFs in SO, 553
[Sesol”” [SOSFI Ox Se + AsFs in SO, 557
[Sesol” [BisClyal” Lewis, Ox Se + SeCl,+ BiCl, HTS (90°C) 55
[Se,s)”" [WClg]” Ox Se + WCl; 555
ey Lewis, Ox e + SeCl, + NbCls in SnCl, olvothermal (15
[Sep )" (NECle] is, O Se + SeCl, + NbCls in SnCl Solvothermal (150°C) 337
[Se17]2+ [TaBrg] Lewis, Ox Se + SeBr, + TaBrs in SiBr, Solvothermal (150°C)
[Te ™ {2:(:(':‘;]], Lewis, Ox Te + TeCl, + AlCl; HTS (250°C) 558
2-17.
[Te4]z+ [SbFe]” Ox Te + SbFs in SO, Germanium was added to obtain mixed  sa7

cations
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559

[Ted] [WClg]” Ox Te + WClg HTS (190°C)
[Te4]z+ [WClg]™ Ox Te + WClg Traces of Br, were added, B-mod. >E0
[Te ™ [Zr,Bryol” Lewis, Ox Te,Br + ZrBr, HTS (210°C) s61
Te, HfClg]™ Lewis, Ox Te + TeCl, + HfCl, HT:! °
[Te,” [HfClg] 0 Cl, + HfCl S (200°C) =
Te, VSO, e Lewis, Ox Te + TeCl, + MClg HTS (170°
[Te? {T'\{'a]g'f]] ('\ﬁa E'Ib g]"‘) o) Cl, + Mcl S (170°C) 562
[} 2110
2 [BigClyol . . o 563
[Tes] [Bi,Br ]zf Lewis, Ox Te + TeX, + BiX3 (X =Cl, Br) HTS (170°C)
2P'g
[Te ™ [Nb,Cl,,01* Lewis, Ox Te + TeCl, + NbCls + NbOCl5 HTS (200°C) >64
[Ted” [MoCl,0] Ox Te + MoOCl, HTS (250°C) 36
e )nTes i4Clg]” ewis, Ox e + TeCl, + BiCl3 °
(Tew )nTes” [Bi,Clyel’ L 0 Te + TeCl, + BiCl HTS (150°C) 566
[Teg)™ [MClg]* (M = Zr, Hf) Lewis, Ox Te + TeCl, + MCl, HTS (220°C) 103
[Teg” [WCl,0] Ox Te + WOC, HTS (150°C) 587
[Tesl” [NbCl,0] Lewis, Ox Te + TeCl, + NbOCl; HTS (200°C) 568
eg]" + 2AsF; sFel” X e + AsFs in SO,
[Tegl™ 2AsF [AsF¢] 0 Te + AsFs in SO 569
(Te, ™, [AsF¢]” Other [Tel]” ([AsFg] ), + Fe(CO)s in SO, Reduction of Te,”" 370
Te; )a Be,Clg]™ Lewis, Ox Te + TeCl, + BeCl, HTS (250°
(Te,”) [Be,Clg)’ 0 a a S (250°C) 586
(Te;™), [WBr,0] - [Br]” Ox Te + WOBr,/WBrs HTS (230°C) 7
(Te;*, [wcl,01” - [CI]” Ox Te + WOCl,/WCls HTS (150°C) 72
(Te, 2, [NbCI, 0] - [CI]” Ox Te + TeCl, + NbOCl, HTS (225°C) 1ol
(Te; ) [NbBr,O] - [Br]” Ox Te,Br + NbOBr; HTS (220°C) 1ol
[Tes]” [WClg]” Ox Te + WClg HTS (200°C) 573
[Teg)”™ [ReClg)* Lewis, Ox Te + TeCl, + ReCl, HTS (230°C) 78
[Teg”™ [Bi,Cly, ]~ Lewis, Ox Te + TeCl, + BiCl HTS (160°C) 73
[Tes]“ [UzBrlo]zf Lewis, Ox Te + TeBr, + UBrs in SiBr, Solvothermal 200°C 576
[Tegl” [Taz04Clel" Lewis, Ox Te + TeCl, + TaCls + TaOCl; + [BMIM]*CI” lonic liquid based synthesis >77
[Teg™ (Ivcl,01), Ox Te + VOCl; HTS (270°C), Cubic >78
Metal-nonmetal-cluster complexes
[Cu(S1,)(Ss)]* [A(OR™),]” Com [Cul' +S S0
[Cu(S1,)(CH,CL)T [Al(orz:)41‘ Com [Cul* +5 z:'”
[Ag(Ss)]" [AI(OR™ )]~ Com [Ag]' +5
[CUZSew]“2 [AI(OR™),]” Com [Cu]" + Se(req) 2‘1’4
+ = +
([Ag2(See)] ™ )ee [AsFe] Com [Ag]” + Se -
+ = +
[Ag(Ses)] , [Ag,(SbFe)s] Com [Ag] +Se o
[Agz(Ses)(soz)zlz* [Sb(OTeFs); Com [Ag]" + Sefgrey o
+ = +
[Ag,(Seg)(SO,)al [AI(OR™)4] Com [Ag]” + Segrey)
[Ag,Se ] [FAI(OC(CsF10)(CgFs))sl Com [Ag]" + Sepes 582,176

[AI(OR™),])

Clusters/Cluster-like
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518

NS* [alcl,]* Lewis (NSCl); + AlCl3

INS,]" [AlCl,]* Other SN, + AlCl, 58

[SaN.I*" [SbCle], Ox S4N,4/SsN5Cls + SbCls in SO, 8

[SaN.I*" [SbsF1a] " [SbFe]” Ox SN, + SbFs in SO, 8

[SsNs]* [SbCle]” Lewis S3N;Cl; + ShCls in SOCI, >

[S5Cl5]° [AsFg]” Other [SCIs]*[ASFg] + Sg in SO, 5%

[(S,N,C),1°" [SbFe]”, [Sb,F1a]” Other [NS,]'[AsF¢]” + (CN), in SO, %7

[SiTe,*-S0, [AsFg] Ox Te +Sn + AsFs in SO, 88

[SsTes]™ [AsFel” Ox S+Te + AsFs in SO, 5:

[SesCls] [AsF¢]” Other [SeCls] [AsF¢]” + Se in SO, >

[SesPh,1*"-250, [AsFe]” Other [Seal”*([AsFs]), + Ph,Se, >0
_ Te + 1, + AsF5 in SO, or 591

Segl,]*"-250 AsF Ox 2 5 2 _

[SeglI"250, [AsFe] [Selsl TASFl , + [Seql”*([AsFe] ),

[Tegh]” [WCl]” Ox Te + 1, + WCl, HTS (150°C) >%7

(IMOX,4] ), Te,Br + MoOBr3,
([TessXal®)n (M =Mo, X =Cl, Br; Other TeCl, + MoNCl,/ MoOCls, 392
M =W, X =Br) Te + WBrs/WOBr;
[Se,Te )™ [MF¢]™ (M = As, Sb) Ox Se + Te + MFs in SO, >89
[Se4Te3]z+ i [MOCI,]” Ox Se + [Teg]*(IMOCI,] ), HTS (190°C) 93
+ +

[E:ETGZ] [SesTe,] [AsFg]™ Ox S+Se+Te + AsFs in SO, Heterocubane 39

: 2

[SegTe, ™ [MFc]™ (M = As, Sb) Ox Se + Te + MF in SO, Isostructural to Se”" >

[SesTe,]*"-SO, [AsFe] Ox Te + [Seg]” ([AsFs]), in SO, 9

(4n+2)n-Cations

[S,Ns]* [Hg,Cls)” Lewis NSCI + HgCl, 3%

[SsN,1 [MF¢]™ (M = As, Sb) Other [SNT'[MFg]” + [S,N]'[MF¢]” in SO, Cycloaddition >16

[SaNs]" ([SeCls] ) Ox SN, + Se,Cl, in SOCI, 10m-aromatic 320

- - . Traces of Br, were added, contains
[SsSel* [SbsF16]™-3[SbFe] Ox S +Se +SbFs in SO, disordered r;ixture of [5.56, ™ 397
X X-

[SSe,N, 1" [AsFq]” Ox [(SSe,N,),1* ([AsFel ), + AsFs in SO, >%

[,5eN,]% [AsFel” Other [NSI[AsFo] + [Seg]” [AsFel~ >

[S,SeN,Cl]® [AICI,]” Other [NSJ*[AICI,]” + Se/EtSeCl 319518

[Se,Te,)* [SbsF.4]” - [SbFe]” Ox Se + Te +SbFs in SO, 599

[SeTe3]2+ [Sb3F14]37-[SbF6]7 Ox Se + Te +SbFs in SO, Contains disordered mixture of 599

[SeTea]2+, [Te4]2+ and [SezTez]2+

n*-n*-complexes
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Va1 S\\N/ [AsFg]” Ox S,N, + AsFs in SO, 600
Si. 1,7
AN
N/
[SeNJI> [S,0,F1", [SOsF]” Ox S,N, + HSO5F in SO, co1
I 2+
\
\
% \/‘I [AsFg]™ Ox S+ 1, + AsFs in SO, 21
-l
A
e +
|\ Se—| [SbyoFy ] Ox Se + [1,]'[SbyF4,] " in SO, 522
Se—,~
+
~N
z A \
N e ‘\":/‘ _ 24 _ 602
/,_\sGl,-’ ,Se\N/ [MFe]™ (M = As, Sb) Other SaN, + [Seg]” (IMFe] ), in SO,
S v +/‘ ,/
\\ - 7
€
N-
Me Me
\ )
Se----Se
[BF, Ox Me,Se, + XeF, + BF;-OFt, 82
Se----Se
Mé Me
[(MeSe), > [OTf” Ox Et,Te, + [NOJ'[OTf]” 603
R R
A g
Te----Te [OTf]” Ox Et,Te, + [NOJ'[OTf]” 82,603
R R

R = Me, Et, Pr, ‘Bu
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Radicals
/’S"\ - 2 - 601
N\( ) /N [AsF] Ox SuN, + [Te,]"([AsFe] ), in SO,
S—S
S S
[ >—< ] * 0.5 EtCN [NTf,]™ Ox TTF + 0.5 XeF, + TMSNTf, TTF = Tetrathiafulvalene 82
S S
— s
T [SbClg]™ Ox (CgH10)2S, + SbCls Strong transannular interactions 604
S—S
L S—S
Neo
_ — d 1
| | [OTf]” Ox (NeoS), + NO* Diorgano disulfide—nitrosonium adduct 605
| O s
Neo
S
©:+ - 0.5 Et,0 [FAI(OR™),]” Ox CyoHsS, + XeF, + Al(OC(CF)s)s Cy,HsS, = Thianthrene 82
S
1 |
PFy 1— + S-S-3e-6-bond 606
[AI(OR™)] Ox 1,8-(SPh);Nap + NO Nap = Naphthalene
S----S
/ \
Ph Ph
s=S.  Nsg )
] \’:+,‘>—<\’-+,‘ ] [AsFg] Ox S + AsFs + (CN), in SO, Traces of Br, were added 323
S\N é;S
(CNS3 ™), [SbFe], [SbyFi1]™ Ox S + SbFs + (CN), in SO, Traces of Br, were added >
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F _
B F.
F
F /S _ 607
S____F [Sb,F44] Ox (CgFsS), + SbFs
F
F _
L F
F _
B F.
F
F /Se _ 607
Se~—~~|= [As,F44] Ox (CgFsSe), + AsFs
F
F _
L F
Mps
!
1
Mes Ch—Ch Mes 607
[SbFe]” Ox (2,6-Mes,CgH3E), + NO*
IVies
Ch=S§, Se, Te
Oxidation state +lI
[Me,S-SMe]" [SbCle]” - - 608
[MeS-S(Me)-SMe]* [SbCle]” Ox, Lewis S,Me, + SbCls = [S;Mes]" 608
+
PN 2
[ _ Sulfur carbenoid, Oxidation state 529
o [OTf] Com S(OTf), + (NR),C,H, unclear
R = Dipp, Dmp
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. . 2+ .
Dipp /S_\ _Dipp - [S(NDipp)ZCZHZ]2 Sulfur carbenoid, Salt metathesis,
N~ N [B(CeFs)al Other . 4 _ ure
([OTf] ), + [K]'[B(CgFs)al Oxidation state unclear
4 4
Burm:pﬂ' BU
I
cis/trans- Sn [X]” = [SbClg]", [BF,]” Other [SsMes] [X]” + C,H,'Bu, Thiiranium ion 609
e
|
Me
= q+
tBUE/tBU
[}
S IX]” = [BF,]” [PFel” Other [SsMes]IXT™ + C,'Bu, Thiirenium ion 609
|
L Me
[MeSC,'Bu,]*-CH,Cl, [CHB,,Clya]” Ox Me,S, + C, 'Bu, + XeF, + Me;Si[CHB,;Cly] &
= q+
tBUE/tBU .
T _ Ph,S, + C, Bu, + XeF, + L 82
| B(CgF Ox . + - Thiirenium ion
$ [BICeFsl] [Me;Si(Tol)]*[B(CoFs)a]
L Ph
[MeSe-Se(Me)-SeMe]" [SbCl¢]” Ox, Lewis Se,Me, + ShCl; = [SesMe,]* 608
- -+
tBUE/tBU
|
SI - 0.5 CH,Cl, [SbClg]™ Other [SesMe;]*[SbClg]™ + C,'Bu, Selenirenium ion 7
e
|
L Me
[PhSeC,Ad,]*-CH,Cl, [SbCle]” Other [PhSe]'[ShClg]” + C,Ad, >
Di Se _Dj 2+ . )
PP~ N PP [SnClg)* Ox, Lewis (NDipp),C;H; + SnCl, + SeCl, Selenium carbeniod 530
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- +
tBUE/tBU
T: -1.5CCly [SbFe]™ Other [PhTe]*[SbF¢]™ + C,'Bu, Tellurirenium ion 327
e
|
L Ph
NMe2
I
I
Se [PFe] Other CsHs(CH,NMe,),SeMe + tBuOCl + [K]*[PFs]” 32
I
I
i NMe,
T
C|3h
Se - + - 610
| [PFe] Ox (CgH3(CH,),Ch),Se + [NO] [PF¢]
+
Ch
Ch=S§, Se
. 2+
DMAP.,, e‘\\DMAP (OTH Other Etgﬁ?})mfr;)“ﬁp Ligand exchange 526
| DMAP™ DMAP 2
2 [(Dipp,BIAN)Te]*
. /Te\, [OTf]” Other ([Ol‘l?f?}) ‘2 iPeIM Ligand exchange, anions coordinating 526
| Prim Prim 2 r
Y prim |2 [(Dipp,BIAN)Te]* i
) r ;Te‘;\, r [OTf]” Other ([Ol_ll_OfF]J_z) R iPl’|:/| Ligand exchange, 4 equivalents of PriMm %
I Prim Prim 2
[ Dipp~ T& _Dipp 72
NN Tellurium carbenoid, Dipp,BIAN =1,4-
a [OTf]” Hal (Dipp,BIAN)Tel, + [Ag] [OTf]” (2,6-diisopropyl) phenyl-bis (arylimino) 326
OO acenaphthene
Oxidation state +IV
[SF,]" [BF,]™ Lewis SF, + BF; Crystals through sublimation o1l
[SFs]* [GeFe]” Lewis SF, + GeF, 612
[SCls]® [cl,l” Ox, Lewis S+Cl+1, 613
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[sCls]* [ICL,] Ox, Lewis S+Cl+1, Second modification o1
[scly]* [UClel” Lewis s0cCl, + UClg o
[sCly]* [AICI,]” Lewis SCl, +AlCl; 618
[sCly]* [SbCle]” Ox, Lewis As,S, + ShCls in SO, >3
[SCI3]+ [MoOCl,] Ox s +MOd, aH('jl';e((ijloo C), Large excess of ICl; was 617
[SBry,Cli gl [SbClg] Ox, Lewis S + Br, + SbCls in SO, Attempt to prepare [SBrs] [SbCl]” 32
[SBrs]* [AsF]” Lewis S + Br, + AsFs in SO, 618619
[(SX,),NI* (X =F, Cl) [AsFel” Ox [S,N]'[AsFe]” + X, in SO, 670
. . + .
[SeF3]+ [NbEe]", [NbyFy,], [TaFe]™ Lewis SeF, + NbFs First structure with a [ChX;3] cation 621
(Ch=S,Se, Te; X =F, Cl, Br, )

[SeCl5]" [AlCI,]” Lewis SeCl, + AlCl; in SO,Cl, 622
[SeCls]" [SbCle]” Ox, Lewis As + Se + ShCls, or SeCl, + ShCls in SO, melt >3
[seCl]* [MoOCl,]™ Others [Sea* [MoOCl,1>" in SOCI, azci;*l‘c‘:zf:r:m at 150°C, B- 623
[SeCly]" [AuCl,]” Lewis SeCl, + AuCl, 62
[SeBrs]" [AsFg]” Ox, Lewis Se + Br, + AsF5 in SO, Small amount of AsF; was added 62
[SeBrs]* [SbFe]” Ox, Lewis [Se4]**([SbFe] ), + Br, + AsFs in SO, 62
[SeBrs] [AIBr,]” Lewis SeBr, + AlBr; HTS (150°C) 6%
[Sel;]" [AsFg] Ox, Lewis [Seal”*([SbFel ), + I, in AsF, 618619
[Sely]” [SbF¢]™ 0x, Lewis Se + 1, + SbF in SO,

[TeFs]" [Sb,Fy,]” Lewis TeF, + SbFs 527
[TeFs]" [50,1* Ox, Lewis Te + Br, + AsFs in SO, >3
[TeCl;]" [AICI,]™ Lewis TeCl, + AlCl; monoclinic 628
[TeCls]" [AICI,] Lewis S,TeCl, + AlCl; TeCl5[AICl,] (triclinic) >3
[TeCly] [AsF¢]” Lewis TeCl, + AsFs >3
[TeCls]" [SbF¢]™ Lewis TeF, + SbFs in CH,Cl, Solvent decomposition >3
[TeCls]" [AuCl,]” Lewis TeCl, + AuCly 629
[TeCls]" [MoCl,0]” Lewis TeCl, + MoOCl5 HTS (180°C) 630
[TeCls]" [MoClg)* Lewis TeCl, + MoCl, HTS (195°C) &3
[TeCls]" [Re,Clg]™ Lewis, Ox Te + TeCl, + ReCls HTS (150°C), B-modification &3
[TeCls]" [MoCle]*~[CIT” Lewis TeCl, + MoCl, HTS (300°C) 632
[TeCl,] [MClg]” (M = Nb, Ta) Lewis TeCl, + MClg a- and B- modification 633
[TeCls] [Wcl]” Lewis TeCl, + WCl, 633
[TeBrs]" [AsFg] Ox, Lewis Te + Br, + AsFs in SO, 623
[TeBrs]™% Br, [AuBr,]” Ox, Lewis Te+Au+Br, HTS (160°C) &3t
[TeBrs]" [Zr,Brq]” Other [Tea**[Zr,Brio] Decomposition above 250 °C 61
[TeBrs]" [MBr]™ (M = Ta, W) Lewis TeBr, + MBrs 633
[Tely]” [AsFe]” 0x, Lewis Te + 1, + AsFs in SO, 635
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619,618

[Tel;] [SbFe]” Ox, Lewis Te + 1, + SbFs in SO,
[Tely]" [All,] Lewis, Ox Te +1,+All; HTS (150°C) 6%
[Tel,]" [ML], (M = Ga, In) Lewis, Ox Te+M+1, HTS (350°C) 636
[Tel;]™% SO, [AsFg]” Ox, Lewis Te + 1, + AsFs in SO, Hemisolvate of [Tels] [AsFg]” &3
[Tels]* [AI(OR™),]” Salt TeX, + [Ag] [AI(OR™),T” Good solubility 638
[TePh,]" [B(C6Fs)al™ Other [TePhe] [B(CgFs)al” Thermal decomposition at 150°C 33
[Te(CeFs)al” [OTf” Other Te(CqFs), + TMSOTE >3
[Te(Ns)s]" [SbFe]” Ox Te " ([SbF]), + KN3 in SO, Side products may be explosive! >3
[F(TeCl3),]" [Sb(OTeFs)]” Ox, Lewis TeBr, + [Ag]’[Sb(OTeFs)e]” in SO,CIF 8
Ch*.nph
Te. ' IPh - + - 639
[BF,] Ox (CsH3(CH,ChPh),)TePh + [NOI'[BF,]
+
Ch=S§, Se
St‘\Ph
Te'Ph [OTf]” Ox (CgHs(CH,SPh),)TePh + BuOCI + O(Tf), 639
+
S~ph
Oxidation state +VI
Ph
Ph: .T'e. \Ph [B(CeFs)al” Hal TePhsCl + [Ag] 0TI + Li'[B(CoFs)al” 53
Ph” + “Ph
[TePhs]" [ClO.T Hal TePhsCl + [Ag][ClO,]” >3
[TePhs]” - MeCN [B(Ar™"),]” Hal TePhsCl + [Ag]'[OTf] +[B(Ar""),]” >
Protonated cations
+
OH
CI: [AsFe]™ Prot OC(OTMS), + HF/AsFs 538
HO”  OH
+
H. O/SQ' [GesFel Prot Me,SO + HF/GeF, 640
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r +
o F
HO" ,S_C; ‘E [SbFe]” Prot OTf, + HF/SbFs 537
| HO F
r +
Q
_S'1OH [SbFe]” Prot S0,(0OTMS), + HF/SbF 539
i HO OH

* Classification according to the introduction (Table 2):, Com = complexation reaction Lewis = Lewis acid halogen bond heterolysis, Prot = Protonation, Ox = Oxidation, Other = All other reactions

not classified; ** HTS = High Temperature synthesis.
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Group 17 Cations

The electronegative halogen atoms are strongly oxidizing and have high ionization energies as well as
electron affinities. This makes halogen cations good electrophiles, which need very oxidation-
resistant WCAs to be stabilized in condensed phases. Concerning the synthesis of these highly
reactive compounds, there are many similarities to the noble gas cations. Almost every halogen
cation, for which a crystal structure is known, was synthesized though a halide abstraction by a
strong Lewis acid like MFs (M = As, Sb). The starting materials are normally neutral interhalogen
compounds like CIFs, BrFs, IF5, I,Clg, or IBr, and the majority of the obtained cations contains halogen

atoms in oxidation state +llI, +V and +VII.

Table 11. Review articles including cationic group 17 compounds.

Year Title Ref

2000 Recent advances in the understanding of the syntheses, structures, bonding and energetics of the 08
homopolyatomic cations of Groups 16 and 17

2008 Polyvalent perfluoroorgano- and selected polyfluoroorgano-halogen(lll and V) compounds eal

2013 Recent advances in the syntheses of homopolyatomic cations of the non-metallic elements C, N, P, S, 1
Cl, Br, l and Xe

Fluorine Cations

Because of the high electronegativity and ionization potential of fluorine, it would be very difficult to

oxidize it and obtain actual fluorine cations in the condensed phase. By contrast, in the gas phase this

%42 some bulk cationic compounds contain fluorine, but it is very unlikely that the positive

is possible.
charge is actually localized on the fluorine atom. Such compounds like for example the in Figure 94
shown compound that was published as a formal disilylfluoronium ion are discussed in the chapters

of the element, which has a larger positive charge density (here silicon).®*?

Me28| SIM62 Me28| SI|V|62 + [BF4]'
| BF 4]
E [BF4]
Selectfluor

Figure 94. Left: Formal Disilylfluoronium ion that bears a larger positive charge density at the silicon atoms.
Therefore, it is discussed with the silylium cations in the section on group 14 rPBC. Right: The Selectfluor
Reagent.

+ «

It should be mentioned that also electrophilic “F-“ or “N-F-“ reagents like “Selectfluor” belong to this

class of compounds that are very useful for organic transformations and compatible with solvents

like CH,Cl,.***
Chlorine, Bromine and lodine Cations

Homopolyatomic Cations: Two homopolyatomic chlorine cations are known in the solid state and its
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crystal structures of [Cls]* and [Cl,]* were published in 1999*and 2000.%** [Cl,]*, which would be the
lighter homologue to the known [Br,]* and [l,]’, was only detected in the gas phase. [Cl;]" can be
synthesized through a reaction of CIF with AsFs, with the adduct 5+CI-F5’—>A5F5 as intermediate. This
leads to a more activated CIF with a more positively charged chlorine atom and results in the
formation of [Cl,F]'[AsFs]”, which can be described as a formal “CI™” stabilized by a second equivalent
of CIF. When elemental chlorine is used instead of a second equivalent of CIF, [Cl5]" is formed. [Cl,]",
which is a homopolyatomic cation but also a ©*-n*-complex (see below: t*-n*-Complexes of Group
17) can be obtained by direct oxidation of chlorine with the strong one-electron oxidant IrFs. For
bromine, three cations are known. Of those, [Br,]" was one of the first homopolyatomic cations of
the non-metals for which the crystal structure was determined. It was already in 1968 that Edwards
et al. stabilized it with the very good [SbsF,s]” WCA. The structures of the other two known cations
[Brs]* and [Brs]" were measured relatively late in 1991. [Brs]" can be synthesized by oxidation of

+ 211

elemental bromine with the strong oxidant [XeF] and the only measurable crystals of a [Br;]" salt

%% Jodine has five known cations. [I,]", [Is]*

were obtained from a 20 year old [BrF,][AsFg]” solution.
and [Is]" are isostructural to the lighter homologues and can all be obtained by oxidation from I, with
the strong Lewis acids MFs (M = As, Sb). [l,]** was synthesized through the entropically unfavorable
dimerization of the paramagnetic [l,]" radical cation at low temperature and can be described as an

rectangular planar diamagnetic n*-nt*-complex (see below: t*-n*-Complexes of Group 17).

+ +
[Br—Br [ 1—I I
+ +
| Br I
cl’ ¢l B Br N
cr---cl |+ [ i ------ i 2*
Cl----Cl [------ |
_ .. .
Br\ |
Br-Br—B\r |—I1—1
Br |
- 3+
I—1
\
' | |
[ NS P
| \|/|

Figure 95. Structurally characterized homopolyatomic cation of chlorine, bromine and iodine.

Metal-Halogen Complexes: The very weak coordination power of the neutral dihalogen molecules X,
(F,, Cl,, Bry, I,) made it very difficult to obtain metal-halogen-complexes. Only for diiodine, which is

the strongest donor, it was possible to get polymeric [{Ag(l,)}.]™ cations through the reaction of
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[Ag]'IMFq]” (M = As, Sb) and |, in liquid SO,.**’ Also one example of a neutral complex with diiodine as
ligand is known: [Rh,(0,CCFs)4(1,)]"1,.5*® Dibromine and dichlorine complexes remained unknown.

%9 the use of the very weakly coordinating solvent perfluorohexane and one

However, very recently,
of the weakest anions [AI(OR"),]” led to the isolation of the first dichlorine and dibromine complexes
[Ag(X2)]" (X = Cl, Br, also I) (Figure 96). Moreover, diiodine turned out to have a rich coordination
chemistry and formed three further structures with Ag,l,-moiety as well as isolated [Ags(l,)s]*" as well
as [Ag(l,)s]** dications well separated from the counterion (Figure 96). It should be noted that the

[Ag(X,)]" cations are structurally related to the [X;]* cations and the polymeric [{Ag(l,)}.]"" cations

bear some similarity to [Is]".

2+ A X +
g
| X=ClBrl

Figure 96. Structurally characterized metal complexes with dihalogen molecules as ligands.

n*-n*-Complexes: The three halogen containing cations that can be described as w*-n* complexes,
can be understood as adduct of two homonuclear diatomic (radical) cations. According to its
synthesis from chlorine and [0,]'[SbFs]’, [Cl,0,]" can be described as complex of the paramagnetic
[0,]" cation with Cl,. For [Cl,]", which is made from Cl, and the strong oxidant IrFs, an initially formed
paramagnetic [Cl,]* could react with another equivalent of Cl,. In the case of [I,]*', which was
obtained from an [l,]" solution at low temperature, a dimerization of the two paramagnetic [I,]"
units to give the [I,]** dimer is obvious. All three syntheses have in common that at least one
molecule with a half-filled ©* orbital as HOMO is involved, for [I,]*" even both “starting materials”.
The formed n*-n* interaction includes two quarter bonds for [Cl,0,]" (243/241 pm, X v. d. W. radii:
327 pm) and [Cl,]" (293 pm, £ v. d. W. radii: 350 pm) and two half bonds for [I,]**, where the

interaction leads to 2e-4c m*-n* bond (328 pm, 2 v. d. W. radii: 396 pm, Figure 97).°""*

o+

Cl----ClI

i

Cl----ClI

Figure 97. Structurally characterized halogen cations, which include n*-n*-interactions. Bond lengths: [Cl,0,]":
0-0 121, Cl---0 241/243, CI-Cl 191; [Cl,]": CI-Cl 194, CI-+-Cl 293; [1,]°*: I-1 258, I---1 328 [pm].

Oxidation State +I: The isolated halogens X in this oxidation state would either correspond to a
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triplet state X" or the triplet dimer [X=X]*" — isoelectronic to the dichalcogens O, to Te,. Neither the
monomer, nor the dimer cation are hitherto known in condensed phase. Only one cation type with a
formal oxidation state of +l is known: [I(Donor),]’, in which the electrophilicity of I is dampened by
coordination of neutral donor molecules. Thus, [I5]"[AsF¢]” reacted with acetonitrile to form the
structurally characterized salt [I(NCMe),]*[AsF¢]” (Figure 98).%° The closely related [I(py),]'[BF.] is a

useful reagent in organic chemistry.®>*

For the latter it is disputable, if this is better assigned as being
a pyridinium cation.

+

MeCN---I---NCMe

Figure 98. [I(NCMe),]* cation in [I(INCMe),][AsF] with iodine in the formal oxidation state +1.%*°

Oxidation State +llI: The known interhalonium cations with the central halogen atoms in oxidation
state +lII are [CIF,]%, [BrF,]", [ICL,]%, [IBrCI]* and [IBr,]* (Figure 99). All were synthesized by halide
abstraction from a neutral interhalogen. Others, like [CI,F]" and [IF,]* are also accessible, but no
crystal structures are known.*? The cations [15Cl,]* and [IsBr,]" can also be understood as
interhalonium compounds with two iodine atoms in oxidation state +lll and one in -l and are in some
way the lighter homologues of the homopolyatomic cation 15".5°*®* Two recently published
examples are the dialkyl chloronium cations [CIR,]* (R = Me, Et), which were synthesized through
alkylation of chloromethane and —ethane, both stabilized by the very good carborate WCA
[CHB,,Cl;;1]” (Figure 100). The superacid H(CHB;,Cl;;) was used to generate ion-like methyl and ethyl

+n

cations “R™ by protonation of the chloroalkanes RCl, which than react with a second equivalent of

RCl to the chloronium cations.®*®

/Br\ /I\
FF FFF  GCeF§ GCeFs CI' Cl

+ + |+
Cl\ Cl\ \ |
me’ Me E Bt CoFd CoFs B Br
+ +
| |
PN N
Cl\l/l Cl Br /I/ Br

Figure 99. Structurally characterized halonium cations.
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CI-F: 181

Figure 100. Molecular structure of [CIMe,] [CHB;Cly;]™. E. S. Stoyanov, I. V. Stoyanova, F. S. Tham, C. A. Reed,
Journal of the American Chemical Society 2010, 132, 4062—-4063. Data from this Reference were used to draw
this figure. Bond lengths in [pm].

In case of bromine and iodine, also some new examples were synthesized during the last 20 years.
The stable cyclic bromonium and iodonium ions of sterically hindered olefins (Figure 101) were

stabilized by the [OTf]” anion and can be seen as stable intermediates of the halogenation of

Br N

Figure 101. Stable [OTf] salts of cyclic Bromonium and lodonium lons. ¢

olefins.®’

57

Oxidation state +V: There are also some examples of cations in oxidation state +V. Besides the
classical [XF,]* cations (X = Cl, Br, 1), the two oxocations [ClO,]" and [BrO,]" as well as since 2008 also
one example of a cation with a X'-carbon bond were structurally characterized. This electrophilic
[IF,(CgFs);]" cation was synthesized as [BF,]™ salt through halide abstraction and ligand exchange from

CeFsIF, and CoFsBF,.5°® Examples without crystal structures include [OCIF,]" ®*° and [OBrF,]".

i i F
F F F
i
Cl. Br_ +1uCeF5
o~ o 0” o ll:‘cer

Figure 102. Structurally characterized halogen cations with halogen atoms in oxidation state +V. 658,661-663

Oxidation State +VII: In 2004, with the octahedral complexes of the series [XFg]" (X = Cl, Br, 1) the first
structures of cations with oxidation state +VII were published (Figure 103). All three cations were
crystallized with the anion [Sb,F4;]” and have very weak contact to the anion (Figure 104). It is also
possible to obtain the [AsFs]” and [SbFg] salts, but the differentiation between the octahedral [XF¢]"

and [MFg]” would not be easily done by X-ray crystallography (e.g., for [BrFs]'[AsF¢]™ or [IF]"[SbFs]).
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The use of [Sb,F;]” allowed for a clear differentiation between cations and anions °*

F F F
Fr. 1+ F Fi, I+\F Fl,,,lf'f\\F

Cl r
F7T F F” 1 F F7”IF

661

Figure 103. Structurally characterized halogen cations with halogen atoms in oxidation state +VII.

Br-F: 165.7(9) - 168.4(9)

5021
© € sv
F-F:2338-2379 @F

[(VR=h

Figure 104. Molecular structure of [BrF¢] [Sb,F1;]". J. F. Lehmann, G. J. Schrobilgen, K. O. Christe, A. Kornath, R.
J. Suontamo, Inorg. Chem. 2004, 43, 6905-6921. Data from this Reference were used to draw this figure. Bond
lengths in [pm].
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Table 12. Overview on all structurally characterized halogen cations.
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Cation Anion Class.* Synthesis Comment Ref.
Homopolyatomic Cations
[clyl* [AsFg]” Lewis [Cl,F]'[AsFg]™ + Cl, + AsFs i
[cls)* [X]” = [SbFe], [SbyF11],, [ShsFie] Other [CL,0,]*[X]” + Cl, in HF at RT i
[Br,]* [SbsFiel” Ox Bry+ HSO3F/SbFs/350; 55
[Brs]" [AsFg] Other [BrF,] [AsFs]” decomposition Store [BrF,] [AsFe]” for 20 years (1) 548
[Brs]* [MFgl™ (M = As, Sb) Ox [XeF]'[MF]” + Br, 21
0,1 [Sb,Fia]” Ox I, + SbFs -
51" [AsFg] Ox I, + AsFs >
i [AsFg] Ox I, + AsFs 565
[l [SbFel Ox I, + SbFs B
Metal-nonmetal-cluster complexes
[Ag(Cl,)]" [AI(ORPF)4]_ Com [Ag]+[A|(ORPF)4]_ +Cl, Only stable at low temperature
[Ag(Br)I" [AIOR™),]” Com [Ag] TAI(OR™),]” +Br,
=

{fizg'f)zﬂ 6 [AI(OR™),]” Com [Ag]'[AI(OR™),]™ +1,
[Ag(l,)],™ [MF]™ (M =Sh, As) Com [Ag) IMFg]™ +, First complex with halogen as donor 647
n*-n*-complexes
[cl,” [IrFg]” Ox Cly + IrFg Radical, homo-polyatomic cation i
[C|zoz]+ [X1 = [SbFg], [SboFia] Com [Oz]+ +Cly i
[I4]2+ [MFg]™ (M = As, Sb), and [SbsF;4] /[SbFg]T  Com 20,1 Also homopoly-atomic cation 666
Oxidation state +I
[I(NCMe),]* [AsFe]” Other [15]" + MeCN ;" as I donor 620
Oxidation state +llI
[CIF,]* [AsFg]” Lewis CIF; + AsFs 57
[CIF,] [SbF]~ Lewis CIF5 + SbFs 668
[CIF,]® [RuFg]” Lewis CIF; + RuFs 669
EE:EMS]%] [CHB,Clyy]™ Prot FR(EHI\i:,CI;SH RC Protonation of RCI 636
[BrF,]* [SbFe]~ Lewis Brfs + SbFs 670
[Br(CeFs),l” [BFa]” Lewis BrF; + (CoFs),BF o711

+

Br Olef. + Br, +MeOTf
[OTf]” Lewis C,yoH,g = Adamantyli- Stable Bromonium lon 657
deneadamantane

fc,y’ [SbFe]~ Lewis I,Clg + SbFs 672
[1Br,]" [Sb,Fial” Lewis IBr + SbFs 673
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673

[1Brg.75Cly 551" [SbClg] ~ Lewis IBr + Cl, + SbFs
[1sCla)’ [X]™ = [SbCle], [AICL]” Lewls, )+ shals SR
’ Other
- Lewis,
[13Br,]" [ShClg] oty 12+ SbCls 654
[(CaFo)RT I(C6Fs)F, + RBF,
s [BF,]™ Lewis R = CgHs, 0-CgHsF, m-CgHuF, p- Strong interactions with the anions 674
CeHaF, 2,4,6-CoH,F3, CoFs
+
I Olef. + I, + Ag[OTf]
[OTf]” Lewis CyoH,g = Adamantyli- Stable lodonium lon 657
deneadamantane
Oxidation state +V
[CIF,]" [SbF¢]” Lewis CIFs + SbFs o2
[ClO,]" [SbFel” Lewis CIO,F + HF/SbFs 67
[Clo,]” [Sh,Fy]” Lewis CIO,F + 2 SbFs Also an oxidation product of [CIF,]" 67
[€lo,]* [X]" =[BF,]’, [GeFs] Lewis CIO,F + BF3, GeF, BIZ577
[Clo,]" [ClO.” Ox Clo, + 05 Cl,04 678
+ - Lewis ClO,F + 2 RuFs 669
(0] [RuFe] Ox CIF; + HF/RUO,
[BrF,)’ [Sb,Fy,] Lewis BrFs + 2 SbFs 79,663
- Lewis .
[Bro,]" [SbF¢] Other BrOsF + SbFs Reduction of Br"" 675
[IF,)’ [SbFe]” Lewis IFs in HF/SbFs GB0E63
[IF,]" [Sb,Fq,]” Lewis IFs + 2 HF/SbFs 681,663
[I(CeFs),F,]" [BF,]” Lewis CoFslIF, + CoFsBF, 558
Oxidation state +VII
_ 0Ox,
[CIFs] [Sb,Fy4] Lowis CIFs +F, + ShFs 661
_ 0Ox,
[BrFgl* [SbFy4] Lowis Brfs +F, + SbFs 661
AN [SbyFi]” Lewis IF; + SbFs 661

* Classification according to the introduction (Table 2): Lewis = Lewis acid halogen bond heterolysis, Ox = Oxidation, Com = Complexation reaction, Other = All other reactions not classified.
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Group 18 Cations

Due to the high ionization potential of the noble gases, their cations all need weakly coordinating and
very oxidation resistant anions to be stabilized. The history of noble gas compounds started in the
early 1960s, when Bartlett obtained , [Xe]'[PtF¢] ™ from a reaction of [0,]'[PtFs]” and xenon — the
noble gas with the lowest ionization potential. Over the next decades the composition of this product
stayed unclear. In 2000 a very comprehensive review about the nature of the product was published
with the result that it is very likely a [XeF]" salt of a polymeric (weakly coordinating) [PtFs], anion.®®

All of the hitherto known and structurally characterized noble gas cations are included with Table 13.

Krypton Cations

The only other noble gas besides xenon, for which cations are known, is krypton. The oxidation state
+1l is the only one known yet. The diversity of the amount of compounds and the number of hitherto
realized Kr-X bonds is much smaller. Only two different fluorine-containing cations are known ([KrF]*
and [Kr,Fs]") and some nitrile complexes, which can be described as Kr-N compounds. [KrF]" is a very

%83 and made is possible to synthesize [XeFs]" from Xe,*®* [CIF]"

strong oxidative fluorinating reagent
from CIFs,®® [BrF¢]* from BrFs*®® and [0,]* from 0,.°%” There are only seven crystal structures of

krypton cations in the literature and five of them with the classical [AsFs]” and [SbFg]™ anions.
Xenon Cations

The lower ionization potential calls for a richer chemistry of xenon. Thus, since the birth of noble gas
chemistry, a multitude of different xenon cations containing the element in the oxidation state II, IV

and VI were synthesized.

Homopolyatomic Cations: The two known homopolyatomic cations are [Xe,]" and [Xe,]". It was only
possible to obtain a crystal structure from [Xe,]’, but because of its importance [Xe.], which was
assigned based on spectroscopic and computational evidence as being stable at higher Xe pressure, is

also mentioned.

Fluoroxenon Cations and Related: The majority of such cations include Xe-F bonds ([XeF.]", m=1, 3,
5; [Xe,F.]%, n = 3, 11, Figure 105), but over the decades a lot of different cations with Xe-X (X = F, Cl,
O, N, C) bonds were obtained and are included with Table 13 and in part also with Figure 106. Some
of them were already published in the late sixties,?®¥ % put also recently with [XeF]'[SbF¢]” and

d®*%%% and in 2015 the crystal structures of [XeFs]"

[XeF5]'[SbF¢]” some new structures were presente
with the classical WCAs [SbF¢]™ and [Sb,Fy;]” were measured for the first time,*® which shows that

the investigation of xenon cations is still in progress.
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Figure 106. Examples of Xe-X bonds (X = C, Cl, N, O) in cations.

Most of the syntheses use Lewis acids to abstract fluoride from the neutral xenon fluoride (XeF,,
XeF,, XeFg). Most structures contain the conjugated weakly coordinating anions of these Lewis acids
(IMFg]", M = As, Sh, Au, Ru). Another mentionable approach is the reaction of XeF, with the Lewis
acid B(CgFs);, which led to the FsC¢Xe' cation containing the first Xe-C bond and the unsymmetric
anion [(FsCe),BF,] .5 Through the use of the dioxydifluoride XeO,F, as starting material, it was also

possible to obtain the mixed cation [XeO,F]" or the fluoride bridged [F(XeO,F),]".**®

+

+
F/Xe;lo F\Xe./ F\)‘(e./F

P

00 00

Figure 107. Examples of Xe-O-F cations.

Metal-Xenon Complexes: There are also some examples of metal-xenon complexes (M = Au', Au",
Au" and Hg"), which can be described as part of the stabilization of modifications of main group
elements as metal complexes ([M(E,)]*). Formally, Xe is isoelectronic to iodide I, and thus complex
formation appeared to be difficult, but feasible. The syntheses proceed under the superacidic
conditions of the systems HF/MFs (M = As, Sb). In case of these compounds, the role of the anions
can be described as unreactive, but not really weakly coordinating. Most of them have relatively
short contacts to the anions (shorter than the sum of the van-der-Waals-radii) and show typical
coordination spheres with the anions included (e.g. square planar trans-Au"Xe,(SbFe),) (Figure

108).9%¢
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Au-Xe: 270.9(1)
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Figure 108. Molecular structure of trans-Au"Xez(SbFG)z. T. Drews, S. Seidel, K. Seppelt, Angew. Chem. 2002, 114,
470-473, Angew. Chem. Int. Ed. 2002, 41, 454—-456. Data from this Reference were used to draw this figure.

Only the [AuXe,]*" dication exists in a truly ionic structure with two [Sb,Fi;]” counterions in the

lattice.

Au-F:292.8(7) |

‘C\@éz\’\@ Q Q:

2+(

Figure 109. Molecular structure of tetragonal [Au"Xe4]

[SbyF11]7),. T. Drews, S. Seidel, K. Seppelt, Angew.

Chem. 2002, 114, 470-473, Angew. Chem. Int. Ed. 2002, 41, 454-456. Data from this Reference were used to

draw this figure.
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Table 13. Cationic noble gas compounds with weakly coordinating anions

Cation Anion Class.* Synthesis Comment Ref.
Homopolyatomic Cations
[Xe,] [Sb,Fal” Lewis [XeF]"/Xe + SbFs First homopoly-atomic cation 7
[Xel]* [SbyFsyeal” Lewis [XeF]'[SbyF11]7, SbFs + Xe No X-Ray &7
Metal-nonmetal-cluster
complexes
2 _ Lewis, AuF;, Xe in HF/SbF First xenon metal complex, gold(Il) 698,696
[AuXe,] [Sb2F ] Com ’ i 2 modifications: triclin?c andgtetragonal
[trans-AuXez]Z+ [SbFe]™ Com HAuCl,, XeF,, Xe in HF/SbFg gold(ll) 5%
[cis-AuXe, )™ [Sb,F1al” Com [AuXes]**([SboF1a]), — Xe at RT gold(11) 8%
[trans-AuXe,F1** [SbFe]” + [SbyFys]” Com Au, XeF, Xe in HF/SbFs gold(1ll) 6%
[AuzXezF]3+ [SbFe]™ Com Au, XeF, Xe in HF/SbFg gold(ll) &%
[(FsAs)AuXe]” [Sb,Fya]” Com AUF;, Xe, AsF5 in HF/SbFs 699
[HgXel* [SbFe] + [SbyFus]” Com HgF,, Xe in HF/SbFs &%
Oxidation state +lI
[KrE]" [MF¢]™ (M = As, Sb, Bi) Lewis KrF,+ MFs First krypton cation 700
[KrF]* [AuFel” Lewis KrF, + Au &8
[KryF3]"KrF,, [SbFe]™
[KryF3]* /oK Fy, [SbFe]” Lewis KrF,+ MFs 700
[KraFs] " [KrF]" [AsFel”
[XeFI* [SbyF1a]” Lewis XeF, + 2 SbFs 6
[XeF]" [RuF¢]” Lewis XeF, + RuFs 701
[XeF]* [AsFe]” Lewis XeF, + AsFs 702
[XeF]" [N(SO,F),]" Lewis XeF, + HN(SO,F), First Xe-N bond, strong interaction with the anion 703
[XeF]*-HF [Sb,F1i]” Lewis XeF, + 2 SbFs 7
—— - -
[XeF]* IX]™ = [AsFel, [SBFel, [SboF ], [BiFel, [BisFyy]™  Lewis XeF, + AsFs, SbFs, BiFs B[e;;e; Sﬁfuc"”res for [XeFIXT: [XI"" [MFcI', [SbFel o2
’ 211
[Xe,F3]" [AsFg]™ Lewis 2 XeF, + AsFs Monoclinic structure 704,705
[Xe,Fs]" [AuFg]” Lewis XeF, + AuFs o8
[Xe,Fs]" [MFc]™ (M = As, Sb) Com [XeF]" as starting material E’(iZJFr?ll[gcizec]ture 706
[Xe(N(SO,F),)I* [SbsFi6]™ Lewis 3 step synthesis with AsFs and SbFg 707
[XeCFs]® [(FsCq),BF,T Lewis XeF, + B(C4Fs)s First Xe-C bond &
+ — N
{g?ggjj:ﬁ}ecd:d {Ei}, & - E:zz: E?\IF)S) I(‘:i\:vr:s’ XeF, + C¢FsBF, Salt metatheses with [XeCqFs] [BF4] 708
[(CeFsXe),ClI [AsFe]” Other XeCgFs® + TMSCI First Xe-Cl bond 709
[XeOChFs]" (Ch = Se, Te) [AsFe]” Lewis FXeOChFs + AsFs First Xe-O bond 710
[XeOTeFs]™-SO,CIF [Sb(OTeFs)sl” Other Xe(OTeFs), + Sb(OTeF3); OTeFs abstraction 71
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712

Xe 2Ful ther XeF]'+[Cl]” Ligand exchange
[xeCl)® [SbyFy] Oth [XeF]"+ [CI] d exch
[XeN(H)TeFs]" [AsFg]” Lewis [FsTeNHs] [AsFg]™ + XeF, First Xe-N(sp>) bond 3
[(F3SN)XeF]* [AsFg]” Com F3SN + [XeF]" First Xe-N(sp) bond 718
[XeNSF,]* [AsFg]™ Other :Fs/gl:gssstzfjt?onnd rearrangement of [F;SNXeF] [AsFg]” 715
[(F3SN)XeNSF,]" [AsFe]” Com [FsSNXeF]" + F3SN 8
[Xe3OF3]+ [ME(]™ (M = As, Sb) Other H,0 + XeFZ/[XeF]+ nyei;2;¥5|s to XeFOH followed by a reaction with 717
Oxidation state +IV
[XeFs]" [SbaFu]” Lewis  XeF, +2 SbFy s
[XeFs]" [BiFe]” Lewis XeF, + BiFs 715
[XeFs]" [Sb,Fy,]” Lewis XeF, + SbFs better structure 692
[XeF,]"HF [SbyF1i]”
[HsFa]™2([XeF5]"HF) [SbFe]-2[SbyF14]” Lewis XeOF,-xHF + HF/SbFs 720
[XeFs]" [SbFel”
Oxidation state +VI
[XeFs]’ [PtFe]” Lewis XeFg + PtFs First xenon cation structure 690,685
[XeFs]" [AsFel Lewis XeFg+ AsFs 705
[XeFs]" [SbFe]” Ox [XeF]'[SbF] + F, in aHF 58
[XeFs]" [SbyFy]” Other [XeFs]'[SbFe]” Crystals from a 0,SbF¢/XeFsSbFg mixture 693
[XeFs]" [RuFe] Lewis XeFg+ RuFs 701
[XeFs]' [PdFg]” Lewis 2 XeFq + PdF, 7T
[XeFs]’ [TiaF1o]” Lewis XeFg+ TiF, XeF¢ from XeF,, F, and UV radiation 2
[XeFs]” [m-F(0sO5F,),]” . 601
[050F,] Lewis XeFg + (0sO3F;)..
[XeFs]’ [Cu(SbFe)s]™ Other [XeFs] [SbFe]™ + [Cu] [SbF¢]” in aHF Anion exchange s
[XeFs]" [AgFa]” Lewis AgF, + KrF, + XeFq in aHF g
[XeFs]" [AuF, Lewis XeFg + BrF; AuF, 7
[XeFs]"XeF,: [AsFe]”
[XeFs]*-2 XeF, [AsFe]” Com XeF, + [XeFs] ‘[AsFq]” 724
[XeFs] "% XeF, [AsF¢]”
[XeFs]"XeOF, [SbFe]” Lewis XeFe + [H30]'[SbFg]” 5%
[XeFs]"NO," [SbFe]” Other [XeFs] [SbFe]” + [NO, | [SbFq] B3
[XesFial® [AuFe]” Lewis 2 XeFg + AuF 75
[XesFyq]" [0s05F,]” Lewis XeFg + (0sO3F,). 69T
[XeO,F]* [MFg]™ (M = As, Sh) ) ~ o . _ 95
[F(XeO,F),]" [AsFel™ Lewis XeO,F; + MFs (M = As, Sb) a- and B-modification of [XeO,F] [SbF]

* Classification according to the introduction (Table 2): Lewis = Lewis acid halogen bond heterolysis, Com = Complexation reaction, Other = All other reactions not classified.
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Conclusion

Sparked by the availability of new WCAs and new WCA starting materials in combination with novel
concepts like FLP and others, the number of rPBC exploded over the last one to two decades.
Noteworthy additions were found for each p-block element and, despite their quite high moisture

and air sensitivity, true applications of rPBC salts emerged.

Where will this lead to over the next one or two decades...? To our understanding the blue sky
synthesis of rPBC salts barely accessible with good / novel WCAs in combination with suitable media
will continue to function as an “eye-opener” of what is possible. Many surprising discoveries will
force us to sharpen our use of bonding concepts or lead to novel applications. It is often the
combination of structural knowledge (“Wow, this crazy cation is stable...? | would have never thought
s0.”) that leads to the right moment of wonder and then inspiration (“Hm, if this cation is really
straight forward accessible, one could use its electrophilic / acidic / oxidizing / activating properties in
application XY”). In the 21* century, it is our duty as creative scientists to use this potential from
fundamentals to the first application. Do not hesitate to really seek for application of your rPBC salt,
as rarely others will pick up on these ideas, since the activation barrier for synthesizing a to this
application group unknown rPBC is simply too high. So do not give up until you have demonstrated a
possible application — yourself or through collaborations — to a level that others will continue. And on
the other hand this compilation of rPBC should encourage application based groups to identify
interesting cations that may have an application. Contact the people, the chances are very good that
through an informal collaboration showing a proof-of-principle new and relevant application areas

may be developed.

In this respect, we are looking forward to all the scientific creativity that is breaking loose, and to
realize what potentially could be done with the rPBC. This is an integral element of innovation and

the justification for preparing blue sky or simply beautiful and esoteric compounds.
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