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1 Abstract / Zusammenfassung

Abstract:

During the last decades, weakly coordinating anions (WCAs) have become a field of great
interest both in basic and applied chemistry, as — if compared to “normal” classical anions like
CI or SO4* — they have a lot of unique and unusual properties, such as high solubility in low
dielectric media (like CH,Cl, or toluene), “pseudo gas phase conditions” in condensed phases
and the stabilization of strong electrophilic cations as well as of weakly bound and low
charged complexes.

Within the present thesis, several contributions to the chemistry of WCAs were made: Based
on quantum chemical calculations, the stability of the most widely used WCAs have been
investigated, using parameters such as the fluoride ion affinity (F/A), partial charges or
frontier orbital energies.

One class of the WCAs, the poly- and perfluorinated alkoxyaluminates of the type
[AI(OR")4] and [(R"O);Al-F-Al(ORF);], has been used to investigate weakly bound Ag(P4S;)
Lewis acid-base adducts and electrophilic cations: When the silver salts of fluorinated
alkoxyaluminates are reacted with P4Ss, different structure types are found for the adducts,
depending on the anion used. The dynamics of these complexes has been explored by
different spectroscopic methods (IR, Raman, MAS-NMR, NMR in solution) and X-ray
diffraction.

The first structurally characterized trihalocarbenium ions CI;" as salts of different aluminates
have been prepared and fully characterized using various spectroscopic techniques, e.g. NMR
and vibrational spectroscopy, as well as single-crystal diffraction. The Lewis acidities of the
halocarbenium ions have been investigated both on experimental and theoretical grounds and
they have been compared to those of the isoelectronic haloboranes.

The NO," salt of the [AI(OC(CF3)3)4]” anion has been synthesized by a metathesis reaction. It
has been reacted with P, in order to obtain naked phosphorus cations P, .

Another project was the synthesis and characterization of the tetraalkylammonium salts of the
[AI(OR")4] anions, a promising class of substances for the use in electrochemical applications
in non-polar solvents.

All subjects treated experimentally within this thesis have been accompanied by quantum-
chemical calculations.

Keywords: weakly coordinating anions, halocarbenium ions, Lewis acid-base adducts,

quantum chemical calculations



Zusammenfassung:

Im Laufe der letzten Jahrzehnte hat sich die Chemie der schwach koordinierenden Anionen
(WCAs, von engl: weakly coordinating anions) zu einem Gebiet entwickelt, das sowohl in der
Grundlagenforschung als auch in der angewandten Chemie von groflem Interesse ist, da diese
Anionen — im Gegensatz zu den ,,normalen® klassischen Anionen wie CI’ oderSO4> — einige
einzigartige und ungewohnliche Eigenschaften aufweisen. So sind sie beispielsweise gut in
unpolaren Losungsmitteln wie CH,Cl, oder Toluol l6slich, sie erzeugen ,,Pseudo-Gasphasen-
Bedingungen“ in kondensierter Phase und sind daher in der Lage, stark elektrophile Kationen
sowie schwach gebundene, niedrig geladene Komplexe zu stabilisieren.

Die vorliegende Doktorarbeit enthélt einige Beitrdge zur Chemie mit WCAs: Ausgehend von
quantenchemischen Rechnungen wurde die Stabilitdt der am hdufigsten verwendeten WCAs
untersucht, wobei als KenngréBen beispielsweise die Fluoridionen-Affinitit (FIA4),
Partialladungen und die Energien der Grenzorbitale verwendet wurden.

Eine Klasse der WCAs, die poly- und perfluorierten Alkoxyaluminate des Typs [AI(OR")4]
und [(R"0);A1-F-AI(OR");]” wurde dazu verwendet, um schwach gebundene Ag(P4S3) Lewis-
Saure-Base-Addukte zu untersuchen: Laft man Silbersalze der fluorierten Alkoxyaluminate
mit P4S; reagieren, erhélt man je nach verwendetem Anion verschiedene Strukturtypen. Zur
Aufklarung der Dynamik in diesen Komplexen wurden verschiedene spektroskopische
Methoden (IR, Raman, MAS-NMR, NMR in L6sung) und Rontgenbeugung eingesetzt.

Die ersten strukturell charakterisierten Trihalogencarbeniumionen CL;" wurden in Form von
Salzen verschiedener Aluminate dargestellt und vollstindig sowohl mit Hilfe
spektroskopischer Verfahren (z. B. NMR und Schwingungsspektroskopie) als auch durch
Einkristall-Diffraktometrie charakterisiert. Die Lewis-Aciditdten der Halocarbenium-lonen
wurden experimentell und theoretisch untersucht und mit denen der isoelektronischen
Haloborane verglichen.

Das NO,"-Salz des [Al(OC(CF3)3)4]-Anions wurde iiber eine Metathesereaktion dargestellt.
Es wurde anschlieBend mit P4 umgesetzt, um nackte Phosphorkationen (P, ") zu erhalten.

Ein letztes Projekt bestand in der Synthese und Charakterisierung der
Tetraalkylammoniumsalze der [AI(OR")4]™-Anionen, einer vielversprechenden Substanzklasse
fiir den Einsatz bei elektrochemischen Anwendungen in unpolaren Lésungsmitteln.

Alle experimentellen Ergebnisse, die im Rahmen dieser Doktorarbeit erhalten wurden,
wurden von quantenchemischen Rechnungen begleitet.

Schlagworte: Schwach koordinierende Anionen, Halocarbeniumionen, Lewis-Sdure-Base-

Addukte, Quantenchemische Berechnungen



2 Introduction

2.1 What Are Weakly Coordinating Anions (WCAs)? — A Definition

Until the late 70’s, the term “non-coordinating anion” was used when a small anion like a
halide was replaced by a bigger complex anion such as BF4, CF3SO;", ClO4", AlXs or MFg
(X =F-I, M =P, As, Sb, etc.). But with the advances in structure determination — mainly
when single-crystal X-ray diffraction became a routine method — it became obvious that also
these complex anions can easily be coordinated if only partnered with a suitable counterion),
and therefore, the term “non-coordinating” became evidently inadequate for these anions. In
the early 90’s, the expression “weakly coordinating anion” (WCA) was created, which more
accurately describes the interaction between those anions and their counterions, but already
includes the potential of such complexes to serve as a precursor of the "non-coordinated"
cation, i.e. in catalytic processes, and during the last decade, many efforts were undertaken to
finally reach the ultimate goal of a truly "non-coordinating anion". However, non-
coordination is physically impossible, but due to the importance of such WCAs both in
fundamental®™ and applied™ chemistry, plenty of new, also called “superweak anions”™®!
have been developed. [B(C¢Fs)]t, [Sb(OTeFs)s] ™ *, [CB;MesXe]™ ' or
[AI(OC(CF3)3)4] " '¥ are some of the most common examples of a new generation of rather

large and chemically robust WCAs.

When can an anion be considered to be a WCA? One criterion a WCA has to meet is certainly
its low coordinating ability, determined by the existence (and / or accessibility) of the
remaining most basic sites of the anion. In addition the total surface charge density of those
anions should be minimized with respect to the attraction of electron deficient species. Thus,
it follows that the ideal WCA should have at best a univalent negative charge, and should be
substituted by many electron withdrawing groups, over which the charge is dispersed. In most
cases this is achieved by using F-containing substituents that build a hardly polarizable
periphery. If a basic site, like the O atoms in the [AI(OR"),]” anions (R" = fluorinated alkyl
group), is hidden within the anion, its accessibility can be considerably reduced by using
bulky groups, which provide a very important additional kinetic stabilization. Since WCAs
are frequently used to stabilize very reactive electrophiles, they should only be constructed
from chemically inert moieties, as a very weakly coordinating anion is of only little use, if it
is unable to survive the attack of its reactive countercation. Apparently, this goal can be
achieved with various chemically robust ligands; however, the perfluorinated alkyl groups
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with strong covalent C—F bonds used throughout this work gave excellent results for this type

of chemistry.

2.2 Different Types of WCAs

Many different types of WCAs exist today, but all of them have in common that their
negative charge is delocalized over a large area of non-nucleophilic and chemically robust
moieties. The most popular WCAs are presented in this section. They are used in different
applications (see below), since important factors such as coordination ability, chemical

robustness, cost of synthesis and preparative accessibility vary with each application.

2.2.1 Borate-Based and Related Anions

Exchanging the fluorine atoms in the [BF4]" anion against Ph groups leads to the well-known
[BPhy] anion (its sodium salt is known as “Kalignost™), but this anion is still relatively strong
coordinating, and its Ph groups can easily be hydrolyzed!"®!. Therefore, it is better to attach
fluorinated groups like -Cg¢Fs or —C¢H3-3,5-(CF3), to the boron center, which results in the
anions [B(CsFs)s]""! and [B(ArF)4]” (with Ar" = C¢Hi-3,5-(CF3),)!'* '), which are frequently
used in homogenous catalysis’® as well as in other applications; salts of them are also
commercially available. To make these type of anions less coordinating and more soluble in
non-polar solvents, the ligands were then modified, which resulted in modified [B(ArF )a]
anions like [B((Ce¢H3)-3,5-(R"),)s]” (with RF = perfluorinated alkyl group, e.g. 2-C3F7, n-C4F3,
n-CaFo) !, [B(CeFu(CF3))aT "™, [B(CeFu(Si(Pr)s)al ™™™ ™, [B(CFa(SiMeyBu))l ™™ ™, or
[B(CsFa(C(F)(CeFs)) "

Another modification was the exchange of the Lewis acidic boron atom for aluminium or
gallium, but unfortunately both compounds are prone to hydrolysis and the aluminium anion

tends to be explosive!?'.

A further modification was more successful: the reaction of two equivalents of B(C¢Fs); with
a strong and hard nucleophile X (like CN'** ! NH, ") resulted in dimeric, bridged
[(F5Ce)sB(1-X)B(C¢F5)3], which are easy to prepare and surprisingly stable: The
[H(OEt,)2] [(F5Ce)3B(1-NH,)B(CsFs);]” can be stored at ambient temperature without the

formation of NH3[24].



The smallest anions in the series of fluorinated borates are [FB(CF3);]* and [B(CF3),] 22"
The latter one is very robust (stable against Na in liquid NH3 and against F;, in anhydrous HF),
and very weakly coordinating: under CO pressure its silver salt coordinates this weak Lewis
base to give a [Ag(CO)s]" complex®®!. In Figure 1, structures of some of the borate-based

anions addressed in this section are shown.

[B(CF3)s]  [FB(CF3)] [B(CeFs)a] [B(CsH3(CF3)2)4]

[(CeFs);:B(1-CN)B(CgFs)s] [(C6F5)3B(1-C3N2H3)B(CoFs)s]

Figure 1: Structures of selected borate-based WCAs.

2.2.2 Carborane-Based Anions

These anions are derived from closo-boranes by exchanging one boron with a carbon atom to
give [CB11H12]_[29] or [CB9H;¢]". Their negative charge is highly delocalized over the stable,
univalent polyhedral central moiety, and their exohedral B-H bonds are very stable; however,
both anions are prone to oxidation. It was shown that partial halogenation and methylation
leads to a reduced stability and also to lower coordination ability. These [CB1;H¢X¢] or [1-H-
CB11MesX] anions (X = CI, Br) developed by Stibr*” and Reed™ '*! emerged as one of the
most robust type of WCAs known today, e.g. it is possible to stabilize their free Bronsted

acid[m, the HsO," saltm], a free silylium jon* ], the two fullerene cations Cgo" and HC60+[34’
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35] +36]

, an approximation of the aluminium cation AlEt, as well as protonated benzene” and

toluenel*®!.

Other groups synthesized almost completely halogenated or partially methylated or
ethylated[3 % carboranates, e.g. [1-H-CB1X5Y¢] (X,Y = Cl, Br, I), [1-Me-CB;HsXs] (X =Cl,
Br, I) or [CB11Me)2]". Also the explosive pertrifluoromethylated [CB1;(CF3)2]" and the highly
fluorinated [1-R-CB, F;1]” (R = Me, Et) anions were prepared. The latter one is — according to
the 2Si NMR shift of its [Si'Pr3]®" derivate — the least coordinating carborane-based anion. In

Figure 2, the structures of some anions of this family are shown.

[CB1 HsClg] [HCB;MesClg] [1-Et-CBy Fo]

Figure 2: Structures of selected carborane-based WCAs.

Despite their chemical robustness, the carboranate anions are limited in applications, because

their synthesis is very expensive and time-consuming.

2.2.3 Alkoxy- and Aryloxymetallates

These metallate anions of the general formula [M(ORF)n]' and [M(OArF)n]' (RF = fluorinated
alkyl group, Ar" = fluorinated aryl group M = AI" Nb", Ta", Y" or La"™) are structural

alternatives to the fluorinated tetraalkyl- and tetraarylborates described in Section 2.2.1

(Figure 3).



[Nb(OCeFs)s] [AI(OC(CF3)3)]

Figure 3: Structures of selected fluorinates alkoxy- and aryloxy-metallate-based WCAs.

Compared to [B(C¢Fs)4]” and related borates, their salts are easily and safely accessible, even
in larger scales. With the [M(OC¢Fs),] anions, highly active catalysts for cationic
polymerization reactions can be generated!'” **). However, with Nb or Ta as a central atom,
these anions are prone to decomposition due to OC4Fs abstraction by cationic zirconocene

catalysts like [cp,ZrMe] ).

The substitution of OAr® for sterically demanding OR" moieties like OC(CF;)s,
OC(CH3)(CF3); or OC(H)(CF3), leads to the very stable and very weakly coordinationg
anions  [AI(OC(CF3)3)a] (= [pftb]), [AI(OC(CH3)(CF3),)] (=  [hftb]) and
[AI(OC(H)(CF3),)4]” (= [hfip])!'" %), Their donor-free naked Li* salts can be easily prepared
in 200 g scale within two days in 97% yield from commercially available starting materials.
In contrast to the easily hydrolized alkoyaluminates, the [pftb]” anion is stable in nitric acid!",
and also its Brensted acid [H(OEt,),] [pftb]” can be prepared in high yields!*'\. This stability
against hydrolysis was attributed both to steric shielding of the oxygen atoms by the bulky
C(CF3); moieties and to the electronic stabilization resulting from perfluorination. The
following relation between the Lewis basicity of the [AI(OR"),]” anions and the pK, value of
their parent acids HOR' is found: the pK, values of HOC(H)(CF3), (9.5) and HOC(CF5); (5.5)
are much lower than that of the non-fluorinated HO(CH3); (19.3), thus, the aluminate
[AI(OC(CH3)3)4] is a much stronger Lewis base than the fluorinated ones, which means that

it is stronger coordinating!'?.



A systematic analysis of the solid-state contacts of several silver salts of WCAs including
[B(OTeFs)s]” and [CB;;H¢Cls]” showed the [pftb] anion'' to be at least as weakly
coordinating as the [CBH¢Cls] anion, which claimed the title “least coordinating anion™?.
Also the adducts of several weak Lewis bases to the silver salts of [pftb], [hftb]” and [hfip]
have been prepared, such as of P4[42’ 43 ], P483[44], Sg[45] or C2H4[46], which revealed that with the
least basic anion of these three — the [pftb] — the cationic complexes do not coordinate to the

anion.

The [pftb] anion is not only very weakly coordinating, but also very robust: it is possible to
prepare for example its CI3+[47], PX,", PoXs", PsXy" (X =Br, I)[48’ 1 and AsBr4+[50] salts. But
the only disadvantage of this anions the fact that its most basic sites — the oxygen atoms — are
still accessible by small, highly electrophilic cations like PX," (X = CI, Br, D" °" or SiX;"
X=(, Br)[5 21 which then leads to the decomposition of the [pftb]” anion and the formation
of the fluorine-bridged [((CF3);CO);Al-F-Al(OC(CF3)3)] anion (= [al-f-al]").

2.2.4 Teflate-Based Anions

If the fluorine atoms in [BF4]” or [MFg] are not replaced by fluorinated alkyl or aryl moeties
(to give the borate-based anions described in section 2.2.1) or by fluorinated alkoxy or
aryloxy groups (to obtain the alkoxy- and aryloxymetallates in section 2.2.3), but by the large,
univalent OTeFs ligand, the teflate anions [B(OTeFs),] > and [M(OTeFs)s]” (M = AsY, Sbt™
1 Bi*, Nb®) shown in Figure 4 are obtained. In these robust WCAs, the negative charge is
delocalized over 20 or 30 fluorine atoms, respectively. The borate [B(OTeFs)s]” seems to be
less stable than the other teflates; it is prone to the loss of one OTeFs ligand in the presence of

SiR;" or even Ag' !,



[B(OTeFs),] [As(OTeFs)e]

Figure 4: Structures of selected teflate-based WCAs.

All teflate-based WCAs require the strict exclusion of moisture. Nevertheless, the borate,
arsenate and antimonate were used to stabilize complexes of weak Lewis bases like
[Ag(CO),]"* as well as electrophilic cations such as AsXy', SbX, " and CX5" (X = CI,
Br)*®,

2.2.5 AsFy, SbF¢ and Related Anions

These anions can be introduced to a system by metathesis with a M'[M"F] salt. However,
when working in very weakly basic media such as anhydrous HF, SO, SO,CIF or liquid
SbFs, it is often more convenient to use the strong Lewis acid MFs itself to form [MFg]
anions by F~ abstraction. With excess of MFs, also di-, tri- and tetrameric anions of the

general formula [MFsy+1] are formed (selected structures are shown in Figure 5. Of those,

the [As,F1;] anion has been known for a long time"”), but was only recently structurally
4160.61]

verifie

ik 4

[SbaFii] [SbsF 6] [SbaFai]

Figure 5: Structures of selected multinuclear fluoroantimonate-based WCAs of decreasing coordination power.



With the fluroantimonate-based anions, it was possible to stabilize highly reactive cations
such as Br, 1 and Xe,"®! as well as weakly bound adducts like [Au(Xe),]" (n = 1, 2641,
41l There are two problems associated with all fluorometallates, i.c. their extreme
sensitivity towards moisture and the tendency to form mixtures of different [M,Fsy+1]” with n

from 1-4, leading to severe difficulties in crystallizing their salts.

2.2.6 Triflimides and Triflides

Two other important classes of WCAs are the triflimides [N(SO.F),]" and [N(SO,CF»),]

[66, 67

(Figure 6) — derived from bis(fluorosulfonyl) amine I and bis(trifluoromethylsulfonyl)

amine'® — and the analogous triflides [C(SO,F)s]” and [C(SO,CF3)s], which are based on the

corresponding methanes!®®).

Figure 6: Structure of the [N(SO,CF3),] anion.

These very robust anions are stable in water'®’ and generate highly active catalysts for various
reactions, e. g. Diels-Alder reactions!'* 70], Friedel-Crafts acylations[m, and others!’>. But the
most successful fields of application of these WCAs are electrochemistry (e.g. in Li-ion

(73]

batteries””) or as electrolytest”"®) and ionic liquids!> " (see chapters 2.3.2 to 2.3.5).

2.3 Applications of WCAs

2.3.1 Stabilization of Weak Lewis Acid-Base Adducts and of Highly
Electrophilic Cations

WCA allow stabilizing highly electrophilic cations and weakly bound Lewis acid-base

adducts in condensed phase, so that it becomes possible to structurally characterize these

highly reactive species. Some of which were before only observed in the mass spectrometer

(MS) or as short-living intermediates in chemical reactions. A good example for such a
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cationic complex is the [AgPg]” cation, which was studied in the MS already in 1995%) but
the structure of which was not known. Initial quantum chemical calculations suggested a
[Ag(7'-P4)2]" geometry to be the global minimum!™! but only with the WCAs [pftb] and [al-
f-al] it was possible to obtain crystals, which revealed that the two P4 moieties coordinate
over an edge to the silver!*>* %%,

Other reactive cationic species stabilized by WCAs in the condensed phase were for example

the complexes [Ag(C2Ha)3]' " or [AuXe4]* 1, and electrophiles like CX;" (X = Cl, Br, D*"
%1 PX,', (X = F, CI, Br, % 5180811 ronsegi 820 o1 r(cp*),P] 18],

2.3.2 Catalysis

WCA salts can be successfully used in homogenous catalysis such as olefin polymerization
processes or hydrogenation reactions’ *!. Group-14-metallocene cations [cpM(Me)]” (M =
Zr, Ti) that are active catalysts for the Ziegler-Natta polymerization require a stable and
weakly coordination counterion. Generally, the strong Lewis acid and anion generator
methylalumoxane (MAO) is used, however trityl or tertiary ammonium salts of WCAs or
their parent Lewis acids generate very reactive and well defined catalysts when being reacted

with the metallocene™ *”! (see eq. 1 for exemplarily shown reactions).

cprZtMe; + [CPh3] [B(CeFs)s]m  —————> [cpyZtMe]" [B(CgFs)4]” + MeCPhs

eq. 1 cpaZtMe, + B(CgFs)3 > [cpyZrtMe]” [MeB(CFs);]

It has been found that the activity of the catalyst is higher the less coordinating the anion is:
[MeB(Ar" )s]” << [B(Ar")4] < [(Ar");B-X-B(Ar");]” < [(Ar" )3 Al-X-Al(Ar")s] (X =CN or 1, 3-

imidazolyl)#*- #6871,

Li" catalyzed reactions like Diels-Alder- or 1,4-conjugate addition reactions or pericyclic
rearrangements are traditionally performed in concentrated Li[ClO4] solutions™ **). “Naked”
Li salts of WCAs can replace this potentially explosive reagent and also allow running the
reactions in non-polar solvents like hexane or toluene. Some Diels-Alder reactions also use a
silver ion catalyst™. In a recent investigation it was shown that the air- and moisture stable
[Ag(PPh;)] [CBHeBrs] is the best catalyst for such reaction and is also very active when

only used in small amounts like 0.1 mol%""".
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2.3.3 Ionic Liquids (ILs)

Ionic liquids (ILs) are salts with melting points below 100°C. Usually they consist of organic
cations (e.g. unsymmetrically substituted imidazolium, pyridinium, ammonium or
phosphonium cations, but also a few ILs with inorganic cations are known) and mostly
(complex) inorganic anions like AICl4, but also WCAsPY. As these ILs are non-volatile,
polar, non-flammable and thermally stable, they are considered as “green solvents”, and they
are able to replace classical organic solvents in industrial processes such as Friedel-Crafts
reactions or Diels-Alder cycloadditions. In hydrovinylation reactions, the influence of the
anion in the IL was studied, and ILs with WCAs (for example [AI(OC(Ph)(CF3),)4] or
[B(CsH3(CF3)2)4]") were found to be most effective in enhancing the conversion®?. Also

some [AlI(OR" )4]'[12’ ) and carboranate® melts are known.

Recently, a method to easily determine the properties of ILs (like viscosity or conductivity)
based only on the volume of the consisting anions and cations was established®> %%, So it

becomes possible to “design” the IL which perfectly fits the requirements of a given process.

2.3.4 Electrochemistry

In electrochemical processes like cyclovoltamperometry (CVA) or cyclovoltammetry (CV),
which are usually carried out in non-aqueous media, [NR4] [A] salts (R = Me, Et, Pr, Bu; X =
BF4, PF¢, ClO4, CF3SOj57) are commonly used as supporting electrolytes[97]. However, the
generated oxidized species often react with the anions. Thus, new salts with a large
“electrochemical window” are required, i.e. salts which are stable against oxidation and
reduction. Besides, the ideal salts should be soluble in non-polar solvents like CH,Cl,. Both
requirements are fulfilled by quarterny ammonium salts of robust WCAs. [NBuy] [B(C4Fs)4]
and [NBuy] [B(C¢H3(CF3),)4]” have been reported both to be very stable and to effectively
solubilize the positively charged species formed in anodic processes”® *’). Also the

[100]

[F3P(C,Fs)3]" anion is now commercially available and it salts provide higher solubility

than the parent [PF¢] salts.

2.3.5 Lithium Ion Batteries

Lithium Ion Batteries commonly use Li[PF¢] as conducting salt in ethylene carbonate or

propylene carbonate. However, to further increase the possible battery current, more stable
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anions A’ that still generate highly conducting Li'[A] solutions are needed. To increase the
conductivity of the Li electrolyte, both size and coordinating ability appear to be important.
Therefore the ultimate Li'[A]  electrolyte should contain a very small but very weakly
coordinating WCA [A]". Additionally it should be non toxic, hydrolytically stable and easily
be prepared from cheap starting materials. Likely candidates are mainly communicated in the
patent literature and some of the recent small but robust candidates are [F4,B(CF3),]" (n = 2,

3, 9P [FeP(CEs)a] (n = 3, 4, 5!, [F3P(CoFs)s] 1", and [B(O-C(CF3),-C(CF3)-0),]
[102]

2.3.6 Extraction of Ln(III) Ions

Lanthanide ions Ln" can be extracted from HNO; solutions into an organic phase when
partnered with a suitable extractant. It has recently been found that the distribution between
the organic and the aqueous phase can be enhanced by orders of magnitude when the

extractant is added as its [B(CsH3(CF3)2)4] salt"®!. This anion can also be used for a selective

I I [104]

separation of Am from Ln" ions

2.4 Available Starting Materials

In Table 1, an overview of all known starting materials of the most common WCAs is given,
i.e. their Li", Ag", M", CPh;" H', [H(OEt,),]", [HL,]" (L = ligand) and ammonium salts. If a

field is marked with “-“, no simple preparation of this salt is known.

13



[P A20)s-¢-H%0)d] = O ) M (C5d°0)D
P20l = g () *4°20 PO ‘A = X Wim [(X7)ECA°D)D)-T 1-74°0] = ¥ (5, 210ZBPIuIZUdq PuUE J[OZEPILUIAYIAWIP-G*y = X OS[V () T T = U "912 “*4°) THN ‘[A[ozeprut * ND
se yons ‘puesi| oruol SUISpLq = X-17 ) 14 O ‘H =¥ ) *4D 9N ‘H = ¥ (,) ‘SPIMbI| o101 0] syes wnrjozeprut osfe <033 ‘Yd 1 O ‘H = ¥~ ¥ ( T4 [0 = X O ‘H =¥ ¢,

[8€1] - B - [6€1 “s¢€1] ser1 SO - [8€1] B @.T,N_m,_m:m_g
[een] [Lenl [Len] [Len] [eet] fee+SO - [eet] B @.T.Evﬁ_momU;
.:E%.U Ik | NM Tl
[eer “zet] [Ler“zel [zen] [zeT] [verl BN ogr-pe 50 [rer] [per-zer] [ter] @L x"g"'d0]
smgmozf “muwﬁm [s¢Le .
[v6] [8¢ ¢ *pe or] H O log1] w01l [6z1 ‘821l l6z1 ‘0cl+ SO - l6zi-Lz1] B E.H X4"'dD-H-1]
o BN
Lo 7(4D)d] [o7]
B B @lozl?’ B @iser sV SO | B [Cad)dl w40l Sejeloq 190
INETTE
Wyl N*H*D [ez &.ZU SQN:NZMIMU Ae.LAmm@Ome
) ) ‘v"HN . v "HN (s HN BN ) ) ez’ (X)-a* o]
[61 ,w::mwﬁz_m ?:smmov/:m
a0V ‘wd - - - R ANNIRAT 0 4 - - - LIS G, DY L ara°0)d]
[ezr 11l QammmzoO =11 [1z1] - [oz1] - [611] - (L] [Cro)d]
[s11] - TR - - for1-p111eN - h [p11] TECI) D]
‘ sOeL ‘QN

resf g BL o ::"r sl .

AN [ 1d “9S SV - - - e 151N ‘S [61:50:aS e AN ‘AS - [*CaeL0)N]
o T - Jop
s - - A 0BT A “BL ‘AN - - - 8T A “BL ‘AN L IvOIN]
- - B - [l - - - trrnzonIN [(a0)N]
- - - - (o] - - - (o1 L(Ivonvl
. [8o1 .

[e1] [or]OPW 1 dHL [1¥] - [601] le011+59 ‘901] [11] [o1-501 ‘21 ‘11] il f,movdﬁ
@A AN [L'(DH] [{®a0)H] H [fudD] N L 8V 1 VOM

‘[ATe pajeuLon[j = IV ‘[A3[e pajeuonyy = 3 -

s)es VO M Jo uoneredaid oy 10J sjeriojewt Sunies 9[qe[leA. oy} JO MIIAIOAQ ] dqeL



2.5 Theoretical Considerations on the Special Properties of WCAs

Why is it possible to stabilize highly reactive cationic species that have only been observed in
the gas phase, using a WCA as a counterion? In this section, the special properties of WCAs
will be explained using thermodynamic approaches like Born-Haber cycles (BHC) and
volume-based thermodynamics (VBT): that is to understand how the WCAs “work” and

which kind of cation-anion interactions occur in the solid state and in solution.

2.5.1 Lattice Enthalpies of WCAs

The most important value that influences the properties of any given salt (like its melting
point, solubility, etc.), is the value of its lattice enthalpy ApwH. By definition, A/ is the
enthalpy that is needed to separate one mole of the ions of a solid salt into its constituting ions
and to bring them to infinite separation. Since according to the empirically found Kapustinskii

140 the lattice energies AU are inversely proportional to the sum of the ionic

equation (eq. 2)!
radii (or volumes if the modified Jenkins equation (eq. 3)!'*" is used), the lattice enthalpies of
WCA salts are very low. In Table 2, the lattice energies U, of salts with different

thermochemical volumes Vi, are listed.

12000-n-z" -z~ 4. .
eq. 2 AU =- 000+n Zf z -(1— f Sj in kJ/mol!'"!
r'+r ro+r
eq.3 A, U=2"2 -n-(V“ - +ﬂ] in kJ/mol!"*"
therm

In eq. 2 and eq. 3, »' and # are the ionic radii of the ions, # is the number of ions in the

formula unit, z" and 2z~ are the charge of the ions, & and /3 are empirically found constants.
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Table 2: Thermochemical volumes (Ve in A?) and lattice potential enthalpies (AU in kJ/mol) of several
M'A salts.

Vinerm [A’] AraU [kJ/mol]
Li'F 27 1036®
Cs'F 43 740®
Cs'[AsFq] 128 568
Cs'[pftb] @ 776 362®
[Ag(Ss)a] Tpftb] 1169 326

@ experimental value!™*. ® calculated from the Vel -1 © [pftb] = [AI(OC(CF3)s)s] .

Compared to classical salts like LiF or CsF, in which a strong electrostatic field is created, in
the [pftb] salts the environment of the ions closer resembles the situation in the gas phase (or
to that of a molecular solid like Cep). Therefore, the electrostatic interactions between cations
and anions are minimized up to a point where they approximate gas-phase conditions or, more
precisely, where they resemble the interactions between the neutral species in a molecular
solid. This fact allows the stabilization of highly reactive gas-phase cations with WCAs owing

to the “pseudo gas-phase conditions” in the solid state.

2.5.2 Solubility and Solvation Enthalpies

Also in solution, the “pseudo gas-phase conditions” are present, since the solvation free
energy AswG in solution plays a similar role to ApyG in the solid state. A salt is soluble if
AsovG is larger than Aj,G (see Born-Haber cycle in Scheme 1), so AgissG becomes negative. If
the anion is very large, Aj«G is small; that’s the reason why WCA salts are generally soluble

even in rather non-polar solvents like CH,Cl, (¢= 8.93) or toluene (¢=2.2).
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Scheme 1: Born-Haber cycle for a soluble M"A” salt.

+ -
M solv + A solv

AsoivG, Which is depending on the dielectric constant ¢ of the solvent, can be calculated from

the Born equation (eq. 4):

2
cq. 4 A Gol[Ze Ny (1—1j
2\4-7w-g,r £

In this equation, z is the charge of the ion, e is the charge of an electron, N, is the Avogadro
constant, & is the dielectric constant of the vacuum and 7 is the ionic radius. From Figure 7, it
can be seen that the effect of decreasing the dielectric constant of the solvent on Ay G is

stronger for non-polar solvents.
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Figure 7: Plot of the free solvation energy Ay,,G calculated with the Born equation for a univalent ion with a

radius of 200 pm versus the dielectric constant of the solvent.

In Figure 8, these considerations are summarized: It can be seen that the solvation and lattice
energies decrease rapidly with increasing size of the ions. The shapes of solvation and lattice
energy curves differ: With increasing size of the anion the solvation energies relatively soon
reach a plateau region and remain almost constant while the lattice energy decreases more
steadily with increasing anion size. The less polar the solvent, the later the intersection of the
solvation energy with the lattice energy curve, which marks the change from insoluble to
soluble, is observed. This indicates that only very large anions X with a volume of larger than
approximately 890 A’ induce a sufficiently low lattice energy to dissolve salts A"X" in toluene
(dashed vertical line in Figure 8). In more polar solvents such as CHCI; or CH,Cl, the rough
minimum size of the anion has to be less, that is 120 A® or 60 A® (dashed vertical lines in
Figure 8). In agreement with this K[AI(OR)4] (Vierm = 762 A?) is slightly soluble in toluene
but K[BEs] (Viperm = 77 A%) only in CH,Cl,. Of course these values should not be taken
absolute and suffer from an exact evaluation of solvation effects, dispersion energies,
temperature effects etc.; however, the general trend holds: large WCAs lead to salts soluble in

low dielectric solvents that often are also soluble at very low temperatures.
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Figure 8: Plot of A, U and Ay, G (in different solvents with &€= 2.2 (toluene), 4.8 (CHCl;) and 8.9 (CH,Cl,)) of
a M'A’ salt versus its thermochemical Volume V. The ionic radius of the cation M" was kept constant at
roughly that of a K" cation (2.0 A), and the ionic radius of the anion was changed from very small (halide) to
very large (large WCA).

2.6 Limits of WCAs: Coordination and Decomposition

WCAs can be used for many different types of applications, but there are also two major
limits: coordination and decomposition. Given the right cation, all WCAs can coordinate with
its most basic site, like a chain breaking at its weakest link. Two prominent examples of such
a coordination are [SiR3]" and [AIR,]" cations (R = Me, Et, 'Pr), which decompose almost
every WCA. The exception are the halogenated carboranates and the heteroleptic aluminate
[F-Al(O(C(CF5)s]1*!, with which they form coordination complexes R3Si®"-WCA T 128, 1441
and RoAI*-WCA%ES (Figure 9). These species are called “ion-like”, because although they
are molecules, the Si-WCA resp. the AI-WCA distance in the solid state is rather long, and in

solution, there is some evidence that the properties of the cations are partially retained.
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d(SiBr) = 232.2 pm

d(AI-Br) = 258.1, 254 2 pm

R2A15+CB1 1H6BI'66- R3Si6+CB1 1H6BI‘65-

Figure 9: Molecular, ,,ion-like* coordination compounds.

Also other WCAs, like the widely used [B(C¢H3(CF3),)s]” anion, are prone to 77°, 77* or even
7° coordination of the aromatic ligands, if the countercations are highly electrophilic and

small enough to fit between the rings, like Rh' or Ag'.

The [SbyF;] anion can also be coordinated by a suitable electrophilic cation like Au* Thus,
upon evacuation of [AuXes]* [SboF 1], partial loss of Xe is observed, and the molecular

compound [AuXe,(Sb,F1),] containing coordinated [Sb,F ] ions forms (Figure 10).

d(Au-F) = 223.8 pm; 218.1 pm

[AIIXC4]2+[Sb2F1 1]_2 [Au(Xe)z(szFl 1)2]

Figure 10: Comparison of salt formation in [AuXe4]* [Sb,F,]> and ion coordination in [Au(Xe),(SbyF11),].
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Anion coordination can be the starting point for the degradation of the WCA provided that the
(may be only transient) countercation is reactive enough to induce the decomposition. Often
decomposition can be slowed down or even hindered by working at low temperatures. In
general the following rule can be applied: solid compounds are less sensitive towards
decomposition than WCA-salts in solution. But such decomposition reactions are not
necessarily a disadvantage, like the formation of the salt [(C¢Fs)Xe] [F2B(CsFs),] starting
from XeF, and B(CgFs);!'*!. Sometimes anion decomposition also opens the door to a new,
very promising anion. This has been the case for the [al-f-al]” anion, which was discovered
when reacting Ag'[pftb]” with SiX; or PX;3 (X = CL, Br)™ (Scheme 2).
2 AgAl(OR), + 2 PCl;4

l

AN
4 B
P,Cl5 [AI(OR),] PCl; + PCL*[AI(OR),] + AgCl, + Ag[AI(OR),]
CF; i
\ _O—AI(OR); .
1)
F\C/F
CaFy= 1§ [F-AI(OR)3]" + AI(OR); + CLLPOR + PCls + AgCli,) + Ag’ + C4F50
F3C/ \CF3 l
Ag'[(RO);AL-F-AI(OR);] + CL,POR + PCly + AgCly + C,F50
F
/
F— N J
C4F80 = (|::O Y
CF—€ l
CF,

Ag'[(RO);AI-F-Al(OR);]" + CLPOR + OPCl; + AgClq, + C4Fg

Scheme 2: Hypothetical mechanism for the formation of the [al-f-al] anion” (R = C(CF5)s).
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3 Relative Stability of WCAs — A Computational Study

One question that is still open to discussion is a reliable ordering of the relative stabilities and
coordinating abilities of all types of WCAs known today. Earlier attempts used the *’Si-NMR
shift of the Si(iPr);>"X® silylium ion pair (X = WCA) as a measure with shifts at lower field
indicating a higher cationic character of the Si(iPr);°" part which is an indication for a less
coordinating anion X%, However, inertness and coordinating ability of WCAs do not always
come hand in hand and, therefore, the reactive nature of the Si(iPr);°" part precludes the
investigation of many anions that else proved to be very weakly coordinating due to anion
decomposition (for example all fluorometallates and teflate based anions). A very recent

146]

publication by C. A. Reed ez al.l'"*" evaluates the N-H stretching vibration of a series of (n-

oct);N-H'[X]" ammonium salts in CCly solution (X = WCA) on the basis of the following
assumption: The higher the frequency of the stretching vibration, the less the anion interacts

18] This scale gives an ordering of

with the cation and the more weakly coordinating is [X]?
the relative coordinating ability of the WCA towards the (#-oct);N-H" cation in CCly solution.
To investigate the stabilities of fluorometallate anions such as BF4, MFs" (M = P, As, Sb,...),
the fluoride ion affinities (FIA4s) of their parent Lewis acids A, that are BF3;, MFs etc., were

estimated on thermodynamic grounds (eq. 5)!"*" "7,

AH = -FIA

>

eq. 5 Agag) + F-gas) AF gy

The higher the FIA4 of the parent Lewis acid A of a given WCA, the more stable it is against
decomposition on thermodynamic grounds. K.O. Christe and D. Dixon chose a computational
approach to obtain a larger relative Lewis acidity scale based on the calculation of the FI/4 in
an isodesmic reaction with [OCF;] and the experimental FI4 of OCF; of 209 kJ/molt*¥!,

11, 108, 149-152

Others used the same methodology! || Hitherto, this approach was limited to

relatively small systems.

In this study, an entirely computational approach has been chosen, in order to allow for a
comparison of the properties of very different types of WCAs, such as the fluoroantimonates
with the perfluoroarylborates. The structures of WCAs of type [M(L),]" (L = monoanionic
ligand), their parent Lewis acids A = M(L),.; as well as the A-F" = [F-M(L),.1]” anions were
optimized with DFT methods at the (RI-)BP86/SV(P) level. With these calculated data and

[ jsodesmic reaction: number and type of bonds are not changed.
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auxiliary (RI-))MP2/TZVPP, G2 and CBS-Q calculations, the thermodynamic stability and
coordinating ability of the WCAs was established based on the ligand affinity LA of the
parent Lewis Acid A = M(L),, the F/A of the parent Lewis acid A as calculated with Christe's
and Dixon's methodology!'**!, the decomposition of a given anion in the presence of a hard
(H", proton decomposition PD) and a soft electrophile (Cu’, copper decomposition CuD), the
position of the HOMO as well as the HOMO-LUMO gap and population analyses of the
anions providing partial charges for all atoms. All these calculations were done in the gas
phase. To include media effects the decomposition reactions of a subset of 14 WCAs with the
most simple silylium ion, SiMe;’, and the prototype of a metallocene catalyst for olefin
polymerization, Cp.ZrMe", were also calculated in the typically employed solvents Ph-Cl and
1,2-F,Cs¢Hs (COSMO solvation model). Figure 11 gives an overview of all larger WCAs

investigated in this study.

CeFs, X CoF5
- _ _ 2, D
CF CoH3(CFa).
| 3 TGFS TsHs CGF5>B/ \B<CSF5 6H3(CF3)2
B B B B
S W o N
X | ok, cors™ f e o f NCas 7/ \ (F3C)2CeH CeHa(CF3)z

FsC F

’ Cofs Cols S (F50)2CoHa

FC=CcF
X =F, OMe
F. /F\ F: F.
Fasr” sbs FsSb SbFy SbFs Fesv” \SbF4 F4Sb/ \SbF5
N AN
) 1 OTeF -
OC(CFa)3 (FsCHE0 o 5 OTeFs
Al (Fa(:)acon,,,\,A| Al B\ FsTeO/m,,,M.“\\\\OTer
- ——F——Al.y, )
(F3C)sCO™ l \OC(CF3)3 "I0C(CF3)s FsTeO™ l OTeFs FsTeO" | NVOTeFs

(F3C)sCO (F5C)sCO OC(CF3)3 FsTeO OTeFs

M = As, Sb

Figure 11: Overview of the larger WCAs investigated in this study.

3.1 Different Anchor Points for the Evaluation of Anion Stabilities

The size of the necessary computations with anions containing up to 87 heavy atoms
(excluding H) only allowed the use of DFT theory to establish the properties of these species.
To obtain data that is more reliable, the assessed quantities were calculated through isodesmic
reactions. If some parts of the calculations could not be done isodesmic, higher levels such as

MP2/TZVPP, G2 or CBS-Q were selected to obtain reliable values for these reactions.
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3.1.1 Anchor Point I: Direct Calculation of the FIA of AlLF¢ with G2 and CBS-Q

To obtain a reliable anchor point for the calculation of the FI4 of compounds with fluoride
bridges, the structures and total energies of AlF; (Dsp), AlFs (Tq), AlLFg (Dag), OCF, (Cay)
and OCF3™ (Csy) were calculated at the G2 and CBS-Q compound levels (Table 1; total
energies, structural parameters and comment in the appendix 12.2). For comparison, also the
MP2/TZVPP results are included. With these results, the standard enthalpies of reaction for
the formation of AIF4, and AlLF; from AlF;, 2 AlF; and Al,Fg were calculated. For

(1531 " also the standard enthalpies for the reaction of the

comparison with experimental data
formation of ALLF; from AlF; and AIF4 as well as the dissociation of AlFs giving 2 AlF;

were assessed (Table 3).

Table 3: Standard enthalpies of reaction AH° and reaction energies AU(0K) for the formation ALF; and related
species in kJ/mol. Experimental enthalpies of reaction AH® for entries a) and b)!'>*\. Fluoride ion affinities of
AlF;, 2 AlF; and AL F¢ in kJ/mol.

Reaction Experimental AU(0K) AH® AH®

values"™  (MP2/TZVPP) (G2)  (CBS-Q)
(a) Al,Fg — 2 AlF; 215 205.8 210.4 201.5
(b) AIF4 + AIF; > ALF; -208@ 2243 2280  -226.1
(c) Al,Fs + OCF;” — ALF; + OCF, - -291.8 -286.7  -294.1
(d) 2AIF; + OCF5” — ALF; + OCF, - -497.6 -497.1  -495.6
(f) AIF; + OCF5” — AlFy + OCF, - 2733 269.1  -269.5
(g) |AH(Eq. ¢)| + 209® = FIA(AlLFe) - 500.8 495.7 503.1
(h) |AH(Eq. d)| +209® = F14(2 AlF;) - 706.6 706.1 704.6
(i) |JAH(Eq. )| + 209® = FIA(AIFs) - 4823 478.1 478.5

@ This value is not very reliable because the error bars for the experimental standard enthalpies of formation of

AlF, and ALF; are quite large (+ 100 and + 15 kJ/mol). ® The FI4 of OCF, is 209 kJ/mol.

The calculated reaction enthalpies/energies with all three methods are very similar and differ
by a maximum of 9 kJ/mol (entry (a) in Table 3), and the correlation with the available
experimental data is good. By addition of the FIA of OCF, of 209 kJ/mol"*® to the
enthalpies/energies of entries (c)-(¢) in Table 1, the Fi4s of AlFs, 2 AlF; and Al,F¢ were
obtained (entries (g)-(i) in Table 3). The FIA of AlF; of 478 to 482 kJ/mol is in very good
agreement with that obtained by the simpler BP86/SV(P) level (467 kJ/mol) which was used
for the assessment of the F1A4s of the parent Lewis acids of the larger WCAs above.
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The average of the Fids of 2 AlF; (705 kJ/mol) and Al,Fs (500 kJ/mol) calculated by the
most reliable G2 and CBS-Q levels will be used for the evaluation of the FI4 of compounds

with fluoride bridges as described below.

3.1.2 Anchor Point II: Direct Calculation of the LA of [F;Al-L]" with
MP2/TZVPP and other Methods

For the reliable evaluation of the ligand affinity L4 of a WCA [M(L),]’, the structures of the
free ligand [L] and its AlFs-complex [F3;Al-L] were calculated at the BP86/SV(P),
B3LYP/TZVPP and at the MP2/TZVPP level. As seen in the preceeding section, the
MP2/TZVPP, G2 and CBS-Q calculations for the aluminium fluoride species agree within 5
kJ/mol. Since the size of the compounds calculated in this section is prohibitive for the
application of compound methods such as G2 and CBS-Q, the MP2/TZVPP method as the
best applicable level that gives reliable results has been chosen. To check the quality of the
calculations, also the BP86/SV(P) and selected B3LYP/TZVPP results are included in Table

4. Next the energies AU(0OK) of the reaction in eq. 6 were calculated at these three levels.

AU=7?

[F3A1-L]_ > AIFS (gas) + L_(gas)

eq. 6 (gas)

Table 4: The reaction energies AU(0 K) of the dissociation of [F;Al-L] to give [L] and AlF; (eq. 6) at the
BP86/SV(P), B3LYP/TZVPP and the MP2/TZVPP level (L = OTeFs, C¢Hs, C¢Fs, CcH3(CF3),, CF3;, OCHs,
OC(CF3)3). Values are given in kJ/mol.

L= BP86/ SV(P) B3LYP/TZVPP MP2/TZVPP
[CeHs] 433 - 425
[CFsT 321 298 315
[CeH(CF3)a] 395 - 380
[CFs] 406 355 344
[OC(CF3)s] 331 298 321
[OCH;] 472 - 475
[OTeFs] 248 251 273

Generally, the agreement between the BP86/SV(P) reaction energies and the MP2/TZVPP
values in Table 4 is good and within less than 25 kJ/mol. The same holds for the B3LYP vs.
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the MP2 values. The only exception from this notion includes the [CF3] anion. For the correct
energetic description of this species, with the highest relative fluorine content of all [L] in
Table 4, the delocalization of the negative charge is presumably very important. This requires
more flexible basis sets than SV(P) as used for the BP86 calculation and, consistently, the
B3LYP and MP2 values with the larger TZVPP basis agree within 11 kJ/mol. Therefore, if
the reaction energy with [L] = [CF;]” was calculated at the BP86/TZVPP level, it decreases
from 406 kJ/mol (SV(P)) to 349 kJ/mol well within the range of the MP2 (344 kJ/mol) and
B3LYP (355 kJ/mol) values. Thus it follows that reaction energies for non-isodesmic
reactions with the flexible TZVPP basis are more reliable. Since, to our experience and as
shown in the preceding section, the MP2/TZVPP level gives better geometries and energies
than the B3LYP/TZVPP level™® !, the MP2/TZVPP values in Table 4 were chosen as the
anchor point for the calculation of the ligand affinity L4 below.

3.1.3 Concepts to Analyze the Stability and Coordinating Ability of a WCA on

Computational Grounds

With the following reasonable suggestions the relative stability and coordinating ability of the

WCAs were compared:

1) All anions that are based on a Lewis acidic central atom are prone to ligand abstraction as a
decomposition reaction'*. A measure for the intrinsic stability of a given WCA is the Lewis
acidity of the parent Lewis acid A, that is, the B(C¢Fs); acid for the [B(CgFs)4]” anion. A
firmly established measure for Lewis acidity is the fluoride ion affinity F/A calculated

through an isodesmic reaction (eq. 7):!"**!

isodesmic
A+ OCFy” » AF + OCF,
(RDBP86/SV(P)
OCF, + F~ : > OCF5y
experimental value
i -AH = FIA _ i
eq.7 A+F > AF

27



1481 scheme and all FIA values

The calculation of the FIAs was done according to this known!
of the parent Lewis acids A of the WCAs examined are included in Table 7. The previously
established!*® anchor point for this scale is the experimental FI4 of OCF, of 209 kJ/mol. The
higher the F7A4-value of A, the more stable is the respective WCA against ligand abstraction.

For comparison, the FIAs calculated"*! by Christe and Dixon are included in Table 7 below.

The approach as in eq. 7 works very well as long as the WCAs do not include fluoride
bridges. In this case the reactions are non-isodesmic and, therefore, additional calculations
had to be performed to allow for a reliable evaluation of the FIA4 of the parent Lewis acids of
these WCAs. To evaluate the F/4 of SbyFs, (n = 2, 3, 4) giving the fluoride bridged anions
[SbyFsn1] (n =2, 3, 4) the FIA was calculated by two separate calculations:

e The FIA of the doubly fluoride bridged Al Fs (Day), giving the singly fluoride bridged
ALF7 anion, was calculated based on the average of G2 and CBS-Q calculations as
500 kJ/mol. This step is non-isodesmic, but the G2 and CBS-Q levels are reported!'>¥
to reproduce experimental values with a uncertainty of less than 8 kJ/mol lending

credibility to these values.

e FlIAs of SbyFs, (n =2, 3, 4) were then calculated in an isodesmic reaction of Al,F; and
Sb,Fs, giving Sb,Fs,+1” and Al,F¢ by adding the reaction enthalpy of the latter reaction
to the FIA4 of AlLF¢ of 500 kJ/mol, i.e. for SbyoFi;™ (eq. 8):

isodesmic
SbyFg + ALF;, > Sb,F ;" + Al,Fg
(RI)BP86/SV(P)

non-isodesmic
Al,F¢+ OCF5” > Al,F; + OCF,

(G2 + CBS-Q)/2

OCF, + F . > OCFy
experimental value

_ AH=FIA _
eq. 8 SbyFio+F > SbyFy;

28



Similarly the FIAs of [(RO);Al-F-Al(OR);]" and [(F4Ces(1,2-(B(CgFs)2).F] were
assessed in isodesmic reactions of ALLF;” and the Lewis acids 2 AI(OR); and F4Ce(1,2-
(B(C¢Fs),), giving 2 AlF; and the fluoride bridged anion. From this reaction energy
and the FI4 of two AIlFs - calculated based on the average of G2 and CBS-Q
calculations of -705 kJ/mol — the FIA of 2 Al(OR); and F4C¢{1,2-(B(C¢Fs)2}2
followed, i.e. for [(RO);Al-F-Al(OR);] (eq. 9):

isodesmic
2 AI(OR); + ALLF; »  (RO);Al-F-AI(OR);™ + Al,Fg

(RI)BP86/SV(P)

non-isodesmic
Al Fg + OCFy > Al,F; + OCF,

(G2 + CBS-Q)/2

OCF, + F : > OCF;y
experimental value

-AH = FIA
2 Al(OR); + F- >  (RO);AI-F-AI(OR);)

eq.9

2) Additionally, the ligand affinity LA4 of all types of WCAs was also directly assessed. The

LA is the enthalpy of reaction necessary to remove the anionic ligand [L] from the anion

[M(L)a] (eq. 10):

-AH =LA
M(L), ~ ML), +L

eq. 10

The LA was partitioned in two parts: the first was an isodesmic reaction that also allowed
calculating reliably very large systems with the DFT level BP86/SV(P). The second reaction
contains much smaller species, however, is non-isodesmic. Therefore, the computationally
much more expensive but also more reliable MP2/TZVPP level was selected to assess the

second part. The LA was then obtained by a simple addition of the two equations (eq. 11).
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isodesmic

M(L),” + AlF; > M(L), + F3ALL
(R)BP86/SV(P)
non-isodesmic
F3;Al-L” > AlF;+L°
MP2/TZVPP
) -AH =LA )
M(L), > M(L),, +L

eq. 11

The LA is always endothermic and the higher the positive LA4-value in Table 7, the more
stable is the WCA versus a ligand abstraction. However, a word of caution is needed here:
The LA also reflects the stability of the generated [L] anion. Thus, if [L] is stable such as [L]
= [OC(CF»)3] or [OTeFs], the LA is relatively low compared to less stable anionic ligands
such as [L] = [C¢Hs] or [CcH3(CF3),].

3) To assess the stability of a WCA towards an attack of a hard or soft electrophile and to
eliminate the contribution of the intrinsic stability of [L] in 2), the isodesmic decomposition

reactions of [M(L),]” with H' (hard, eq. 12) and Cu" (soft, eq. 13) were calculated:

AH = PD

Y

M(L), +H" M(L),., + HL

eq. 12

AH = CuD

Y

M(L),” + Cu* M(L),.; + CuL

eq. 13
PD stands for proton-decomposition (eq. 12) and CuD for copper-decomposition (eq. 13). PD
and CuD allow drawing conclusions on the stability of a given WCA of type [M(L),]" upon
reaction with a hard (H', PD) or soft (Cu’, CuD) electrophile. Since a gaseous anion and a
gaseous cation react in eq. 12 and eq. 13 giving two neutral species, PD and CuD are both
exothermic. The less negative PD- and CuD-values in Table 7 are, the more stable the WCA
is against electrophilic attack. For gas phase acidities of neutral Brensted acids including

H[CBF5] see reference 155.
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4) The energy of the HOMO of a WCA relates to its resistance towards oxidation. The lower
the HOMO energy, the more difficult it is to remove an electron and thus oxidize to the

WCA.

5) The HOMO-LUMO gap in Table 7 can be associated with the resistance of an anion
towards reduction, and the larger the gap, the more stable the anion is with respect to
reduction. Very small gaps such as those for [SbsF2;]" or [As(OTeFs)¢] are an indication of
the potentially oxidizing character of these anions that may interfere with countercations

sensitive towards oxidation.

6) As a measure for the coordinating ability of an anion the partial charges of the most
negatively charged atom (gne,) as well as the most negatively charged surface atom (gsur) are
collected in Table 7. It is clear that low charges are an indication for low coordination ability.
However, steric effects may also be of importance and the most basic atoms may be hidden in
the center of a large WCA and are, therefore, not available for coordination. In this case the

charge of the most basic accessible surface atoms g, appears to be a better measure.

3.1.4 Reactions with SiMe;" and cp,ZrMe"

To illustrate the meaning of the abstract figures such as FIA, LA, PD and CuD, the reactions
of the examined anions with two very common reactive counter cations have explicitly been
calculated: SiMe;" as the most simple organometallic silylium ion and Cp,ZrMe" as the
prototype for all zirconocene-based olefin polymerization catalysts. To account for effects of
the reaction medium, the respective solvation enthalpies with the COSMO model at the
BP86/SV(P) level was also calculated. The total energies and COSMO solvation energies for
SiMe;", Cp,ZtMe", L-SiMe; and Cp,Zr(Me)L in Ph-Cl, &= 5.69, and 1,2-F,C¢Ha, &= 13.38
as solvents are included in the appendix (12.2). Since two ions react with formation of two

neutral molecules, solvation effects are crucial for the sign of the decomposition enthalpy.

3.1.4.1 Reactions with SiMe;"

The free SiMe;' cation is unknown in condensed phases, however, its arene adduct is
accessible. Free simple SiR;" (R = Me, Et,...) silylium ions either coordinate or decompose
the counterions. The only structurally characterized example of a free and truly tricoordinate

silylium ion is the bulkier substituted Si(Mes);" cation (Mes = 2,4,6-Me;CsH,) partnered with
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the [CB,;ClsMesH] anion"?. However, it is known that this cation is also moderately stable
with the [B(C¢Fs)4]” anion. For an overview on the literature before 1998 see references 2 and
156. With this background, it is instructive to analyze Table 5 in which all reaction energies in

the gas phase and in solution according to eq. 14 are collected.

o AH =7 )
M(L), + SiMe; >  M(L),.; + L-SiMe;

eq. 14

Table 5: Reaction energies in the gas phase and in solution in PhCl, (¢ = 5.69) and 1,2-F,C¢H,4, (£ = 13.38)
according to eq. 14.

Anion ArUgas ArUpnci AUn2-pycgH,
[BE4] -622 272 210
[PF] -566 228 -168
[AsFe] -534 -203 -145
[SbFe] -471 -164 -109
[SboF 1 ] -437 -149 98
[SbsFi6] -404 -140 -93
[SbsFa] -402 -145 -100
[B(OTeFs)s] -404 -157 -114
[As(OTeFs)q] -388 -144 -102
[Sb(OTeFs)s] -337 -94 -52
[AI(OR),] -400 -142 -96
[(RO);Al-F-AI(OR);] ® 301 (-379)® -65 23
[B(CgFs)a]” -488 232 -187
[B(CF3)a] -348 -49 +5

@R = C(CFs)s, ® kinetic (thermodynamic) value, i.e. Isomer I (Isomer IT) of AL,(OR)sF (see appendix section
12.2).

Since the number of particles on each side of eq. 14 is the same, entropy is not expected to
change the reaction energies. All anions except for the smaller [B(CF3)4]" in the most polar
solvent 1,2-F,C¢H,4 are incompatible with the reactive SiMe; " cation. However, for [B(CF3)4]
other decomposition pathways were described and it is now known that this WCA is not

compatible with silylium ions!"",
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3.1.4.2 Reactions with Cp,ZrMe"

To achieve living polymerization and a high catalytic activity, the zirconocenium catalyst
should be long lived, and thus many efforts were made to keep the anion out of the active site
of the cationic catalyst'® . The reactive Cp,ZrMe" cation certainly is the prototype of these

kind of catalysts* *!

, and therefore it is important to understand whether the stability of the
mainly used [B(C¢Fs)4] and related WCAs is thermodynamic or kinetic and how other types
of WCAs compare to the [B(CgFs)4]” anion. Therefore, the decomposition as in eq. 15 was

analyzed in Table 6.

AH =7?
M(L), + Cp,ZrMe" > M(L),.; + Cp,Zr(Me)L

eq. 15

Similar to eq. 14 the number of particles on both sides of eq. 15 is the same and, therefore,

entropy is not expected to change the reaction energies.

Table 6: Reaction energies in the gas phase and in solution in PhCl, (¢ = 5.69) and 1,2-F,C¢H,4, (¢ = 13.38)
according to eq. 15.

Anion ArUgas ArUph-ci AUr2-pycgH,
[BE4] -542 215 -155
[PFe] -486 -170 -113
[AsFe] -454 -146 -90
[SbFe]" -391 -106 -55
[SboF 1] -356 -92 44
[SbsFi6] -324 -83 -39
[SbsFa] -322 -88 -45
[B(OTeFs)s] -346 -117 -76
[As(OTeFs)s] -330 -104 -64
[Sb(OTeFs)s] -279 -55 -14
[AI(OR),] -347 -107 -63
[(RO);Al-F-Al(OR);] ® -249 (-171)® -30 +10
[B(CeFs)a] -353 -118 -75
[B(CF3)4] 214 +64 +115

@R = C(CF5)3, ™ kinetic (thermodynamic) value, i.e. Isomer I (Isomer IT) of AL(OR)sF (see appendix section
12.2.
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From Table 6 one notes that Cp,ZrMe" is less electrophilic than SiMe;". However, the
majority of the solution decomposition reactions are still exothermic thus showing that the
stability of catalyst for example with the WCA [B(C¢F5)4] is kinetic. The formation of a Zr-C
bond appears to be less favorable than that of a Si-C bond and thus WCAs in which a Zr-C
bond is formed during the decomposition (i.e. [B(C¢Fs)4]’, [B(CF3)4]) perform much better
than in the reaction with SiMe;". Still there are other easily accessible WCAs such as

[AL(OR)4] which have the same stability as those most frequently employed (i.e. [B(C¢Fs)4]).

3.2 The Stability and Coordinating Ability of the WCAs Based on LA,
FIA, PD, CuD, HOMO-Level, HOMO-LUMO-Gap and Partial
Charges.

3.2.1 Investigations in the Gas Phase

(21.53. 158 191 and hydrolysis are frequently observed decomposition

Ligand abstraction
pathways for WCA's and, therefore, the computational approach to calculate L4, PD and CuD
mimics experimental observations. Examples for ligand abstraction include reactions of
SiPh;" with [B(OTeFs),]**! and the dissolved [Me(PhsP),Pt-OEt,] [B(Ar")] salt (Ar" =
C6H3(CF3)2)[158]; also the B(C¢Fs)s anion rapidly degrades in the presence of A1R2+[21],
RZn'""* and H' ions (R = Me, Et) if no donor solvent is present (i.e. OEt,). However, by
calculations only the underlying thermodynamics can be assessed, kinetic barriers against
decomposition may additionally stabilize a given WCA (see Al,(OR)sF structure below). Also
other decomposition pathways than ligand abstraction may occur; this was recently shown for
example for the [B(CF3)s]” anion ' 1. The data included in Table 7 may not be taken
absolute; however, since the same methods were used for all computations, relative trends
will definitely be correct. For the carborane-based anions, the FIA4, LA, PD, and CuD cannot
directly be assessed and, therefore, these WCAs were excluded from this approach. All

calculated values are collected in Table 7:
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Table 7 reveals the outstanding capability of the WCAs [SbsF 6], [SbaF2i] and [Sb(OTeFs)s]
to stabilize highly oxidizing cations even in anhydrous HF (see F/4, PD, HOMO-level). This
stability versus oxidation has to be traded in for sensitiveness against reduction (see gap in
Table 7). Moreover, the fluoroantimonates and teflate anions are extremely moisture sensitive
and decompose in the presence of traces of water in glassware with autocatalytic formation of
HF that reacts with SiO, to form SiFs and H,O, which re-enters the cycle. This sensitivity
towards moisture allows the use of these WCAs only in a few laboratories worldwide. In
terms of coordinating ability, those WCAs are more coordinating than others (compare gpqs.

and q sur/ﬁ)-

For the borate based-anions it becomes obvious from Table 7 that fluorination greatly
increases the thermodynamic stability of all fluorinated borates compared to the non-
fluorinated [B(C¢Hs)4]" anion (see FIA, LA, PD, CuD, HOMO-level, gap). The differences
between the commercially available [B(CgFs)4]” and [B(C¢H3(CF3),)4]” WCAS are small, but,
bridged borane-based anions such as [(F4Ce{1,2-(B(CsFs):}2X]” (X = F, OMe) are even more
stable WCAs. Of all borates, the novel [B(CF3)4] anion is the the most stable with respect to
the examined decomposition pathways. However, an experimental investigation of other

decomposition pathways has already been described!'*!),

The stability of the perfluoroalkoxyaluminate [Al(OR)4]" (R = C(CF3)3) with respect to FIA,
PD, CuD, HOMO-level and gap in Table 7 is remarkable and higher than that of all borates
except the [B(CF3)4]” anion which has comparable values. The [Al(OR)4]” anion comes even
close to the oxidation resistance and low PDs of the fluoroantimonates and is in part even
better than the teflate-based anions. In contrast to the latter two types of anions, the synthesis
of the perfluoroalkoxyaluminate [AI(OR)4] is straightforward and may be performed in
conventional inorganic laboratories all over the world. This shows the great prospect of this
special type of anion for chemistry. An even better choice would be the fluoride bridged
[(RO);AI-F-Al(OR)3] anion, which is among the best WCAs according to each entry in Table

49, 51 .
-1 However, a direct

7, but this WCA was long known only as a decomposition product!
synthesis of a silver salt of this WCA has recently been established™ (for other new,

fluorine-bridged aluminates, see reference 160.
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3.2.2 Inclusion of Solvation Enthalpies

Silylium and zirconocenium ion chemistry are two prominent examples for the application of
WCAs to stabilize reactive cations. To compare the relative stabilities of the examined WCAs
like [M(L),]’, their decomposition reactions with SiMe; " and Cp,ZrMe" as reactive counterion
in the gas phase and in solution (PhCl and 1,2-F,C¢Hy, see eq. 14 and eq. 15 above) were also

investigated.

3.2.2.1 Gas Phase Values vs. (calculated) Solution Values: Are Solvation Energies
Necessary to Evaluate the WCAs?

In this section, it is investigated how far the gas phase data in Table 7 can be transferred to

reactions taking place in solution. To illuminate this point the solvation reaction energies 4,U

of eq. 14 and eq. 15 in PhCl and 1,2-F,C¢H4 were plotted against the F14 of the respective

WCA in the gas phase (Figure 12).
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Figure 12: Reaction energies AU of eq. 14 and eq. 15 in Ph-Cl and 1,2-F,C¢H, against the F/4 of the respective
WCA in the gas phase. The lines represent the best linear fit for each set of data.

Figure 12 shows that roughly a linear relationship exists between the F74 in the gas phase and
the reaction energies A,U in solution. This is taken as clear evidence that the results obtained
from gas phase calculations (i.e. those in Table 7) may be used to extract meaningful answers
for reactions actually occurring in solution. The only exception from this notion is found for

the relatively small [B(CF3)4] anion (see below for reasons).
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3.2.2.2 Relative Stabilization by Solvation

The extent to which a reaction is stabilized by solvation enthalpies is analyzed in Figure 3.
Here the stabilization A(A;U) of the gas phase reaction by solvation enthalpies in the most
polar solvent 1,2-F>C¢Hy (i.e. AAU) = AUgas - ArU1,2-F2c6H 4) was plotted against the number
of the atoms of the anion. The number of the atoms of an anion is taken as a measure of its
size and thus also for the absolute value of the solvation enthalpies which are roughly

inversely proportional to the ionic radius (i.e. see the simple Born equation). Thus, reactions

with smaller anions are expected to be relatively more stabilized by solvation enthalpies than
those with larger anions (Figure 13).
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Figure 13: The stabilization A(AU) = AUy, - AU, 2-F,Cely of the gas phase reaction by solvation enthalpies in
the most polar solvent 1,2-F,C¢Hy plotted against the number of the atoms of the anion.

For small anions such as [BF4] or [PFs] the stabilization A(AU) is large and may approach
400 kJ/mol; with increasing anion size, the relative stabilization decreases quickly to about
250 to 300 kJ/mol. Remarkably, starting from an anion size of about 25 atoms, the
stabilization by solvation remains almost constant and only adds a constant value to the gas
phase reaction energy. This may also be seen from Figure 14 and Figure 15, in which the gas

phase and solution reaction energies of eq. 14 and eq. 15 are plotted for all WCAs.
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From the preceding, the following conclusions can be drawn:

1) For larger WCAs exceeding about 25 atoms, the most important input for the stabilization
of a reactive cation in a given solvent is its stability against ligand abstraction. To assess the

anion stability also gas phase values such as /14, PD or CuD may be used.

2) The best resolution for stabilizing a given reactive cation would be a very small WCA that
is very stable against ligand abstraction and very weakly coordinating to exclude the
competition with anion coordination. Probably one of the best compromises in this respect is

(51 other decomposition reactions of the latter anion

the [B(CF3)4]" anion; however, recently
were found, leading to the conclusion that this anion is not as ideal to stabilize reactive cation

as may be anticipated from the data in Table 7.

3.2.3 Prediction of Reactions

Especially the F/4 and LA4 in Table 7 are valuable tools for the prediction of the outcome of

hitherto unknown reactions.

3.2.3.1 Application of the LA: Assessment of the WCA-Stability in the Presence of a
Target Cation

With some small extra calculations or estimations, the LA in Table 7 may also be taken to

assess the stability of a WCA in the presence of a reactive target cation. Let us consider the

carbene analogous PCl," cation as an example for any desired reactive target cation and the

[AL(OR)4]" WCA as the counterion (i.e. the decomposition as in eq. 16).

eq. 16 PCL," + [AI(OR),] »  ROPCI, + AI(OR);

The first step is to calculate the target cation and the neutral resulting from the reaction of the
cation and the anion, i.e. PCl," and RO-PCl,. If the (affordable) BP86/SV(P) level is chosen,
one may use eq. 16 and the total energies of [AI(OR)4]" and AI(OR); given in this study to
directly calculate the (isodesmic) gas phase reaction energy of eq. 16 (which is -447 kJ/mol).
However, if other, for example higher correlated methods shall be used, the next step is to

separate eq. 16 in two parts (eq. 17 and LA4):
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AU =-798 kl/mol
PCl," + OR" > RO-PClL,

LA =342 kJ/mol
[AI(ORYT > RO+ Al(OR);

AU = -447 kJ/mol
eq. 17 PCl," + [AI(OR),] »  ROPCI, + AI(OR);

The first part of eq. 17 may be calculated directly, however, more accurate is an isodesmic
route. Adding up the first reaction in eq. 17 and the LA gives the desired gas phase reaction
energy of eq. 16 as -447 kJ/mol. Thus, with two relatively small calculations and the data
from this study, the stability of the 18 WCAs collected here with a desired target cation in the
gas phase can be checked. eq. 16 contains two particles on both sides, so that entropy may be
neglected. However, since two ions react forming two neutrals solvation should be taken into
account. Thus, to examine if the salt PC12+[A1(OR)4]' is stable in PhCl or 1,2-F,C¢H,4 solution,
the COSMO solvation enthalpies of PCl," and RO-PCl, have to be calculated at the
BP86/SV(P) level. Together with the COSMO solvation enthalpies of [AI(OR)4]" and AI(OR);
included with this study the solution stability of eq. 16 was assessed in a next step. As
expected, solvation greatly stabilizes eq. 16 in Ph-Cl by 291 kJ/mol and in 1,2-F,C¢Hy4 by 343
kJ/mol; however, in both solvents the decomposition is still considerably favorable (by -157
and -104 kJ/mol). This correlates well with recent experiments showing that the PCl," cation,
generated from Ag'[AI(OR)4]” and PCls, completely decomposed the [AI(OR),] anion?.
However, the analysis for the fluoride bridged [(RO);Al-F-Al(OR);]" as WCA in eq. 17 shows
that the gas phase reaction is only unfavorable by -348 kJ/mol and taking solvation into
account by -31 kJ/mol in the most polar solvent thus suggesting that the PCl," cation may be

marginally stable in a low temperature solution with this WCA.

3.2.3.2 Estimating the Success of a Fluoride Ion Abstraction Reaction: The Synthesis of
FCO'[X] as a Target Salt

With the FiAs collected in Table 7, fluoride ion abstraction reactions may be planned. One
likely candidate for such a reaction is the formation of a OCF" salt from OCF, and a Lewis
acid. As example in eq. 19, the M(OTeFs)s Lewis acids (M = As, Sb) were selected, which -
although the antimony representative is very unstable and by no means a compound in the
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bottle - are the strongest monomeric Lewis acids known (cf. Table 7). Also eq. 18 contains

two particles on each side of the equation and, therefore, entropy is not important.

eq. 18 M(OTCF5)5 + FzCO > FCOJr + F-M(OTer)S_

AU =-593/-633 kl/mol
M(OTer)S +F° L F-M(OTer)S_

AU = 1076 kJ/mol
F,CO > FCO"+F

AU = +483 / +443 kJ/mol
eq. 19 M(OTeFs)s + F,CO > FCO" + F-M(OTeFs)s”

The reaction energy of the second reaction in eq. 19 is most accurately obtained by an
isodesmic reaction and with the small effort of calculating OCF’, OCF, and OCF5 as well as
taking the FI4 of M(OTeFs)s included in Table 7 one can estimate that eq. 18 is unfavorable
in the gas phase by 483 (As) or 443 (Sb) kJ/mol. To account for the important solvation
effects, the COSMO solvation enthalpies of F,CO, FCO®, M(OTeFs)s and [F-M(OTeFs)s]
were calculated; next the reaction energy of eq. 18 in the most polar solvent (¢ = 13.38)
followed as +98 (As) and +58 (Sb) kJ/mol. This estimate suggests that the salt OCF'[F-
M(OTeFs)s] is not a promising target for synthesis in solvents of this polarity. Possibly, 1,2-
F2C¢H4 is not a suitable solvent for this reaction, but liquid SO,, which has a very similar
polarity of € = 14 at 20°C, might be. A weakly basic and more polar solvent with &> 14 may
promote the formation of dissolved OCF[F-Sb(OTeFs)s]” due to the higher solvation
enthalpies for the ions. With respect to these considerations it appears unlikely to prepare a
FCO" salt in solution with the Lewis acids in Table 7. This conclusion is in agreement with
previous unsuccessful attempts to prepare FCO" salts by reaction with F,CO with even an
large excess of MFs (M = As, Sb)!'®". However, it was found that the less reactive CICO"
may be obtained from FCICO and Sb3F15[161’ 102] Similar to the procedure for FCO" described
above the reaction energy of a reaction of SbsF;s with CIFCO giving ClCO+[Sb3F16]' was
estimated as favorable in solution by -15 kJ/mol and thus in good agreement with the

experiment and lending confidence to the predictive power of the data collected in this study.
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3.3 Concluding Remarks about the Stability Calculations of WCAs:

The calculation of FIA, LA, PD, CuD, HOMO-level, HOMO-LUMO-gap and partial charges
of a large group of representative good WCAs was performed (Table 7). An analysis of the
calculated data showed that there is no simple “best anion” and that a decision for a particular
anion has to be based on several criteria. Some anions are more stable towards soft
electrophiles (see CuD) and others towards hard electrophiles (see PD). In terms of
coordinating abilities, the fluorinated organoborates and alkoxyaluminates are clearly less
coordinating than all fluorometallates or teflate-based anions (see gpss. and gg,y). Media
effects, that is solvation enthalpies, are important. However, starting from an anion size of
about 25 atoms, solvation only adds a constant factor to the gas phase reaction energy. The
calculated energies for decomposition reactions with SiMe;" and Cp,ZrMe" in PhCl and 1,2-
F,C¢Hs as solvents showed that the frequently wused [B(C¢Fs)s]” counterion is
thermodynamically unstable with these cations and that the observed (small) solution stability
of substituted silylium and zirconocenium salts should be kinetically. However, other
available WCAs perform better than [B(C¢Fs)4]” and should therefore be used in future in
silylium and zirconocenium ion chemistry. It has been shown that the FI4 and the L4 in
combination with COSMO solvation calculations are valuable tools for estimating the
outcome known reactions, i.e. the solution stability of PCl," and OCX" salts (X = F, CI). The
calculated thermodynamics of these reactions correlated very well with the experiment and,
by extrapolation to unknown reactions, this approach should be valuable for predictions of
completely unknown transformations. The calculated data collected in Table 7 permit to
assess relative thermodynamic stabilities of the respective anions in the presence of a desired
target cation and help to find a particular anion in preparative chemistry based on several

calculated thermodynamic criteria, not only on chemical intuition.
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4 Depolymerization Energy and Fluoride Ion Affinity of Sb,Fs,
(n =2 -4) — A Computational Study

Antimony pentafluoride is a reagent frequently used to generate salts containing highly

149.163] Under ambient conditions SbFs is a highly

reactive countercations (cf. section 2.2.5)!
viscous liquid which contains polymeric macromolecules of the formula (SbFs)x (x is very
large) in which the octahedrally coordinated antimony atoms are connected via cis-bridging
fluorine atoms. The X-ray structure showed that solid SbFs is a tetramer!'®Y. SbFs () acts as an
oxidizing agent as well as a very strong Lewis acid and generates anions of the general

formula [Sb,Fsn+1]; salts with n = 1-4 were hitherto characterized in the solid state by X-ray

[165 166, 167]

diffraction. It was shown by electron diffraction'® and vapor density measurements!t
that a mixture of mostly Sb3F 5, with little SbsFq,) evaporates from SbFsj) and the standard

enthalpy Ay,p/1° for the process in eq. 20

AHP
eq. 20 SbsFis0) > SbiFisg

was 43.4 or 45.2 kJ/mol!'®® The depolymerization of gaseous SbsF,y to monomeric SbFs

given in eq. 21

1 AH
/4 Sb4F20(g) - SbFS(g)

eq. 21

was estimated to be Agepory/°. = +18.5 kJ/mol"%”!. Both values are important in order to assess
the fluoride ion affinity (F14) of liquid SbFs, which is, in turn, often used to predict the

outcome of hitherto unknown reactions.

The present computations suggest that the enthalpy of depolymerization Agepoty/4° of +18.5
kJ/mol for % SbaiFy as in eq. 21 is by about 50 kJ/mol in error, based on a series of quantum
chemical calculations at various levels and with increasingly larger basis sets. The structures
of the gaseous [Sb,Fsy+1]” anions were also calculated at various levels and include the most
accurate calculation of the FI4s of n SbFs,) and Sb,Fs,) currently available. The revised

Agepolyf1° of gaseous Sb,Fs, was then included to extract the F/4s of n SbFs in the liquid state
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and to establish standard enthalpies of formation AH° of Sb,Fs, as well as for [Sb,Fsu+1] (n =
1-4).

The strategy adopted in this study is to address some accuracy considerations and then select
a suitable model for the calculations giving a brief description of the global minimum
geometries. Using the selected model, the thermodynamics of the system are then analyzed
with regard to the depolymerization and interconversion of Sb,Fs, as well as the fluoride ion
affinities (F/4s) of various antimony fluorides. The standard enthalpies of formation (A¢H°) of
Sb,Fsn, as well as those for the anions [Sb,Fs,+1] are also assessed based on these quantum

chemical calculations and compared to available literature data.

4.1 Selection of the Model: Basis Sets and Correlation Effects

Modeling fluorine-containing molecules is known to represent a difficult computational
challenge. Thus, first it has been considered how satisfactory the different levels and basis

sets available are able to describe a simple test reaction in eq. 22:

AH
1/2 Sb2F10(g) . - SbFS(g)
eq. 22 direct value

This provides a convenient and relatively computationally fast test reaction, due to the high
local symmetry of both, SboFio (D2n) and SbFs (Dsp). Since the direct calculation of Adepoty°.
from eq. 22 is not isodesmic, an additional approach was required in order to independently
assess this quantity indirectly. Here an isodesmic reaction was used in conjunction with a
highly accurate compound method (G2 and CBS-Q were selected) and eq. 23 was chosen for

the indirect calculation:

isodesmic

\j

AIF; + 1/, SbyF SbFs+ 1/; ALFg (a)

not isodesmic= AlF, (b)
(G2 + CBS-Q)/2

AH°

> SbF
eq. 23 indirect value 3@
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eq. 23(a) represents an isodesmic process and its computation is likely to be accurate and any
errors are likely to cancel. The second reaction eq. 23 (b) is a non isodesmic process which
utilizes the average of the values calculated by the G2 and CBS-Q compound methods, which

are reported' ™"

to reproduce experimental quantities with an accuracy of better than + 8
kJ/mol. The latter computation was taken from reference 108, in which G2 gave Agepory/7° of
ALFe to be 204.4 kJ/mol while CBS-Q gave the value 195.2 kJ/mol. The average: (G2 +

CBS-Q)/2 = 199.8 kJ/mol was used to indirectly establish Agepoly/4° of €q. 23.

Table 8 summarizes values of Agepory/7° and AgepolyG® based on the direct and indirect.
computational routes above and obtained using pure DFT (BP86), hybrid HF-DFT (B3-LYP)
and ab initio (MP2) calculations and with increasing the basis set size from SVP (double zeta
quality, one d polarization function) through TZVPP (triple  quality, two d and one f
polarization functions) to cc-pVQZ (quadruple £ quality, three d, two f and one g polarization
functions). A TZVPP basis is reported to be already close to the basis set limit of the DFT and
HF-DFT calculations while the quadruple zeta basis cc-pVQZ is close to the basis set limit of
MP2.

Table 8: Ajepoi/7°(eq. 22 / eq. 23) and AgepoiyG©(eq. 22 / eq. 23) values in kJ/mol obtained with pure DFT
(BP86), hybrid HF-DFT (B3-LYP) and ab initio (MP2) calculations with increasing basis set sizes from SVP to
TZVPP and cc-pVQZ. Values in bold are considered being the most accurate ones.

AdepotyF1° (eq. 22 / eq. 23) AdepolyG® (eq. 22 / €q. 23)
method SVP TZVPP cc-pVQZ SVP TZVPP cc-pVQZ
BP86 62 /45 41/51 31/43 37/23 15/29 71720
B3-LYP 66 /43 42 /47 33/41 40/ 21 16/ 25 9/17
MP2 73 /46 57/54 44/ 46 48 /25 31/32 21/21

The values collected in Table 8 show consistent trends throughout and both the free energy
and the enthalpy of depolymerization differ by a maximum of 42 kJ/mol. Analyzing firstly the
non isodesmic direct values: Increasing the basis set size from SVP through TZVPP to cc-
pVQZ lowers the direct values (of both Agepory/7° and Agepoty G°) by up to 31 kJ/mol. The direct
values obtained using the TZVPP and the cc-pVQZ basis sets agree more closely than those
generated using SVP and are within 7 to 13 kJ/mol. BP86 and B3-LYP give almost identical

values in all cases. From this it is infered that the low Agepoty/7° (€q. 22) and AgepolyG° (€q. 22)
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values obtained with the BP86 and B3-LYP levels with the largest basis set are at the basis set
limit of the respective methods and therefore represent the “best” direct DFT values of
approximately 31 (Agepolyd(eq. 22)) and 7 kJ/mol (AgepoyG°(eq. 22)). In contrast, the MP2
method at the basis set limit gives values about 10 to 15 kJ/mol higher for Adepoy/° (eq. 22)
and AgepolyG°(eq. 22). Thus, there is only moderate agreement between DFT and MP2
calculations when using the direct values. Turning now to the indirect values calculated
according to the procedure in eq. 23: As expected, direct and indirect values differ more (up
to 27 kJ/mol) with the smaller SVP basis. With the larger basis sets, the maximum deviation
between direct and indirect values is much reduced, 12 kJ/mol being typical. Regardless the
basis set, all indirect values (Agepoty/7°(€q. 23)) lie in the narrow range of 41 to 54 kJ/mol and
of 17 to 21 kJ/mol (AgepotyG° (eq. 23)). The "best" indirect values with the largest cc-pVQZ
basis are marked in bold in Table 8 and agree to within 3 to 5 kJ/mol both for Agepory/4°(eq. 23)
and AgepolyG°(eq. 23), due to error cancellation. The more accurate depolymerization values
are thus the indirect ones. Since the difference between the indirect values calculated with a
TZVPP and a cc-pVQZ basis is at most 8 kJ/mol, the computationally much more economic
TZVPP basis and the indirect procedure as in eq. 23 were used for all further computations.
BP86 and B3-LYP give almost identical values and, therefore, the less demanding BP86

method was used for further work.

4.2 Molecular Structures of Sb,Fs, and [Sb,Fs,+1] (n = 2-4)

The molecular structures of the optimized compounds are shown in Figure 16 (neutrals) and
Figure 17 (anions), the calculated structural parameters are collected in Table 2 and are
compared to available experimental data. The calculated and available experimental data
displayed in Table 9 are in good qualitative agreement. The MP2 derived geometries are
particularly close to experiment. However, many of the experimental structures are hampered
by the lack of librational correction of the bond lengths and bond angles and, therefore,
consistently give too short bond distances and bond angles that are too wide. Therefore, it is
reasonable to assume that the correct structural parameters of these antimony fluorine
compounds are likely to be intermediate between the MP2 values and the experimental values

collected in Table 9.
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Sb-F-5b: al

Sb-F-Sb: al, a2 (2x)

Figure 16: Molecular structures of Sb,Fs, with n = 2-4. The structural parameters at the BP86/TZVPP and
MP2/TZVPP levels are collected in Table 9.

Figure 17: Molecular structures of [Sb,Fs,.;]” with n = 2-4. The structural parameters at the BP86/TZVPP and
MP2/TZVPP levels are collected in Table 9.
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4.3 Depolymerization and Interconversion of Sb,Fs, (n = 2-4)

Let’s now turn to the question, as to whether the literature value of the experimentally
derived'® enthalpy of depolymerization Adepotyf1°(eq. 21) of +18.5 kJ/mol is correct or in
error. Our starting point for this discussion shall be the assessment of AgepolyG°(€q. 21) based
on the experimental standard depolymerization enthalpy Agepory/7°(eq. 21) of +18.5 kJ/mol:
AgepolyG°(eq. 21) was obtained as -15.1 kJ/mol based on the estimation of the reaction
entropies and associated thermal contributions to the enthalpy at 298 K, as calculated with the
help of the BP86/SVP derived vibrational frequencies for SbFs and SbsF». Since SbsFis (g
and SbyF» (o) were shown to be in equilibrium in the gas phase it is assumed that they are thus
close in energy. Further the depolymerizations of 4 SbsFis and of Y SbsFy to give
monomeric SbFs are expected to be almost equal in energy and therefore a similar value of
AdepolyG°(l/3 SbsF;5) of approximately —15 kJ/mol can be anticipated. If these values of
AgepolyG® are correct, then one would expect SbFs () to evaporate exclusively to give
monomeric SbFs (). However, this is clearly not the case and indicates that the published
Agepoty1°(eq. 21) of +18.5 kJ/mol is wrong. This conclusion and the BP86/SVP calculated
thermal and entropic corrections to the free energy at 298 K (which sum to -33.6 kJ/mol) then
allow us to estimate that the experimental Agepoly/7° (€q. 21) should at least amount to 60 + 15
kJ/mol and thus that AgepoyG° (€q. 21) should be about 26 + 15 kJ/mol in order to allow for
the exclusive presence of SbsF;s and SbsF,) in the gas phase at the temperatures
corresponding to those of the electron diffraction studies!"® (423 K). With these values in
mind, the standard enthalpy and free energy changes on depolymerization of 1/n Sb,Fs; (o) to

give SbFs (), (eq. 24 to eq. 29) were further studied, the values which are cited in Table 10.

eq. 24 1/ SbyF g - SbF;
eq. 25 1/3 SbyF 5 > SbFs
eq. 26 1/4 SbsFg > SbF;
eq. 27 1/3 SbyFy5 - 1/, SbyF
eq. 28 1/4 SbyFyg > 1/, SbyF
eq. 29 174 SbyFyg > 1/3 SbyF s

51



Table 10: Standard enthalpies and free energies for the depolymerization of 1/n Sb,Fs; () to give SbFs () and for
the interconversion of Sb,Fs, with differing n. Only the (more reliable) indirect values are included [in kJ/mol]
(using a TZVPP basis).

AHP AG° AGHK AGYRR

BP86 MP2 BP86 MP2 BP86 MP2 BP86 MP2

eq. 24 50 53 29 32 20 22 14 17
eq. 25 54 65 25 36 12 23 4.7 15
eq. 26 54 68 20 34 5 19 -3.4 11
eq. 27 4.2 12 -3.9 3.8 -7 0.5 -9 -1.5
eq. 28 2.6 14 -9 23 -14 -2.9 -17 -6
eq. 29 -0.4 3.2 -5.1 -1.5 -7 -3.5 -8 -4.6

To enable a direct comparison with the conditions of the electron diffraction!'®! and vapor
density measurement'*® %71 studies also the AdepolyG423K and AdepolyG498K values were
calculated and these are included in Table 10. At 423 K the vapor above liquid SbFs consists
of mostly SbsF;s with little SbsF,o while at 498 K the major component is SbyFo. Only the
more reliable indirect values obtained by procedures related to eq. 23 are given. The
enthalpies and free energies for the interconversion (AconvH and AconyG) of SbyFs, in eq. 27 to
eq. 29 reflect the gas phase behavior of the Sb,Fs, molecules as well as the degree of
association in the gas phase that was determined experimentally'*® '*”). Therefore, AconeH and
AconvG Were also studied. The latter reactions are isodesmic and thus the computations made

should be accurate.

The depolymerization enthalpies Adepoy/Z° in €q. 24 to eq. 26 lie in the range of 59 + 9 kJ/mol
and are thus close to the value predicted above based on experimental considerations (60 + 15
kJ/mol). On inspection of eq. 27 to eq. 29 one realizes that only the MP2/TZVPP calculations
describe the experimental electron diffraction and vapor density measurement results
adequately (much SbsF;s and little SbsF,¢ at 423 K and much SbyF;y at 498 K in the gas
phase). Thus, in agreement with the experiment, the interconversion of the slightly less
favorable SbsF into the slightly more favorable SbsF;s in eq. 29 is at 298 and 423 K slightly
exergonic by 1.5 kJ/mol and 3.5 kJ/mol. By contrast, the BP86/TZVPP values would suggest
that in the gas phase at 423 K only Sb,F) is (exclusively) formed (i.e. eq. 27 and eq. 28 are
already exergonic at 298 K by 3.9 or 9 kJ/mol and at 423 K by 7 and 14 kJ/mol). This does
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not correspond to the situation found in the experiment. However, in agreement with the
experiment, at 498 K also the MP2/TZVPP predicted Acony GV suggests that the most
favored species in the gas phase is SbyFi (eq. 27 is now exergonic by -1.5 kJ/mol). Since the
MP2 results appear to predict the experimental outcome best, the BP86/TZVPP values were
excluded from further discussion and exclusively the MP2/TZVPP values were used in order

to establish the FiA4s and other properties.

Assignment of error bars:

Due to the excellent agreement of the MP2/TZVPP values with available experimental data,
error bars are judged to be at most = 10 kJ/mol for the calculations (enthalpies, free energies
and FIAs) are estimated. For the assignment of the enthalpies of formation below, the
experimental Agf7(SbFs (g)) with an uncertainty of £ 15 kJ/mol has to be used. For the assessed
enthalpies of formation, the error bars, therefore, add up to (10> + 15%)"* = + 18 kJ/mol

(enthalpies of formation below).

4.4 FlIAs of n SbFs and Sb,Fs, (n = 1-4) in the Gas Phase

The FiAs of n SbFs and Sb,Fs, (n = 1-4) in the gas phase are assessed in this section. The case

for n =1 is simple and the same isodesmic reaction as was initially introduced by Christe and
148]

Dixon"** may be used, i.e. eq. 30:
isodesmic
A + OCF5 » AF + OCF,
(RI)BP86/SV(P)
OCF, + F - > OCF5
experimental value
-AH = FIA4 i
eq. 30 A+F > AF

However, when fluoride bridged Sb,Fs, or [Sb,Fs.+1] species are involved, the situation is
more complicated and eq. 30 becomes non isodesmic and thus less reliable. Accordingly, an
alternative scheme is introduced in order to assess the FIAs of fluoride bridged species

reliably that is shown exemplarily for Sb,Fy in eq. 31 and for n SbFs in eq. 32.
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isodesmic
SbyF o+ ALF;

Y

SboF, ;" + AlLF,

non-isodesmic
Al Fg+ OCF5” > Al F; + OCF,

(G2 + CBS-Q)/2

OCF, + F ) > OCFy
experimental value

-AH = FIA

\

Sb2F10 +F SbZFll-

eq. 31

All non isodesmic reactions were calculated by the very accurate compound methods G2 and
CBS-Q and, therefore, the addition of the isodesmic reaction with the average of the
enthalpies calculated by G2 and CBS-Q as eq. 31 gives very reliable values of the FiAs of
SbyFsy. To further obtain the FI4s of n monomeric SbFs molecules one simply has to add the
best indirect Agepoty/1° values in Table 10 to the F74s of Sb,Fs,, i.e. eq. 32:

eq. 32 FIA (Il SbFs(g)) =FIA (SanSH(g)) + AdepolyHo

All FIA values are included in Table 11 and compared to available literature data.

Table 11: FiAs of n SbFs and Sb,Fs, (n = 1-4) in the gas phase (at the MP2/TZVPP level) and comparison to
available literature data. All values are given in kJ/mol.

FIA FiA -AH® =FIA -AG°
(Dixon) (Jenkins) (this study) (this study)
SbFs g 503 506 + 63 514 512
SbaFio g 556 - 559 521
SbF s () 570 - 572 543
SbaFao - - 580 561
2 SbFs - 671 £ 63 667 585
3 SbFs - 728 + 39 767 651
4 SbFs - - 855 697
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The data included in Table 11 is in good agreement with existing literature data, however, it
becomes possible to estimate a more complete set of F74 values and the first values for SbsF
and 4 SbFs. One realizes that the Lewis acidity of Sb,Fs, increases with increasing n more
slowly and that the Lewis acidity of Sbs4Fj is only little higher that that of Sbs;F;s. This

accords with experimental experience!'*’’.

4.5 FIA of n SbFs;, (n = 1-4)

Having established the FiAds of gaseous antimony fluorides let’s now turn to the FI4 of n
liquid SbFs molecules, since liquid SbFs itself is frequently used as a reaction medium.
Comparison of melting point (m.p.), boiling point (b.p.) and A, ° of SbFs with those of
several related binary halides having a similar liquid state temperature range as SbFs (Table
12) leads us to the conclusion that the experimental standard enthalpy of vaporization AyapH°
(averaging to 44 kJ/mol as in eq. 20) appears to be reasonably consistent with A,,/H° values

for all other related halides and, therefore, is considered to be accurate.

Table 12: Comparison of the melting point (m.p. in °C), boiling point (b.p. in °C) and A,,,/° (in kJ/mol) of SbFs
with those of several binary halides with a similar liquid state range as SbFs.

binary halide m.p. [°C] b.p.[°C] AyapH° [ kJ/mol]
SbFs 8.3 141 43.4/452
AsCl; -16 130 43.5
TiCly -25 136 41.0
SiBry4 5.2 154 41.8

PBr; -40 173 45.2

Therefore, for the determination of the FI4 of liquid SbFs the average value Ay,,[° = 44
kJ/mol was employed and a thermochemical cycle was developed, from which this quantity

may be assessed; a suitable cycle is shown in Scheme 3:
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+ AL HO
n/3 Sb3Fy5¢4) + Fg) = > 0 SbFsyg) T Fg)
+ n/3 AvapHo ArHo = FIA(SanSn(g))
n SbFS(l) + F-(g) SanSnJrl-(g)

ArHo = F[A(l’l SbFS(l))

Scheme 3: Born-Haber cycle for the determination of the F74 of n SbFsg) (n = 1-4).

All quantities in the peripheral cycle are known and therefore the F/4s of n SbFs ¢y can be
established (Table 13) based on the MP2/TZVPP values in Table 10 and Table 11 and the
experimental Ay,p,/{° verified above. The values in Table 13 are compared to available

literature data.

Table 13: FIA4s of n SbFs as a liquid according to Scheme 3 (n = 1-4) [in kJ/mol]. Comparison to available
literature data. The literature values in parentheses were corrected for the wrong enthalpy of depolymerization
(see text).

FI4(n SbFs 1)) -AH°(Scheme 3) = FIA(n SbFs )
(Jenkins)!®”! (this study)

1 SbFs ) 475463 (425163) 434+18

2 SbFs 609163 (510£63) 506+18

3 SbFs ¢ 635+39 (487£39) 528+18

4 SbFs o) - 534+18

Naturally, the calculated FiA4s of n liquid SbFs molecules are much lower than those of the
gaseous compounds. Again the same trend as for gaseous antimony fluorides is evident: The
higher n, the higher is the /74, however, the increase in F/4 is slowing down for increasing n.
The large difference to the published values arises from adoption of too low a value for the
enthalpy of depolymerization of SbsF, giving ¥4 SbFs (+18.5 kJ/mol instead of 68 kJ/mol in
Table 10). When the published values are corrected for this error, i.e. lowered by 49.5 kJ/mol

per SbFs, then present and corrected literature values are in good qualitative agreement.
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4.6 Standard Enthalpies of Formation AfHo of Sb,Fs, and [Sb,Fs,.4] (n =
1-4)
The standard enthalpies of formation Agf4° of SbFs () (-1301+15 kJ/mol), and F~ (-249 kJ/mol)

are known and thus Ag° of SbyFs, (o) and [SbyFsu+1] ) can be calculated from Agepory/°
(Table 10) and the FIA4s of SbyFs, o) (Table 11). Thus:

eq. 33 AH° (San5n(g)) =n- AfHO(SbFS(g)) - AdepolyHo(Sansn(g))
and
eq. 34 AeH® ([San5n+1]-(g)) =n- AfHO(SanSH(g)) + AfHO(F) - F[A(San5n)

All AfH° values calculated by this approach are collected in Table 14 and compared to

available literature data.

Table 14: A¢H° values of Sb,Fs, 4 and [Sb,Fs,] () calculated according to eq. 33 and eq. 34 [in kJ/mol].
Comparison to available literature data.

AH®(SbyFsn () AH([SbaFsni1] @) AH([SbaFsn] ()
" (this study) (this study) (Jenkins)!'%!
1 -1301+15"" -2064+18 -2075+52
2 -2708+21 -3516+25 -3520+63
3 -4098+26 -4919+31 -4874+39
4 -5476+30 -6305+36 -

The standard enthalpies for the formation of SbyFs, ) and [SbyFsn+1]’e) increase with
increasing n and are in good agreement with available literature data. They may be used to

. . 149
assess the thermodynamics of known and unknown reactions. See reference ['**! for examples.

4.7 Concluding Remarks

In this study it has been shown that the literature value for the enthalpy of depolymerization

of SbyF2g (¢) to give SbFs ) was by about 50 kJ/mol in error. This error contributes n times to
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[169]

the previously established F14s of n SbFs ;) such that the reported literature values were

by up to 148.5 kJ/mol (n = 3) in error. The present enthalpies of depolymerization of '/,

SbnFsne) = SbFs() are the most accurate values currently available and are in agreement with

[165]

the experimental results obtained by electron diffraction and vapor density

[166. 1671 * Al1 subsequently derived quantities such as FIAs of SbyFsu(g), n SbFs (g),

measurements
n SbFs () and the standard enthalpies of formation of Sb,Fsy) and [Sb,Fsu+1] ") are considered
to be equally accurate and thus will be very useful to assess the thermodynamics of known as

well as hitherto unknown reactions (see reference !'*”).
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5 Tetraalkylammonium  Salts of Weakly Coordinating
Aluminates

Tetraalkylammonium salts of complex anions play an important role especially in
electrochemistry, where they are widely used as supporting electrolytes for applications like

114, 1 o
7. 76, 97. 141700 However, the generated oxidized

cyclovoltammetry in non-aqueous media |
species often react with the anions and therefore, new salts with a large “electrochemical
window” are required, i.e. salts which are stable against oxidation and reduction under the
experimental conditions, especially in low polarity solvents like CH,Cl,, CHCl; or toluene.
Both requirements are fulfilled by quarterny ammonium salts of robust WCAs™.
[NBuy] [B(CsFs)s] and [NBuy][B(CsH3(CF3),)4]” have been reported both to be very stable
and to effectively solubilize the positively charged species formed in anodic processes”®® **.
However, electrochemical investigations in very non polar solvents like toluene or benzene
are limited to only very few anions, e.g. the [CB;Me,]1"*> Y. Unfortunately the synthesis
of this anion is very complicated, which makes it impossible to be widely used as a WCA for
electrochemical applications.

[172]

Quantum chemical calculations as well as electrochemical measurements!'”>"”) of the

lithium salts predicted the fluoroalkoxyaluminates [pftb]’, [hftb]” and [hfip] to be very redox
stable[ii];M’ 172, 173) their salts are usually soluble in media with low dielectric constants.
Moreover it has been shown that even very reactive cations like simple carbenium ions
(CI 71760 see chapter 7) or binary P-X (X = halogen) cations like PX, - 177 AgBr, 10,
P2X5+[48], P5X2+[48], PSSZX;[”S] or P7S6IZ+[179] are compatible with these aluminates.
Especially the P-X cations are incompatible with all other anion types. This also holds for a
series of silver complexes with very weakly basic ligands, e.g. Ps* ¥, P,S;1** 8% (see
chapter 6), 83[45], P3N3Cl6[181] or C2H4[46’ 1821 " Qince the starting materials to prepare
compounds of the fluorinated aluminates are commercially available (best at P&M Invest
11, 41, 109]

Russia; http://www.fluorine.ru) and the synthesis of the lithiumaluminate salts! is a

simple high yield procedure that can be performed in scales up to 250 g per batch!!”!

, it only
appeared logical to extend the available substance classes to NRy salts. Therefore their
synthesis and full characterization as possible new materials for electrochemical applications

was undertaken.

il stability against Li/Li" in DME: >5.0 V for [hfip] and 5.5 V for [pftb]".
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Moreover, the [NR4]" salts were used for the assignment of the ion volumes
the vibrational bands of the anions, as these compounds serve as model compounds for an
undisturbed anion environment with all cation bands well known. The anion bands are
assigned to the different vibrations by comparison to quantum chemical DFT calculations of
the vibrational modes. The influence of coordination on the position and splitting of the anion
vibrations may help to understand the kind and the strength of cation - anion interactions in

cases were the crystal structure of a given compound is not available.

The tetraalkylammonium salts were also chosen to investigate the anion decomposition

pathways in the mass spectrometer by ESI techniques.

5.1 Results and Discussion

5.1.1 Syntheses

Two different strategies were used to prepare the tetraalkylammonium salts of the
fluoroalkoxyaluminates: The [NR,]'[pftb] (R = Me 1, Et 2, Bu 3) were obtained by the
reaction of [NR4]Br with Li[pftb] in a water / acetone mixture (85 Vol.% : 15 Vol.%)

according to the following equation:

. H,O / acetone . o
eq. 35 [NR,4]Br + Li[pftb] > [NR,][pftb] + LiBr

The formed [NR4]'[pftb] is insoluble and crystallizes upon evaporation of the co-solvent
acetone over night in quantitative yield. After some washings with water and testing for
bromide with Ag’, the compound is analytically pure (spectra, elemental analyses). This
method is only possible for the [pftb]” anion; as the other anions [hftb]” and [hfip] are slightly
sensitive towards moisture. Therefore, all of the other tetraalkylammonium compounds were

synthesized in Et,0 / CH,Cl, using the appropriate lithium salts (eq. 36).

_ 1.) Et,0 N _
[NR4]Br + Li[A] > [NR,]'[A] + LiBr
2.) CH,Cl,

eq. 36 [A] = [hftb], [hfip]
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The metathesis is done in ether; however, to get rid of traces of dissolved LiBr-ether
complexes, the ether solvent is removed in vacuum and replaced by CH,Cl,, in which all the
NR4" aluminates are easily soluble. After filtration the pure compounds (spectra, elemental

analyses) crystallize easily upon cooling the CH,Cl, filtrate to 2°C.

As seen from DSC measurements, the melting points of all [hfip]” and [hftb] salts are rather
low (between 40°C and 110°C), which qualifies some of them as ionic liquids (ILs), however
decomposition may start already below 200°C, e.g. [NBuy] [hfip]” 4 decomposes at approx.
190°C. By contrast, the salts of the [pftb]” anion are all thermally stable and they have much
higher melting and decomposition points (for 2 and 3 > 300°C).

Table 15: Melting points (7,,) and decomposion temperatures (7,) of the NR," salts investigated in this study.

I'nm [°C] T4 [°C]
[NBua] [pftb] 1 198 >250@
[NEty] [pftb] 2 > 300 > 300@
[NMe] [pftb] 3 >300 >300@
[NBuy] [hfip] 4 40 190
[NEt,]'[hfip] 5 56 > 100®
[NMe]'[hfip] 6 43 > 70@
[NBu,] Thftb] 7 106 > 150@
[NEty] [hftb] 8 110 > 150@
[NMe,] [hftb] 9 94 > 150

@ only tested up to this temperature. No decomposition observed.

Additionally, [NBug] [al-f-al]” 10 has been prepared from [NBuy]Br and the silver salt of the
fluorine-bridged aluminate. But as its electrochemical properties have not been tested, it will
not be disussed in the main text of this thesis. For further information concerning this

compound see appendix 12.3 and experimental section.
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5.1.2 Solid-State Structures

For some of the [NR4]" salts (2, 5, 6, 7, and 9), crystals suitable for X-ray diffraction could be
obtained. The diffraction measurements were carried out at low temperatures (between 100
and 150K) in order to minimize rotation of the CF; groups. In all of the solid-state structures,
isolated cations and anions with only weak H"F contacts are found (Figure 22 to Figure 25)
(for bond lengths see appendix 12.3, where pictures of cation-anion interactions are shown).
The crystal structure of [NEty] [pftb]” 2 shows no special or unexpected parameters and,
therefore, it will not be discussed in here. A picture of 2 is shown in appendix 12.3. For the
[hfip]” and the [hftp]™ anions, the tetraalkylammonium salts are the first examples of really
ionic solid-state structures with isolated anions and cations, while all the other species
containing these anions, contain molecular structures with coordinated anions, e.g
[(P4S5)AgA] ™, [(Py)AgAT™), [(L)AgA]"™ ™ or [(L)AgA]"™ '™ ([A] = [hfip], [hftb],
L = C;H,, C,Hy). Therefore, the tetraalkylammonium salts of these anions serve as model

compounds for undisturbed anions. Sections of their solid-state structures are shown in Figure

18 to Figure 21.

Figure 18: Section of the solid-state structure of [NEt,] [hfip]" 5 at 100K. Thermal ellipsoids are drawn at the
25% probability level. In the asymmetric unit, there are two half disordered cations, the other atoms have been
symmetry-generated. H atoms at the ethyl groups have been omitted for clarity. Selected distances and bond
angles: d(Al11-O1) = 173.9(2) pm, d(All — 02) = 173.7(2) pm, d(A11-03) = 175.0(3) pm, d(Al11-O4) = 174.2(3)
pm, <(04-Al1-0O1) = 109.88(13)°, <(04-Al1-03) = 116.25(12)°, <(01-Al1-03) = 102.92(12)°, <(04-Al1-02) =
104.02(12)°, <(01-Al1-02) = 115.42(12)°, <(03-Al1-02) = 108.80(12)°.
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Figure 19: Section of the solid-state structure of [NMe,] Thfip]” 6 at 100K. Thermal ellipsoids are drawn at the
25% probability level. In the asymmetric unit, there are two half cations, the other atoms have been symmetry-
generated. H atoms at the methyl groups have been omitted for clarity. Selected distances and bond angles:
d(Al1-01) = 174.32(9) pm, d(All — 02) = 174.44(10) pm, d(Al1-03) = 174.35(9) pm, d(Al11-04) = 173.67(19)
pm, <(04-Al1-01) = 115.05(5)°, <(04-Al1-03) = 106.50(5)°, <(O1-Al1-03) = 106.10(5)°, <(04-Al1-02) =
109.96(5)°, <(01-Al11-02) = 107.52(5)°, <(03-Al1-02) = 111.71(5)°.

LC108

Figure 20: Section of the solid-state structure of [NBu,]Thftb]” 7 at 100K. Thermal ellipsoids are drawn at the
25% probability level. In the asymmetric unit, there is one entire cation and one entire anion. H atoms at the
butyl groups have been omitted for clarity. Selected distances and bond angles: d(All1-O1) = 174.02(13) pm,
d(All — 02) = 174.03(12) pm, d(Al1-03) = 174.24(12) pm, d(Al1-04) = 173.50(11) pm, <(04-Al1-O1) =
109.29(6)°, <(04-Al11-03) = 113.19(6)°, <(O1-Al1-03) = 108.14(6)°, <(04-Al1-02) = 105.90(6)°, <(O1-All-
02) = 114.03(6)°, <(03-Al1-02) =106.38(6)°.
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Figure 21: Section of the solid-state structure of [NMe,] [hftb]” 9 at 100K. Thermal ellipsoids are drawn at the
25% probability level. In the asymmetric unit, there is one quarter cation and one quarter anion, the other atoms
have been symmetry-generated. H atoms at the methyl groups have been omitted for clarity. Selected distances

and bond angles: d(Al11-O1) = 174.23(6) pm, <(O1-Al1-O1) = 109.5°.

Figure 22: Cation-anion contacts in [NEt,]'[hfip] 5 at 140K.
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Figure 23: Cation-anion contacts in [NMe,] [hfip] 6 at 100K.

Figure 24: Cation-anion contacts in [NBu,] [hftb] 7 at 100K.
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Figure 25: Cation-anion contacts in [NMe,] [hftb]” 9 at 100K.

In Table 16, the most characteristic parameters, i.e. the Al-O distance and the O-AI-O and Al-

O-C bond angles, are listed. The Al-O distances of the [hfip]” and the [hftb] anions are similar

within the standard deviation, while those in the [pftb]™ salt are slightly shorter. The most

significant difference between the perfluorinated and the other two anions are the Al-O-C

bond angles. In the [pftb]” anion, the alkoxy moieties are larger and due to this sterical

hindrance, the AlI-O-C angle is greater.

Table 16: Characteristic structural information of the [AI(OR"),]” anions in their tetraalkylammonium salts at

100K. Distances are given in pm, bond angles are given in °.

[NEt,] [pfto] [NEt,] [hfip] [NMe, ] [hfip] [NBuy] [hfto] [NMe,] [hftb]
2 5 6 1 9

d(AL-0) 1723(4) 1742()  1731(2)175.03)  173.7Q2) 1744(1)  173.1(1)-174.2(1) 174.2(1)
[pm] av. 173.4 av. 174.2 av. 174.2 av. 174.0
<0-ALO)  107.2(1)-112.7Q2)  102.9(1)-1163(1)  106.5(1)-115.1(1)  105.9(1)~114.0(1) 109.5
] av. 109.5 av. 109.5 av. 109.5 av. 109.5
<(AO-C)  1449(4)-147.9(4)  1245-1337(2)  126.6(1)-136.3(1)  135.0(1)-141.6(1) 135.2(1)
[°]

av. 146.8

av. 129.5

av. 129.6

av. 138.2

From the data in Table 16 it may be concluded that the Al-O bond in the [pftb] salts is

slightly more stable; similar experiences have been made in experiments aiming at the
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synthesis of reactive cation salts with the [hfip]” and [hftb]” anions being less suitable to reach

the extremes than [pftb]".
In all these 1:1 salts, different packing types are found in the solid state. A short description of

these packing patterns is given in Table 17. Since the anions are larger than the cations, their

packing description will be based on the anion lattice.

Table 17: Description of the solid-state packing in the [NR4]" salts.

anion packing cation environment
[NEt,] [pftb] 2 B-centered lattice distorted cubic
[NEt,] [hfip] 5§ C-centered lattice distorted octahedral
[NMe,] Thfip] 6 C-centered lattice strongly distorted octahedral
[NBuy] Thftb] 7 distorted cubic P lattice distorted cubic
[NMe,] Thftb] 9 I-centered lattice distorted octahedral

Establishment of the ion volumes of the [Al( ORF)4f anions:
Lattice energies derived from thermochemical volumina of the ions in a salt (Vio,,) are the
fundamental anchor point in the concept of Volume-Based Thermodynamics (VBT)

7 and later in more detail by Glasser and Jenkins!'*" '*). This

established first by N. Bartlett!
concept allows thermodynamic predictions for condensed phases principally via formula unit
volumes (cf. Scheme 4): This method, being independent of detailed knowledge of crystal
structures, is applicable to liquids and amorphous materials as well as to crystalline solids. In
the case of Ionic Liquids, the knowledge of Vi, also allows to predict physical properties like

melting points or dielectric constants!”™.
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AH? AS? AG? target crystalline salt

starting materials >
AB,
]
X H (starting materials) AH 4
elements _ | gaseous ions

(in their standard states) X H° gaseous ions) | x AYT +y B¥

Scheme 4: Born—Haber—Fajans thermochemical cycle, which provides an indirect route for the estimation of AH

for the preparation of a crystalline salt A,(By[185 1,

For these reasons, it is indispensable to have very accurate values of Vi, in order to get
reliable values for the VBT calculations. The [NR4]" salts of the [AI(ORF)4]' anions were
chosen to establish precise Vi, of these anions, since in these salts, the anions have a nearly
undisturbed environment and therefore, they are ideal candidates for such purpose. In Table

18, the values obtained from the solid-state structures of their [NR4]" salts are compiled.

Table 18: Ton volumes Vi, of the [AI(ORF),]" anions, based on the solid-state structures of their [NR4]" salts at

100K. All values are given in nm’.

[hfip] [hftb] [pftb]
[NBuy] TAI(OR"),] - 0.6491+0.009© -
[NEt,] TAI(ORF),] 0.5727+0.006 - 0.7361+0.016®
[NMe,] TAI(OR"),] 0.5826+0.015® 0.6664+0.015 -
average 0.577 0.658 0.736

@ Viou(NEty) from Ref M ® 7 (NMe, ) from Ref.l™ (¢) Viea(NBuy') from [NBuy] 1041 and Vi, 104

from Ref, ["*11,
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5.1.3 Vibrational Spectra of the Aluminates

The solid-state structures of the [NR4]" salts (R = Me, Et, Bu) contain undisturbed anions with
only very weak H--F contacts (see section 5.1.2). If the cation is more electrophilic (e.g.
Ag(CH,Cly)", Ag" or Li"), the symmetry of the anion is lowered which leads to the splitting of
some anion vibrational bands. In this section, the different IR spectra are discussed — together
with simulations from DFT-calculations ((RI)BP86/SV(P) level, which usually slightly
underestimate the vibrational frequencies). An explanation of the influence of the cations is

given.

IR Spectra of the [pftb] Salts:
In Table 19 the vibrational frequencies of the [pftb]™ anion in different compounds, i.e its
[NR4]", [Ag(CH.Cl,)], Ag and Li salts, are listed, together with the simulated IR spectrum of

the isolated anion.
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Vibrational bands of the [pftb]” anion are found both in the MIR and the FIR region, the most
characteristic absorptions are observed at 727 em” (C—-C, C-0) and 974 cm™ (C—C, C—F) as
well as many strong bands in the range from 1100 cm™ to 1400 cm” (C-C, C—F). The
comparison of the simulated spectra (Table 19) with those of [NR4][pftb]” shows that the
anion has nearly S, symmetry in these compounds, because only the expected absorption
maxima are observed. This is also in good agreement with the solid-state structure of

[NEt,] [pftb] 2 determined by X-ray (see above).

In the case of the [Ag(CH,CL,)]" salt, splitting occurs for the bands at 974 cm™ (2 964 and
974 cm™) and at 447 cm™ (> 443 and 468 cm™). If [Ag(CH,Cl)][pftb] is dried in high
vacuum (about 10~ mbar) for a two to four days, the coordinated CH,Cl, molecule can be
removed. As shown in Table 19, the IR spectra split further: Without the CH,Cl, ligand, some
new bands appear (at 553, 694, 743 and 862 cm'l). In both silver salts the silver atom is
supposed to be coordinated to the [pftb]” anion. Therefore, the symmetry is reduced, which
leads to band splitting in the vibrational spectrum. Although the solid state structure of
Ag(CH,CL)[pftb] is yet unknown, it is very likely that — in analogy to the corresponding
silver salts of [hfip]” and [hftb] as well as in [Ag(CsH4(CF3),)][pftb]!""), — the oxygen atoms
are involved in this coordination. According to quantum mechanical calculations, the oxygen

41721 and their

atoms are also the most basic parts of the [pftb]” anion (partial charge: -0.24)
polarizability is higher (0.802 instead of 0.557 for B In Ag[pftb], the symmetry is even
more lowered due to stronger coordination. This causes the increased splitting of more anion
bands. The same holds for the Li salt, but in this case, the splitting is even more distinct:
between 539 and 582 cm™ five signals are observed, next to the band at 760 cm'l, a second
one arises at 756 cm’', and the band at 964/976 cm™ shows a broad shoulder. This is in line

with the small size and the high charge density of the Li cation, which allows a strong

interaction with the lone pairs of the oxygen atoms of the anion.

In all salts of the [pftb]” anion investigated in this study, the broader bands of the CF5 groups

(between 1100 and 1400 cm™) remain nearly unchanged upon anion coordination.
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IR Spectra of the [hfip] and [hftb] Salts:

Also for the anions [hfip]” and [hftb], characteristic vibrational excitations are observed
(Table 20 and Table 21), which can also be used to distinguish between the different anions:
in the case of the [hftb] anion, the intense C—C / C—O and the C—C / C-F modes are found at
736 cm’' and 995 cm’', while for [hfip] salts, they are found at around 730 cm™ and 1012
cm™” (cf. 727 and 974 cm™ for the [pftb]). In both hydrogen-containing anions, C-H
vibrations were found: at 1375, 2715 (only in the Raman spectra) and 2950 cm™ for [hftb]
and at around 1455 and 2960 cm™ for [hfip]. For the [hftb]” anion, also two weak bands
above 3000 cm” were predicted by quantum chemical calculations, but in the case of the
alkylammonium salts, these absorptions are covered by the bands of the cations, and in the

Ag"and Li" salt, they are most probably too weak to be seen.

The influence of the anion-cation interactions on the vibrational spectra can also be seen for
the [hftb] and the [hfip] anions: In the case of the [hfip]’, the most affected bands are those
between 700 and 900 cm™ (C-C, Al-O and C-O vibrations): while for the NR," salts, only
three bands are found in the IR and Raman spectra — as expected from the simulated spectrum
of the anion — one observes splitting in the Ag" and Li" salt due to lowered symmetry, which
leads to up to six bands (see arrows in Figure 26). The vibrations of the CF; moieties remain,

like those in the [pftb] salts, unchanged upon coordination.

Similar observations are also made for the [hftb] anion: The Al-O, C-C and C-O vibrations
are strongly dependent on the coordination ability of the countercation: the strong
coordination to the Li" and Ag" in these salts also loweres the anion symmetry, and again, this
can be seen from the vibrational spectra: The NR," salts have four absorptions between 730
and 1000 cm'l, wheras in the case of Li', six different bands appear. Also for this anion, the

bands ofthe CF;5 groups are not affected by coordination.

All these findings are also in very good agreement with the solid-state structures, in which

nearly ideal symmetric anion environments have been found for their NR," salts.
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Li[hfip] [NBu,]'[hfip]
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Figure 26: Comparison of sections of the IR spectra of Li[hfip] and [NBu,][hfip]” 4. Bands marked with
asterisks are assigned to the cation.
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5.1.4 Conductivity Measurements

Tetraalkylammonium salts are often applied in electrochemical measurements, where they
serve as supporting electrolytes in organic solvents like CH3CN. The problem with the
commonly used [NR4][PFs]” and [NR,4]'[BF4] electrolytes is, that when the experiments are
carried out in solvents with very low polarity (e.g. in CH,Cl, or even HCCls), these salts are
not very well suited to solublilize the electrochemically produced (multiply) charged cations
and therefore, tend to form insoluble layers on the electrode preventing the measurement.
Moreover many higher charged cations that are generated irn sifu in the electrochemical cell
are too reactive for those counterions and decompose the [PFs] anion. Since the [AI(OR")4]
anions are chemically rather robust and large, their electrochemical performance both with
respect to electrochemical stability as well as conductivity in non polar solvents has been
tested. In Table 22, the molar conductivities of the [NBuy]" salts in CH,Cl, are listed, together

with the values for [NBuy] [PFs]” examined in our laboratories.
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Analogous conductivity measurements have been performed in CHCI; and toluene. To obtain
the limiting molar conductivity (i.e. the molar conductivity at infinite dilution) A, all data
have been fitted using the Kohlrausch law (eq. 37). The A, values of the NBu, salts in the
different solvents are listed in Table 23, plots of some fitting curves are shown in appendix

12.2.

eq. 37 An(c) = A —k -Jc

Table 23: Solubility and limiting molar conductivity A, (in S ecm® mol™) at 25°C of [NBu,]'[pftb]” 1,
[NBu,] [hfip] 4, [NBu,] [hftb] 7 and [NBu,]'[PF4]". n.d. = not determined.

salt solvent solubility [mol L] Ay [S em® mol™]
[NBuy] [pftb] 1 CH,Cl, 0.04 38.75
CHCl; <0.01 n.d.
toluene almost insoluble -
[NBuy] [hfip] 4 CH,Cl, 0.27 29.90
toluene 0.03 48107
[NBuy] [hftb] 7 CH,Cl, 1.09 18.01
CHCl; 0.03 1.81
toluene 0.05 1.8-107
[NBuy] [PFs] CH,Cl, 0.59 12.64
CHCl; 1.12 2.80
toluene 0.02 @

@ jidentical to the conductivity of the pure solvent

If compared to the widely used [NBuy] [PF4]’, only the [NBuy] [hftb] 7 shows a higher molar
solubility in CH,Cl,, however all tested aluminates have much higher limiting molar
conductivities A, in this solvent, indicating less ion pairing and higher mobility of the ions.
The limiting molar conductivities A, are in accord with the coordinating ability of the anions
which decrease according to: [PFe]” > [hftb]” > [hfip] > [pftb]™ '"). Thus, less coordinating
anions have higher limiting molar conductivities. In CHCIs, the A, values are in the same

order of magnitude. In toluene, which was the least polar solvent used in this study, the
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solubities and A, are very small (in the range of mS cm” mol"), and in the case of
[NBuy] [PFs], no conductivity at all was measured in toluene. Overall, the aluminate salts are
good alternatives as supporting electrolytes in non-polar media.

The higher solubility (> 1 mol L in CH,Cl,) of [NBug] [hftb] 7 can be explained by the
influence of the CH3 moieties, which make this anion more lipophilic than the perfluorinated
[pftb]". The lipophility of the [hfip] anion lies in between that of [pftb]” and [hftb]", which is

also in good agreement with the solubility of its NBuy salt.

5.1.5 Cyclovoltammetry

The electrochemical stability of the NBuy" salts has been tested by cyclovoltammetry (CV) in
CH,Cl,, 1,2-F,C¢H4 and CH5CN. All salts were stable in the electrochemical windows of the
used solvents (no currents larger than 0.5 wA measured), but 7 tends to precipitate at the
electrode during the oxidation process. This phenomenon has also been previously observed
for the Li[hfip] salt™ therefore the values obtained for this salt will not be used for a detailed
discussion. In a second test series, the CV measurements were be done with the addition of
ferrocene. The obtained results are listed in Table 24, and as an example, one CV plot is

shown in Figure 27.

Uil However, Li[hfip] is very stable, it does not undergo oxidation at potentials less than or equal 5 V vs. Li" in

dimethylcarbonate[175] S. Tsujioka, B. G. Nolan, H. Takase, B. P. Fauber,S. H. Strauss, Journal of the
Electrochemical Society 2004, 151, A1418..
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Table 24: Electrochemical stability of the NBuy' salts 1, 4, 7 and [NBuy][PFs]. Unex and Uy, are given relative
to the internal ferrocenium / ferrocene redox couple.

salt solvent Unax [V] Unin [V]
[NBuy] [pftb] 1 CH,Cl, 1.4 23
1,2-F,C¢Hy 1.4 0.8
CH;CN 1.5 -1.3
[NBuy] [hftb] 7 CH,Cl, 1.1 2.2
1,2-F,CsHy 1.1 -0.9
CH;CN 1.1 -1.1
[NBuy] [PFs] CH,Cl, 0.9 -1.8
1,2-F,C¢Hy 0.7 2.1
CH;CN 1.1 0.4

It was found that especially the [pftb] salt 1 is very stable against anodic oxidation (+1.5 V in
acetonitrile), while the [PFs]” anion already gets oxidized at +1.1V relative to ferrocene. This

is in very good agreement with earlier results found for the Li" salts!'’* 7],

-1,0x10” -

current [A]

-5,0x10°

0,0 | -

5,0x10° -

1,0x10°

1 0 -1 I I2 volltage I\

Figure 27: Cyclovoltammogram of 0.1 M CH,Cl, solution of [NBu,]‘[pftb] 1, showing the reversible
ferrocenium / ferrocene reduction.
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5.1.6 Mass Spectrometry

From some of the [NR4]" salts of the [pftb], [hfip]” and [hftb]” anions, ESI mass spectra in
CH;CN have been recorded in order to investigate anion decomposition pathways and
correlate them to observed decomposition pathways with extremely electrophilic cations.
Under the relatively mild conditions of the electrospray ionization, all three anions remain
intact (m/z = 967 for [pftb]’, 695 for [hfip]” and 751 for the [hftb]” anion), but upon collision
experiments, in all three cases, the major decomposition product is the [F-Al(OR");] anion.
The mechanism of this degradation is sketched in Scheme 5. For the [pftb] anion, this
decomposition route has also been observed in the condensed phase, i.e. during the formation

[52].

of the [al-f-al]- anion

F —

\* /

c—cC
O\ |\CF3
F R

R = H, Me, CF;

0
i, / \ CF3
[F-Al(ORF;)]" + 'C—C.

7 A

F R

Scheme 5: Decomposition of the [AI(ORF),] anions in the mass spectrometer.

5.2 Concluding Remarks

The tetraalkylammonium salts of the fluorinated alkoxyaluminates are easily accessible in
large scale with good yields by simple metathesis reactions of their lithium salts with [NR4]Br
(R = Me, Et, Bu) in water or Et;0 / CH,Cl,. The [NR4] [A] salts provide nearly undisturbed
anion environments, which allows to determine reliable values for the thermochemical
volumes of the anions. This property — to serve as model compounds with ideal anion

geometries — also made it possible to investigate their vibrational spectra in comparison to
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those of their Li" and Ag" salts, in which some of the bands are split because the anions are

strongly coordinated by the cations.

The high solubility of [NR4]'[A] salts in non-polar solvents like CH,Cl, or CHCI; (up to 1.09
M for [NBuy] [hftb]” 7 in CH,Cl, and 0.41 M for [NBuy] [hfip]” 4 in CHCl;) makes them
ideal candidates as supporting electrolytes in electrochemical processes, such as
cyclovoltammetry. [NBuy] [hftb]” 7 may even be suitable for toluene solution. Besides, they
are also very stable against redox processes, i.e. their electrochemical window is larger than
those of all tested solvents, and especially the [pftb] salt 1 performs much better than the
commonly used [NBu,] [PFs]". The [hfip] anion tends to precipitate at the anode. Overall one
can say that in their electrochemical properties, they resemble the [NR4]" salts of the
[B(CgFs)4]” anion™, but the synthesis of this fluorinated borate is much more complicated
and also more expensive. They provide also a good alternative to the widely used [PF¢] salts,
as in non-polar media, they exhibit less ion pairing which leads to higher limiting molar
conductivities. In contrast to [NBuy] [PFs]’, they even show a small conductivity in toluene (&
=2.2), a solvent in which the most tetraalkylammonium salts are insoluble or only dissolve as

ion-pairs.
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6 Weakly Bound Cationic Ag(P,S;) Complexes

Lewis acid-base adducts of small inorganic cluster molecules such as P4, Sg, P3N3Clg or P4S;
are of fundamental interest for coordination chemistry, although not many examples of such
complexes are currently known!*> 181 188 1891 “The first P,S; complex, Mo(CO)s(P4S;), was

19 In this compound, as well as in the rare later examples

reported by Cordes ef al. in 1974!
such as [(np3)Ni(P4S3)]* or (P4S3)(BX3) (X = Br, D! the P4S; cage is bound via the apical
P atom. When P4S; acted as a bridging ligand, oxidative addition and bond cleavage of P-P

4o

and P-S bonds was observe 1 Generally, the P4S; molecule is prone to degradation when

reacted with transition metal compounds. This fragmentation is supposed to proceed both

through the S and / or P atoms, as indicated by the respective reaction products!'”* 1.

For studying models for the primary steps of such degradation reactions in more detail,
complexes with a d'’ metal cation such as silver appeared ideal, since it seemed unlikely that
the d'° electron configuration will be given up upon coordination; however, Ag" is a soft
transition metal and as such will seek the same reactive sites in P4S3 than other more reactive
transition metal fragments that usually induce degradation. Yet, these silver-P4S; complexes
are only weakly bound and not accessible with normal counterions. One method to obtain
such weak transition metal complexes uses solid-state reaction conditions and Cul as matrix,
e.g. (Cul)sP4S4"). Another approach is the use of weakly coordinating anions (WCAs),
which are ideal counterions to stabilize weak cationic Lewis acid-base adducts like
[Ag(Pa)a] ™, [Ag(Se] ™, [AuXe)a "), [Ag(PsN3Clo] ™, {[Ag(cp*Fe(Ps))] '™,
[Ag(CoHy)a ] 7 or [Ag(CoHy).] . With the silver salts of the WCAs [pftb] (=
[AL(OC(CF3)3)4]") and [hfip]” (=[AL(OC(H)(CF3),)4]) it was possible to obtain the Ag(P4Ss3)
adducts (P4S3)Ag[hfip] 11 and (Ag(PsSs)2)[pftb] 121*Y. Although both anions are rather
similar, the structures of the adducts are very different. In fact, they are both polymeric, but
while for [(P4S3;)Ag[hfip]] 11 molecular chains are formed, [Ag(P4Ss).][pftb] 12 has an ionic
structure with homoleptic polymeric cations and isolated anions. In these species, an
unprecedented 77'-Puasa and 77'-S coordination was observed. In the same year of this initial
publication, Peruzzini ef al. also reported structures of PsS; adducts with 771 -Ppasal

. . 1 2
coordination!'?% 2%,
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To further investigate the influence of the counterions on the structure and coordination
behavior of the P4S; cage towards a Ag' ion, the reactions with the WCAs [hftb]” (=
[AI(OC(CH;3)(CF3)2)4]), and [al-f-al]” (= [((CF3)3CO);Al-F-Al(OC(CF3)3)3]) were studied.

Since the *'P solution NMR spectra of 11 and 12 displayed two resonances similar to those of
free P4S3 even at -90°C as well as no coupling to '"’Ag/'”Ag - indicating weakly bound
complexes with dynamic structures - solid-state *'P MAS NMR was used in this study to
provide more insight into the nature of the Ag-P and Ag-S bonds, dynamics of the system and
(perhaps cluster-like) bonding within the P4S; cages. Quantum chemical calculations on
model compounds have also been performed to investigate energetics and thermodynamics as

well as spectroscopic properties of the species.

6.1 Likely Bonding Sites of P,S; in the [Ag(PS;).]" (n = 1-3) and
[Ag,(P4S3)]*" Cations from DFT Calculations

In order to investigate principal bonding sites of P4S;, quantum chemical calculations at the
(RI)-BP86/SV(P) level of theory were performed. For each [Ag(P4S3),]” cation (n = 1-3)
different coordination geometries and their relative energies were calculated. By using
frequency calculations, it could be determined if these complexes were local minima or
transition states on the PES (potential energy surface). In Figure 28 to Figure 30 the structures

and relative energies of the different adducts are compared.

Age
H
b P
T/‘\T P T/E\T o ,?/Q\T
S s S Ag--1TTT
<k sl T
A B C D
24.9/19.7 751179 12.4/53 4.8/5.1
N P AN N
O T
<= <= <k N
“hge A
E F G H
91.9/96.1 59.8/62.8 0.0/0.0 *

Figure 28: Assessed isomers of Ag(P,S;)" I and their relative energies (AG in the gas phase / AG in CH,Cl,
[kJ/mol]) at the (RI)-BP86/SV(P) level. The * indicates that this isomer is not a local minimum on the PES.
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For compound I (AgP,S;") the isomer IG is lowest in energy in the gas phase and in CH,Cl;
however, other geometries shown in Figure 28 have similar free energies and are, with the

exception of the 773 coordinated IH, all local minima on the PES.

The next figure collects the assessed isomers of the 1:2 complexes Ag(P4S3)," IL.
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Figure 29: Assessed isomers of Ag(P,S;)," II and their relative energies (AG in the gas phase / AG in CH,Cl,
[kJ/mol])_at the (RI)-BP86/SV(P) level. * indicates that the species are no local minima on the PES. n.e. = such
an isomer does not exist at this level of calculations; i.e. a compound with such a starting geometry collapses to
another isomer shown in the figure.

Also for these model compounds, the relative energies between the different isomers differ
only slightly. It is interesting to note that for I (Ag(P4S3),") no 7’ coordinated species is a
local minimum on the PES. This is also in agreement with the fact that no such P4S; adduct
has been observed so far. Moreover, it is clear from Figure 29 that the most stable isomers of
4 are 7i'-bound. Therefore, mainly 7' coordinated isomers were used as starting geometries
for the larger and computationally more demanding [Ag(P4S3);]" III cations and omitted

some less likely candidates. The results for the optimizations of II1 are shown in Figure 30.
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Figure 30: Assessed isomers of Ag(P,S;);" III and their relative energies (AG in the gas phase / AG in CH,Cl,
[kJ/mol]) at the (RI)-BP86/SV(P) level.

Here, the energetically most favored isomer ILIE has three Ag-P, coordinations, but again all
other structures are not much higher in energy. It should also be noted that the relative
energies of those isomers in which the silver atom has a six-fold coordination (i.e. ILLA and
IIIC) are thermodynamically less favorable.

As further model compounds, different isomers of the [Agz(P4Sg)]2+ IV dications were also
assessed (Figure 31). Since no 77° coordinated species appeared to be favorable for the other

calculated compounds, such isomers were omitted for this dication.

90



A?O E Ag P. Ag P. &2\
AT P T/ \T T/ \T g T/ i\T
g | S | _S_ S 3
Agez"'l<!7l P<!7P P\!/ j GAQ'/P<!7P Ag=T" <!7P ‘‘‘‘‘ Ag
A B C D E
0.0/10.9 38.6/31.8 24.3/30.1 4.1/15.0 12.1/6.9
€] ® eg@ e\g@
A9~ Ad~ i i
Pp P Pp P P
é/‘\s @/,S/‘\s »'S/i\S\@) s s/‘\s s/‘\s\ ®
| s | | 8] A - N - e -
P<!\7F:’ P<!?? P<!7P' P<!7P P<!\7F:’ P<!7P
“age “ae e
F G H I J K
n.e n.e n.e. n.e 104 /11.7 n.e
Ag@ ®
® _,_Age i ,/"?‘g
e s I e > N
1T T e AT e T e
—J— _P—J—P —l— — .
S e R GRS SRS
Ag
L M N 0 P
19.9/21.2 n.e 9.9/0.0 5.0/9.9 227/258
®
® h9 ®
RN S A SN S SN DN S S e S
I Lo 0 T T e YT 1Y
BN P v <= SN A W~
\\‘f\g@ \\Aé@
Q R S T U \%
ne. n.e. ne. n.e. 229/255 16.4/6.1

Figure 31: Assessed isomers of Ag,(P4S3)*" IV and their relative energies (AG in the gas phase / AG in CH,Cl,
[kJ/mol]). Isomer IVD is related to the main form of [(P,S;)Ag[hfip]] and isomer A to the side form of
[(P4S;)Ag[hfip]] as well as 1. Calculations at the (RI)-BP86/SV(P) level of theory. n.e. = such an isomer does
not exist at this level of calculations.

As for the previous calculations, the relative energies of all calculated isomers of the model
compounds IV (Ag;P4S3>") are all very similar (within 34.9 kJ/mol in the gas phase or 32.0
kJ/mol in CH,Cl,).

From the preceding figures it is clear that the PES of the Agy(P4Ss),"" cations is rather flat.
This indicates that several different coordination modes in the Ag(P4S;) complexes should be

accessible in solution, which is in agreement with the dynamic solution behavior reported. For
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comparison, all global minima of the model compounds calculated in this study are

summarized in Figure 32 along with important structural details.
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Figure 32: Geometries of the global minima (AG in the gas phase / AG in CH,Cl,) of Ag(P4S3)" I, Ag(P4S3)," 11,
Ag(P,S;);" Il and Ag,(P,S;)*" IV at the (RI)-BP86-SV/(P) level of theory. IVA is the minimum in the gas phase
and IVN the minimum with inclusion of solvation (COSMO).

In most of the global minimum energy structures in Figure 32 7' coordination is favored,
except for those in which the silver cations do not have access to other ligands which could
saturate the positive charge, i.e. in IG. These findings are in good agreement with the
experimentally determined structures of the P4S; adducts 11 and 12, as well as those

presented below, where only 7’ coordination has been observed.

6.2 Syntheses and Solution NMR Characterization

Reacting P4S; with Ag(CH,Cl,)[hftb] or Ag(CH,Cl,)s[al-f-al] in CH,Cl, or CH,Cl,/CS,
mixtures at r.t. leads to the very air and moisture sensitive adducts [(P4S;)Ag[hftb]]. 13 (eq.
38) and [Aga(P4Ss)s]* [al-f-al]> 14 (eq. 39). They are both highly soluble in CH,Cl, and
CH,Cl,/CS, mixtures.
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eq. 38

CH,Cl,
[Ag(CH,CL)[hftb]] + P4S;  ——————> [(P4S3)Ag[hftb]] 13 (yeiiowyt CHLCLy

eq. 39

CH,Cl, / CS, .
2 [Ag(CH,Cly)5][al-f-al] + 6 PS4 > [Agy(P4S3)6] ™ [al-f-al], 14 (oloriessy™ 6 CHLCly

Initial in situ reactions in sealed NMR tubes with CD,Cl, as a solvent, showed the same very
simple p signals as those found for [(P4S3;)Ag[hfip]] 11 and [(Ag(P4S3):[pftb]] 12: one
quartett and one dublett with shifts similar to free P4S; in the same solvent (& >'P(P4S;) = 73.1
(q), -117.4 (d) ppm); in 13 and 14 the quartet of Pqicar shifted by -6.9 and +0.4 ppm, the
doublet of Py, shifted by -10.8 and -0.7 ppm. This indicates that the bonding towards the Ag
is only weak and that — in solution — exchange reactions take place. Even at temperatures as
low as -90°C, where pure P4S; is insoluble in CH,Cl,, the spectra remained simple and
unchanged. In none of the *'P spectra, could coupling to '"'Ag be observed. In a static
system the multiplicity of these signals should change as the three Pp, would not be
chemically equivalent. Such changes were observed in more tightly bound complexes with
other metals®). The *C, 'H and *’Al NMR spectra showed that the anions remained intact
during the reaction, however, the formation of adducts with small cation-anion interactions

and thus shifted anion resonances may be concluded for 13 (see Table 25)
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For the model compounds IVA and IVN the calculated Ad values do not fit very well to the
signals observed in the *'P NMR in solution. This can be explained by the lack of other
coordinating molecules that exist in solutions of 13 (i.e. the coordinated [hftb]” counterion or
the solvent). For the [Ag(P4$3)3]+ cation, the calculated Ad values are very close to the
observed shifts of 14 — even closer than those calculated for the [Ag,z(P4S3)6]2+ dication that
was found in the solid state. This could be an indication that in solution the dication is not
present. To ascertain this hypothesis for 14, an ESI-MS in CH,Cl, has been recorded. In the
cationic mode, signal groups for [Ag(P4S:)2]" and [Ag(P4S3)s]" are detected and, according to
the mass distribution, no [Agz(P483)6]2+ is present in the solution. The reasons for this
observation are discussed in a later section. In the negative mode, the [al-f-al]- anion (m/z =
1483, 22%) as well as its following decomposition products [F-Al(OC(CFs);)s]” (m/z = 752,
100%), [AI(OC(CF3)3)4]” (m/z = 968, 94%), [((CF3)3CO);3-Al-F-Al(O(C(CF3)2)] (m/z = 1247,
7%) and [((CF3);CO)-Al-F,-Al-(OC(CF3)3)3)]- (m/z = 1501, 18%) are observed.

6.3 Solid-State >'P NMR Spectra

In the weakly bound cationic complexes in 12, 13 and 14, silver acts as a bridging atom
between P4S; cages, where the electrons of the molecular orbitals formed over the P-Ag-P
bridge mediate dipole-dipole interactions between the phosphorus atoms, also known as J-
coupling. In solution, these two-bond 2Jp_Afb,_p-couplings remain unobserved in NMR spectra of
the [Ag(P4S3).]" complexes due to fast exchange between the P4S3 cages. In solids, such an
exchange is unlikely. So if the *J p-ag-p couplings are observed they could provide more insight
into a structure of these materials. In order to characterize solid Ag-complexes the *'P magic

201]

angle spinning (MAS) experiment®’" was utilized, along with two-dimensional >'P J-resolved

(2021 and incredible natural abundance double-quantum transfer experiments
(INADEQUATE)™™, were used. These two-dimensional methods have first been proposed to
study molecules in liquids and with some adaptations they have been successfully applied to

characterize solids.

The INADEQUATE experiment was designed to study through-bond connectivities of
molecules in solution by correlating resonances of the same nuclei between which J-coupling
exists. Few variants of this experiment have been proposed to study solids under MAS?** 2%,

The complexes analyzed in this work show a degree of structural disorder, so the double-
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quantum (DQ) refocused INADEQUATE MAS sequence has been utilized as it offers an

205

increased sensitivity*””). An important question with this method is if the observed correlation

peaks are the result of excitation of the double-quantum transition exclusively through a J-
coupling mechanism, which provides information on through-bond connectivities, or if they
appear due to the through-space dipole-dipole interactions. This issue was elaborated in recent
paper of Fyon et al. in which it was demonstrated that the INADEQUATE MAS experiment

is indeed a suitable probe of through-bond connectivities, although the interpretation of the

[206

obtained spectra should be taken with special care™. The two-dimensional J-resolved MAS

. 31 .20
experiment was used to measure homonuclear *'P J-couplings!*”.

P4S3.'

The different modifications of P4S; (a, B and y) have previously been studied in great detail

208, 209 [208, 210]

by neutron diffraction and X-ray crystallography! ]| thermodynamic methods ,

(211.212] 5 1d solid-state NMR spectroscopy[213'216]. It is found

[208, 209

infrared and Raman spectroscopy
that the nearly spherical P4S; molecules have a rigid structure ], while the entire
molecules undergo reorientational jumps around the uniaxial three-fold axis®'* 2'®!. The rate
of this motion at room temperature is estimated to be k < 10’ s Chemical shift
anisotropy (CSA) tensor parameters of the *'P sites have been determined from the single
crystal and MAS NMR spectra®* ?'®!. Due to fast reorientational motion each P4S; molecule
gives only one *'P resonance for all Py, sites at an averaged chemical shift and one
resonance for Pypica. The two Pgpicar atoms of the asymmetric unit cell experience the non-
averaged chemical shift anisotropy Ocsa of 156 and 164 ppm, while the averaged d¢sa for all
Piasal atoms is = 277 ppm>'®. The through-space dipole-dipole coupling constant between
pairs of 3P yasal= Prasal in the absence of motion in a single P4S; unit is = 1.7 kHz, taking into
account the average distance of 224 pm. The plastic phase B-P4S; is formed at 314 K through
a first-order crystal-to-plastic phase transition. As the phase transition is approached the
increase in librational amplitudes of P4S; cages around the uniaxial three-fold axis is
predominant. Once the plastic phase is formed, the P4S; cages undergo a fast pseudo-isotropic

motion in which the centers of gravity of P4S; are well defined. The plastic B-form remains

stable on cooling until 259 K when it is transformed back into crystalline a-form.
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Figure 33: °>'P MAS NMR spectra of (a) a- and (b, ¢) B-P,S; solids recorded at (a, ¢) 311 K and (b) 362 K. The
center bands are shown on an enlarged scale. Spectra are the result of averaging 8 transients with a recycle
interval of 60 s.

Figure 33 the *'P MAS NMR spectra of a-P4S; (a) and B-P4S; (b, ¢), while the *'P isotropic
chemical shifts (8is,) and the spin-lattice relaxation time-constants (77) are listed in Table 26
and Table 27 respectively. From the rotor-synchronized MAS spectra (not shown) the
intensity ratios of 31Papica1:31Pbasa1 resonances are estimated to be 1:3. The >'P MAS spectrum
of a-P4S;3 exhibits an envelope of spinning side-bands covering ca. 100 kHz of spectral width.
They are to be expected due to large CSA interaction®'®). The line-width (full-width at half-
height) of *'Pypica(T) is 200 Hz and *'Papica(ID) is 250 Hz while that of *'Ppasat (1, IT) are ~2.4
kHz. Distinctively larger line-widths of 31Pbasa1 arise from the motional broadening that is the

2171 Molecular

result of a combine effect of CSA interaction, MAS and molecular motion!
reorientation of P4S; around the uniaxial three-fold axis only brings time averaging of the
CSA interaction to >'Pyasal resonances, so the 31Papical resonances remain free from any
motional broadening. This broadening is typically observed for the reorientational rates of 10’

st <k <10% s Barely any spinning sidebands are observed in 3'P MAS NMR spectra
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(Figure 33 b, ¢) of B-P4Ss, which is not surprising since the P4S; cages in the plastic phase
undergo a fast pseudo-isotropic motion that completely averages the CSA interaction. Despite
this random motion the P4S; cages do have an averaged preferred orientation as evidenced by
two nicely resolved 3Py asal TesONances in the spectrum recorded at 311 K (Figure 33). The
possible existence of two inequivalent P4S; units in -P4S; has been proposed in an earlier
work of Schnering and co-workers®® 21 however, it is NMR spectroscopy that provides
unambiguous evidence. It has been found that spin-lattice relaxation in both a- and B-P4S; is
dominated by the chemical shift anisotropy mechanism, while dipole-dipole interactions

[214

contributes to a lesser extent?'!. The much shorter relaxation times of *'P in B-P4S; in

comparison to those of a-P4S; are due to fast pseudo-isotropic motion of P4S; cages which is

estimated to be k > 10 1214,

Table 26: Chemical shifts of *'P resonances (8iso in ppm) in a-P4S;, B-P4S; and the complexes 13, 12 and 14

measured at 311 K.

a-P4S; B-P4S; 13 12 14
TP pical(l) 90.8 80.1 67.5 86.3 87.3
P pical(10) 84.6 80.1 63.8 81.0 733
1P picar(T1T) - - - 79.9 72.3
IPapicat(TV) - - - 75.3 -
31Ppasa(D) -88.7 -101.2 -134.1 -102.2 -106.6
3P pasat(1D) -88.7 -104.2 -134.1 -105.8 -112.4
3Py aa(110) - - - -107.7 -115.9
Py (IV) - - - -112.0 -
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Table 27: Spin-lattice relaxation time constants T (in s) of 3P resonances in a.-P,S;, B-P4S; and the complexes
13, 12 and 14. They were measured at 311 K using an inversion recovery experiment with a single « pulse used
to invert the magnetization.

a-P4S; B-P4S; 13 12 14
TP pical(l) 67 2.6 2.5 0.91 1.7
3P pical(1D) 67 2.6 2.7 1.0 1.1
3P pical(110) - - - 1.7 1.1
Pypica(IV) : - - 20 ]
1Ppasa(D) 67 2.2 1.1 0.15 0.26
* Ppasat(I1) 67 2.2 1.1 0.29 0.19
3Py asa(110) - - - 0.22 0.19
1 Ppasat(IV) - - - 0.39 -

[Ag(P.S3)2f[pfib] 12, [(PsS)Ag(hftb)] 13 and [Agx(P.Ss)s]” [al-f-al[ ; 14:

Figure 34 shows *'P MAS NMR spectra of (a) 13, (b) 12, and (c) 14, complexes recorded at
311 K. They all show an envelope of spinning sidebands spread over ca. 100 kHz indicating
that the amplitudes of the >'P CSA interactions are of the same order as those measured for a-
P4S;. The line-widths of the spinning sidebands are remarkably narrow, typically about 200-
300 Hz. In addition, the *'P spin-lattice relaxation time constants (Table 27) are of the order
of seconds or shorter. These observations indicate that the P4S; cages undergo reorientational
motions around the uniaxial tree-fold axis with a rate of k > 10® s™. Spectra obtained with
slower spinning rates (5 kHz) also exhibit narrow *'P resonances suggesting that homonuclear
dipole-dipole *'P interactions, particularly those of the Ppas atoms, are significantly averaged
by a fast molecular motion. However, scalar J-couplings (either homonuclear or
heteronuclear) remain unresolved except for a few of the 31Papical resonances of 12 and 14,
where ill-resolved “Jp.sp-couplings are evident. The asymmetric unit cell of 13 contains two
P,4S; units resulting in two nicely resolved * lPapical resonances (Figure 34 a), while *'Ppyal
resonances of the two units are having very similar averaged isotropic chemical shifts, so only
a single resonance is observed. From the rotor-synchronized MAS spectra (Figure 35a, b) the
relative intensity ratios of 3 1Papical:3 TPy asar n all complexes studied here are estimated to be 1:3.
Eight *'P resonances in Figure 34b and six in Figure 34c correspond to the four and three

different P4S; cages of the asymmetric unit in 12 and 14, respectively. In the temperature
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range between 249 and 338 K, the *'P MAS spectra of 12 reveal a slight chemical shift
change (up to a few ppm) for all resonances, while only the *'Ppac(IV) resonance displays a
dramatic increase in broadening on lower temperatures, suggesting slower reorientational
motion for this P4S3(IV) cage, where k < 107 s™'. It is found that the complexes 13 and 12
remain stable over a long period of time in a sealed container at room temperature while the
spectrum of complex 14 recorded after few days storage in the MAS container shows
additional resonances with the same chemical shift and the same relaxation times of the *'P
resonances as o-P4Ss3. This is in agreement with DFT calculations, which showed that in the
model system Ag(P4Ss); the third ligand is only very weakly bound. Similar energetics
shoulds also apply for the dication. After a few weeks the >'P MAS spectrum of 14 is identical
to the one of a-P4Ss. This observation confirms that complex 14 is metastable and one of its
decomposition products is most likely to be the a-P4S; phase.
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Figure 34: 3P MAS NMR spectra of (a) 13, (b) 12 and (c) 14 recorded at 311 K. The center bands are shown on
an enlarged scale. Spectra are the result of averaging 64 transients with a recycle interval of 10 s.

100



The rotor-synchronized *'P MAS, J-resolved MAS and INADEQUATE MAS NMR spectra
of 12 and 14 are shown in Figure 35. Due to rotor synchronization the *'P, resonances are
aliased in the direct dimension (9;) and the ppm scale is not reflecting their real chemical
shifts. Similarly, in the indirect dimension (d;) of the INADEQUATE spectra all 3p
resonances are aliased and the scale is adjusted to reflect genuine shifts. For resonances where
this was not possible the isotropic chemical shifts are annotated on the spectrum. The
projections of the *'P resonances in the J-resolved spectra (Figure 35 c, d) on to the &,
dimension reflect the homonuclear J-couplings multiples. Due to fast molecular motion the
refocused line-widths of 31Papica1 are remarkably narrow (except for complex 13, spectra not
shown) and consequently the 3 lPapical quartets arising from 2Jpsp are nicely resolved. For
complex 12 the following values are found: Jp.sp(I) = 74 Hz, “Jp.s.p(I) = 71 Hz, *Jp.sp(Il]) =
69 Hz and “Jp.sp(IV) = 79 Hz, and for 14: “Jp.sp(I) = 70 Hz, *Jp.s.p(I) = 72 Hz and “Jp. p(III)
= 72 Hz. Similar values for “Jp.sp couplings are measured in solutions. Somewhat larger
refocused line-widths of *'Py limit the resolution of these resonances. If 2Jp.Ag_p-couplings
exist then these complex multiples are hidden behind what appears to be a broad 3Py asal
doublet structure. The two-dimensional >'P DQ INADEQUATE MAS NMR spectra in Figure
35 e, f show correlation peaks for pairs of *'P resonances between which J-coupling exists. In
the 8; dimension they are found at the sum of their chemical shifts. The INADEQUATE
spectra allow one to assign 3 lPapical and 31Pbasal resonances of the same cage (peaks at -50 ppm
< 8§ <-20 ppm) as given in Table 26 and Table 27, and to resolve peaks that are overlapped
in the *'P MAS spectra, e.g., Papicai(II) and Ppicai(III) of complexes 12 and 14. More
importantly, correlation peaks are also observed between phosphorus atoms of different P4S;
cages, providing a direct evidence for the existence of 2Jp.Ag_p—couplings mediated via
bridging Ag" cations. For the complex 14 the correlation peaks at 8; = -222.5 ppm (Figure 35
f) are the consequence of a chemical bond between Ppasal(I)-Prasai(III) formed via the Ag+
bridging cation. These are the only peaks expected to be seen since the other cages are linked
via S atoms. Correlation peaks connected with dashed-lines are assigned to a small amount of
unknown impurities or possible degradation products, even though spectra were recorded
immediately after the sample preparation. Only two sets of correlation peaks at &; of -209.9
and -208.0 ppm are observed for complex 12 suggesting a correlation between Ppaga(l)-
Poasai(I1) and  Ppagai(1)-Prasai(II). This is surprising since the cluster arrangement in this
compound should result in a total of six pairs of peaks. As the refocused line-widths are of the
same order for all *' Py, resonances, the most likely explanation for the missing peaks is that

all other *J p-ag-p-couplings are considerable smaller.
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Figure 35: (a, b) Rotor-synchronized *'P MAS, (c, d) *'P J-resolved MAS and (e, f) *'P INADEQUATE MAS
spectra of (a, ¢ and e) 12 and (b, d and f) 14. The spectra (a, b) are the result of averaging 8 transients with a
recycle interval of 5 s. The two-dimensional spectra are the result of averaging 32 transients for each of (c, d) 64
and (e, f) 156 t; increments of (c, d) 1.142 ms and (e,f) 71.4 us, with a relaxation interval of 5s. The excitation
and reconversion intervals were 2.57 ms.

6.4 Solid-State Structures

Re-determination of the structures of a- and y-P,S;:

The structures of a- and y-P4S; were re-determined at 140 K (see appendix 12.4) in order to
compare the solid-state structure of the adducts with that of the free ligand under similar
conditions; both data sets also have a better quality (R1 = 1.73% for y-P4Ss and 2.77% for -

194, 209,

P,S;) than those reported before! 2181 These new data are used to compare bond lengths

and angles with those of the Ag(P4S;) adducts.
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[A8(P4S3) ] [pftb] 12:

3'P solid-state NMR measurements on this compound during this study clearly showed that
the previously published space group P2,/n"*" was not correct. Therefore, the crystal structure
was re-determined in P2;, in which the number of the symmetrically independent P4S;
moieties is doubled if compared to P2;/n. Since the bond lengths and angles did not change
significantly, the structural parameters are not discussed in the main text of this thesis (a

detailed figure of the re-determined solid-state structure of 12 is shown in the appendix 12.4).

[(P,S3)Ag[hftb]] 13:

7 crystallizes in the triclinic space group P1 with Z = 2. A section of the solid-state structure
is shown in Figure 36. Although it is also possible to solve the structure as monoclinic with
space group P2, solid-state >'P NMR clearly reveals that there are two independent P4S;
moieties in the asymmetric unit. As it can be seen from Figure 36 and Table 28, where the
characteristic bond lengths of 13 are listed, the two parts of the asymmetric units differ only
very slightly, but these small changes are enough to give rise to different peaks in the solid-
statt NMR. This adduct forms one-dimensional, polymeric chains. In these chains, the Ag"
cation is coordinated by one apical and one basal P atom of the P4S; cages. Additionally, two
oxygen atoms of the anion are also coordinated to the silver atom, which leads to a molecular
species with the same structural pattern as in the side form of the [(P4S;)Ag[hfip]]™**.. The
structural parameters of the anion are normal''l. The Ag-P distances are at 245.67(8) /
246.09(7) pm (Papica) and at 254.76(8) / 254.64(8) pm (Ppasa); the Ag-O bonds are at
241.85(11) / 241.72(12) pm and at 239.36(11) / 239.19(11) pm. These values differ from
those of the (disordered) side form of [(P4S3)Ag[hfip]] by up to 17.5 pm (d(Ag-Papical) =
228.5(3) pm, d(Ag-Poasal) = 249.7(7) pm'*¥). However, these differences should be attributed
to the inherent disorder in [(P4S3;)Ag[hfip]] and the structure of 13 should be used as a

reference for the structural parameters of such a structural motif.

X-ray diffraction at 283 K shows essentially the same structure with larger thermal
displacement parameters (tdp’s) for the CF5 groups of the anion; the tdp’s for the Ag and the
P4S; moieties remain very small and almost spherical (see figure in appendix 12.4). This
implies that on the time-scale of X-ray scattering the structure is static and any dynamics,
except rotation about the CF3 groups, has to be short lived with no long-living resting-state
that may add to the diffraction pattern as a second orientation. A similar conclusion was

drawn from an analysis of the Raman and IR spectrum of 13 (see below).
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Figure 36: Section of the polymeric chain of [(P4S;)Ag[hftb]] 13 in the solid state at 100 K. The C(CH;)(CF;),
groups have been omitted for clarity. Selected bond lengths (in pm): Agl-O1 / Agla-Ola: 241.85(11) /
241.72(12); Agl-02 / Agla-0O2a: 239.36(11) / 239.19(11); Agl-P2 / Agla-P2a: 254.76(8) / 254.64(8); Agl-Pla
/ Agla-P1: 245.67(8) / 246.09(7); P2-P3 / P2a-P3a: 222.80(9) / 223.73(8); P3-P4 / P3a-P4a: 225.22(7)/
225.22(9); P2-P4 / P2a-P4a: 223.52(8) / 222.93(9); P2-Sla / P2a-S1: 209.42(8) / 209.02(8); P3-S2a / P3a-S2:
210.44(8) /.210.48(8); P4-S3a / P4a-S3: 210.85(8) / 210.17(8); P1-S1 / Pla-Sla: 209.15(8) / 209,86(7); P1-S2 /
Pla-S2a: 209.59(5) / 209.68(5); P1-S3 / P1a-S3a: 208.65(7) / 208.95(8).

[Ag2(PsS3)s]” [al-f-alf » 14:

14 crystallizes in the monoclinic space group P2; with Z = 2. The solid-state structure of the

cation at 130 K is shown in Figure 37.

S4 S2 3 P11‘ 4 58
P1 P A v~ - P12
P8 62 Pea N TP
\._S6 AGTR N\ |
59 '- ) L S1 657 P7
, (P5 P3 P5y ‘
P7 _ P9g\ 5T RP3 /v S5
S7 ' gAG1 S6 PG
d NN\ 2 _goop1  P¥
P12§_> /P11 & &, s4d
S8 S9

Figure 37: Solid-state structure of the [Agz(P4S3)6]2+dication in 14 at 130 K, thermal displacement ellipsoids
showing 25 % probability. Selected bond lengths (in pm): Agl-P5: 248.30(15), Agl-P3:258.84(15), Agl-S3:
262.52(16), Agl-S9: 263.39(15), P1-S2: 209.2(3), P1-P3: 222.4(2), P1-P2: 224.8(2), P2S3: 211.2(2), P2-P3:
222.55(19), P3-S1: 208.0(2), P4-S2:209.3(2), P4-S1: 210.1(2), P4-S3: 213.5(2), P5-S6: 206.9(2), P5-P7:
221.3(2), P5-P6: 223.7(2), P6-S4: 208.4(2), P6-P7: 224.1(2), P7-S5: 207.3(2), P8-S5: 210.0(2), P8-S4: 210.8(2),
P8-S6: 211.0(2), P9-S7: 209.9(3), P9-P10: 222.3(2), P9-P11: 223.3(2), P10-S8: 209.0(3), P10-P11: 222.8(3),
P11-S9: 211.3(2), P12-S7:209.0(2), P12-S8: 209.1(2), P12-S9: 212.8(2).
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14 is an ordered AB; salt with isolated C; symmetric [Agz(P4S3)6]2+ dications A and [al-f-al]
anions B. In the centrosymmetric dications, only 7’ coordination of the P4S; cages towards
the silver atoms is observed. The two bridging ligands coordinate with one basal P atom and
one S atom; the terminal ligands coordinate only with one Py, or one S atom to Ag. The
structural parameters of the anion are normal®?. However, in contrast to other salts, the Al-F-
Al bridge in 14 is not linear, but has an angle of 172.4(2)°. This is probably due to packing
effects in the crystals.

S8a
© 3220 « « Ry 3 S2a 157 REoR
F5 F4 M ‘
F%a o CF19a
¢ Fi3a

Figure 38: Cation-anion interactions in 14 below the sum of the van der Waals radii.

As it can be seen from Figure 38, the cation anion interactions are very weak (4 Ag-S and 14
Ag-P contacts between 311.6 (P)/ 320.0 (S) and 336.4 (P)/ 323.5 (S) pm, average value: 327.0
(P)/322.8 (S) pm). No Ag-F contacts below the sum of the van der Waals radii of 320 pm
could be observed. Since only S5/S5a show weak contacts towards the fluorine atoms, but 10
P atoms have contacts to the F atoms it appears reasonable to argue that the phosphorus atoms
are more positively charged than the sulfur atoms. In the solid state, these dications form

stacked structures (Figure 39).
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Figure 39: Stacked structure of the [Ag,(P4S3)s]*" dications of 14 in the solid state at 130 K. dI(P-P) = 373.9
pm, d2(P-S) =353.0 pm.

The stacks are connected by very weak P-P (at 373.9 pm) and slightly stronger P-S contacts
(at 353.0 pm; cf. sum of the Van-der-Waals radii: 380 (P-P) and 370 (P-S) pm). These stacked
structures are probably formed by electrostatic interactions between the more electronegative
partially negatively charged S atoms and the more electropositive partially positively charged

P atoms. The even weaker P-P contacts should then result from packing effects.
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In the complexes 12, 13 and 14, the bond lengths of the P4S; moieties do not change very
much when compared to those of free P4S; — again, indicative of weak coordination. The Ag-
Prasal distance in 13 is the longest of all (excluding that of the bridging ligand in 14), which
may be explained with its two additional Ag-O bonds towards the [hftb] anion, which is the

most basic anion of this series.

If compared to the P4S; adduct of Ag[pftb][44], 14 shows some similar structural properties.
The 8-membered folded ring in the dication is also found in the structure of
[Ag(P4S3):][pftb]™** (Figure 40). In Table 29, bond lengths and angles of both compounds, as

well as the computed values for a C; symmetric [Agz(P483)(,]2+ dication, are compared.

Table 29: Comparison of the geometries of the 8-membered rings in 14 and in 12 with the calculated structure of
a C; symmetric [Agy(P4Ss)s]*" dication.

12 exp. 14 exp. [Aga(P4S3)6]”" cale.®
d(Ag-Py) [pm] A 253.8(3),250.93) 258.8(2) 254.8
d(Py-Py) [pm] B 223.4(4),2232(4) 222.6(2) 228.7
d(S-Py) [pm] C  211.1(4),211.2(4) 211.2(2) 214.5
d(Ag-S) [pm] D 265.5(3),265.6(3) 262.5(2) 279.1
< (S-Ag-Py) [°] o 110.8(1), 110.6(1) 111.7(1) 104.9
<(Ag-Py-Py) [°] B 123.9(1), 124.1(1) 119.6(1) 128.7
< (Py-Py-S) [°] y  101.3(19,100.7(1) 101.1(1) 101.5
< (Py-S-Ag) [°] §  103.5(1),103.5(1) 98.9(1) 107.0

@at the (RI)-BP86/SV(P) level; labeling according to:
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This comparison clearly shows that the rings in the two adducts are very similar and also are
in good agreement with the calculation. The calculated bond lengths are all longer than those
measured, which is a usual effect for this level of computation™!.Not only the cationic
structures show similarities, but also the packing diagrams of both compounds are related.
The packing of both substances is determined by the cations, which are aligned along the
crystallographic b axis. The anions are placed in the space between the polymeric chains (for
(Ag(P4Ss3)2)[pftb] 12) or the stacked dications (in the case of 14). As the [al-f-al]” anions are
much larger than [pftb]" they “break” the cationic chain, and the resulting free coordination
sites are filled by additional P4S; molecules. Overall, this effect may lead to the formation of

the dications (Figure 40).

Figure 40: Relation between the cationic structures of the polymeric cation in [(Ag(P,S;),)[pftb]] 12 441 (a, left)
and the isolated dication in 14 (b, right).

6.5 On the Existence of the Agz(P4S3)62+ Dication in all Phases: a Born-
Haber Cycle Investigation

To answer the question of why the [Agz(P4S3)6]2+ dication was found in the solid state but

[Ag(P4S3)3]" monocations were found in solution (as suggested by ESI mass spectrometry and

(v Only the calculated Ag-S distance deviates by +16 pm from the experiment, however, this is attributed to the weak bonds
that reside in shallow potential energy wells where small changes in energy may lead to larger distortions in distance.
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NMR shift calculations) a suitable Born-Haber cycle has been established. The lattice
enthalpies of both salts were calculated usinge Volume Based Thermodynamics (VBT)!" 183
methods based on the ionic volumes (3.30 nm® for 14 and 1.65 nm® for [Ag(P4S;):]'[al-f-al]’)
(Scheme 6). Gas phase and solution free energies stem from BP86/SV(P) calculations
including the COSMO solvation model (CH,Cl, as solvent) as well as thermal and entropic

contributions to the Gibbs energy at 195 and 298 K.

AG*% =-86 kJ/mol
AG'% =-57 kJ/mol

[Aga(P4S5)s>* solv +2 [al-f-al]" soly = 2 [Ag(P4S5)s]" solv + 2 [al-f-al] solv
4 A

A
A

olvG>28 = 385 kJ/mol AgoryG*%® = -285 kJ/mol
woivG'?> = -415 kJ/mol Ago1yG'?® = -308 kJ/mol

AG*® =-184 kJ/mol

195 _
[Agy(P4S3)el%" gas + 2 [al-f-al]" gas AG > =-164 kJ/mol 2 [Ag(P,Sy)s]" gas + 2 [al-f-al] gas

A A

ApeG**® = +478 kJ/mol A G**® = +189 ki/mol

, AG?*® =-103 kJ/mol
[Agy(P4S3)¢][al-f-al], solid == 2 [Ag(P4S;3)3][al-f-al] solid

Scheme 6: Born-Haber cycle for the lattice stabilization in 14. Values at the (RI)-BP86/SV(P) level of theory.

The lattice free energies were calculated using VBT 18],

The formation of two [Ag(P4S3):;]” monocations is thermodynamically favored in the gas
phase and in solution (Coulomb explosion), whereas in the solid state, the higher lattice
enthalpy of the 2:1 salt 14 leads to a stabilization of the dicationic form. Analogous coulomb
explosions have been observed for the cation pair S42+ /2 S, 83N22+ / SN and S;N" and

others.

6.6 IR and Raman Spectra

In the Raman and the IR spectra of 13 the bands of the Ag(P4S;) moieties can be observed
between 117 and 495 cm™. These frequencies fit very well with those assigned to the side
isomer of [(P4S3)Ag[hﬁp]][44] and with those obtained by simulating the vibrational spectrum
of the [Agy(P4S;)]*" dication and isomer IVA in Figure 31. Compared to other P4S;
complexes (e.g. (P4S;)(BX3) (X = Br, DU the energy of the highest bands (e symmetry, at

488/9 cm™) remain nearly unchanged if compared to free P4S;. In case of a stronger
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coordination of the ligand, the energy of this vibrational band should be lowered. In our
complexes, due to the very weak coordination, the interaction between the Ag™ and the P4S;
cages in which only leads to a disturbed symmetry, while the bonding in the ligands remains

1'% cation. In Table 30, the

unchanged. The same observation has been made in the [Ag(P4)>
vibrational frequencies of 13 and 14 are compared with those in 11 , free P4S; as well as with
the calculated frequencies of the model compounds [Agz(P4S3)]2+ (IVA) and the

[Agy(P4S3)s]”" dication.
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6.7 Concluding Remarks

Although the fluorinated silver alkoxy aluminates used in this study are very similar, their
P4S; adducts are not. In Table 31 some properties of these compounds are summarized. For
the smaller and more basic anions [hfip]” and [hftb], polymeric molecular structures are
obtained, in which Ag is coordinated by P4S; and by two alkoxy groups from the anion. In the
case of the less basic [pftb]’, the anion does not coordinate the silver cation and polymeric
[Ag(P4S3)2] cations are formed. For the largest and least basic [al-f-al]” anion, the adduct is
dicationic with well separated dications and monoanions. However, even the large [al-f-al]
anion is too small to allow preparation of a simple isolated Ag(P4S3),” monocation, instead
dimerization in the solid state with formation of the lattice stabilized dimeric [Agz(P483)6]2+
dication is seen. This [Agy(PsS3)s]* [al-f-al]; salt 14 is the first 2:1 salt of a fluorinated
aluminate anion. As shown by ESI-MS, DFT and Born-Haber cycle calculations, this dication

is unstable in the gas phase and in solution (“Coulomb explosion”) (Figure 41).

solid state

2 _——
A gas phase
solution

L\p ¢

Figure 41: Likely equilibrium between 2 [Ag(P4S;);]” (ILLE) and [Agz(P483)6]2+ in 14.

113



Table 31: Comparison of the Ag(P4S;) adducts of the [hfip]’, [hftb]’, [pftb] and [al-f-al]” anion.

(fipf U™ [hfib] 13 [pfib] 127 [al-f-al] 14
basicity of the anion highest low lowest
thermochemical volume of the — 0.599!""”! 0.663” 0.758!""1 1.113®
anion [nm’]

P4S; per Ag 1 1 2 3
coordination towards Ag 1 Papical, 1 1 Prasal, 1S, 3 Prasat, | S 2 Ppgea, 2S
Prasal, 20
20©
5”'P in CDCl, [ppm] +67 (q) +67 (q) +72 (q) +73 (q)
-126 (d) -128 (d) -118 (d) -117 (d)
av. d(P-S) [pm] 2164pical, 209apical, 21 1 apical, 211 apical,
207 4scal 208pasal 208pasal 20%%asal
av d(P-P) [pm] 226 223 224 223
cation structure polymeric polymeric polymeric dimeric
structure of the adduct molecular molecular ionic ionic

[109

@ determined by using the thermochemical volume of the [hfip] anion™ and the crystal structures of

[(P4S3)Ag[hfip]] 11 and 13.® determined by using the thermochemical volume of the [pftb]” anion!'* and the
crystal structures of [CI;][pftb]W] and [Cl;][al-f-al] (see chapter 7) © main form; side form: 1 Py, 1 S, 2 O.

According to the BHC in Scheme 6, one would need a weakly coordinating anion [A]" of
approximately 3.8 nm’ to stabilize a monomeric [Ag(P4S;);]'[A] salt. This should be
contrasted with the volume of [al-f-al]” of 1.113 nm”. Currently no well defined WCA with a
volume as large as 3.8 nm’ is known. From one can also see that with larger and less basic

anions more P4S; cages can be coordinated. In all of these adducts, only 7’ coordination is
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observed, which is in agreement with the calculation of the model compounds, which only
predict an 777 coordinated global minimum for [Ag(P4S;)]" L In this case the 77° coordination
is probably due to the fact that there are no other molecules which could coordinate to the

. . ¥ . . .
silver cation. In all other assessed cases 7'-coordination is preferred.

In solution, the NMR shifts of all adducts remain nearly unchanged if compared to the free
ligand, which indicates dynamics and fast exchange processes. However, for 14 the ESI-MS
and also the calculated A8 *'P NMR values indicate the solution presence of the [Ag(P4S3)s]”
cation, while in the solid state the dication [Agz(P4S3)6]2+ is favored (Scheme 6). Thus, the
dynamics is likely to be due to exchanging Ag(P4S3)x structures and not due to exchange
with the solvent CH,Cl,. The same conclusion can be drawn from the solid-state *'P NMR
spectra, which clearly reveal that these systems are very dynamic — even at low temperature —,
although the X-ray diffraction measurements of the Ag(P4S;) complexes investigated in this
study suggest rigid structures. Since X-ray crystallography is an average method, this notion
implies that the resting states for the dynamics observed by MAS-NMR are long lived. Those
conformations which are intermediates for the dynamic exchange are very short lived and do
not contribute, as “disorder”, to the intensity data of the crystal structure determination. These
conclusions are also in agreement with the flat calculated PES’s of the various Ag(P4S3)."
isomers with x = 1-3. These flat PES’s — and the fact that both S and P coordination is
observed in the solid-state structures — also indicates that degradation can occur both via

sulfidic and phosphidic pathways.
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7 Chemistry of Halocarbenium Ions - Theoretical and
Experimental Studies

Small carbon-containing cations!*'” %% like CX;5"1?29%! and XCO''®" 1622241 (X = halogen)
are of continuing interest in organic, inorganic and theoretical chemistry as they are
postulated to be intermediate species in organic reactions and are often observed as

225, 226] Not much is known

fragmentation products of gaseous ions in the mass spectrometer
about the properties and reactivity of these carbocations in condensed phases. However, over
the last few years, some of them became accessible in the solid state[m], e.g. MezCF%O],
(H;CO)C(H)X" (X =F, C)**"!, c1cO", CS,Br; " 1*®! C(OH); ™, CBry(OTeFs)s.  (n = 0-
3)8 C(ER);" (E = S, Se, Te, R = 24,6-PrCeH,)*", (CsH4CI)C(Cl)(CsHs) ",

C(CHs); 1%, FC(p-CeH4F), 173, FC(Me)(p-CeH4F) 1% and CX;5" (X = CI1, Br®®, 11471,

Within this thesis, the halocarbenium cations of the type H;.,CX," (n = 1-3) have been
investigated. In order to get insight into their structural and spectroscopic properties as well as
to gain information about their bonding, reactivity and thermodynamic stability, they have
been investigated with experimental and quantum chemical methods. The obtained results
have then been used for a comparison of the halocarbenium cations with the isoelectronic

haloboranes.

7.1 Stable CI;" Salts and Attempts to Prepare CHI," and CH,I"

7.1.1 Synthesis and NMR Characterization

The route chosen to prepare the halomethyl cations CH,l;.," (n = 1-3) was to react the parent

halomethanes CH,l4., (n = 1-4) with an Ag" salt (eq. 40).

. CH,Cl, .
eq. 40 CH,I,, + Ag > CH,L," +Agl

Initial quantum chemical calculations showed that all these reactions should be exergonic
both in the gas phase and in CH,Cl, solution when assuming the formation of solid Agl

during the course of the reaction (see Table 32); and red-brown [CI;] [pftb]” 15 was prepared
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quantitatively from Ag[pftb] and CI, with the strict exclusion of light.*”! Analogously,
[CI3] [al-f-al] 16 was synthesized.

Table 32: A,G° in the gas phase and in CH,Cl, for the formation of CI;*, CHI," and CH,I" from Ag" and CHI;
resp. CH,I, and CH;l at the MP2/TZVPP level. The formation of solid Agl, i.e. the experimental Ay, G of Agl =

197.9 kJ/mol, has been considered. The values in parenthesis are without Agl precipitation (in kJ/mol).

Reaction AG" in the gas phase AG" in CH,CL,®
Cly+Ag — [CLI;]" + Agl -287.0 (-89.1) -150.3 (+47.6)
CHI; + Ag” — [CHIL,]" + Agl -227.5 (-29.6) -109.1 (+88.8)
CHyl, + Ag" — [CHoI]" + Agl -144.8 (+53.1) -54.3 (+143.6)

@For the calculations in solution, [Ag(CH2C12)3]+ has been used instead of Ag+. The formation of 3 eq. CH,Cl,

molecules has been considered.

The NMR spectra of 15 and 16 recorded in CD,Cl, only showed the peaks of the CI;" cation
(8"*C =97.0) and the anion (for 15: 8"°C = 121.5 and 78.8, 8*’Al = 38.0 with w,, = 7 Hz; 8"°F
=-75.5; for 16: 8"°C = 121.0 and 78.8, 8°’Al = 33.0 with @y, = 2244 Hz). The experimentally
observed *C NMR shift of the CI;" cation is in very good agreement with that of G. Olah et
al. observed in the pioneering study in SO,CIF solution at 95 ppm***! and the value of 106

ppm predicted by spin-orbit corrected quantum chemical calculations***!,

Since 15 and 16 are stable at ambient temperature for more than half a year in the solid state,
it was attempted to stabilize the analogous CHI," and CH,I" salts. Since these cations were
predicted to be more reactive, these reactions were started at low temperatures to avoid
decomposition. When reacting CH,l, with Ag[pftb] at -78°C, even after a couple of days no
precipitation of Agl was observed, so the mixture was stirred at room temperature for a few
days, but again no Agl was formed. From the NMR spectra it could be seen that the anion
remained intact. But in the *C NMR the peak of CH,I, was shifted 8 ppm to lower field if
compared to a reference spectrum of free CHl, recorded under the same conditions. In the 'H
NMR, A8 is +0.3 ppm. This indicated that CH,I, remained coordinated to silver. To prove
that in this reaction the [Ag(CH,I,);]" adduct was formed (eq. 41)

CH,Cl,
eq. 41 3 CHyl, + Aglpftb] > [Ag(CH,L,);]"[pftb]” 17
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another reaction with a 3:1 stoichiometry has been performed. After the solution has been
concentrated, colorless crystals of [Ag(CHal,)s] [pftb]” 17 formed in nearly quantitative yield.
In yet another reaction, [Ag(CH,Cl,)][pftb] and CH,I, were mixed in a 1:1 stoichiometry
without the addition of solvent. The mixture was ground for a couple of hours at ambient
temperature. Also in this case, the formation of the expected CH,I" cation was not observed,
but the adduct [Ag(CH,Cl,)(CHal)][pftb] was formed, which followed from the NMR and IR
spectra of the reaction mixture. It appears that complexation of CHyl, is kinetically favored
over Agl elimination leading to the thermodynamic CH,I' cation; this finding is also

supported by quantum chemical calculations (Scheme 7).

[Ag(CH,ClLy);]" + CH,l,
298 _ _
Aoy G*%% = -68.3 kJ/mol AgorG 24.9 kJ/mol
(+129.6 kJ/mol) AsoyG'?* = -10.2 kJ/mol
A1y G'?° = -24.1 kJ/mol
(+173.8 kJ/mol) [Ag(CH,Cly),(CHy )]
+ CH,Cl,
Y
[CH,IT* Ago1, G*% = -17.1 kJ/mol
2

195 _
2 +
/3 [Ag(CH,Cly)5]
+ /3 [Ag(CH,1y)3]" + CH,Cl,

Scheme 7: Gibbs free energies A.G (in kJ/mol) of ligand exchange vs. CH,I" formation reactions of CH,I, with
[Ag(CH,CL);]'[pftb]” in CH,Cl, solution. Calculations were done at the MP2/TZVPP level. Values in
parenthesis: without consideration of the sublimation enthalpy of Agl (197.9 kJ/mol).

According to the quantum chemical predictions, the CHI," cation is more stable than CH,I"
and its formation in CH,Cl, should be exergonic by -109.1 kJ/mol (with inclusion of the
precipitation of solid Agl; Table 32). Thus, it was anticipated it would be possible to prepare
[CHI,] [pftb]” according to eq. 40. Both solid starting materials were weighed together in a
1:1 stoichiometry, CH,Cl, was condensed onto this mixture at 77 K which was then slowly

warmed to ambient temperature. The mixture turned red-brown and Agl precipitated. In the
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3C NMR of the reaction mixture, the two signals of the [pftb] anion (a quartet at & = 121.5
and a multiplet at 5 = 78) and two singlets at & = 96.2 and & = -57.0 were observed. The first
is assigned to the CI;" cation'*”); the second originates from CH,I, coordinated to silver (see
above). Thus, the intermediately prepared CHI," cation disproportionates immediately to give

CI3+ and CHQIQ.

Prior to investigate the system further with low temperature NMR studies and to search the
signals of the CHI," intermediate experimentally, one should be aware of potential
complications: Since all of the species addressed in this study contain the heavy elements
iodine and / or silver, their NMR shifts are strongly affected by relativistic effects™™® 7). In
particular, atoms directly bonded to iodine substituents may exhibit very large spin-orbit (SO)
effects. For a clear assignment of the species observed in solution, calculations have to be

carried out including SO contributions.

Table 33 provides nonrelativistic, as well as SO corrected values computed for various
species. As has been shown previously for similar systems (with main group elements in their

236. 2371 spin-orbit corrections to the "*C shifts due to directly bonded

highest oxidation state)"
iodine substituents are strongly shielding, and the shielding effect increases more than linearly
with the number of iodine substituents present. This can be seen, e.g., when comparing CHI,
with CHIs. SO effects on 'H shifts are moderately shielding for CH,I, and its complex and
somewhat more shielding for CHI;. Surprisingly, for the hypothetical cations CHI," and
CH,I', the 'H SO effects are dramatically deshielding, by about 6 ppm. As even the
nonrelativistic values are already strongly deshielded, the computations predict extremely
large shifts around +20-21 ppm. This is at the absolute low-field (high-frequency) end of the
'H shift scale for diamagnetic compounds, only comparable to some low-barrier hydrogen
bonds™™ (and even slightly more deshielded than organomercury hydrides™® #*”)). Closer
analysis of MO contributions to the SO shifts, and of the nonrelativistic shieldings, indicates
the planar structure and the resulting character of the frontier orbitals to be responsible for the
large shifts: The SO shieldings are dominated by an SO-induced coupling between an
occupied 6-C-H bonding MO, having appreciable 6-C-I antibonding character, to the LUMO
which contains an antibonding iodine p, admixture. The fact that the frontier MOs are of o-
character and mix strongly C-H bonding and C-I antibonding character accounts for the

236, 240

unusually large SO effects on the proton shieldings! I Similar orbital couplings account

for the large paramagnetic contributions to the nonrelativistic part of the shieldings.
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Table 33: Calculated 'H and *C NMR shifts (GTAO-BP86/IGLO-II level with SO corrections™). All shifts are

given in ppm relative to SiMe,;. NR = non-relativistic; SO = spin-orbit contributions; n.o. = not observed.

§'H 5'H §'H &°C 5 °C §1°C
Compound (NR) (NR+SO) (exp) (NR) (NR+SO) (exp.)
Cl;y" - - - 338.6 123.8 97.0
CHL" 13.86 19.80 no. 3337 229.8 n.o.
CH,I" 14.96 21.08 no 3589 287.1 n.o
CHI; 7.76 6.03 496  67.7 -116.7 -160
[Ag(CHL)] (Ag....I;)™ 6.17 4.96 503 672 -169.0 -140.3
[Ag(CHL)]" (Ag...1») 8.40 6.17 503  81.0 -140.8 -140.3
CH,L, 4.62 4.24 3.90 29.1 -50.7 -62.7
[Ag(CH>L)(CH,CL)o] 4.49 4.20 421 321 41.8 -52.4

@Uncoupled DFT-GIAO calculations, DZVP basis on Ag, IGLO-II basis on all other atoms. The full one- and
two-electron spin-orbit contributions at Breit-Pauli level have been obtained from a third-order perturbation

approach (cf. Ref. 241 and Computational Details).

| H
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® Structure with three Ag-I contacts. © Structure with two Ag-I contacts. [

Experimentally, the coordination of CH,l, or CHI; to a silver cation moves both BC and 'H
shifts to somewhat less shielded values. This is reproduced computationally only for the *C
shift of CH,I, vs. [Ag(CHalI,)(CH,Cly),]", whereas the other computed values exhibit the
opposite trend (the more stable doubly-bridged structure of [Ag(CHIs)]™ gives the correct
direction of the coordinated 'H shift). Currently no full explanation for this can be given.
Variations in basis sets and in the Fermi-contact finite perturbation parameter A did not
change the qualitative trends. MO analyses provided no clearcut explanation for the different

B coordination shifts of the complexes with CHI; vs. CH,I; ligands.

With these additional informations let’s now turn back to the experiments: From a second in
situ reaction in a flame-sealed NMR tube, which was kept at -78°C and measured at -80°C

(CD,Cl, as solvent), it is noticed that the formation of CI;" and CH,I, immediately occurs at
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low temperatures. In the "H NMR, the signals of the following species were observed: free
CH:l; (s, 6 = 3.90, very small), coordinated CH,I; (s, 8 = 4.21) and coordinated CHI; (s, 0 =
5.03). In the *C NMR — apart from the anion peaks at 5 = 121.5 (q) and 78.8 (m) — signals of
coordinated CHI; (s, & = -140.3), coordinated CH,], (s, & = -52.4) and CI;" (s, & = 96, very
small) are found. It is assumed that the CHI," cation is so reactive that it only exists as an
intermediate and even at -78°C immediately reacts with CHI; to form Cl;" and CHL,

according to the following equation (eq. 42):

eq. 42 CHI," + CHI, > CI;" + CH,],

Quantum chemical calculations suggest that this reaction is exergonic by 32.2 kJ/mol in
CH,Cl, at 298K and by 30.4 kJ/mol at 195K (calculations at the MP2/TZVPP level). Caused
by these considerations, a 2:1 reaction was performed aimed at the preparation of the CI;" salt
15 but from a starting material which is not light sensitive. The volatile side product CHyl,
should then be pumped off. However, the >C{'H} NMR spectrum, recorded after exposure to
high vacuum (107 mbar) for a few days, not only contained the CI;" peak, but also that of the
[Ag(CH:l,);]" cation. Thus, the CH,l, is bound very strongly to the silver and prevents the
complexed [Ag(CH,l,);]" from further participation in iodide abstraction from CHI;. This is
also indicated by the strong low field shift if compared to free CHyl, (Ad = +8). Both
[CL]'[pftb] and [Ag(CH,L):]'[pftb] 17 crystallize from this reaction (unit cell
determinations), but this reaction can not be used as a selective synthesis of the CI;" salt 15
due to the very similar solubilities of both substances. Since CH,I, formed in this process
coordinates to the silver to give the [Ag(CHl,);]" complex, the equilibrium of eq. 42 is

additionally shifted towards CI;" formation. The overall eq. 43 describes this process:

6 CHI; + 4 [Ag(CH,Cl,);] [pftb]"
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This reaction is exergonic by 479 kJ/mol at 298K and by 381.1 kJ/mol at 195K in CH,Cl,
(MP2/TZVPP).

If the reaction is carried out without any solvent (by mixing the two starting materials in a
mortar) a highly reactive green powder forms when a 1:1 stoichiometry is used. After the
addition of more CHIs, the powder turns red-brown and [CI5] [pftb] 15 is formed. The green
substance could not be characterized further due to its reactivity (it turns brown after a few
minutes at ambient temperature and immediately when CH,Cl, is added). Quantum chemical
calculations of the structure (MP2/TZVPP) and UV-Vis spectrum (TD-DFT) of HCL," and
Ag(HCI;)" (Figure 42) suggest that the green species is more likely a Ag(HCI3)" complex,

which is only metastable at low temperatures in the solid state.
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Figure 42: Simulation of the UV-Vis spectra of [Ag(CHI;)]" and [CHI,]" (TD-DFT at the (RI-)BP86/SV(P)
level).
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7.1.2 Solid-State Structures

Solid-State Structures of [CL;] [pftb] 15 and [CL;] [al-f-al] 16
Orange-yellow crystals of 15 have been used for determining its solid state structure, which is

displayed in Figure 43.

Figure 43: Section of the solid state structure of 15 at 150K, thermal displacement ellipsoids showing 25%
probability. For clarity the disorder of some CF; groups it not shown. Selected bond lengths (in pm) and angles
(in °): d(C-I1) =200.7(9), d(C-12) = 199.3(8), d(C-13) = 203.9(10), <(I1-C-12) = 122.1(5), <(I11-C-I3) = 119.1(4),
<(12-C-13) = 118.8(4).

15 crystallizes in the orthorhombic space group Pna2; with Z = 4. The structure contains
isolated cations and anions, which are only connected via 13 very weak I-F contacts. The CI;"
cation in 15 is planar (sum of the I-C-I bond angles = 360.0°). The average C-I distance is
201.3 pm, which is significantly shorter than that in CI, (215.9 pm)®***! or the B-I bonds in the

1 Single crystals of 16, which were suitable for X-

isoelectronic Bl; molecule (212.5 pm)!
ray diffraction measurements, were grown from a concentrated solution of 16 in CH,Cl, at
-78°C. 16 crystallizes in the monoclinic space group P2;/c with Z = 4. In the asymmetric unit,
there is one cation and two half anions with the briding fluorine atoms residing on centers of

inversion. In Figure 44 a section of the solid state structure of 16 is shown.
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Figure 44: Section of the solid-state structure of 16 at 150K, thermal displacement ellipsoids showing 25%
probability. The second (half) anion has been omitted for clarity. Selected bond lengths (in pm) and angles (in °):
d(C-I1) = 199.8(8), d(C-12) = 200.2(8), d(C-13) = 201.9(8), <(11-C-12) = 121.0(4), <(11-C-13) = 119.3(4), <(12-
C-13) = 119.8(4).

Cation-anion contacts of 15 and 16 are shown in Figure 45.

Figure 45: Cation-anion contacts in [Cl;] [pftb]” 15.(left) and 16 (right).
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As it can be seen from Figure 46, the cations and anions are aligned in alternating layers

parallel to the crystallographic bc plane.

SIS
OIS S O
v4 bq v4

SEEY
I IR SRR G

Figure 46: Packing diagram of 16. View along the crystallographic ¢ axis. All C and F atoms (except the
bridging F’s) have been omitted for clarity. The [al-f-al]” anions are drawn as Al,OgF polyhedra.

Like in the solid state structure of [CI3]'[pftb] 15, the CI;" cation is planar (sum of I-C-I
angles = 360.1(12)°) and the C-I bonds (d,,(C-I) = 200.6 pm) have about the same lengths. In
15 and 16, 13 resp. 12 weak I-F contacts are found (see appendix appendix 12.5), but there is
no C-F contact below the sum of the van der Waals radii, indicating that the positive charge in

the CI;" cation resides on the I atoms and not on the carbon.

Solid-State Structure of [Ag(CH.L,)s] [pftb[ 17:
Colorless crystals of [Ag(CHal,)s] [pftb]” 17 were obtained from a concentrated solution of
the 3:1 reaction in CH,Cl,. 17 crystallizes in the monoclinic space group P2,/c with Z = 4. In

Figure 47 a section of the solid state structure of 17 is shown.
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Figure 47: Section of the solid-state structure of 17 at 140K, thermal displacement ellipsoids showing 25%
probability. Selected bond lengths (in pm) and angles (in °): d(Agl-11) = 308.53(13), d(Agl-12) = 302.57(15),
d(Agl-13) = 310.37(16), d(Agl-14) = 299.84(14), d(Agl-15) = 294.41(13), d(Agl-16) = 314.42(16), d(CO1-11) =
212.50(4) , d(CO01-12) = 211.01(4), d(C02-13) = 211.38(5), d(C02-14) = 212.19(4), d(C03-I5) = 209.28(4),
d(C03-16) = 211.47(4), d(All-O1) = 170.7(6), d(All-O2) = 170.5(6), d(All-O3) = 172.5(6), d(Al1-O4)
=170.9(6), <(CO1-I1-Agl) = 87.2(3), <(CO1-I12-Agl) = 89.0(3), <(C02-I3-Agl) = 86.5(4), <(C02-14-Agl) =
89.1(4), <(C03-I5-Agl) = 91.4(3), <(C03-16-Agl) = 85.6(3), <(I11-CO1-12) = 113.2(5), <(I13-C02-14) = 113.4(6),
<(I5-C03-16) = 112.8(5).

17 is the first example of a homoleptic Ag-CH,l, complex. In the isolated [Ag(CHal)s]"
moieties, the silver atom is coordinated by six iodine atoms in a distorted octahedral fashion.
The average Ag-I distance in 17 is 305.0 pm and ranges from 294.41(13) to 314.42(16) pm.
The C-I bond lengths lie between 209.3(11) and 212.2(13) pm (d,,(C-1) = 211.3 pm). The C-I-
Ag angles average to 88.1° (85.6(3) to 91.4(3)°.

Although silver complexes with CH,I, as a ligand are already known since 1906**); their
structure only was revealed in the 1990’s, when Powell er al. reported the solid state
structures  of  the  silver-iodoalkane  complexes, [(I-(CHa)3)-1);Ag] [PFe] 2%,
AgNOyCHLP*! [Ag(CHL)J[PEs] ™ 21 [(I{(CHy)s)-1),Ag] [PFs] ™! and
[{Ag2(02CCF3)2(CH212)2}n][247], in which diiodomethane acts as a bridging ligand. In the
latter compound, the relatively basic [(CF;)COQO] anion coordinates to the silver atom. This
strong coordination of the two electron rich oxygen atoms (d,,(Ag-O) = 224.3 pm) leads to a
partial saturation of the positive charge, so that only one iodine atom of the two CH,I, ligands
coordinates to the silver (d,(Ag-I) = 207.5 pm), and if compared to 17, the Ag-I bonds are
weaker. The same holds for AgNO;-CHl, (da(Ag-I) = 284.6 pm). If [PFe] is used as a
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counterion, the resulting species is not longer molecular, but it consists of cationic chains, in
which the CH,I, molecules act as bridging ligands between two silver centers (d,, (Ag-I) =
285.9 pm). In this case the Ag-I bonds are shorter than in 17, but this is due to the fact that
silver is only fourfold coordinated. With the least coordinating anion [pftb]’, three
diiodomethane molecules coordinate to each silver and a salt structure with isolated cations
and anions is formed. This tendency, i.e. the less coordinating the anion, the more ligands are
coordinated and the more ionic is the resulting adduct, was also noticed found for many other
ligands like P4S3[44’ 248] (see also chapter 6), P4[43], C2H4[“O’ 1821 or CZHQ[“O’ 1981 1f compared to
free CH,L, (d(C-I) = 213.4 pm)™**), the ligands in 17 remain nearly unchanged, which is an

indication for a weakly bound Lewis acid base complex.

7.1.3 IR and Raman Spectroscopy

Vibrational Spectroscopy of [CLs] [pftb] 15 and [CL3] [al-f-al] 16:

IR spectra in Nujol have been recorded of both CI;" salts 15 and 16. The characteristic anion
vibrations were identified and are included with a table in appendix 12.5 . Let’s now turn to
the IR spectra of the CI;" cations, for which four bands at 792 (e’, strong), 378 (a,”, weak),
236 (a,’, inactive) and 127 (¢, inactive) cm™ are expected according to a MP2/TZVPP
frequency calculation. Two of the four bands can be assigned from the experiment: In a Nujol
mull of 15 the weak a,” band is observed at 329 cm’!, while the C-1 stretch at about 739 cm’™
(¢”) is a shoulder of the anion vibration at 727 cm™. At 1068 cm™, a combination mode of the
e’ (739 cm™) and the a,” (329 cm™) of the Cl;" cation is observed. When recording the IR
spectrum on a diamond ATR unit, the 739 cm™ C-I stretch is clearly resolved from the anion
vibration at 727 cm™ (Figure 48). However, the combination mode was not observed and the
weak a,” band is a bit broadened and its maximum shifts slightly (to 337 cm™), which may be

caused to recording the spectrum under pressure in an ATR unit.
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Figure 48: IR spectrum of [CI;]'[pftb] 15 (diamond ATR unit). Bands marked with * are assigned to the anion.

If [al-f-al]” is used as a counterion, the weak a,”’ band (332 cm™) and ¢’ band (shoulder at ~

740 cm™) were observed in Nujol mull.

Attempts to record Raman spectra of 15 and 16 remained unsuccessful, as — even with very
low laser intensities, wide focus and at low temperature (100 K) — only strong fluorescence
and rapid I, formation was observed upon irradiation with the 1064 nm Laser of the FT-

Raman spectrometer.

Reaction of CHI; with Ag[pftb]:

The IR spectrum of the 2:1 reaction of CHI; with Ag[pftb] showed peaks at 329 cm™, 737
cm™! and 1066 cm™ that are assigned to the CI;* cation[‘m, the bands at 496 cm™ and 1108
cm’ can be assigned to [Ag(CH,I,);]", all other bands are caused by the anion. The two small
bands observed at 640 cm™ and 864 cm™ are typical for the [al-f-al]” anion, thus, a small

amount of degradation of the [pftb] anion can be assumed.
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7.1.4 UV-Vis Spectroscopy of the CI;" salts

The single-crystals of the CI;" salts 15 and 16 have — in contrast to the isoelectronic colorless
BI; — a yellow-orange color. UV-Vis spectra of both compounds were recorded and compared
with the calculated electronic transitions and those of Bls. First attempts to record the spectra
in CH,Cl, did not meet with success, because in highly diluted solutions both compounds
rapidly decomposed to give I, (broad peak at A = 500 nm). Therefore, the measurements were
performed on solid samples as Nujol mulls between quartz plates. The electronic transitions
of the CI;" cations were observed at A = 274, 307 and 349 nm (Figure 49), which is in very
good agreement with the simulated UV-Vis spectrum (TD-DFT at the (RI)BP86/SV(P) level).
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Figure 49: UV-Vis spectrum of [CI5][pftb] 15 in Nujol between quartz plates and comparison with the
calculated spectrum of the CI;" cation (TD-DFT at the (RI)BP86/SV(P) level).

In Figure 50, the part of the MO diagram CX;', to which the p orbitals of the carbon and
halogens contribute, is shown. The four p, orbitals of the C and X atoms form a binding 1 MO
(a2””), two non-bonding MOs (e’’) and an anti-bonding, empty n* MO (a,’’) The binding
combination (n bonding) is delocalized over the entire molecule. In contrast to the CI5"
cation, which has its first absorption maximum at 349 nm, the first transition (n — ©*) in the
isoelectronic BIz molecule is found at 313 nm, i.e. in near uvIize B 1y the CI* cation, the
n— ©* (i.e. ¢’ — a,”’) transitions are shifted towards lower energies and therefore in the
visible region. From Table 34, where the HOMO and LUMO energies as well as the energies
of the first electronic transition is given for all CX3" and BXj; particles as well as from Figure

51, it can be seen that for all pairs of isoelectronic species, the same trend is found, i.e. the
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first absorption is always redshifted in CX;" with respect to BX; and the transition energies

decrease from fluorine to iodine.

a4

Figure 50: Qualitative MO diagram of CX;". An analogous diagram can be drawn for BX;.

Table 34: Energies of the orbitals of CX;" and BX; contributing to the first n — n*UV-Vis absorption

(BP86/SV(P)). Experimental values for AE are given in parenthesis.

CX;5' BX;
X= E@E7)[eV] E(7)[eV] AE[nm] E(”)[eV] E(22”)[eV]  AE[nm]
F -20.83 -11.82 115 -10.72 -0.18 118® (10877
Cl -15.21 -10.93 224 -8.35 -2.28 180 (17217
Br -13.73 -10.43 284 -7.71 -2.82 221 (20611
I -12.24 -9.81 367 (349) -7.10 -3.34 286 (31311

@The first irrep e’ excitation for BF; has also a 31% contribution of the transition ¢’ — a,” (105 nm), resulting in

an average excitation energy of 107 nm.

131



T 400 —
£
c ||
2 350+ o
)
c
£ o
:g_- 300 - o
250 - /
I
200+ —n— CX * calc.
8 —o— BX calc.
150 | o cx; exp.
] O BX, exp.
100 q . . .
F Cl Br |

Figure 51: Comparison of the first electronic transitions in CX;" and BX; (experimental and BP/SV(P)).

7.1.5 Fluoride Ion Affinities (FIAs) of EX;™ and EH,X;.,"”

Both the halocarbenium ions and the haloboranes are electron deficient species and therefore,

strong Lewis acids. A common scale for the Lewis acidity of a given species is its fluoride ion

affinity (FIA). The FIA values of CX;"

haloboranes are listed in Table 35.

and CH,l5,"

cations and for the isoelectronic

Table 35: FIA of EX;™ and EH, X5, (E = C, B; X = F-I) in the gas phase and in CH,Cl, (AH" at the
MP2/TZVPP level). All values are given in kJ/mol.

CX;' /BX;3 HCX," / HBX, H,CX' /H,BX
X = FlA(gas)  FIA(CH,Cl,) FIA(gas) FIA(CH.Cl,) FIA(gas)  FIA(CH,Cly)
F 1096 /350 497/216 1054 /309 453/ 184 1057 /293 454/ 175
Cl 901/402  360/254  939/375  383/237  992/339  417/210
Br 867/429  345/273  915/404  376/258  977/361  414/226
I 809 /444  299/275  865/427  340/268  944/384  392/239
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In each of these series of carbocations, the 74 values both in CH,Cl, and in the gas phase
decrease from F to I, and they increase if — for a given halogen — the cation contains more

hydrogen atoms. For the isoelectronic haloboranes, these trends are inverted (Figure 52).
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Figure 52: FIAs (in CH,CL,) of EX5™° and EH,X;.," (E = C, B; X = CI-I) at the MP2/TZVPP level.

7.1.6 Bonding in CI;" and BI;

Significant differences are found when comparing the isoelectronic species Cl;* and BI;,
which are likely caused by the positive charge of the carbocation. The most important

physical observables for a solid comparison are listed in Table 36 and Table 65.

Table 36: Comparison of experimental and calculated data of CI;" and BI;. Structures have been calculated at
the cesd(t)/aug-cc-pVTZ level, vibrational spectra have been calculated at the (R[)BP86/SV(P) level, n.o. = not

observed in the IR spectra.

CL'in CI'in  CI;' calc. BI; exp. BI; calc.
15 16
d(E-I) [pm] 2013 2006 204.0 212.501%%1 212.77

Vi) [em / (kmmoll)]  739(s) 740(s) 715 (174" 693(''B)* 693 (256)17
V, (") [em” / (km mol™)] 329 (W) 332(w) 340 (10)*7 305(''B)** 309 ()7
Vs (ar”) [em™ / (km mol™)] n.o. n.o. 209 (0)7 189("'B)*H 187 (0)*"!

V, (e’) [em™ / (km mol™)] n.o. n.o. 116 (0)“  101("'B)** 99 (0)1*7]
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The high energy of the C-I stretching vibrations (739 cm™ for CI;", compared to 693 cm™ for
BI;1**) is at the first glance in contradiction to what would be expected from the atom
weights (**C vs. ''B) and indicates a strong C-I bond. Another experimental proof for the
strengths of this bond is found in the geometries of the two species: The C-I distance is about
11 pm (5.5%) shorter than the B-I distance in Bl;. From the MO diagram (Figure 50) it may
be deduced that in CI;" — like in the other heavier halocarbenium ions — the positive charge is
delocalized over the three iodine atoms, which act as ¢ and © donors. So from these
experimental data, it becomes evident that a carbenium-like resonance structure I of CI;"
(shown on the left in Figure 53) with the positive charge remaining on the carbon is not
important and that only the three resonance structures II to IV with C=I" double bonds

describe the bonding in this cation.

I 1@ I I

o 'J R
N N D17 S

I 1l 11 v

Figure 53: Possible mesomeric formula of the CI;" cation. The structure I doesn’t describe the real distribution

of the positive charge and therefore can be neglected.

The positive partial charge residing on the halogen atoms is also the reason why, in contrast to
the isoelectronic BX3 molecules, the Lewis acidities of the CX3" cations decrease from F to I:
The heavier the halogen is, the better the positive charge can be delocalized due to the higher
o and 1 donor ability of Br and 1. In the haloboranes this positive charge is missing, and
therefore, © bonding is not important in BXj3. This can also be seen from the energetics of the
bonding 1 MO (HOMO-5, a,”” symmetry in Figure 50) of the p orbitals of the halogens with
the central atom. The energy difference between this 7-MO and the LUMO is always larger in
CX;' than in BX; (AAE = 1.04 — 1.68 eV), indicating an energetic favoring of this orbital in
the carbenium ions and therefore more important © bonding contributions. Overall one may
conclude that the heavier CX3" cations with more important 7 bonds are less willing to accept
an incoming Lewis base, since upon formation of an adduct they have to give up the
delocalized n-bond. For the boranes this seems to be reversed and thus the Lewis acidities are

also reversed.
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The reversed trends of the Lewis acidities may also be explained using the energies of the
LUMGOs: In the series of the BX3 molecules, the LUMO energy is — independent of the
quantum chemical method — highest in BF5***!, while in the CX;" cations, the LUMO energy

increases from CF;" to CI;" (see Figure 54).

0-

s
o L 4
|; -2 ] \v
] e e
2 -4
5 6] |
N
. A
8- A——————A—
-10 ] / /.
] a _____——e
124 ./. l l
14 I/
4 ./
-16
-18 | .
20] —V—A(BX) —8—AS(CX,)
] = —A—E"(BX,) —m—E"(CX,) ‘ AE
-22 T T T T
F cl Br I

Figure 54: Energies of the orbitals of CX;" and BX; contributing to the first UV-Vis absorption (BP86/SV(P)).
A, =LUMO, E” =HOMO -1.

According to the frontier orbital model of chemical reactivity®®!, a lower LUMO energy
indicates stronger covalent interactions with an occupied orbital of a donor species (= Lewis
base) and therefore a higher Lewis acidity. Thus, among the boranes, BI; with the lowest
lying LUMO is a more potent Lewis acid than BF;, which has the LUMO highest in energy,

while this trend is reversed for the isoelectronic CX;" cations.

Why are the Bulk Phase and the Solutions of the CI;" Salts 15 and 16 Red-Brown?

While the single crystals of 15 and 16 are orange-yellow, the colors of the bulk phase of the
CI;" salts as well as their solutions in CH,Cl, are red-brown. This is assigned to small
impurities of I, which are — even when the reaction is carried out with the total exclusion of
light — probably caused by a partial decomposition of very light sensitive Cl4. These small
amounts of I, may then form a weak adduct CI;"I,". According to quantum chemical
calculations, this complex formation is exergonic by 10 kJ/mol in the gas phase
(MP2/TZVPP). The simulation of the UV-Vis spectrum of this complex by TD-DFT shows
absorption maxima up to 611 nm and may be of the reason for the very intense red-brown

color.
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Figure 55: Simulated UV-Vis spectrum of the [CI51,]" adduct (TD-DFT at the (RI)BP86/SV(P) level).

The minimum geometry (at the MP2/TZVPP level) of that complex is shown in Figure 56.
This C; symmetric structure is obtained even when the optimizations were run from very
different starting geometries. In this adduct, the C-I bond lengths and the I-C-I bond angles do
not change significantly. This indicates — like the structure of the water adduct of the CI;"

257]

cation®™” — that the m bonding in CL" is very strong and remains undisturbed upon

complexation with I.

Figure 56: Calculated geometry of the [Cl;"1,]" adduct (MP2/TZVPP). Distances are given in pm. <(I-C-I) =
119.6 — 120.3° (Z: 360.0°).

7.1.7 Properties of CH, X3, X=F-I;n=0,1,2)

In this subsection, an overview of calculated and experimentally known properties of all
halocarbenium cations of the types CX3" and CH,X3., (X = F-I; n = 1, 2) is given (Table 65).

Except CC13+[58], CBr3+[5 8 and CI3+[47], all these cations have only been observed in the gas
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phase (mass spectrometer) and some of them have been characterized in matrix experiments,
where they have been generated in situ, e.g. as photolysis products of CHCls or CH,F,!?*%2¢,
Their heats of formation H;° are also included in this table."! The values collected in the table

may aid experimental identification of these elusive species.

From the values collected in Table 65 it can be seen that for the heavier CH, X3, cations, the
C-X bond lengths shrink with decreasing halogen content (e.g. 204.0 pm in CI;", 200.0 pm in
CHI," and 195.6 pm in CH,I"). This indicates higher partial double bond character for the
cations with lower halogen content. By contrast, in the fluorine containing species, the C-F
distance remains unchanged. This observation is in good agreement with little impact of &
bonding to the C-F bond. Overall, the conclusions drawn from the CX;" cations hold: the
heavier the halogen is, the more T bonding and charge delocalizion is favored. In CHX," and
CH,X", the total positive charge of the cation has to be transferred to only two resp. one
halogen atom, what gives a formal bond order of 1.5 for CHX," and even 2.0 for CH2X+,
resulting in considerably shorter C-X bonds. The stronger C-X bonds can also be observed in
the (calculated) IR spectra: for the heavier halogens, the C-X stretches considerably shift to
higher energy when more hydrogen atoms are present, while for the fluorine containing

cations, the C-F frequency is even a bit lowered.

M The AP values of all EX,Hs.,”" (E = B, C; X = F-I; n = 0-2) have been established based on high-level
quantum chemical calculations (isodesmic reactions at the CCSD(T)/aug-cc-pVTZ level) cross-checked with
very accurate experimental values (see chapter 7.2).
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7.1.8 Stability of [pftb]” and [al-f-al]” Anions against Electrophilic Attack of CX;"
(X =F-I) and CH,X3.,' (n =1, 2) Cations

Since it is possible to synthesize CI;' salts using [pftb]” and [al-f-al]” as counterions, the
question arises, if also the other halomethyl cations CX;" (X = F-I) and CH, X3, (n = 1, 2)
can be stabilized using these WCAs.

Although both the [pftb]” and the [al-f-al] anions are very robust, they are also decomposed in
the presence of very strong electrophilic cations. Generally two different possibilities of
decomposition exit, depending on the nature of the electrophilic species: the anions can be
attacked at their oxygen atoms (which are the most basic sites of the anions) or at one of their
peripheral fluorine atoms. For the [pftb]” anion these two pathways are shown in Scheme 8. A
table where the AG® values for reaction (a) and (b) for all CX;" and CH,X3.," cations is given

in the appendix 12.5.

Calculations of AG® both in the gas phase and in solution suggest that the [pftb]” anion is
thermodynamically unstable against all CX;" and CH,X;.," cations. For CF3+, HCX," and
H,CX", the [pftb] anion is cleaved by OR abstraction (in the case of HCBr,  and HCI,", both
reaction enthalpies are similar), while for CCl;" — CI;", the decomposition reactions are
predicted to proceed through the F~ abstraction pathway due to steric reasons. But as the first
step for that reaction (bl) is endergonic for these CX;3' cations (X = CI-I) in CH,Cl,, their
salts should be stable in solution. In Scheme 8, as one example, the detailed AG® values for

the different decomposition steps are listed.
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(b) ASOIVGO = -86 kJ/mol

F-CI3 + Cl3+ + [pftb]-
+ C4Fg0Al(OR);

Ago1vG° = 0.4 kl/mol
(b1) (b2)

F-CI; + C4,FgO~Al(OR);"
+ [falor3]' + CI3Jr + C4FgO
ASOIVGO =208 kJ/mol (b3)

A1vG° = -294 kJ/mol
2 [CLT [pfib]’ solv e

Cly" + [al-fal]
+ F-CI3 +2 C4F80

Aoy G° = -3 kI/mol

RO-CI; + [falor;]” + CI;*
+ C4F80A1(OR)3

AgorvG° = -294 kJ/mol
(al) (a2)
Aso1yG° =230 kJ/mol

RO-CIL, + AI(OR)3 @3)

+ CI3Jr + [pftb]-

CLy" + [al-f-al]"
+ RO-CI; + C,F¢0

(a) Ago1yG° = -67 kJ/mol T

Scheme 8: Decomposition pathways of the [pftb] anion by CI;": F* vs. OR™ abstraction (R = C(CF;);).
Calculations at the BP86/SV(P) level. Analogous decomposition pathways can be obtained for the other CX;"

and CH,X;_," cations.

7.2 Enthalpies of Formation A¢H° and Mean Bond Enthalpies (mBEs) of
HEX,” and Hy,EX,”" (E = C, B; X = F-I; n = 13) - A
Computational Study

47,222, 272], it becomes clear

From the data presented in section 7.1 as well as from other studies
that the bonding in halocarbenium ions and the isoelectronic haloboranes differs considerably:
In the halomethyl cations, the positive charge is delocalized over the halogen atoms, leading
to partial © bonding contributions. However, the amount of © bonding present in haloboranes
is under debate. In order to find out more about the bonding in these species, an important

input would be systematically derived mean Bond Enthalpies (mBEs) of the E-X bonds (E =
B, C) in compounds that formally have and have not the possibility to m backbond. A direct
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access to the mBEs is the use of the heats of formations AgH° of the species in question.
Therefore, one sub-project within this thesis was the establishement of accurate AfH° values

and mean E-X bond energies (mBE) of the species collected in Figure 57.

. " < T —e T —© T —e
| |
H/B\X X/B\X X/B\X H/B"{;'(H H/B"{;/(x x/B"(;/(x
g @ g 19 x 19 H H H
l | |

C C C — 1"y /C"l//, /C"u//
~ PN N H H H X X X
0 ¢ X X x7 Dy \X \X \X

Figure 57: Overview of the species investigated in this study (X = F-I).

However, only for the minority of compounds shown in Figure 57 - as well as the further
small particles needed to assign mBEs - reliable experimental Ag7° values are known.
Especially for some small and reactive species formed upon the E-X bond cleavage reactions,
but also for some of the halocalocarbenium ions or halomethanes (e.g. CF;", H,CBr,, HCX;
with X = Br, I), no accurate data are available. The same holds for the haloboranes and the
haloborate anions. For the bromine- and iodine-containing halomethanes, calculated AgH°
values (at the QCISD(T)/6-311+G(3df,2p) level have been published two years ago?’*". It has
been decided to also re-determine these values to have a cross-check for our method and
because the same methodology should be used for all particles as only this approach allows

for maximum error cancellation and internal consistency.

7.2.1 Methodology and Results

7.2.1.1 Overview and Strategy

Flow-charts to establish the desired AfH° values are delineated in Scheme 9 and Scheme 10.
Based on these equations, the A¢H° values were assessed with either G3 and/or coupled-
cluster methods up to the complete basis set extrapolation (ccsd(t)/CBS) (in the case of CF3"),
or in isodesmic reactions using either G3 (for F and CI containing species) or ccsd(t)/aug-cc-
pVTZ (for Br and I containing species). As a control, also MP2/TZVPP was used for the
isodesmic reactions. ZPEs and thermal contributions to the enthalpies were included at the
unscaled (RI)BP86/SV(P) level, which usually gives scaling factors close to unity.
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Experimental data were taken from the NIST database and are referenced with their original

publications. All A¢H® values given in this study are gas phase values at 298.15 K.

| AHP(CY) exp.; AHO(F) exp. | AH°(H,Cly.,) exp.; AsH°(HX) exp.

CF3* L N 1

AHP(CF3") = AHP(CH + 3 AHP(F) - AHY  (a)

H,,CCl +3HX —A 5 g, CX,+3HCl

AHP(Hy,CX,) = AdHP(H,,CCL) + 3 AFHP(HX) - 3 AdHP(HCI) + AHY (b)

Hy,CX, +CFy  —2 o g CX,*+HCF,

AHO(Hy,CXy ) = AH(Hy ,CX,) + AdP(CF3 ") - AHP(HCFS) + AHP | ()

Scheme 9: Strategy to obtain Ag7° of halomethanes and halomethyl cations.

AH°(Hy.,Cly) exp.; AgH°(CHy) exp.; AiH°(BHy) exp.| AH°(HX) exp.

0
H,,CCl, +BH, —A&A° » y, BCl, +CH,

AP (H g BCL,) = AHO(H, ,CCL) + AH°(BH,) - AFP(CHy) + AHP  (a)

H,,BCl +3HX —2 » g, BX, +3HCI

AHO(Hy BX,) = AH°(H, BCL") + 3 AH°(HX) - 3 AHO(HCL) + A HY  (b)

AH°

Hy,BX, +BF;  ——==—=  Hy,BX, + HBFy <~ | AHP(BF3) exp
£ 3 .

AgH®(H3.4BXy) = AH°(Hy 1 BX,) + AHO(BF;) - AH°(HBF3Y) + A H° (©

Scheme 10: Strategy to obtain A¢H° of haloboranes and haloborate anions.
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Once the A¢H° values are established properly, they are used to calculate the mean E-X (E =
B, C) bond energies mBE in these species through the following homolytic bond cleavage
reactions (eq. 44 to eq. 47):

AH° AH°
H,.,CX, > nX+CHy, mBE(C-X) =
eq. 44 n
N AH° . AH°
H;,CX, > 1nX+CHs, mBE(C-X) =
eq. 45 n
ArHO ArHO
H,,BX, > nX+BH,, mBE(B-X) = —
eq. 46
AH° AH°
H;_BX, > 1nX+BH;, mBE(B-X) =
eq. 47 n

For all equations n ranges from 1 to 3. Thus, the A¢H° values of the small particles X, CHa.,
CHs..', BH4.,, and BHj., are needed. They were either taken from very reliable experimental

data or calculated using the G3 method.

7.2.1.2 Choice of the Quantum Chemical Method

Before starting the calculations of AgH° values, one has to choose the most appropriate
quantum chemical method for each system, and also the “best” reaction equation. In the ideal
case, these reactions are isodesmic, which means that the number and the type of bonds both
of starting materials and products are equal, so that error cancellation is maximal. In cases

where no isodesmic reaction was possible, highly accurate methods have to be used.

To find out which method and basis set is the best compromise between accuracy and
computing time, the electronically demanding homolytic cleavage of the F, molecule and the
dissociation of the CF;" cation in C" and three F atoms have been chosen as test reactions for
the method and basis set dependence In Table 38, the enthalpies for these two reactions

obtained with different methods and basis sets are collected.
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Table 38: Basis-set dependence of the homolytic dissociation energies AH® of the F, molecule (according to
Scheme 9(a)) and the CF;" cation at the ccsd(t) level and comparison with the G3 and the experimental values.
All energies are given in kJ/mol.

cesd(t) / cesd(t) / cesd(t)/ cesd(t) /
Reaction G3 exp. value
aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVQZ CBSF™

F,—2F 111 143 151 152 155 1591261
365[261] (‘d);
CF;" > C +3F 537 440 422 419 412 449060 O,
359[261, 275](c)

@ from AP and A¢H(CF,). ® from AH(HCF;) and AH(H). © from A¢H(CF;) and JE(CF;).

For both reactions, the ccsd(t)/aug-cc-pVDZ value lies far away from the data obtained by
larger basis sets or by the G3 method. The average value from ccsd(t)/CBS and G3 (153
kJ/mol) differs only by 6 kJ/mol from the experimental value (159 kJ/mol2®™), indicating that
the quantum chemical methods used in this study are even suitable to describe such

electronically delicate and problematic reactions.

For CF;', the available experimental data range from 359 to 449 kJ/mol, depending on the
method used to determine the Ag4**" *”*]. This underlines the difficulties coming along with
the experimental measurements. The value obtained by the G3 and CBS extrapolation
calculations lies in between the experimentally measured data and can therefore be considered

to be reasonable and reliable.

Since it appeared that G3 is slightly better than ccsd(t)/CBS, all quantities derived for species
that do not contain Br or I were calculated using the G3 method. For species containing
heavier atoms, G3 is not applicable and therefore, the ccsd(t) level of theory in combination
with an isodesmic reaction for error cancellation was chosen. Therefore all Br and I

containing particles have been optimized with the ccsd(t)/aug-cc-pVTZ method.

7.2.1.3 Anchor Points

AH° of H,.,CX, and H;.,CX, (n=1-3):

For the calculations of A¢H° of Hy,CX4.y and H;.,CX,," (n = 1-3), HCCls, H,CCl,, H3;CCl and
HX (X = F-I) (Table 39) were taken as fix points, as their AgH° values are measured very well
on experimental grounds. AfH° of the CF;" cation has been established by the equation in

144



Scheme 9(a). As this reaction is not isodesmic, for A.H° the most accurate calculations

possible have to be used, in this case the average values of G3 and ccsd(t)/CBS-Extrapolation

(Table 38), which led to A¢H°(CF3") = 415.5 kJ/mol.

Table 39: AZH° of H,.,CCl, (n = 1-3), HX (X = F-I) and CF;". All values are given in kJ/mol.

particle AeH° method
HCCl; -103 exp.2N]
H,CCl, -96 exp.l2!
H;CCl -84 exp.l 2!
HF -273 exp.*0!
HCI -92 exp.?%!
HBr -36 exp.?°Y
HI 26 exp.[%”
CF5" 416 calc. (Table 38)®

@ [G3 + cesd(t)/CBS-Extrapolation] / 2

AH° of HywBX, and H3.,BX, (n=1-3):

The A¢H° values of Hs,BX,, (n = 1-3) could — in principle — be obtained analogously to those

of the isoelectronic carbon compounds, but as there are no reliable experimental data

available, which could serve as fix points, the values for H4.,BCl,,” have to be established first

by the set of isodesmic reactions shown in Scheme 10(a), using the experimental A¢H° values

of CH4, BHs and Hy.,CCly, (n = 1-3) together with the AH° at the G3 level. The values

obtained by these reactions are listed in Table 40, together with that of BF3, which is used as

reference point for the calculations of the neutral boron species.
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Table 40: A¢H° of Hy,BCl, (n = 1-3), BH, and BF;. All values are given in kJ/mol.

Particle AH° method
H;BCI’ -289 H;CCl + BH, — H3BCI + CHy (Scheme 10a)
H,BCly -490 H,CCl, + BHy — H,BCl, + CHy (Scheme 10a)
HBCly -676 HCCI; + BHy — HBCl;™ + CHy (Scheme 10a)
BF; -1136 exp.2!

With these values, A¢H° of HsnBX, and Hs.,B, can then be calculated in an analogous way to
those of the carbon compounds, like described in Scheme 10 (b) and (c).

Ad° of small particles:

The heats of formation A¢H° of small, neutral carbon-containing species like C, CH, CH,, CH3
as well as of the halogens have been determined experimentally in very high accuracy®" and
therefore, these values can be used as anchor points for this study. Also their ionization

276, 277]

energies are available! , which gives an access to the AgH° of their cations C', CH",

CH," and CH;". These values are listed in Table 41.

Table 41: Experimental Ag#° of CH,, CH,", (n = 0-3), X and X" (X = F-I) and calculated values for A¢H° of
BH, (n = 1-4), BH, (n = 0-3) (G3 method). All values are given in kJ/mol. Values used in this study are marked
in bold.

particle AH° particle AH°

G3 exp. method G3 exp. method
C - M7 direct c’ - 18030277 AH(C) + IE(C)
CH (dublet) - 54920 direct CH" (singlet) - 1621%°71 A H(CH) + IE(CH)
CH, (triplet) - 3682 direct CH," - 1372B AH(CH,) + IE(CH,)
CH, - 146 direct CH," - 10950271 AFI(CH;) + IE(CH3)
BH, - 71PN direct B 579 560 direct
BH (singlet) 446 443" direct BH (dublet) 419 4140612 A:H(BH) + EA(BH)
BH, 310 2017 direct BH, (singlet) 262 - -
BH; - 1070 direct BH; 86 84281 AH(BH;) + EA(BH;)
F - 79141 direct Br - 1120261 direct
Cl - 12170 direct I - 10726 direct
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For the analogous boron compounds BH', BH,", BH;", B, BH and BH,, the experimental data

are not very reliable, so that it seemed more accurate to calculate them using the following

isodesmic equations at the G3 level and the experimental A¢4° values of BHy™ (<77 kJ/mol*™)

and the carbon-containing species:

eq. 48

eq. 49

eq. 50

eq. 51

eq. 52

eq. 53

BH;+CH  —AH o cy,+BH

AHP(BHY) = AHP(BH,) + AJHP(CH) - AgHP(CHy) + A H°
, A H° -
BH4 + CH2 —TL— CH4 + BH2
AHP(BH,) = AJP(BH,) + AdH°(CH,) - AH°(CH,) + A HP
- A H° -
BH4 + CH3 e CH4 + BH3
AHP(BHy) = AJP(BH,) + AgH(CH) - AHP(CH,) + A HP
BH, + C* — A, CcHt 4B
AHP(B) = AH°(BHs) + AHO(CT) - AH(CH,¥) + AHP
+ AH° +
BH, + CH — &7 . CH, +BH
AJHP(BH) = AHP(BH;) + AgHP(CH") - AdH°(CH5") + AHP
+ AH° +
BH3 + CH2 e CH3 + BH2

AH(BH,) = AdH°(BH3) + AgH°(CH,") - AgH°(CH5 ") + A H°

All values for A¢H® of the small particles obtained from these reactions are also collected in

Table 41.
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7.2.1.4 AH° of Hy,EX," and H3,EX,"" (E = C, B; X = F-I)

As already described above in Scheme 9 and Scheme 10, the A¢H° values of H4_nEXn0/’ and
H3,EX," (E = C, B; X = F-I) can be established through a set of isodesmic reactions. In the
following tables (Table 42 to Table 45), the reaction enthalpies obtained by different methods
are collected. As it can be seen, for the most part of the reactions the MP2/TZVPP values are
in the same order of magnitude (max. deviation: 27 kJ/mol) than those from ccsd(t) or G3
calculations. However, the latter two methods are more accurate and will therefore be used in
the discussion. G3 will be used as a reference for compounds containing F and Cl. For Br and
I containing species, the G3 method cannot be used, and therefore, ccsd(t)/aug-cc-pVTZ

values are used as reference values.
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Table 42: Calculated enthalpies (A./° in kJ/mol) according to Scheme 9(b). The best values are marked in bold.

MP2/ cesd(t) @ G3
TZVPP

H;CCl + HX — H;CX + HCl
F 30 20 26
Cl 0 0 0
Br -11 -11 -
I 26 23 -
H,CCl, + 2 HX — H,CX, + 2 HCl
F 9 -8 4
Cl 0 0 0
Br -17 -18 -
I -46 -36 -
HCCl; + 3 HX — HCX; + 3 HCI
F 47 -66 -51
Cl 0 0 0
Br 22 23 -
I -65 -46 -

@ aug-cc-pVTZ for Br and I, 6-311+G(2df) for F and CI.

Table 43: Calculated enthalpies (A.H° in kJ/mol) according to Scheme 9(c). The best values are marked in bold.

MP2/ cesd(t) @ G3
TZVPP

H;CX + CF;" — HCF; + H,CX'
F 21 34 28
Cl -52 -34 =70
Br -58 -83 -
I -83 -108 -
H,CX, + CF;" — HCF; + HCX,"
F -55 -59 -56
Cl -112 -124 -127
Br -123 -140 -
I -159 -173 -
HCX; + CF;" — HCF; + CX5©
F 0 0 0
Cl -144 -150 -157
Br -165 -175 -
I 211 217 -

@ aug-cc-pVTZ for Br and I, 6-311+G(2df) for F and CI.
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Table 44: Calculated enthalpies (A.H° in kJ/mol) according to Scheme

10(b). The best values are marked in

bold.

MP2/ cesd(t) @ G3

TZVPP

H;BCI' + HX — H3BX + HCI
F 23 20 24
Cl 0 0 0
Br -17 -13 -
I -36 -29 -
H,BCl, + 2 HX — H,BX, + 2 HCI
F 9 -19 -10
Cl 0 0 0
Br -17 -12 -
I -36 22 -
HBCl; + 3 HX — HBX; + 3 HCI
F -83 -102 -85
Cl 0 0 0
Br -8 -3 -
I 21 2 -

@ aug-cc-pVTZ for Br and I, 6-311+G(2df) for F and CI.

Table 45: Calculated enthalpies (A.H° in kJ/mol) according to Scheme 10(c). The best values are marked in

bold.

MP2/ cesd(t) @ G3

TZVPP

H;BX + BF; — HBF; + H,BX
F 28 -31 -32
Cl 43 42 40
Br 71 61
I 100 91
H,BX, + BF; — HBF; + HBX,
F -42 -43 -43
cl 69 71 69
Br 109 100
I 144 137
HBX; + BF; — HBF; + BX;
F 0 0 0
cl 98 102 100
Br 137 131 -
I 168 164 ;

@ aug-cc-pVTZ for Br and I, 6-311+G(2df) for F and CI.

150



7.2.2 Discussion

7.2.2.1 Heats of Formation A;H°:

With the reaction enthalpies collected in Table 42 to Table 45 and the auxilliary data in Table
39 to Table 41 the enthalpies of formation A¢H° of all H4_nEXn0/ “and H3-nEXn+/ 0 (E=C,B; X
= F-I) were established according to Scheme 9 and Scheme 10; the “best values” are listed in
Table 46, and the trends in the different series of species are graphically represented in Figure
58 and Figure 59. Only the values obtained with the most accurate method, i.e. G3 for F and
CL, and ccsd(t)/aug-cc-pVTZ for Br and I, are collected here.
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In 2005, Marshall et al. published a high-level computational study on the AgH° of bromine

21 based on isodesmic reactions using QCISD(T)/6-

and iodine-containing methanes!
311+G(3df,2p) energy values. The results of this study are also included in Table 46.
Although different anchor points were chosen, the AfH° obtained by Marshall et al. are in
very good agreement with the values obtained from the calculations (max. difference: 10
kJ/mol, which is within the error bars given in the reference 273) performed within this thesis,

confirming the reliability of our data. Similarly the calculations in this study are also judged

to have a maximum error bar of about &+ 10 kJ/mol.

Comparing the calculated data with (less accurate) available experimental values for some
systems, like HCX; (X = Br, I), HyCBr, CF;" and BI;, the experimentally found A¢gH° differ
considerably from the computed ones. In those cases, where several experimental values were
found in the literature, they also vary considerably (up to 90 kJ/mol for CF;") and therefore
can not be considered to be reliable. For H;CF and CI;", the experimental values are in the
same order of magnitude as the computed ones, but the difference is still too large to use them
as a reliable reference. For the Hs,BX,, the H,BX (X = CI-I) and HBI,, there are no
experimental data available to the best of our knowledge (SciFinder and NIST database
search). Except for the carbenium ions, the iodomethanes and the iodoboranes, all particles

have a negative heat of formation (see graphical representation in Figure 58 and Figure 59).
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Figure 59: A:H° of H; ,EX,"”° (n = 1-3) in kJ/mol.

In each of the series, the A¢H® values increase from fluorine to iodine, and — except for the
iodine-containing carbenium ions and the bromo- and iodomethanes — the A¢H° is lower the
more halogen atoms are present in the particle. The boron containing species have always a
lower A¢H° than the isoelectronic carbenium ions and methanes, and also the H4_nEXn'/ % are
lower in energy than the parent H3,nEXn+/O. This reflects the greater average B-X bond

strengths (see mBESs below).

7.2.2.2 Mean E-X Bond Energies (E = B, C):

To obtain the mBE of the species, the values of the reaction enthalpies from eq. 44 to eq. 47 to
have to be divided by the number of E-X bonds that are cleaved. The results, using the AgH°
values listed in tables Table 41, and Table 46, are collected in Table 47 and Table 48.

Table 47: mBE of H,.,CX, and Hy.,BX,,” (n=1-3) in kJ/mol.

X= H;CX H,CX, HCX; H;BX H,BX, HBXj5
F 483 490 509 611 641 653
Cl 351 353 354 496 497 486
Br 297 297 296 444 439 422
I 240 238 236 392 376 353
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Table 48: mBE of H;.,CX, " and H;,BX, (n=1-3) in kJ/mol

X = H,CX" HCX," CX3" H,BX HBX, BX;
F 627 589 542 700 671 651
Cl 536 488 439 514 471 444
Br 479 430 382 424 389 371
I 448 388 336 342 307 290

As it can bee seen from Figure 60 and Figure 61, where the trends of the mBEs are
represented graphically, in all species, the mBE decreases from fluorine to iodine, which is
consistent with the electronegativities of the halogens. For all halomethyl cations and
haloboranes, the mBEs are lowered, if a series contains more halogen atoms, while in the case
of HynEX,"", they remain nearly unchanged upon replacing H by X. The only two exceptions
are the fluoromethanes and fluoroborates, where the mBE is increased if more fluorine atoms
are present. Again, this is due to the high electronegativity of fluorine, which causes

electrostatic interactions and therefore strengthens the E-F bond.
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Figure 60: mBEs of H,,EX,” (n = 1-3) in kJ/mol.
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Figure 61: mBEs of H;,,EX,”" (n = 1-3) in kJ/mol.
Especially for the haloborates, the values of the mBEs are very high. The highest mBE of the

haloborates of 653 kJ/mol is found for HBF;". However, by definition, eq. 44 to eq. 47 are the
only way to determine mBEs for these compounds. The different bond strengths in the
isoelectronic boron and carbon containing species and possible reasons for these differences

will be discussed in the following section.

7.2.2.3 Relative E-X Bond Strengths in the Isoelectronic H3..CX,"/ H3.,BX, and
H4,CX, / HinBX, (n = 1-3) Pairs:

For the trihaloboranes and trihalocarbenium ions it is clear that the following n-MOs are

formed and that the LUMO of all BX; as well as CX5" particles corresponds to the 7* MO of

a,” symmetry, cf. the top view of the MOs of n-symmetry in BX3 and CX;" in Figure 62:

Antibonding
n*-MO
LUMO
—
ay"

Non Non
bonding bonding
" "

a,"

Bonding n-MO

Figure 62: Top view (along the C; axis) of the 7 MOs of EX;"".
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The bonding n-MO (a,”) is occupied for all those particles. Similar MO considerations hold
for the partly H-substituted particles H3_HEXHOH. However, no quantification of the amount of
stabilization by ©-bonding is possible only based on the presence of an occupied n-MO. Thus
alternative quantitative approaches have to be adopted, like for example the comparison of the

mBEs in the isoelectronic boron and carbon containing species.

In Figure 63, the different contributions, i.e.  and =, to the E-X bonds in EX;”" and HEX;™°

are sketched. For the other particles, analogous schemes can be drawn.

X
AH® =
PN > Y +3X
X X 3 BEG(Y-X) +
1 BE(y_x) Y=B,C"
X
| AH° =
T  HZ +3X
X \”/H 3 BEs(z-x)

X

Figure 63: ¢ and  contributions to the E-X bonds in EX;"" and HEX;™.

Based on experimental observations as well as on quantum chemical calculations, it is
postulated that in halocarbenium ions, the positive charge is delocalized over the entire cation
and — especially for the heavier halogens — leads to a formation of strong m bonds (see
chapters 7.1 and 7.3 as well as Refs. 47, 176, 222, and 303). However, until now, no
quantitative information on the strengths of this © bonds is available. Here a comparison of
the bond energies in H;.,CX,," with those of the isoelectronic H;,BX, is made based on their
A¢H°. To find out if the E-X bond is stronger in the H3..CX," cations or in H3.,BX,, the C-B
exchange reaction enthalpy of the following reaction has been calculated using the AH°

values:

AH®

r > +
eq. 54 HnCX3—nJr +B H,BX;,+C

In these reactions, all C-X bonds are cleaved, while the same number of B-X bonds is created.

The reaction enthalpy A.H° (Table 49) directly corresponds to the difference of the E-X bond
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energies. As a cross reference, the same has been done for the pairs Hy.,CX,,, H4.nBX,, (n = 1-

3), where no 7 bonding is expected (eq. 55).

AH°

—»r -
eq. 55 H,CX4+ B H,BX,, +C

Table 49: A.H° values (in kJ/mol) for the reaction described in eq. 54 and eq. 55.

AH° [kJ/mol] AH® [kJ/mol]
CF;'+B - BF;+C" -327 HCF; + B — HBF; + C -443
CCl;"+B — BCl; + C" -16 HCCl; + B"— HBCl; + C -408
CBr;' +B — BBr; + C" 35 HCBr; + B — HBBr; + C -388
CL;"+B > Bl +C" 138 HCI; + B"— HBI; + C -360
HCF," +B — HBF, + C" -114 H,CF, + B" — H,BF, + C 243
HCCl," + B — HBCl, + C* 82 H,CCl, + B"— H,BCly + C 229
HCBr, + B — HBBr; + C* 132 H,CBr; + B — H,BBr, + C 224
HCL"+B — HBL + C* 211 H.CI, + B — H,BI, + C -259
H,CF"+B — H,BF + C" 90 H;CF + B — H;BF + C 23
H,CCl"+ B — H,BCl + C* 185 H;CCl + B — H3;BCI' + C -41
H,CBr' + B — H,BBr+ C" 218 H;CBr + B — H;BBr + C -43
H,CI'+B — H,BI + C” 269 H;CI+ B — H;BI' + C -47

In the case of the halocarbenium ions / haloboranes, the reaction enthalpies A.H° strongly
increase from F to I, while for the halomethane / haloborate pairs, they remain nearly
unchanged upon halogen variation. One notes the strongly increasing stability of the heavier
halocarbenium ions. To our understanding, this can only be explained with stronger © bonding

in the heavier halocarbenium ions with reference to the haloboranes. Thus, B-F bonds in all
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H;.,EF, ™ particles (E = C, B) — that may exhibit © bonding — are always stronger than C-F
bonds, but C-X bonds of H3 ,EX,,"”° (E = C, B; X = CI-I) are always stronger than B-X bonds
with the only exception of CCl;" and BCl; which have almost identical mBEs. By contrast, the
differences between the E-X bond strengths in the analogous saturated H4.nEXn'/ 0 compounds
with only ¢ bonding are less affected by exchanging C for B™ and always in favor of B-X
bonds (X = F-I).

7.3 Water Adducts of BX; and CX;': Implications for Structure, Bonding
and Reactivity

An effective method to gain a deeper insight in the different behaviour of the
trihalocarbenium ions and the trihaloboranes is the investigation of these species with Lewis
bases. One commonly used base for such studies is the naked fluoride ion F’, leading to the
FIA as a measure of the Lewis acidity of a given substance, but also hydride affinities (H4,
eq. 56), methyl stabilization energies (MSESs), water complexation energies (WCEs, eq. 58)
and NHj affinities (eq. 59) of CX;" and BX; have been published®*.

eq. 56 H + EX;”* —> H-EX;”° E=B,C
eq. 57 EH4‘/° n EX3°/+ - H-EX3'/O n EH30/+ E=B,C
eq. 58 H,0 + EX;"" ———> H,0-EX;"° E=B,C
eq. 59 H:N + EX;%" ———> H;N-EX;”° E=B,C

The calculated water complexation energies*! (WCE, eq. 58) of the CX;' cations were in
line with the Lewis acidities deduced from FIA, HA, MSE and NHj; affinities: The formation
of HLO—>CX5" got less favorable for the heavier halides and was even endothermic for X = L.
By contrast, for BX3, similar values for each X were calculated®*?. Thus the WCEs predicted

304

BX; Lewis acidities contrasting the experimental findings***. Moreover, it appeared unlikely
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that the WCE of the CI;" cation is positive, which suggests that the obtained minimum

222]

structure with a normal calculated C-O bond length of 159.6 pm***! was not the global

minimum of the HO—CI;" potential energy surface (PES). To elucidate the H,0—>EX;""!
global minima (E = B, C; X = H, F-I), several geometries of these water adducts have been
recalculated at different levels of theory with larger DZ as well as TZ basis sets and
drastically different minimum structures HyO—CX;" (X = C-I) than those reported by

Frenking et al.**!

were obtained. Since structure and bonding of these water adducts turned
out to be different for E = B and C, also additional calculations have been performed to
analyze the influence of the positive charge in CX3" in comparison to isoelectronic but neutral
BX;. For this reason the discussion begins with a description of the structures of EX30/+1,
moves on to the H,O—EX;""!

such as X,ENH,""!, BsN3H;3X; (borazine), Ph-X, X,B-Do" (Do = NHs, H,0, XH) and BX,"

water adducts and finishs with a series of related compounds

(X = CL, Br, I), in which the presence or absence of a positive charge leads to maximum
changes of structure and bonding within the E-X bonds of the particles. Then the influence of

a positive charge on structure, bonding and reactivity of these compounds is analyzed.

7.3.1 Structures of Free EX30/+1

To analyze the influence of the coordination of water to the EX;"*! Lewis acids (E=B,C; X

= H, F-I), the free and undisturbed EX;”"' particles were investigated first. In Table 50

0/+1

experimental and calculated structural parameters for EX;™ " are collected.

Table 50: Calculated and experimental bond lengths of EX5”"! (MP2/TZVPP).

deXP(C'X) [pm] dcalc(C'X) [pm] dexp(B'X) [pm] dcalc(B'X) [pm]
CH;" - 108.6 BH; - 118.7
CF5" - 123.3 BF; 130,739 131.6
CCl5* 162.158 164.4 BCls 174212771 173.9
CBr;" 180.708% 180.8 BBr; 189.5243 189.9
CI;" 201.3(9) in 15 202.0 BI; 212.51241 211.4

The E-X distances obtained by MP2/TZVPP are in very good agreement with the
experimental results (within 2.3 pm) suggesting that conclusions drawn from these

calculations hold. From Table 50 is evident that the calculated and available experimental E-

160



X distances in charged CX;" are by about 8-10 pm shorter than those in isoelectronic neutral

BX:.

7.3.1.1 Structures of Isomers of the Water Adducts HZO—)EX30/Jrl

The structures of all isomers of the H,O—EX;""!

adducts were optimized at the
MP2/TZVPP, BP86/TZVPP and B3-LYP/TZVPP levels; however, due to the better
performance of MP2 to describe weak interactions, only the results based on the MP2/TZVPP

calculations are discussed.

Minima on the H 20—)EX30/ *I PES:

For the H20—>EX30/ * (E =B, C; X=H, F -I) adducts, four different minimum geometries 1
to IV were found (see Figure 64), and some minimum geometries changed with the quantum
chemical method. Only the Cs symmetric structures I and II in Figure 64 were reported in the
previous calculation™). They are considered as being "classical" with strong E-O bonds,
while structures III (Cs) and IV (C,y) are unexpected "non-classical" weakly bound water
adducts™™. Structures I1I and IV were obtained by using the geometries I and 1I as a starting
point and replacing B by C*. Thus the energetic driving force to form the non-classical

structures III and IV is considerable.

Figure 64: Minimum geometries of the water adducts H,0—EX;""! (E =B, C; X=H, F -I): Covalent structures
I and II vs. weakly bound structures III and IV. Symmetry: I-III: C,, IV: C,,.

Some water adducts have several minimum structures on the PES (cf. Table 51).

M1 Structure I1I may also be viewed as classical, but with a very long and weak C-O bond (272.5 pm).
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At the MP2 level H,O—BFj; prefers to adopt structure II, while I is a transition state albeit
only 0.2 kJ/mol higher in energy. For the heavier H,O—BXj3 adducts, (X = Cl-I) the isomer 1L
is a local minimum that is only 1.0 to 2.6 kJ/mol higher in energy than structure I, whereas the
halogen bound isomers LV are transition states or saddle points with relative energies of ~ +29
kJ/mol. For the heavier H;O"CX;" adducts, the energy differences between halogen and
carbon bound structures are smaller. However, also the carbon bound heavier HoO"CXs"
adducts include very long C O separations exceeding 250 pm and the halogen coordinated
isomer of H,O"CI;" is about 15 kJ/mol more stable than structure III. Isomers with strong
C-O bonds could not be found for the heavier CX;" cations, even when starting the
calculations with geometries I or II. This shows that the previous calculations”*? gave the

wrong minimum structures for the heavier H;O—CX;" cations (X = CI-I).

Calculations on other possible isomers of CH,OX3" (X = F-I) have also been performed. The
most favorable isomer which can be seen as HX-CX,0H" (cf. Figure 65). Two different types
of structures were found: For X = F, the halogen is weakly bond to the carbon atom, whereas
for the heavier halogens the coordination occurs through H-bonding. These species are the
global minima on the PES of the CH,0X;" system, but since they are no water adducts, their

structural parameters are listed in the results section (Table 52) but are not discussed later.

Figure 65: Calculated global minimum structures on the PES of CH,OF;" (left) and CH,0X;" (X = CI-I; right)
at the MP2/TZVPP level.
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Table 52: Calculated structures of the global minima on the PES of CH,0X;" (X = F-I) at the MP2/TZVPP

level.

X = F Cl Br I
d(C-X,) [pm] 242.6 373.1 391.5 412.7
d(C-Xp,e) [pm] 124.5/125.4 165.2/166.5 181.7/183.0 203.1/204.5
d(C-0) [pm] 124.9 126.1 126.4 127.1
d(X,-H,) [pm] 92.6 128.2 142.0 161.0
d(Xa-Hy) [pm] 299.6 194.5 210.2 228.5
$(X-C-X) and (X-C-O) angles ~ 359.9° 360.0° 360.0° 360.0°
Exel, [kJ/mol] 23.6 -75.4 -51.9 49

Global Minimum Structures of the Water Adducts:

The global minimum structures of the water complexes of BX3 as well as those of CH;" and
CF;" are C, symmetric with normal E-O bonds that range from 150.7 to 179.0 pm (Table 51).
In contrast to the classical water adducts the global minimum structures of H,0"CX;" X =
CI-I) are built from trigonal planar n-bonded CX;' cations and weakly interacting water
molecules (266.4 to 275.1 pm, structures III and IV, Table 51). Similar weakly bound
H,0 " CX;" structures (X = CI-I) were also obtained by BP86 and B3LYP.

7.3.1.2 Structures of Related Compounds

From the preceding follows that m-interactions appear to be important for the heavier CX;"
cations (short C-X bonds, "non-classical" structures III and IV), but not for neutral
isoelectronic BX3. Thus it became interesting to analyze the question in how far the positive
charge in CX3" may induce a stronger m-bonding if compared to neutral BX;. Therefore a
series of related compounds was investigated, in which either (almost) no m-interaction in the
E-X bond is possible (Ph-X, BsN3;H3X3, HoNBX5) or in which a positive charge is introduced
to the boron system (i.e. BX," and Do—BX,", Do = NH3, OH,, XH) or strong m-donors
replace the X atom in EX;”"" (X,E(NH,)""" and XC(NH,), Y™, Figure 66 shows schematic

drawings of the selected optimized particles.

[vii

! It is not suitable to include XB(NH,), into the discussion, since the (long) B-X bond in this molecule is
affected by a predissociation to the borinium salt [H,N-B-NH,]'X".
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. X X B—NH
B }3+ D \B—NH HN/ \B—X
X X ;o0 / 20N
X X /B—NH
Do = XH, OH,, NH; X
X
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/C+—NH2 /C+—NH2 / \C—X
X H2N —

Figure 66: Schematic drawings of the additional particles optimized for X = CI to I with MP2/TZVPP. Only

formal charges with no physical meaning are shown.

The B-X and C-X bond lengths of the species as in Figure 66 are included in Table 55 (boron)

and Table 56 (carbon) in the Discussion section below.

7.3.2 Discussion

Although the CX;' cations and the BX; molecules are isoelectronic species with the same Djy,
symmetric structures, their bond lengths and their chemical behavior differ considerably. In
principle both, BX3 and CX3", can be n-bonded by back donation of the lone pair orbitals of
the X atoms to the empty p, orbital of the C or B atoms (Figure 67).

X x* >|<

e

|

w

W—

Figure 67: Possible mesomeric resonance structures for BX; und CX;".
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However, the amount of n-bonding and its influence on structure and reactivity of EXgo/ﬂ 1S
still under debate!”®!. One notes from Figure 67 that n-bonding leads to charge separation for
BX; but to charge delocalization for CX;'. Already this simple picture allows assuming that
n-bonding is weaker in BXj than it is in CX;'. In other words: C' is a better m-acceptor than
B. This is in agreement with the findings in chapters 7.1 and 7.2 above. To shed light on the
question if m-bonding is structure determining and thus important for the EX;"" particles,
first the water adducts will be discussed and than a short discussion of the related compounds

as given in section 7.3.1.2 will be made.

7.3.2.1 H-Bonding as a Component of the Minimum Geometries of H;O-BXj3

The aim of this section is to clarify why the WCEs of BX; appear not to follow the trend as
expected from the known leveling of the Lewis acidities that increase in the order BF; < BCl;
< BBr; = Bl;. The discussion starts with an analysis of the structures of the water adducts in
Table 53 to understand the WCEs included in the same Table (MP2/TZVPP and reported[m]

values).

Table 53: Water Complexation Energies (WCEs) of HO—»BX; (values from Ref. 222 in parentheses);
calculated bond lengths and the sum of the X-B-X bond angles of H,O—BX; at the MP2/TZVPP level.

BX; = BF; BCL BBr; BI;
WCE [kJ/mol]® 40 (46) 35 (40) 41 (39) 39 (41)
d(B-0) [pm] 179.0 166.1 163.8 163.5
d(H-X,) [pm] 263.2 281.6 291.7 307.3
d(H-X,) [pm] 308.0 282.8 293.6 309.8
d(B-X,)[pm] 135.4 180.0 196.7 219.0
d(B-X,)[pm] 134.0 182.0 199.1 221.4
d(O-H) [pm)] 96.4 97.0 97.1 97.3
Stretch. B-X [%]® 25 3.7 3.9 3.8
Shrink. O-H [%]© 0.6 1.1 1.3 1.4
L(X-B-X) angles 350.14 345.27 34431 344.14

[°]

@ all values are AU at 0 K. ® compared to free BXs. © compared to free H,O.
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As may be seen from Table 53, the geometries of the H,O—BX3 molecules are "normal" with
the usual increase of the B-X bond lengths of 2.5 to 3.9 % if compared to free BX3. The
relative increase of d(B-X) as well as the sum of the (X-B-X) angles follows that expected
from the Lewis acidity arguments. Also the B-O bond in H;O—BF3, containing the weakest
Lewis acid, is the longest in the series of H;O—>BXj3 (179 pm vs. 163-171 pm). Therefore all
structural parameters in H,O—BX3 are in agreement with the known leveling of the Lewis
acidity of the BX3; molecules. Why is it then that the WCESs of BX3 do not show this trend and
remain almost unchanged? An analysis of Table 53 and Figure 68 shows that some structures
are affected by H-bonding, most noticeable HO—BF3, in which two hydrogen atoms interact
with two separate fluorine atoms. The H-F distance in this molecule is 263.2 pm, which is
18.6 % shorter than the sum of the van der Waals radii of hydrogen and fluorine. Clearly this
additional H-bonding makes the water adduct more stable than it would be according to the

lower relative Lewis acidity of the BF; molecule.

282.8 (Cl)
293.6 (Br)
H 309

Figure 68: H-bonding in structure I (H,0O-BF;) and structure II (H,O-BXj;, X = CI-I) at the MP2/TZVPP level.

This demonstrates that the higher calculated WCE of BF; of 40 kJ/mol is due to additional
H-bonding and not due to the primarily investigated B-O bonding. To estimate the magnitude
of H-bonding contributions in H,O—BFj3, also the energy of an isomer of H,O—BF; without

any B-O interaction but with one or two H--F contacts (see Figure 69) has been calculated.
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F------H F----H—0
/ \ / \
F—B\ 0o  F—B H
F------H F
CZV Cs

Figure 69: Geometries for the Cy, (left) and C; (right) symmetric isomers of HO-BX; without B-O interactions.

However, none of these structures was a minimum on the PES of this molecule; still
H-bonding stabilized both isomers by 5 (Cs) to 8 (Cyy) kJ/mol in comparison to the isolated
monomers (MP2/TZVPP and BP86/SV(P)) while the H-F distance in the C,, isomer was 254
pm and thus close to the situation in structure II (MP2: 263 pm). For all other H,O—BX;
adducts an interaction as in Figure 69 only led to a minimal stabilization of at most 2 kJ/mol.
Thus the WCE of BF; in Table 53 of 40 kJ/mol has to be diminished by about 8 kJ/mol as a
result of the additional stabilization owing to the two (weak) H-bonds (to 32 kJ/mol). Then
the revised WCEs of the BX; molecules are again in line with the experimentally known

Lewis acidities that follow BF; < BClz < BBr3 ~ Bl; or WCEs of 32 <35 <41 ~ 39 kJ/mol.

7.3.2.2 m-Bonding as a Structure-Determining Component of the Minimum Geometries
of H,0"CX5"

In the previous work, the water adducts of the heavier CX;" cations were supposed to have the
structures I and II with strong C-O bonds. This was due to the use of inflexible small basis
sets: Our calculations with a 3-21G* basis also gave structures of these types. But already
when the calculations were performed with the more flexible SV(P) or TZVPP basis sets, the
weakly bound structures III and IV were obtained, even when the geometry optimizations
were started from the “classical” structures I and II. Therefore the previously®™? reported
WCEs of the heavier CX;' cations are wrong by a maximum of 67 kJ/mol for CI;" (Table 54,

in parentheses).
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Table 54: Water Complexation Energies (WCEs) of H,O—CX;"; calculated bond lengths and the sum of the X-
C-X bond angles of H,0—>CX;" at the MP2/TZVPP level. X, are defined in Figure 64.

CX; = CH;" CF;" CCl3" CBr;" CL;"
WCE [kJ/mol]® 308(299) 168 (183) 55 (46) 52(21)  54(-13)
d(C-0) [pm] 150.7 155.4 272.5 - -
d(C-Xqp)[pm] 108.1 128.9 164.4 181.4 202.6
d(C-X)[pm] 108.2 127.8 164.2 180.4 202.6
d(O-H) [pm] 97.4 97.9 96.1 96.1 96.1
Stretch. C-X [%]® 0.4 4.1 0.1 0.2 0.2
Shrink. O-H [%]© 2.0 2.1 0.3 0.3 0.3
%(X-C-X) angles [°] 338.56 341.74 359.94 360.00 360.00

@ all values are AU at 0 K. ® compared to free CX;". © compared to free H,O.

For H,O—>CX;" (X = H,F) the structure I may be viewed as protonated methanol or

trifluoromethanol. Both are known from mass spectrometry™"" ***

, and the experimental
WCE of CF;" was found to be 15349 kJ/mol®*” in good agreement with our value of 146
kJ/mol (both values: AH at 298 KI"') Also the experimental and the calculated values of the
proton affinity of trifluoromethanol match very well: at the MP2/TZVPP level, the proton
affinity is 617 kJ/mol and the measured value is 632+7 kJ/mol®™*” (both values: AH at 298 K
KMy However, the heavier H,O—>CX;' cations are unknown on experimental grounds
providing additional evidence for the calculated minimum structures as nof being protonated
trihalomethanols, since those certainly would have been observed in the MS. In these
H,0 " CX;" (X = CI-I) complexes, the CX;" unit is planar (sum of bond angles ~ 360°) and - if
compared to free CX;" - the C-X distances in the heavier H,O~"CX;' cations remain

unchanged within 0.6 pm (see Table 54).

This planar geometry and the short C-X distances in the heavier H,O~CX;' are chemical
proofs for a delocalized positive charge and for the formation of strong w-bonds. Therefore,
the formation of halogen-bonded water adducts with nearly undisturbed CX;" units is a result
of efficient m-bonding. This indicates that for the heavier CX;' cations the delocalized m-bond
is more stable than the localized C-O o-bond. Thus, in the heavier H,O"CX5" cations the

structure is determined by strong m-bonding.

Iill 7PE and thermal contributions to the enthalpy included on the basis of the MP2/TZVPP frequency
calculation.
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7.3.2.3 Positive Charge as an Efficient Driving Force for n-Bond Formation

Why do the minimum geometries of the isoelectronic H,O—EX;”"' (E=B, C; X = H, F -I)
species differ so much? As shown in section 7.3.2.2, n-bonding plays an important role in
CX;". What about BX3? As shown in Figure 67 and chapter 7.1 above, mesomeric structures
with partial double bonds can also be formulated for BX;3. The formation of partial n-bonds
causes a positive charge on the X atoms, if it is not overcompensated by c-induction and,
therefore, the difference in the electronegativities Ay (E-X) is important. For the less
electronegative halogens Br and I the transfer of the positive charge onto the halogens is
easier and their ability to act as G-acceptors is smaller. Thus, if T-bonding was important for
BXj;, at least for the heavier BX3; molecules with X = Br, I the formation of halogen-
coordinated water adducts should be preferred. As shown above this is not the case and
halogen coordinated water adducts are transition states or saddle points at high relative energy
charge (Table 51). The formation of partial double bonds in BX; would lead to a separation of
the he principle of electroneutrality. This suggests that the delocalization of the positive
charge in CX3', which minimizes the overall charges, is the driving force for the formation of
strong partial double bonds. Charge is absent in BX; and, therefore, n-interactions are weak.
To support this theory, calculated as well as experimental E-X bond lengths in different

neutral and charged E-X species in which

e X isreplaced by a strong w-donor like -NHp;
e the m-donating character of -NHj is removed by protonation to -NH;";
e apositive charge is introduced to the B-X system;

o the C-X system bears no positive charge.

are compared.

The calculated and available experimental E-X bond lengths are included with Table 55
(boron) and Table 56 (carbon).
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Let us first turn to the situation of the B-X compounds in Table 55. Starting from neutral BX3
the introduction of nitrogen lone pair orbitals as n-donors such as the exchange of X for
NH,™ or in the B3N3 borazine ring system leads to a slight elongation of the B-X bond
lengths by a maximum of 2.9 pm. This is attributed to the diminished B-X m-bonding
contribution, since the electron deficiency of the B atom is effectively reduced by formation
of a strong dative B=N double bond®'> 3131 or an aromatic 6n B3Nj ring. Thus it may be stated
that the structural effect of the B-X n-bonding in free BX; leads at most to a bond shortening
of 2.9 pm and is therefore weak. When the m-donating character of the -NH, group in
X,B-NH; is destroyed by protonation and formation of X,B<«-NH;" the B-X bonds are
shortened by 6.2 to 7.8 pm (Figure 70).

Neutral: no B-X n-bond Cationic: strong B-X n-bond
X x*t
=8  — el
X X

Ad(B-X) upon protonation: -6.2 (Cl), -6.7 (Br), -7.8 (I) pm

Figure 70: n-bond formation upon protonation of X,B-NH, to X,B«NH;".

Thus the introduction of a positive charge to the B-X system and the absence of other -
donors than X leads to a about three times stronger shortening of the B-X bonds as compared
to the B-X bond lengthening in the BX; and X,;B-NH; couple (2.3 to 2.4 pm). This is
attributed to the more efficient B-X n-bonding in X,B«NH;", which is induced by the
positive charge as a driving force. Replacing the stronger g-donor NHj3 by weaker o-donors
such as OH, and XH leads to further albeit small B-X bond shortenings of at most 1.9 pm.
This shows that with the weaker donors also more positive charge is left on the B atom (0™
order, VI) which is then delocalized by m-bonding (VII and VIII) and that reduces the

unfavorable localized charge formally residing on the boron atom (Figure 71).

172



/ /
Do—B' —<=—> DO—>B/ <> Do—=B
\ \ .
X X X
VI VIl VIII

Figure 71: Positive charge delocalization as the driving force for efficient n-bond formation in Do—>BX,".

Therefore the driving force for n-bond formation is higher for Do—BX," with Do = OH, and
XH and their B-X bonds are further shortened if compared to X,B«NH;". As expected, the
extreme is found for the isolated linear BX," cation (isoelectronic with CO,) and for which a
bond shortening of 12.5 to 14.5 pm in comparison to BX3; was predicted. However, the
coordination number in BX;" is only 2 and the n-bond order in BX," (between 0.5 and 1) is

higher than that possible at most for BX3 (0.33 per B-X bond).

In the carbon system in Table 56 the situation is clear: starting from the neutral Ph-X, in
which a sp’-carbon resides next to a single bonded halogen atom X with (almost) no -
interaction, the introduction of a positive charge in the X3 «C(NH,)y series leads to C-X bond
shortening due to additional C-X m-bonding. The absolute shortening decreases from x = 2
(29to 5.0 pm) to x =1 (1.9 pm) and x = 0 (1.8 to 2.5 pm). In total, comparing Ph-X and
CX;", the C-X shrinkage reaches 7.3 to 9.1 pm and thus is more pronounced than in the
related X,B-NH,/X,B<«NH;" system (cf.: 6.2 to 7.8 pm).

Overall it may be stated that the effect of n-bonding is strong for CX;" but weak for BXz. A
positive charge leads to bond shortening due to m-bond formation that is more pronounced in
the C-X system but is also important for the B-X system (about 85 % of that of a C-X bond if
comparing the related cationic CX;" and X,B<«NH;" couple). Therefore n-bonding is
structure determining for cationic CX;" but not for neutral BX;. For neutral BXs,
haloborazines as well as Ph-X the positive charge as a driving force for n-bonding is absent
and, therefore, the B-X bonds in neutral BX; (X = CI-I) are by 9.1 to 9.5 pm longer than the
respective C-X bonds in CX;". However, the E-X bond lengths of the related neutral couple
Ph-X and trihaloborazine, which include (almost) no E-X m-bonding contribution, are
comparable within 1.6 to 3.6 pm. This A(E-X) is close to the intrinsic difference due to the
different covalent single bond radii of B (82 pm) and C (77 pm). Therefore, the major reason
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for the short C-X bonds in CX;" are strong n-bonds, while the longer B-X bonds in BX; owe
to the relative weakness of the structurally unimportant B-X m-bonds. Thus the positive

charge is an efficient driving force for the formation of strong n-bonds.

This conclusion underlines earlier findings that positive charge delocalization induces non-
classical thermodynamically stable np-np, bonding (n = 3-5) in simple salts of heavier main
group cations (i.e. E42+, E = S-Te; 82142+), while neutral isoelectronic species form alternative
all o-bonded classical structures. One of the extremes for this behavior is found for the P,l4/
SoI*" pairt 150 3
replacement of P by S the highly n-bonded S,I,*" with a S-S bond order (b.0.) of about 2.33
and an I-I b.o. of 1.33 is formed (Figure 72).

. In neutral P,I4 only o-bonding is observed, upon isoelectronic

|
' =8,
// S¢ “..b.0.:0.5
.;: =] O 0/' /":\‘ @ ‘\\
// **  Replace PbyS" )

| b.o.: 1.33 b.o.: 1.33
Localized, only 6-bonds Delocalized, m-bonds maximized

Figure 72: Structures and bond lengths of the isoelectronic species Pl; (left)®'™ and S,I,** (right, in
SQI4(SbF6)2)[l49’ 150.314] Distances given in A.
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7.4 Exploring the Chemistry of Free CI;": Reactions with the Weak Lewis
Bases PX; (X = CI-I), Asl; and Et,0

Is it possible to stabilize “non-classical” halogen-bound adducts of the CI;" cation? Since the
quantum chemical calculations in section 7.3 predict such a structure, in which the CI; cation
acts as an I donor, for the I,C-I""OH," complex, it was the logical consequence to search for
an experimental proof for such an iodine-coordinated adduct. As Lewis bases, weak
nucleophiles that mimic water (OEt,) or other electronically deactivated weak nucleophiles

(PX3, X = CI-I; Asl3) have been chosen.

7.4.1 Syntheses and NMR Characterization

Reaction with Et,0:

According to quantum chemical calculations, the water adduct of the CI;" cation should have
a “non-classical” structure in which the water molecule is coordinated via one iodine atom
(Figure 65)**"). Tt is clear that the reaction of [CI;] [pftb]” with water can not be used because
of hydrolysis; thus, we used diethyl ether as a substitute for H,O to verify, if it is possible to
stabilize such a “non-classical” iodine bound adduct. According to the quantum chemical
calculations, the ether-coordination in CH,Cl, is exergonic by 17.8 kJ/mol for the halogen-
coordinated isomer and by 20.8 kJ/mol for the carbon coordinated one (MP2/TZVPP, eq. 60
and eq. 61 in Table 1). Since the free reaction energies of both isomers only differ by 3
kJ/mol, it seemed likely to find at least equilibrium between both structures in solution.
However, the NMR spectra from an in situ NMR tube reaction recorded in CD,Cl, only
revealed ether cleavage instead of adduct formation: the observed signals were assigned to the
cleaved products I;C-OEt (8"°C = -160.0, 14.8, 67.2), protonated ether H(OEt,)," (8"°C =
14.2, 69.0; 8'H = 1.34, 3.90, 16.50 (br))*'®), C,H,4 (8"°C =122.1; 8'H = 5.34) as well as the
[pftb] anion (8"°C = 121.7, =79; 8'°F = -75.7; 8*’Al = 34.6) The ether cleavage reaction
probably follows eq. 62 in Table 57. Table 57 shows that ether cleavage is more exergonic
than adduct formation. The ether cleavage reaction shows CI;' to behave as a strong Lewis
acid. In this respect, there is some similarity of CI;" to the isoelectronic BI; molecule, which

B17) When the reaction was

is known to be very effective in cleaving ethers at mild conditions
done in preparative scale, single crystals of [H(OEt,),] [pftb]” were obtained (unit cell

determination, same unit cell like in Ref. 316 ).
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Table 57: Gibbs free energies at 298K (A,G°in kJ/mol) in the gas phase and in CH,Cl, solution of hypothetic
(eq. 60and eq. 61) as well as observed reactions of CI;" with Et,0 (eq. 62; all MP2/TZVPP, COSMO solvation).

reaction AH° (gas) AG° (gas) AG° (CH,Cly)
eq. 60  CI;" + Et,0 — Et,01-CL," -63.3 -60.0 -17.8
eq.61 CI;' +Et,0 — ELOClL;* -62.5 -60.8 -20.8
eq. 62 CI;" + 3 Et,0 — I;C-OEt + H(OEt,)," + C,H, -175.4 -142.2 -109.9

Reactions with PX; (X = CI-I) and Asl;:

[CL;] [pftb] was reacted with one equivalent of PX; ( X = CI-I) or Asl; in CH,Cl, at low
temperatures to give the adducts [I;C-PCls] [pftb] 19, [13C-PBr3] [pftb] 20, [I:P-CIs] [pftb]
21 and [I;C-Asl;] [pftb]” 22, respectively. 19 to 21 formed in almost quantitative yield.
However, 22 appears to be only stable in solution and never crystallized. In all cases, the
anion remained intact during the reaction (‘’F- and *’Al-NMR; sealed NMR tubes). The
singlet of CI;" (8"°C = 96 ppm) disappeared, and new peaks were detected in the °C NMR
indicating the formation of the CL;"-adducts (8"°C =-135.2 (d, 'Jcp = 29 Hz) 19, -120.08 20,
-108.8 (d, 'Jep = 42 Hz) 21, -118.3(s) 22). *'P NMR spectra of the PX;3 adducts have been
recorded (8°'P = 75.8 19, 38.9 20, -69.6 21) and indicate that for heavier halogens, the *'P
NMR signal is shifted towards higher field, a trend which is also found for the analogous I3B-
PX; molecules®'™ as well as the R-PI;" and PX," cations (see Table 61 below for a

discussion).

The comparison of the NMR data of 19 - 21 with related compounds in Table 61 suggests
classical, C-coordinated structures of the adducts. Due to the similar Bc spectra of C-PX5"
and the Asl; adduct 22 it appears likely that it adopts a similar C-coordinated structure. This
would be the first structurally characterized example of an iodine containing cationic or
neutral As¥ compound and a close relative to the yet unknown Asl," that recently withstood
all attempts to preparation from Asls, I, and Ag™". However, the As" character appears to be

intermediate (see discussion below).

If the reaction mixture of [CIs] [pftb]” and PI; in CH,Cl, was left at room temperature for a

few hours before crystallization, two different products were isolated in good yield:

™ Despite many attempts the coupling constant could not be resolved, even at low temperatures.
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[PL] [pftb] and [I3C-PIs] [al-f-al]". This suggested I'" donor reactivity of CI;" giving PI,"; the

(48,319

latter is well known I'to decompose [pftb] giving the observed [al-f-al] anion.

For [I;C-Asl;] [pftb]” 22, variable-temperature NMR measurements have been performed to
study the dynamics of the I,C-Asl;" cation. From 193K up to 273 K, the BC NMR signal of
the I;C-Asl;" cation is seen, but at 283K the signal disappears.

I,CAsl,*
mJ“\,mm* i niy - sl AR . m263K
I — - e 283K
* I,CAsl,*
] N | 243K

140 100 60 20 -20 -60 -100 ppm
Figure 73: Variable temperature *C NMR spectra of [I3CAsl;]'[pftb]” 22 in CD,Cl,. The spectra have been

recorded in the following order, to check if the process of adduct cleavage is reversible: 1.) 243K, 2.) 283K, 3.)

263K. Bands marked with * are assigned to the anion.

This process is reversible as long as the sample is not heated above r.t.. Heating to 318K,
decomposes the [pftb] anion to give the fluorine-bridged anion [((CF3);CO);Al-F-
Al(OC(CFs)3):] and C4Fg0 (8'F = -69.3, -108.5), which are typical decomposition products

when the [pftb] anion reacts with strong Lewis acids®*.
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7.4.2 Solid-State Structures

Of all I,C-PX;" salts, crystals suitable for X-ray diffraction could be obtained from highly
concentrated solutions at low temperatures. Although the unit cell dimensions of all three salts
with isostructural cations are related (seemingly tetragonal cells, with two axes at about 1400
pm and the third at 1900 (19), 2900 (20) or 3900 (21) pm), their true space groups and crystal
symmetries are not. All three structures are affected by twinning and disordering, however,
suitable models to describe the structures of the three compounds could be elaborated.

[15C-PCl3] [pftb]” 19 crystallizes in the monoclinic space group P2;/n with Z = 4 (one cation
and one anion in the asymmetric unit). A section of its solid-state structure is shown in Figure

74.

Figure 74: Section of the solid-state structure of [I;C-PCl;] [pftb]” 19 at 108K. Thermal displacement ellipsoids
are drawn at the 25% probability level. C and P positions of the cations have been refined isotropically. Only one

orientation of the cation is shown, the other orientations are drawn semi-transparent.

The PBr; adduct 20 crystallizes in the monoclinic space group P2/n with Z = 6 (three half
anions and three half cations are found in the asymmetric unit). A section of its solid-state

structure is shown in Figure 75.
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Figure 75: Section of the solid-state structure of [I;C-PBr;] [pftb]” 20 at 100K. Thermal displacement ellipsoids
of the anion are drawn at the 25% probability level. C and P positions of the cations have been refined
isotropically. Only one cation and one anion are shown, the other two have been omitted for clarity. Only one

orientation of the cation is shown, the other orientations are drawn semi-transparent.

The largest unit cell is found for [I;C-PIs] [pftb]” 21, which crystallizes in the monoclinic
space group P2,/c with Z = 8 (two cations and two anions per asymmetric unit). A section of

its solid-state structure is shown in Figure 76.

Figure 76: Section of the solid-state structure of [I;C-PI;] [pftb] 21 at 100K. Thermal displacement ellipsoids of
the anion are drawn at the 25% probability level. Only one cation and one anion are shown, the other two have

been omitted for clarity.
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In all three salts, the structural parameters of the anion are normal'!). In the case of 21, no
cation disorder is observed, while in 19 and 20, the C and P positions are split into four
different positions (cf. Figure 74 and Figure 75), which also causes a partial overlay of I
positions with those of ClI resp. Br. This disorder is also the reason why the C and P positions

in these salts could only be refined isotropically.

As the 3 angles of all three unit cells are very close to 90°, these structures can be described
as pseudo-tetragonal. Due to this pseudo symmetry 2 (for 19), % (for 20) or ¥ (for 21) of the
data are weak, which leads to larger errors and therefore causes higher R1 values (4.28% for
19, 6.97% for 20 and 8.85% for 21). Especially in the case of 21, the C and I positions only
depend on the weak superstructure reflections, which implies a higher uncertainty of their

position.

Even though point group symmetry of the three crystal structures is different, their packing is
closely related: along the “special” axis (i.e. ¢ for 19, b for 20 and 21), rows of cations and
anions are stacked. In the cation stacks, the C and P direction are ordered. Along the other
crystallographic axes, the packing can be described as a zigzag arrangement of cations and
anions. As an example, the packing diagrams of 19 along the crystallographic axes is shown

in Figure 77, those of 20 and 21 are shown in the appendix 12.5.

Figure 77: Packing diagram of [I;C-PCl5] [pftb]” 19 along the crystallographic axes. The AlO,-moieties of the

anions are drawn as tetrahedra, the C(CF3); groups have been omitted for clarity.
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In all three structures, ethane-analogue I;C-PX;' cations are found, which is in good
agreement with the geometries deduced from NMR. Structural parameters of these cations are

collected in Table 58 and compared to MP2 geometries.

Table 58: Comparison of the structural parameters of the I;CPX;" cation in 19, 20 and 21 with the calculated
values (MP2/TZVPP). Distances are given in pm, bond angles in °.

I;CPCl;" I,CPCl;" I;CPBr; " in I;CPBr;" I;CPI;" I;CPI;"
in19 calc. 20 calc. in 21 calc.
d(C-P) [pm] 173.2-189.7 182.9 183.0-186.3 184.1 184.9-185.1 186.5
av. 179.1 av. 185.2 av. 185.0
d(C-I) [pm] 206.8-221.2 2149 207.2-220.6 214.9 214.7-218.6 214.9
av.213.5 av. 216.0 av. 216.6
d(P-X) [pm]  201.8-221.8 196.3 212.8-222.0 213.9 236.3-239.5 2372
av. 212.6 av. 217.7 av. 237.8

Despite the problems with the structure refinement (disorder, twinning), the agreement
between the observed average structural parameters and the calculation is rather good. This is
best seen for compound 21 which is not affected by disorder (only twinning). However, for
the more detailed following discussions we only use the calculated MP2/TZVPP values. From
Cl to I, d(C-P) and d(P-X)) get longer, while d(C-I) remains constant. The elongation of the
C-P bond from X = Cl to I is a bit unexpected, since this is opposite to the from CI to |
increasing Lewis basicities of PX3. Thus one would expect shorter P-C bonds for the heavier
PX; adducts. However, steric hindrance is likely to level this out: In the I;C-PI;" cation, the
large iodine atoms probably hinder the PI; moiety to further approach the carbon, as they
already “touch” the iodine atoms of the CI3 moiety (cf. d(I-1) = 397 pm, sum of the van-der-
Waals radii = 420 pm).

7.4.3 Vibrational Spectra of [X;P-CI;] [pftb] 19, 20 and 21

The compounds 19, 20 and 21 have been investigated by vibrational spectroscopy. In contrast
to the Raman spectra, which — even at very low laser intensities and low temperatures — only
showed fluorescence and decomposed with higher Laser intensities, the signals of the cations

were clearly identified in the IR spectra. In Table 59, the vibrational bands of the adducts are
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listed, together with the values obtained by quantum chemical calculations at the
MP2/TZVPP level™. As an example, the experimental and simulated IR spectra of 19 are
shown in Figure 78; those of 20 and 21 are given in the appendix 12.5.

A

simulation MP2/TZVPP

[I.CPCL,]'[pftb] FIR

[I.CPCLI'[pftb] MIR

T T T T T T T T T T T 1 -1
200 300 400 500 600 700 800 900 CM
Figure 78: Comparison of the experimental and the simulated IR spectrum of [I;CPCl;] [pftb]” 19. Simulation of
the cation modes at the MP2/TZVPP level. Bands marked with * are assigned to the anion.

As seen from Table 59, the blueshifted modes of the PX; moieties are also found in the IR
spectra of the adducts, while the bands of the CIs part, which are observed in the free cation at

739 cm™ (e, strong) and 339 cm™ (ay’’, weak)?**”!

, are considerably redshifted due to the loss
of m-bonding. The C-I stretching mode in all adducts is calculated to occur around 645 cm™,
but as the intensity of this vibrational excitation is very low in the case of the PBr; and PI;
adduct (below 1 km/mol), it is not observed. For the I;C-PCl;" cation, the calculated intensity
of this vibration is somewhat higher (38 km/mol), and therefore, the IR spectrum of 19 is the
only one where the band is observed (weak band at 614 cm™). The P-X vibration might be

{m compounds) and PX," (as model for

compared to two different systems: PX; (as pure P
pure P character). One of the bands in each spectrum of the adduct is of comparable energy
like that in the analogous PX; molecules (Aviax = 6 cm'l), but another band is found at higher

energy (642 cm™ in 19, 509 cm™ in 20 and 426 cm™ in 21). In 21, this energy is even higher

™ This relatively expensive computational level has to be chosen, because using BP86/SV(P), the electronic
situation in the adducts is not described properly and therefore, the vibrational frequencies are not calculated at
the right energies.
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than the one of the PX," cations: 653 cm’! for PC14+[32”, 514 cm™ for PBr4+[48] and 400 cm’!
for PI; ™. The main contribution to these bands are P-X vibrations, but as they are slightly
coupled with C-I vibrations, their energy rises. In 19, the C-I and P-Cl vibrations are of
similar energy, and therefore, the energy remains the same. Nevertheless, this observation can
be taken as a proof for partial P character of the I;C-PX;" adducts, which is in good

agreement with other experimental and calculated data (see below).

The band with the highest energy is assigned to the v(C-P) mode. From 19 to 21, this energy

decreases (from 766 cm™ to 717 cm™), representing the longer C-P distance (cf. Table 58).
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7.4.4 Bonding in I;C-PX;"

Comparison of the Lewis acidity of CI;" and BI;

If compared to the isoelectronic BI; molecule, the CI;" cation is a stronger Lewis acid in the
gas phase, but in solution, both species have approximately the same acidity, as judged by
their fluoride ion affinities (FI4s): FIA(CI;") = 809 / 299 kJ/mol and FIA(BI;) = 444 / 275
kJ/mol (gas phase / CH,Cl,)P*". But in contrast to the boron trihalides, the heavier CX;"
cations have two possible coordination sites: the carbon atom (which leads to classically
bound adducts) or the halogen atoms (which has been shown by the calculated structures of
the water adducts, cf. section 7.3). As it has been shown by NMR data and X-ray diffraction,
even with the weak Lewis base PXj, the complexes have classical carbon coordinated
structures. Similar ethane-like geometries have been observed for the isoelectronic [3B-PX3

318][xi

molecules! U The calculated geometries are collected in Table 60.

Table 60: Comparison of the calculated geometries of LE-PX;”*, PX;, CI;" and Bl; (E =B, C; X=CI-I) at the
MP2/TZVPP level. Distances are given in pm, bond angles in °.

d(E-P) d(I-E) d(X-P) <(I-E-I) <(X-P-X)

I;C-PCl;" 182.0 214.9 196.3 112.0 107.7
13B-PCl; 195.4 220.1 199.8 114.7 104.3
I;C-PBr;" 184.1 214.9 213.9 111.8 108.2
I3B-PBr; 197.3 220.0 217.5 114.7 104.8
I;C-PI;" 186.5 214.9 237.2 111.3 108.9
13B-Pl; 199.2 219.8 240.6 114.5 105.8
PCl; - - 205.1 - 100.2
PBr; - - 222.5 - 101.0
Pl - - 245.1 - 102.3
CLy" - 202.0 - 120.0 -

Bl; - 211.3 - 120.0 -

["i]Unfortunately, the calculations of I3B-PX; in the literature have been carried out at the B3LYP level with
relatively small basis sets. They had to be re-calculated using MP2/TZVPP in order to get reliable data for both
systems. DFT methods are not suitable to describe these systems, what can be seen for example from the large
difference of the calculated (213 pm) and the experimental (201 pm) B-P bond length in Br;B-PBr;.
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It can be seen from Table 60 that all intramolecular distances are longer in the I3B-PXj3
molecules than those in the I;C-PX;" cations. This may be explained by the positive charge,
which introduces Coulomb interactions into the system, when the CI;" cation binds to the lone
pair of the phosphorus atom. This positive charge is missing in Bls and therefore, their

adducts are weaker bound.

On the oxidation state of the phosphorus in I;C-PX;": P or P7?

An important question that arises when looking at the structures of the I;C-PX;" cations is the
oxidation state of the phosphorus in these adducts, i.e. if these species are better described as
[,C—P™X5]" or as [I;C-PYX5]". To find an answer to this question, on can use the *'P
NMR shifts of these complexes and compare them to other systems in which the oxidation

state of the phosphorus is clear, e.g. P(HI)X3 or P(V)Xf. They are listed in Table 61.

Table 61: *'P NMR shifts (in ppm) of ,CPX;" and comparison with those of pX, 811 px, B2 opx,[177 325
R-PX; %! and I,B-PL;'® (X =CI-I). n.r. = not resolved.

X = Cl Br I
,C-PX;" +76 ('Jcp =29 Hz) +39 (J=n.r.) 70 (Jep = 42 Hz)
PX," +73 —+9681 ® -66 — -0 ® -49411 51981 ©) 517180 O
PX; +2170% +22652 +176524
OPX;, 2821 -1035% -332 - -337171 @
6511771 ©
R-PX;" 120 (R = Me) 30.7 (R = Me) 4963261 (R ="Bu)®
129 (R = Et)
L,B-PX; n.g.® +105051# 428181

@ n.g. = value is not given in the reference. ® golid-state MAS NMR. © in Br;PO-Al(OC(CF5);. @ in I;PO-
Al(OR),-(1+-F)-Al(OR); with R = C(CF5);. © in [PL;] [AsFs]’, MAS NMR. © in [PL,]"[SbF,]’, MAS NMR.

From Cl to I, the >'P NMR shifts of all these compounds shift to higher field, a fact that can
be explained by increasing relativistic contributions (“spin-orbit coupling”) for the heavier
halogens (“inverse halogen dependence” IHD of the chemical shift of pentavalent P™")-
compounds due to a Fermi contact mechanism involving orbitals with s-character). The most
drastic high-field shift is observed for the P(V)X4+ cations and for OP(V)X3. By contrast P(IH)X3,

which utilizes only orbitals of 3p character for the P-X bonds, is not affected by the /HD:
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AS(IHD) in PX; from Cl to I is only -50 ppm. Now we turn to the I3C-PX;" cations: If
compared to the trihalides and the PX," cations, the *'P chemical shifts are always 8(PX3) >
8(13C-PX5") > 8(PX4") and AS(JHD) = -146 ppm. This finding indicates that the p-character of
the P-X bonds in the adducts is higher in the adducts than in PX,;" and correspondingly a
weaker Fermi-contact-mechanism transmitting the relativistic influence of the halogens to the

(" character follows for

P nucleus is observed. Overall stronger s-p separation and more P
I3C-PX;5". Roughly it might be said that the phosphorous atom has 50% of +III and 50 % of
+V character in solution. As an even better comparison than PX,", one can use the OPX;
series, because in these compounds, the number of the halogen atoms bound to the
phosphorus atom is the same as in the adducts. But also in these P*") compounds, the *'P
NMR shifts have a stronger influence by /HD (AS(/HD) = -335 ppm) again suggesting

roughly 50 % PY) character.

As another point of evidence for the ambivalent character of the oxidtion state of the
phosphorus atom one can consider the P-X distances, however this time in the solid state: in
all three adducts, the P-X bonds are considerably shorter than those in the uncomplexed PX3
molecules (Table 60) and rather similar to those in the PX4" cations (within 2 to 3 pm: 198 pm
in PC1,; %7 211.1 pm in PBr; ™ and 237.0 pm in PI, ™). This would be in agreement with
a rather high PY) character in the solid state. This leads us to another approach to reveal the

nature of the P-C bond:

Is the C-P bond in I;C-PX;" cations dative or covalent?

Haaland has developed a simple, but successful method to answer the question®'?! if a bond
can be considered as dative or covalent. To classify the donor-acceptor bond in the I3C-PXs3"
cations (X = CI-I) according to these categories we analyzed the energetics of homolytic and
heterolytic cleavage of this bond (see Scheme 11). If the pathway (a) is favored, the bond can

be considered to be dative; otherwise the two atoms are connected through a covalent bond.

(a) N
L CI3 + |PX3
heterolytic
L,CPX;" —
homolytic . .
Y€ o cI;+PX5t
(b)

Scheme 11: Heterolytic (a) vs. homolytic (b) cleavage of the C-P bond in I;CPX;" cations.
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The reaction enthalpies for both bond cleavage pathways are collected in Table 62, together
with the analogous reactions of I;C-Asl; " and I;B-PX;. It can be seen that for all adducts, the
heterolytic dissociation reaction is more favorable and, therefore, the E-P (resp. C-As) bond in
all adducts is considered dative. ;C-PX5" and I;B-PX; dissociate giving systems that differ in
their charge: Since the ,C-PX;" adducts are formed by the reaction between a cation and a
neutral molecule, the attractive force is much higher and therefore, these adducts are stronger
bound. The extremely high energies that are needed for the homolytic cleavage of the ;B-PX;
molecules is caused by the fact that during this process, a cation (PX;") and an anion (BI;™)
are formed, which is energetically disadvantageous and only in part compensated by

solvation.

Table 62: Reaction enthalpies of the heterolytic and homolytic cleavage of the E-P bond in I,E-PX;"" (E =B, C;
X = CI-I) and 1;,C-Asl;" according to Scheme 11. Calculations at the MP2/TZVPP level, all values are given in
kJ/mol.

reaction AH°(gas) AG°(gas) A:G°(CH,Cly)
eq.63(a) 13C-PCl;" — CI;" + PCls 160.7 108.5 88.9
eq.63() I3C-PCl;" — CI3" + PCl;"™ 402.9 3422 285.2
eq.64(a) 13C-PBr;" — CL;" + PBr; 174.9 122.7 89.6
eq.64(b) 13C-PBr;' — CI;" + PBr3" 380.6 319.8 275.6
eq.65() 13C-PI;" — CI;" + Pl3 210.2 158.2 120.4
eq.65() 1C-PI;" — CI;’ +PI;" 354.0 293.1 261.8
eq.66 (a)  13C-Asl;" — CI3" + Asly 165.0 115.9 73.0
eq.66 (b))  13C-Asl;" — CI3"+ Asl;"™ 332.1 273.6 239.2
eq.67 (@) 13C-PCl;" — BI; + PCl; 72.9 23.1 32.4
eq.67() 13:B-PCl3;" — B3+ PCl3"™ 899.1 840.4 476.0
eq.68(a)  13B-PBr;" — BI; + PBr3 78.2 28.6 29.5
eq.68(b)  I3B-PBr;" — BI;" +PBr;" 867.9 809.3 453.8
eq.69 (a) L3B-PI;" — BI; + PI; 97.8 48.4 49.6
eq.69 (b)) L3B-PI;" — BI;" +PI;" 825.6 767.0 4293
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For all E-PX;"", the adduct stabilities both in the gas phase and in solution increase from C1
to I for the heterolytic path (Figure 79), which is in good agreement with the increasing Lewis

basicity of the PX3 molecules. The only exception is A{G(CH,Cl,) of I;B-PCl; and I;B-PBrs3,

which are almost equal.

—m— A H(gas) of .C-PX"
—0— A H(gas) of | B-PX,
—A— A G(gas) of | C-PX
—A— A G(gas) of | B-PX,

200] —®AG(CHCL)of I.C-PX’ u
—O—A G(CH,Cl,) of | B-PX,

l/. A

150_ /

A *
A// /
100 a
. o
] [m]

dissociation energy of |.E-PX."" [kJ/mol]

[m]
50 -
c :)/o
1 A
0 T T T
Cl Br |

Figure 79: Heterolytic bond dissociation energies (AH (gas) A,G(gas) and A,G(CH,CL,)) of LE-PX;"" (E = B,
C; X = CI-]). All values are given in kJ/mol.

In I;C-PI;", the difference between the heterolytic and homolytic dissociation path is rather
small if compared to the other adducts, indicating partial covalent contributions. This is also
underlined by the *'P NMR shifts (Table 61) as well as by the partial charges of the P and C
atoms (Table 63) obtained by the paboon population analysis. In the case of the PCl; and PBr;
adducts, the phosphorus atoms bear a full positive charge, while for the PI; adducts, the
charge is diminished due to the lower electronegativity of the iodine atoms, which leads also

to covalent contributions.
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Table 63: Calculated partial charges ¢ of in LE-PX;"*, PX; and EL,"" (E = B; C; X = CI-I), according to the

paboon method (population analysis based on occupation numbers).

q(P) q(E) q(D 9(X)

,C-PCl;" +1.194 0467 +0.166 20.072
I;C-PBr;* +1.065 -0.467 +0.165 -0.031
I;C-PI;" +0.591 -0.454 +0.158 +0.130
;C-Asly" +0.627 -0.427 +0.161 +0.106
1;B-PCl, +1.218 -0.753 -0.017 -0.137
1;B-PBr, +1.073 -0.739 -0.013 -0.096
1;B-PI, +0.614 -0.723 -0.011 +0.048
PCl, +0.633 - - 0211
PBr; +0.514 - - -0.171
PI, +0.107 - - -0.036
cLy - -0.158 +0.386 -

BL, - -0.393 +0.131 -

7.4.5 Further Reactivity of I,C-PL;": Evidence for a Non-Classical ,C-I"'PI;"

Intermediate

When [CL] [pftb] is reacted with PI; in CH,Cl, and left at ambient temperature for a few
hours before cooling down for crystallization, two different compounds crystallize: [I5C-
PIs]'[al-f-al]” 23 and [PL][pftb]” 24. Both structures are hampered by disorder in the anion
and/or cation part and are therefore mainly seen as structural proof for their formation. A
section of the solid-state structure of 23 is shown in the appendix 12.5. For 24 it is interesting
that not one of the two known modifications (cf. Ref. 48 and 319) is found, but a new one.
The bond lengths are comparable in both modifications, but as the crystal structure obtained

from 24 is not of a very good quality, it will not be discussed here.

The formation of the side product 23 can best be explained by a non-classical, iodine-
coordinated I,CI"PI;" adduct, in which the Cl; moiety acts as an iodine donor towards the Pl
(see Scheme 12). The PI,;" cation, which is formed in this reaction, is known to decompose the

[pftb] anion above 0°C giving the fluorine-bridged [al-f-al]” anion''""".
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E = +135.5 kl/mol
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Scheme 12: Equilibria between the C and I coordinated adduct of CI;" and PI; with PI," and C,l; as an

explanation for PL," formation. Relative energies are given as A,G° values in CH,Cl,.

Quantum chemical calculations show that these dismutation reactions are — for I;C-PCl;" and

I;C-PBr;" — exergonic in CH,Cl, (Table 64), and only slightly endergonic in the case of the

I;C-PI;" cation. Therefore, it seems reasonable to find formation of 24. However, the

energetic difference between the classical carbon-bound and the non-classical iodine-bound

isomer is 135.5 kJ/mol in CH,Cl,, a barrier which has to be overtaken first before the PL" is

formed. Due to this high energy difference it can be understood that formation of 24 is slow.

Table 64: Gibbs free energies (A,G° and AG"™ in CH,Cl,) of the dismutation reactions of X;P-CI;" (X = CI-I)

cations at the MP2/TZVPP level (in kJ/mol).

reaction AG° (CH,CLy) [kJ/mol]  A.G" (CH,Cl) [kJ/mol]
eq. 70 CLP-CI;" — PCLI' + % Coly  -9.4 -13.9

eq. 71 Br;sP-Cl;" — PBrsl " + % Coly  -2.2 -6.4

eq. 72 L;P-CI;" — PLy + % Coly 8.0 2.0
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For 22, all attempts to crystallize the product remained unsuccessful, and the only species

crystallizing from this system was Asls. Its room-temperature structure has already been

328]

determined before®*®! and therefore, this structure is not discussed here.

+ A,G °(gasy = +116 k/mol

+ AG 1 g5) = +94 kl/mol
I:;(j-ASI:;+ (® > CI3+ (g + ASI3 (g
+ AG ° oty = +149 kl/mol — AG ° so1y) = -181 kJ/mol
+ AG ' g1,y = +143 kI/mol ~ AG " g1y = -193 kI/mol — A (qupiy = 59 kJ/mol
13C-Asl3" (so1y) > | CI3" (o1 + Aslz )

+ ArG O(solution) = +24 kJ/mol
+ MG " o tution) = =23 kJ/mol

Scheme 13: Born-Haber-cycle for the equilibrium between I;C-Asl;" and CI;" + Asl;. The sublimation enthalpy
AH 1) of Asl; has been calculated to be 59.3 kJ/molP*.

The crystallization of Asl; can be understood if calculating the dissociation enthalpies
according to the Born-Haber cycle sketched in Scheme 13. If the reaction enthalpies are
calculated at different temperatures (195.15 and 298.15 K) it can be seen, that in the gas phase
the adduct is stable against dissociation. In solution, by contrast, the complex is more stable at
higher temperatures and at lower temperatures a disproportionation with precipitation of Aslz
appears to be more likely. However, the adduct could not be crystallized at room temperature

because of beginning anion degradation.
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7.5 Concluding Remarks

With the WCAs [pftb] and [al-f-al] it is possible to stabilize the CI;" salts 15 and 16 in the
condensed phase. Both, from experimental data (bond lengths, vibrational and electronic
excitations) and theoretical considerations (trends of the Lewis acidities, MO energies), it
becomes evident that the halocarbenium ions behave different from the isoelectronic BX3
molecules. In the CX;3' cations, partial C-X double bonds are formed, and the positive charge
resides on the X atoms: The heavier the halogen is, the better the positive charge can be
delocalized due to the higher 6 and © donor ability of Br and 1. In haloboranes, the positive

charge is missing, and therefore, there is no driving force for m bond formation.

Attempts to prepare CHI," and CH,I" salts from CHI; or CHal,/Ag[pftb] mixtures remained
unsuccessful; the reaction with CH,I, lead to the formation of the adduct [Ag(CH,L,)s] [pftb]

17, while for HCI;, dismutation with formation of 15 as well as 17 was observed.

Within this thesis, highly accurate and reliable AgH° values for halomethanes, halomethyl
cations and the isoelectronic boron compounds have been established based on a combination
of exactly determined experimental data together with high-level quantum chemical
calculations. These A¢gH®° values and the derived mean bond enthalpies (mBEs) are very useful
for comparing the bonding in the ioselectronic, but different compounds. The different
behaviour of the halomethyl cations and the haloboranes has also been shown in a theoretical

study of the water adducts of these species. Although the H,0—EX;""

species are
isoelectronic, their reactivity and bonding is totally different. The BX; molecules form
“classical” adducts with strong B-O bonds that are stabilized by additional H-bonding (X =
F). The latter is responsible for the similarity of the WCEs of all HO—BX; adducts. When
the WCEs are corrected for H-bonding contributions, the WCEs follow the ordering as
expected from the known Lewis acidities of the boron halides, i.e. WCE(BF;) < WCE(BCl;) <
WCE(BBr3) ~ WCE(BI5). The similarity of the E-X bond lengths in neutral Ph-X, halogenated
aminoboranes or trihaloborazines and BX3 - in contrast to the much shortened E-X bond
lengths in CX;" and Do—BX," - indicates that the influence of n-bonding on the structure of
neutral BX;5 (X = CI-I) is small and not structure determining. The formation of weak “non-
classical” water complexes of CX3' (X = CII) rather than covalent protonated
trihalomethanols suggests that the delocalization of the positive charge to the less

electronegative halogen atoms provides a sufficient driving force to form stable "non-
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classical" m-bonded ions in preference over classical all c-bonded species. Thus, in the
heavier CX;3" cations the bond enthalpy (BE) of a localized C-O o bond is lower than the BE
of a delocalized C-X = bond.

In order to find an experimental proof for such an iodine-coordinated adduct, weak Lewis
bases were reactd with the CI;" cation. As Lewis bases, weak nucleophiles that mimic water
(Et;0) or other electronically deactivated weak nucleophiles (PX3, X = CI-I; Asl;) have been
chosen. With Et,0 as a base, the cation behaves as a strong Lewis acid and cleaves the ether
to give [3C-OEt, C;H4 and [H(Et20)2]+. By contrast PX3 and Asl; coordinate to the Cl;"
cations and the adducts have classical, carbon-bound ethane-like structures, as proven by X-
ray single-crystal diffraction, IR- and NMR spectroscopy. From variable temperature *C
NMR studies, it followed for the I3C-Asl;" salt that the equilibrium between Cl;" and Asl; is
reversible and temperature dependent in solution. The I3C-PI;" salt decomposes at room
temperature giving PL" and Cls, likely through an iodine coordinated LC-IPL;*
intermediate. Thus CI;" may also act as I'" donor, like predicted from the theoretical study on

the water adducts.

In Table 65, all experimentally known characteristics about the halomethylcations CX;" and
CH, X;. (X =F-I; n =1, 2) are summarized, together with calculated values. From the values
collected in Table 65 it can be seen that for the heavier CH, X5, cations, the C-X bond
lengths shrink with decreasing halogen content (e.g. 204.0 pm in CI;", 200.0 pm in CHI," and
195.6 pm in CH,I"). This indicates higher partial double bond character for the cations with
lower halogen content. By contrast, in the fluorine containing species, the C-F distance
remains unchanged. This observation is in good agreement with little impact of © bonding to
the C-F bond. Overall, the conclusions drawn from the CX;" cations hold: the heavier the
halogen is, the more 7 bonding and charge delocalizion is favored. In CHX," and CH,X", the
total positive charge of the cation has to be transferred to only 2 resp. 1 halogen atom, what
gives a formal bond order of 1.5 for CHX," and even 2.0 for CH,X', resulting in considerably
shorter C-X bonds. The stronger C-X bonds can also be observed in the IR spectra: for the
heavier halogens, the C-X stretches shift to higher energy when more hydrogen atoms are

present, while for the fluorine containing cations, the C-F frequency is even a bit lowered.
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8 Synthesis, Characterization and Reactivity of [NO,] [pftb] 25

The NO," cation plays an important role in many different fields of chemistry, e.g. it is the
active species in nitration reactions of organic compounds. For these nitration reactions, the
standard way is the use of nitrating acid, but many substances are not compatible with these
hard reaction conditions. Therefore, NO," salts of WCAs are ideal, as they provide access to
the nitrating species under mild conditions. Some NO," salts with nitratometallate counterions
like [NO,] [Ga(NO3),] are also used as attractive carbon- and hydrogen-free single-source

3331 Beside that,

precursors for the chemical vapor decomposition (CVD) of metal oxide films!
the NO," cation is a strong oxidizing agent (with an electron affinity of 9.60 eV™** ) and the

resulting species NO, is gaseous so it can very easily be removed after the reaction.

Some of its salts like [NO,]'[BFs]” 26, [NO,]'[ClIO4] or [NO,]'[SbF¢] are commercially
available, but they are not or only hardly soluble in organic solvents. To overcome that
problem and to make the NO," cation accessible in non-polar solvents like CH,Cl,, the idea
was to partner it with a large, weakly coordinating anion, which is robust enough not to react
itself with the cation. The WCAs [pftb], [f-alors]” ([f-alors]” = [F—AI(OC(CF3)3)3]')[143] and

[al-f-al] "% have been chosen as possible candidates for such salts.

8.1 Synthesis and NMR characterization

When reacting [NO,] [BF4]” 26 with Li[pftb] in CH,Cl,, the highly soluble [NO,] [pftb] 25

formed in one preparation by the following metathesis reaction (eq. 73):

+ s CH,Cl, N -
eq. 73 [NO,J"[BF,] + Li[pftb] ~——————>  [NO,]'[pftb] + Li[BF,]

Many attempts to reproduce this result in CH,Cl, as well as in SO, and 1,2-Difluorobenzene
failed with various changing conditions (Table 66), even with [NO,]'[SbFe] as metathesis

salt.
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Table 66: Various attempts to synthesize [NO,] [pftb] 25

reactands solvent(s) treatment observation
Li[pftb] + [NO,] [BF4] 26 CH,Cl, stirring at r.t., 2 no reaction

days
Li[pftb] + [NO,] [BF4] 26 CH.Cl, ultrasonic bath, 1 no reaction

day
Li[pftb] + [NO,] [BF4] 26 SO, stirring at r.t. no reaction
Li[pftb] + [NO,] [SbFe] SO, stirring at r.t. no reaction
Li[pftb] + [NO,] [BF4] 26 1.) 1,2-C¢H4F, stirring at r.t. gas  formation,

2.) CH,Cl, nitration of 1,2-
C6H4F2

When the reaction of Li[pftb] with [NO,] [BF4] 26 is carried out in 1,2-CsH4F5, the solvent is
nitrated to give 3,4-Difluoronitrobenzene, which coordinates to the lithium cations, giving

[Liz(3,4-CsH4FaNO,)s]* [pftb]2 27 (Figure 80).

F F
6] (0]
F / \ F
N\ /N
N
0. /0/ \0\ (0]
L Li
0 o J 0
~N. S
/ N \
N N
F \ / F
6] (6]
F F

Figure 80: Schematic drawing of the [Liy(3,4-C¢H4F,NO,)]*" dication in 27.

Unfortunately it is still not understood why 25 formed without any problems in the first

preparation but never again in later attempts.

200



To overcome this and as an alternative route, the in situ formation of molecular NO,Cl from

NO,/0.5 Cl, and subsequent reaction with Ag[pftb] was tried (eq. 74).

hv
+ Ag[pftb
NO, + 0.5 Cl, % NO,Cl % [N02]+[pftb]'§

eq. 74

But since the irradiation of the NO, / Cl, mixture did not lead to any NO,Cl formation (the
pressure in the reaction vessel remained unchanged), this mixture was condensed onto the

Ag[pftb] anyway, but without leading to the desired product (only minor AgCl precipitation).

As the WCA [f-alor;]” has some interesting properties — e.g. it is able to stabilize highly
reactive cations like [SiMes]" in an ion-like fashion®**! — [NO,]'[f-alor;]” would be an ideal
precursor salt for such systems. But the reaction (eq. 75) did not give the intended product and
only led to the re-crystallization of [NO,] [BF4] 26.
3 (CF3)3COH +1 A1M63
pentane

[AI(OC(CF3)3)5] +3 CHy

+ [NO,]"[BF,]°
CH,Cl,

N

eq. 75 [NO,]"[falor;] + BF;

In an analogous reaction, the synthesis of [NO,] [al-f-al] was planned (eq. 76).
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6 (CF3)3COH +2 AlMe3

pentane

2 [AI(OC(CF3)3)5] + 6 CH,

+[NO,]'[BF4]
CH,Cl,

\
eq. 76 [N02]+[a1-f-al]' + BF3

The first step — the formation of [AI(OC(CF3)3)3] — was monitored via measuring the volume
of methane which is produced. After all AIMe; had reacted, [NO,] [BF4]” 26 was added. The
reaction mixture then turned orange-brown, and one of the crystals obtained from this reaction

turned out to be the starting material [NO,] [BF4] 26.

A reason why both the reaction according to eq. 75 and eq. 76 did not give the desired NO,"
salts might be the known side reaction of the [AI(OC(CFs)s);] intermediate®*®), which is not
stable as such and tends to react with itself at temperatures above 0°C or in solvents like
CH,Cl,. In a second attempt, directly after the addition of [NO,]'[BF4]” 26 20 mL CH,Cl,
were condensed onto the mixture. Also here, re-crystallisation of [NO,][BF4]" 26 was
observed (X-ray unit cell determination). In the F NMR which has been measured of the
reaction mixture, no [al-f-al]” formation was observed (only one peak at -76 ppm, CF;

groups). In the "N NMR, no signals at all were observed.

If the reaction is carried out using the room temperature stable fluorobenzene adduct of
AI(OC(CF3)3) and 1,2-difluorobenzene as a solvent, the reaction with [NO,] [BF,4]" 26 only
leads to nitration of the solvent. The 3,4-difluoronitrobenzene formed in this reaction is a
stronger Lewis base than fluorbenzene or difluorbenzene and therefore forms the adduct 3,4-
CsH3F2NO,-Al(OC(CF3)3)3 28. This adduct remains stable, and the ligand can not be removed

even in the vacuum (1-10” mbar).
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8.2 Solid-State Structures

Solid-State Structures of [NO,J [pftb[ 25 and [NO,]'[BF ] 26
25 crystallizes in the monoclinic space group Cc with Z = 4. A section of its solid-state

structure is shown in Figure 81.

010

Figure 81: Section of the solid-state structure of [NO,] [pftb]” 25 at 150 K. Thermal displacement ellipsoids are
drawn at the 25% probability level. Selected bond lengths and angles: d(N1-O10) = 110.2(8) pm, d(N1-O11) =
110.5(8)) pm. <(O10-N1-O11) = 178.9(8)°.

The N-O bonds are rather short (110.2(8) and 110.5(8) pm) if compared to those in other
NO," salts (cf. Table 67), which indicates very strong N=O double bonds. The bond angle in
the cation derives 1.1° from the ideal 180° angle, but this is most probably due to packing
effects. The structural parameters of the anion are normal, but one of the C(CF3); groups is
disordered (cf. Figure 81).

From the reaction described in eq. 75 large colorless crystals of [NO,]'[BF4]" 26 were
isolated. No structural information of this compound is available in the crystallographic
databases, so its solid-state structure was determined. 26 crystallizes in the monoclinic space

group P2,/c with Z = 4. A packing diagram of this compound is shown in Figure 82",
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Figure 82: Packing diagram of [NO,]'[BF4] 26 at 100 K. Thermal displacement ellipsoids are drawn at the 25%
probability level. Selected bond lengths and angles: d(N1-O1) = 111.53(8) pm, d(N1-02) = 111.60(7) pm. <(O1-
N1-02) = 179.89(8)°P*",

In 26, the N-O distances (111.53(8) and 111.60(7) pm) are longer than those in 25, although
the diffraction measurement was carried out at lower temperature (but in 25, the standard
deviations are higher due to the higher temperature, so the shortening can not be taken as
absolute value). This observation is in line with the fact that the BF, anion in 26 is more
coordinating than the [pftb]” anion in 25 and the cation-anion contacts in 26 (dashed lines in
Figure 82) are about 0.1 A shorter than those in 25 (Figure 83). If the coordination is stronger,
electron density is transferred to the ©*-LUMO of the NO," cation, which causes a reduction
of the bond order. Therefore, the accurately determined bond lengths in NO," salts can be
used as an indicator for the coordination ability of the counterion: The shorter the N-O
distance is, the less the anion is coordinating. From the entries in Table 67 it can be seen that
these distance is the shortest for the [pftb] salt 25. However, it may well be that this
agreement is fortuitous, since temperatures of the structural determinations differ and the

standard deviations of the compound are partly rather large.
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Figure 83: Cation-anion-interactions of [NO,][pftb] 25 (left) and [NO,]"[BF,] 26 (right) in the solid state.

Table 67: Comparison of d(N-O) [pm] and <(O-N-O) [°] in different [NO,]" salts with calculated values (ccsd(t)

/ aug-cc-pVTZ).

compound T [K] d(N-O) [pm] <(0-N-0) [°]

[NO,]" calc. - 112.5 180

[NO,]'[pftb] 25 150 110.2(8) — 110.5(8) 178.9(8)
av. 110.4

[NO,]'[BF,] 26" 100 111.60(7) — 111.53(8) 179.89(7)
av. 111.57

[NO,] [Fe(NO5),] 133 170 111.4(7) - 111.8(7) n.a.®
av. 111.6

[NO,]'[Zr(NO;)s] ¥ 180 107.9(6) — 113.1(6) n.a®
av. 110.5

[NO,]'[Ga(NO5),] 298 116.2(2) 180

[NO,][C10,] 298 110.4 (not very accurate) 175.2

[NO,] [NO5 3 213 115.3(8) (not very accurate) na®

213 115.4(10)4 180

@ n.a. = not available from the publication.

Solid-State Structure of 3,4-CcH3;F2NO»AI(OC(CF3)3); 28
3,4-C¢F2H3NO,  Al(OC(CF3)3); 28 crystallizes in the triclinic space group P-1 with Z = 4. A

section of its solid-state structure is shown in Figure 84. Unfortunately, the crystals of 28 only
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grow as very thin plates from CH,Cl, even after recrystallization, and as they do not contain
heavy elements — except only one Al atom — the quality of the data sets obtained from
different attempts is rather poor. Therefore, one has to be very careful with the discussion of

bond lengths.

Figure 84: Section of the solid-state structure of 3,4-C¢F,H;NO,-Al(OC(CF;);); 28 at 110K. Thermal
displacement ellipsoids are drawn at the 25% probability level. Only one of the two molecules in the asymmetric
unit is shown. H atoms are omitted. The 3,-4-nitrodifluorbenzene moieties are disordered.

In Table 68, some bond lengths of 28 are compared to those of C¢HsNO,-AICIP*! and
MeNOz-A1C13[341]. It is found that the values obtained for 28 are in the same order of
magnitude than those for the compounds cited in the literature, but as already written before,
the quality of the crystal structure of 28 is rather low so that the values can not be used for a

detailed discussion.

Table 68: Comparison of the bond lengths (in pm) of C¢F,H;NO,AI(OC(CF5)3); 28 with CHsNO,-AICLP*!
and MeNO, AICL,1**Y.

28 CeHsNO, AICLP*Y MeNO,AICLP*H.
d(Al-O) 185.5-187.0 av. 186.3 185.6 186.7
A(N-Ocoora) 128.5 127.9 126.8
A(N-Op;eo) 119.9.9— 121.0 av. 120.0 119.8 117.0
d(N-C) 143.7-145.9 av. 144.7 142.9 147.0
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8.3 The [NO,]" Cation as an Oxidizing Agent: The Reaction of NO," with
P,

The NO," cation is a very strong oxidizing agent (IE = 9.60 eV">**)), which should be able to

342

oxidize even white phosphorous (JE = 9.34 eV?*) to give naked P, cations and NO, gas.

These cations have already been studied in the gas phase by mass spectrometry and photo

[343. 341 i combination with quantum chemical investigations[344’ 1 but despite

ionization
many efforts, no P, cation has been stabilized in condensed phase. From the mass spectra it
was noted that the intensities of uneven closed-shell P," (x =3, 5, 7, 9,...) cations were much
higher than those of open-shell even cations, a result that has also been confirmed by quantum
mechanical calculations™*). From Figure 85 it can bee seen that uneven open-shell P, clusters
are much easier to ionize than the even ones, which are closed-shell species, but except P,

all these cluster cations should be accessible by a redox reaction with the NO," cation in the

gas phase.
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Figure 85: Calculated adiabatic ionization energies of P,* cations (x = 2-11)34,

In Figure 86, the minimum geometries of some P," cations are shown. The Py" cation has a
similar structure than the [Ag(P4)2]" adduct which is formed upon reaction of Ag[pftb]” with

P,
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P7+ CZV

Figure 86: Minimum geometries and symmetry of some P, cations (BP86/SV(P)). Bond lenghs are given in
pm.

8.3.1 Preliminary Reactions of 25 with P,:

Some preliminary reactions of 25, which was prepared in the first successful reaction, were
performed. Since it was not possible to reproduce the synthesis of 25, all of the following
results need to be cross-checked when a successful preparation of 25 or a related soluble NO,"

salt is available.

In order to synthesize [Ps]'[pftb], which — according to their /Es — should be formed
preferably, [NO,]'[pftb] 25 was reacted in a sealed NMR tube in CD,Cl, with 1.25
equivalents of P4. After the addition of CD,Cl,, the reaction mixture first turns red, then bright
yellow. From the ’Al and "’F NMR, which have been recorded at low temperature, it can be
seen that the [pftb]” anion remains intact. In the *'P NMR spectrum (Figure 87), apart from
solid P, (& = -457, broad) two triplets at 355.4 and -231.0 ppm, both with Jpp = 160 Hz, are
observed. This pattern does neither fit with that of the Py" nor the Ps™ cation. A comparison of

the calculated properties of the Ps" cations and the reaction mixture is given in Table 69.
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Figure 87: *'P NMR spectrum of the in situ NMR tube reaction of [NO,]'[pftb]” 25 with 1.25 eq. P,. Spectrum
recorded in CD,Cl, at 243 K.

Table 69: Comparison of some properties of the reaction of [NO,]'[pftb]” 25 with P, with the calculated values
for a Ps* cation (BP86/SV(P), TD-DFT) and the experimental values of PsI,” and PsBr," ) salts.

Ps" calc. reaction mixture P512+[49] P5Br2+[49]
color yellow red, then yellow yellow colorless
3P NMR 447.0(d) 355.5 168.2 161.4

(tJ=160Hz) (,J=153Hz) (t,J=149 Hz)
-373.9(quint.) -231.0 -193.9 -235.9

(t,J=160Hz) (,J=153Hz) (t,J =149 Hz)

The formation of the paramagnetic P4 cation can also be excluded. One explanation for the
observations made on this reaction is the formation of an adduct [P4-NO,]", as the *'P NMR
pattern is very similar to those of the PsX," cations (X = Br, )'*. In Figure 88, possible

isomers of this cation and their relative energies are shown.
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Figure 88: Possible isomers of the [P,-NO,]" cation I and their relative energies (BP86/SV(P)).

It can be seen that the PES of this species is very flat and one can not definitely decide from
quantum mechanical calculations which isomer of I may be present in the reaction mixture.
According to the *'P NMR, only the isomers IB and IE are possible, but if the HOMO-
LUMO interactions of NO," and P, are considered (Figure 89), only the isomer IB can be

formed in a 1,3 cycloaddition. In this case, two different symmetries (Cs and C,y) are possible.

!

LUMO NO,* HOMO P,
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€l e
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Figure 89: HOMO-LUMO interaction of NO," and P,. Two different geometries (C, or Cs,) are possible.
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8.3.2 Reaction of 26 with P,:

Analogous reactions were performed with 26 as NO," source, but due to its insolubility, no
reaction at all was observed ('P NMR), even after the samples have been treated in an

ultrasonic bath for one day.

8.3.3 Reaction of 26 with [Ag(P,),] [pftb]:

In this experiment, [Ag(P4)2] [pftb] ™! was chosen as a P4 source. But when the educts were

stirred together in CH,Cl,, no reaction according to eq. 77 was observed (*'P NMR).

2 [NO,]"[BF4]" 26 + [Ag(P,),] [pftb]” + Ag[pfib]

N
N\

eq. 77 2 [P4-NO,]"[pftb]” + 2 AgBF,
Therefore, NaCl was added to use the precipitation of AgCl as a driving force. But even after
sonicating the reaction mixture for two days, no AgCl formation could be observed. Probably
this is due to the fact that the [Ag(P4):]" adduct, which was still present in solution c'p
NMR), is too stable and cannot be destroyed by addition of CI” ions. However, also the low
solubility of NaCl may play a role.
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9 Summary and Outlook

Within this thesis, several theoretical and experimental contributions to the chemistry of

weakly coordinating anions were made.

Theoretical Investigation of the stability of WCAs:

18 of the most commonly used WCAs of the type [M(L),]” were examined based on the
calculated fluoride ion and ligand affinities of their parent Lewis acids (FI4 and LA), proton
and copper decomposition reactions (PD and CuD), partial charges and fronitier orbital
energies. To obtain data that is more reliable, the assessed quantities were calculated through
isodesmic reactions at the (RI)BP86/SV(P) level. If some parts of the calculations could not
be done isodesmic, higher levels such as MP2/TZVPP, G2 and CBS-Q were selected to obtain
reliable values for these reactions. Although the obtained results can certainly not be taken as
absolute values, the trends and the relative ordering of the stabilities of all WCAs will
undoubtedly be correct, since one methodology was chosen for the investigation in order to
achieve maximum error cancellation. To include media effects, the decomposition reaction of
these anions with SiMe;" and CpZZrMe+ were also calculated in PhCI and 1,2-F,C¢Hy4 using
the COSMO solvation model. This approach allows predicting the outcome of hitherto
unknown reactions of a given cation with a set of very different anions such as
fluorometallates or perfluoroorganoborates on thermodynamic grounds. Based on these data a
rational decision to choose the “best” anion in a given cationic system is possible as well as

Lewis acid reactions may be planned.

Depolymerization Energy and Fluoride Ion Affinity of Sb,Fs, (n = 1-4):

During the work on the previous topic errors in the literature regarding the depolymerisation
of SbyFs, were realized. With a series of ab initio MP2 and DFT (BP86 and B3-LYP)
computations with large basis sets up to cc-pVQZ quality it has been shown showed that the
literature value of the standard enthalpy of depolymerization of "4 SbsFs (o) to give SbFs (g
(+18.5 kJ/mol, see Ref. 167) is by about 50 kJ/mol in error and that the correct value of
AH® gepoty (/4 SbaFag (g)) 1s 768 £ 10 kJ/mol'. The standard enthalpies and standard Gibbs free
energies A qepoly., A %interconv., ArGCdepoly. a0d ArGCintercony. Were assigned for Sb,Fs, (n =2, 3,
4) and the results were compared to available experimental gas phase data. Especially the
MP2/TZVPP values, obtained in an indirect procedure that relies on isodesmic reactions or

the highly accurate compound methods G2 and CBS-Q, are in excellent agreement with the
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experiment and reproduce also the fine experimental details at temperatures of 423 and 498 K.
Using these data and the calculated values for [SbyFsn+1]” (n = 1-4), it was then possible to
obtain values for the F/4 as well as the Ag1° of Sb,Fs, (o) and [SbyFsy1] (o) (see Table 70).

Table 70: Calculated F74 ( in kJ/mol) and A¢H® of n SbFs, Sb,Fs, and [Sb,Fs,.1].

FIA (gaseous) FFIA® (gaseous) FIA4 (liquid) AeH°
SbFs 514 512 434+18 -1301+151%3%]
SbyFio 559 521 - ,
SbsFis 572 543 - -
SbsF2 580 561 434+18
2 SbFs 667 585 506+18 -2708+21
3 SbF;s 767 651 528+18 -4098+26
4 SbFs 855 697 534+18 -5476+30
SbF¢ - - - -2064+18
Sb,Fi1 - - - -3516+25
SbsFi6 - - - -4919+31
SbaF21 - - - -6305+36

@ FFIA = Free fluoride ion affiniy, i.e. A,G°.

Tetraalkylammonium Salts of Alkoxyaluminates:

In this project, the tetraalkylammonium salts of the weakly coordinating fluorinated
alkoxyaluminates [pftb], [hfip] and [hftb] have been investigated in order to obtain
information on their undisturbed spectral and structural properties, as well as to study their
electrochemical behavior (i.e. conductivities in non-polar solvents and redox stabilities).
Several of the compounds qualify as Ionic Liquids with melting points as low as 40°C for
[NBuy] Thfip]". Simple and almost quantitative metathesis reactions yielding these materials in
high purity were developed. These [NR4]" salts serve as model compounds for undisturbed
anions and their vibrational spectra — together with simulated spectra based on quantum
chemical DFT calculations — were used for the clear assignment of the anion bands. Besides,
the ion volumes of the anions (Vien([pftb]) = 0.736 nm’, Vie, ([hftb]) = 0.658 nm’, Vien

([hfip]) = 0.577 nm®) and their decomposition pathways in the mass spectrometer have been
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established. The NBuy4" salts are highly soluble in non-polar solvents (up to 1.09 mol L™ are
possible for [NBuy] [hftb] in CH,Cl, and 0.41 mol L™ for [NBug] [hfip] in CHCIs) and their
molar conductivities and electrochemical windows in these media are comparable or better to

those of the analogous [B(CesFs)4] salts!®”

, while they are simpler to prepare and in part also
much cheaper (e.g. [hfip]). The most stable anion is the [pftb]” with an oxidation potential

(vs. ferrocene) at 1.5 V (in CH3CN) and a reduction potential at - 2.2 V (in CH,CL).

Weakly bound cationic Ag(P,S3) complexes:

Already in 2002**, it has been shown that polymeric cationic [Ag(P4S3)]" complexes (n = 1,
2) are accessible, if partnered with a suitable weakly coordinating fluorinated
alkoxyaluminate as counterion. Within this thesis, some important questions that remained
unanswered in the first study, have been addressed: the influence of the anion on the structure

of the Ag(P4S;) complexes and the dynamic behaviour of these adducts.

Thus, in order to further investigate the counterion influence on the structure of the Ag(P4S;)
complexes, reactions with Ag[AI(OC(CHj3)(CFs),)s] (Ag[hftb]) and Ag[((CF3);CO)AI-F-
AI(OC(CF»)3))3] (Ag[al-f-al]) were performed. While [P4S;Ag[hftb]]. 13 is a molecular
species, the adduct [Agx(P4S3)s]” [al-f-al] 14 is an isolated 2:1 salt. The experiments carried
out in this study suggest that a maximum of three P4S; cages may be bound on average to an
Ag" ion. With the largest anion ([al-f-al]’), isolated dimeric dications are formed, whereas
with all other smaller aluminates, polymeric species are obtained. Thermodynamic Born
Haber cycle and DFT calculations as well as solution NMR and ESI mass spectrometry
indicate that 14 exhibits an equilibrium between the dication [Agz(P4S3)6]2+ (in the solid state)

and two [Ag(P4S3)3]” monocations (in the gas phase and in solution).

solid state

gas phase
solution

A

Figure 90: Likely equilibrium between 2 [Ag(P4S;);]” and [Agz(P4$3)6]2+ in 14.

215



3'P-MAS-NMR revealed that all these adducts are highly dynamic species, even in the solid
state and at low temperatures, although the X-ray diffraction measurements of the Ag(P4Ss)
complexes investigated in this study suggest rigid structures. Since X-ray crystallography is
an average method, this notion implies that the resting states for the dynamics observed by
MAS-NMR are long lived. Those conformations, which are intermediates for the dynamic
exchange, are very short lived and do not contribute as “disorder” to the intensity data of the
crystal structure determination. This observation is also supported by DFT calculations of
related model compounds, which show that the PES of [Ag(P4S:).]" (n=1-3) and
[Agy(PsS3)2]" is very flat. Two dimensional J-res experiments allowed to resolve the “Jpp
coupling within the cages. Double quantum INADEQUATE experiments showed that the P
atoms of the cages coordinated to the Ag" ions couple through the silver ions to the adjacent
Ag-coordinated P atoms of the cage; however, coupling to '”'% Ag was never observed likely
due to the dynamics of the system even in the solid state at -70°C. Moreover the current
MAS-NMR experiments showed that the symmetry of the published structures** with the
[Al(ORF)4]' anions (RF = C(H)(CF3); and C(CF3)3) was lower than it appeared from the initial
data collection and thus the structures were redetermined at lower temperature and with lower
symmetry. The structures of a- and y-P4S; were also redetermined at low temperature and

with unprecedented accuracy.

Chemistry of Halocarbenium Ions:

The CI;" salts 15 and 16 were prepared in the condensed phase. Both from experimental data
and theoretical considerations can be seen that the halocarbenium ions behave different from
the isoelectronic BX3 molecules. In the CX;3" cations, partial C-X double bonds are formed,
and the positive charge resides on the X atoms: The heavier the halogen is, the better the
positive charge can be delocalized due to the higher 6 and = donor ability of Br and I. In
haloboranes, the positive charge is missing, and therefore, there is no driving force for n bond
formation. Attempts to prepare CHIL," and CH,I" salts from CHI; or CH,L/Ag[pftb] mixtures
remained unsuccessful; the reaction with CH,I, lead to the formation of the adduct
[Ag(CH,1,);] [pftb]” 17, while for HCIs, dismutation with formation of 15 as well as 17 was

observed.

Within this thesis, highly accurate and reliable A¢H° values for halomethanes, halomethyl
cations and the isoelectronic boron compounds have been established based on a combination

of exactly determined experimental data together with high-level quantum chemical
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calculations. These AtH° and the derived mean bond enthalpies (mBESs) are very useful for
comparing the bonding in the isoelectronic, but different compounds. The different behaviour

of the halomethyl cations and the haloboranes has also been shown in a theoretical study of

0/+1

the water adducts of these species. Although the H,O—EX3;" ™ species are isoelectronic,

structures totally different (see Figure 91).

Figure 91: Minimum geometries of the water adducts H,0—-EX;""! (E=B, C; X =H, F -I): Covalent structures
I and II vs. weakly bound structures III and IV. Symmetry: I-III: C,, IV: C,,.

The BX; molecules form “classical” adducts with strong covalent B-O bonds that are
stabilized by additional H-bonding (X = F). The formation of weak “non-classical” water
complexes of CX;" (X = CI-I) rather than covalent protonated trihalomethanols suggests that
the delocalization of the positive charge to the less electronegative halogen atoms provides a
sufficient driving force to form stable "non-classical" m-bonded ions in preference over
classical all o-bonded species. Thus, in the heavier CX3' cations the bond enthalpy (BE) of a
localized C-O o bond is lower than the BE of a delocalized C-X = bond.

In order to find an experimental proof for such an iodine-coordinated adduct. different, weak
nucleophiles that mimic water (OEt,) or other electronically deactivated weak nucleophiles
(PX3, X = CI-I; Asls) have been chosen. With Et,O as a base, the cation behaves as a strong
Lewis acid and cleaves the ether to give I3C-OEt, C;H4 and [H(Et,0),]". By contrast PX3 and

Asl; coordinate to the CI;™ cations and the adducts have classical, carbon-bound ethane-like
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structures. From variable temperature 3C NMR it was seen that for the L;C-Asl;" salt 22 that
the equilibrium between CI;" and Asl; is reversible and temperature dependent in solution.
The 13C-PI;" salt decomposes at room temperature giving PI," and Csly, likely through an

jiodine coordinated I,C-I""PI;" intermediate. Thus Cl3" may also act as I" donor.

Synthesis and Reactivity of [NO,J [pftb] 25:

The NO," salt of the [pftb] anion 25 has been prepared from Li[pftb]” and [NO,]'[BF4] 26 by
a metathesis reaction in CH,Cl,. Unfortunately, the reaction was not reproducable, even under
changing conditions (different solvents, different starting materials). Attempts to synthesize
[NO,]'[f-alor3] and [NO,]'[al-f-al]” remained also unsuccessful: If the reactions are carried
out in pentane / CH,Cl,, only [N02]+[BF4]' 26 could be recrystallized. If 1,2-C¢F,H4 has been
used as solvent for this reaction, it was immediately nitrated by the NO," cation of 26, giving
the adduct CcF,H3NO,-AI(OC(CF3)3)s 28. Solvent nitration has also been observed in the
reaction of 26 with Li[pftb] in 1,2-C¢F,Hs, in which the Li adduct [Liy(3,4-
CsH4F2NO,)6]* [pftb] 2 27 has been obtained.

However, with the successful batch of 25 a preliminary investigation of its chemistry was
performed: Since the oxidation potential of the NO," cation is very high, [NO,] [pftb]” 25 has
been reacted with P4, in order to obtain naked phosphorous cations P.". But instead of
oxidation, most probably the addition product [P;-NO,]" was formed, as it could been
concluded from *'P NMR spectra as well as from frontier orbital considerations and from

quantum chemical calculations.

Figure 92: Two different possible geometries (C; or Cy,) of the [P4-N02]+ cation.
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10 Experimental Section

10.1 General Experimental Techniques

10.1.1 General Procedures and Starting Materials

Due to air- and moisture sensitivity of most materials all manipulations (if not mentioned
otherwise) were undertaken using standard vacuum and Schlenk techniques as well as a glove
box with an argon or nitrogen atmosphere (H,O and O, < 1 ppm). All solvents were dried by
conventional drying agents and distilled afterwards. The purification of some starting

materials, which could not be used as purchased, is listed in Table 71.

Table 71: Purification of the starting materials.

starting material method of purification

CH,I, distillation

Cly removing of all I, by sublimation in vacuum under the strict exclusion
of light

LiAlH,4 extraction with Et,O

P, sublimation, extraction with CS,

PBr; distillation

PCl; distillation

P4S; extraction with CS;

R'OH distillation

SiCly distillation

Since the syntheses of the Li and Ag salts were greatly improved with respect to the original

1 it is described herein in detail.

publication"’
Syntheses of Lif[AI(OR") ]
Li[AI(OR")4] (R" = C(CH;)(CFs),, C(H)(CFs),, C(CFs)3) was formed by reaction of purified

[11, 12

LiAlH,4 and the appropriate commercially available alcohols ] Due to the very low boiling

points of the alcohols, especially the perfluorinated HOC(CF3); (b.p. = 45°C), a double reflux
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condenser connected to a cryostat and set to a temperature of -20°C has been used. The
solvent toluene, which was used as a solvent in the original publication''"), always caused a
discoloration of the product with some grayish precipitate (A1’?) and made an additional
purification by sublimation necessary. Therefore it was replaced by hexane or heptane (both
work fine). While the occurrence of side reactions is significantly diminished in aliphatic
solvents, it may happen that the LiAlH4 does not completely react, especially in large scale
reactions above 50 g. If residual Al-H bonds are in the mixture, they may easily be detected
with Raman spectroscopy. To avoid this problem, which is caused by the poor solubility of

the product even during reflux, the LiAlH; was finely ground prior to use**”).

Synthesis of Ag[Al( ORF)4]

Syntheses of the according silver salts were performed by reaction of the lithium salts
obtained by the procedure described above with AgF in CH,Cl,.®® AgF has been purchased
from Apollo Scientific, UK, exclusively; it should have a light orange / beige color and be
stored with the exclusion of light. In a glove box, the Li" salt and 1.3 eq. AgF are weighed
into one side of a special two bulbed Schlenk vessel with Young valves and frit plate (Figure

93)

Outer Joint 14.5

Young Valve

| G4 Frit Plate

325

N/

300

Figure 93: Two bulbed Schlenk vessel with Young valves and G4 frit plate. Measures are given in mm.

The reagents were suspended in CH,Cl, (50 mL / 10 g Li" salt approx.); the vessel was
evacuated until the solvent started to boil and left under the vapor pressure of the solvent. The

mixture was left in an ultrasonic bath over night. The solutions turned slightly brownish with

220



only little of a dark brown (almost black) precipitate left. The darker the color of the solution,
the more residual Al-H was presumably present. It appears that the dark color is due to
colloidal Ag. Prior to filtration the solution was stored in a -20 to -30°C freezer for at least 3
h to check whether unreacted Li" salt was still present (formation of a white microcrystalline
precipitate). If not, the reaction was finished and the solution was filtered. Afterwards the Ag"
salts were dried in vacuo, finely ground in a glove box, placed in a new flask and left directly
hooked to a vacuum line until a constant weight was achieved. With this procedure one gets

rid of the last traces of coordinated solvent and obtains solvent free naked Ag'[AI(OR),] 7.

Synthesis of Aglal-f-al]:

Aglal-f-al] was prepared by reaction of Ag[pftb] with SiCly in CH,Cl,. Ag[pftb] was
synthesized as described above, SiCly has been freshly distilled prior to use. The silver salt
was weighed into a flask as described in Figure 93 and dissolved in CH,Cl,. SiCls was added
and the solution was stirred over night, whereby white AgCl precipitate was formed. After the
insoluble AgCl was separated by filtration, all other side products were volatile and removed

in vacuo. So pure Ag[al-f-al] remained as the sole soluble compound in the filtrate.”*

10.1.2 NMR Spectroscopy

NMR-spectra (in solution) were recorded on a Bruker AC 250 and on a Bruker AVANCE 400
spectrometer and referenced against the solvent (‘H, '*C) or external aqueous AICl; (*’Al) and
85% H3PO, (*'P). Solid-state *'P NMR spectra were recorded on a Bruker DRX 300
spectrometer equipped with 7.0 T widebore magnet, and utilizing 4-mm CPMAS probe head.
Nicely powdered samples are packed under N, atmosphere into 4-mm outer diameter ZrO,
rotors and the magic angle sample spinning was used at the rate of 14 kHz. Two-dimensional
refocused INADEQUATE MAS spectra were recorded with rotor synchronization of the
halves of the excitation and reconversion periods, the t; evolution period and the acquisition
period. The J-resolved spectra were recorded with rotor-synchronization of the acquisition
period and the halves of t; evolution period. Chemical shifts of *'P are reported in ppm
relative to an external 85% H3POs(aq) standard. The absolute temperature was calibrated from
the chemical shift difference of the proton resonances in liquid methanol that was spun up to
14 kHz in order to account for frictional heating of 14 K (room temperature 297 K + 14 K =
311 KP4,
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10.1.3 Vibrational Spectroscopy

Raman spectra were recorded at r.t. on a Bruker IFS 66v and a Bruker RAM II FT-Raman
spectrometer (using a liquid nitrogen cooled, highly sensitive Ge detector) in sealed NMR
tubes or melting point capillaries (1064 nm radiation, 2 cm™ resolution). IR spectra were
recorded on a Bruker VERTEX 70 and a Bruker IFS 66v spectrometer in Nujol mull between
Csl or AgBr plates, or on a Nicolet Magna 760 spectrometer using a diamond Orbit ATR unit

(extended ATR correction with refraction index 1.5 was used).

10.1.4 Melting Point Determination

Melting points were determined with a Setaram DSC 131 in 30 mL aluminium crucibles with
an empty crucible of the same type as reference. The crucibles were filled and closed in a

glovebox and then stored under Argon.

10.1.5 Mass Spectroscopy

ESI mass spectra were measured utilizing a Q-TOF ULTIMA mass spectrometer
(MICROMASS, Manchester, UK) equipped with a Z-spray type ESI source. Phosphoric acid
was used for the negative ion mass calibration range of 100-2000 m/z. Data were acquired
and processed using MASSLYNX version 4.0. Electrospray conditions were as follows:
capillary voltage, 3 kV; source temperature, 80°C; cone voltage, 35 V; and source block
temperature, 150°C. The ESI nebulization and drying gases were nitrogen. The sample was

introduced via a syringe pump operating at 10 mL/min.

10.1.6 X-Ray Diffraction and Crystal Structure Determination

Data collection for X-ray structure determinations were performed on a STOE IPDS 1I, a
OXFORD DIFFRACTION SAPHIRE/KM4 CCD (kappa geometry) and a BRUKER APEX
Il diffractometer, all using graphite-monochromated Mo-K, (0.71073 A) radiation. Single
crystals were mounted in perfluoroether oil on top of a glass fiber and then brought into the
cold stream of a low temperature device so that the oil solidified. All calculations were
performed on PC’s using the SHELX97 software package. The structures were solved by the
Patterson heavy atom method or direct methods and successive interpretation of the difference

Fourier maps, followed by least-squares refinement. All non-hydrogen atoms were refined
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anisotropically. The hydrogen atoms were included in the refinement in calculated positions

by a riding model using fixed isotropic parameters.

10.1.7 Conductivity and Cyclovoltammetric Meadurements

Conductivities habe been measured using a Metrohm 712 Conductometer. Cyclovoltammetric
measurements have been performed with an Autolab Ecochemie potentiostat in 1mL cells
with 0.1M solutions. The working electrode (1mm?) was polished and dried before each use.

As counter and reference electrodes, Pt resp. Ag electrodes were used.
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10.2 Syntheses and Characterization of the Prepared Compounds
10.2.1 Syntheses and Characterization of the Compounds Adressed in Chapter 5

10.2.1.1 Synthesis of [NBuy][pftb] 1

In the glovebox 8.854 g (9.09 mmol) Li[pftb] and 2.930 g (9.09 mmol) [NBus|Br are
weighted in two different beakers and then dissolved in a mixture of dest. H,O and acetone.
The two solutions are mixed and stirred for a few minutes at room temperature. The reaction
mixture is kept over night at a warm place so that a part of the solvent is evaporated. The
residue is filtered over a Buchner frit and washed first with water (until no more Br is
present) and then two times with about 10 mL of hexane. The white, crystalline product is

dried over night at 60°C.
Isolated yield: 10.461 g (95.1%)).

IR (Diamond-ATR): v = 288 (w), 315 (w), 367 (w), 382 (w), 444 (mw), 561 (w), 571 (w),
726(s), 830(w), 967(s), 1178(m), 1210(vs), 1232(s), 1274(m), 1295(m), 1349(w), 1474(vw),
2977(w) ecm’™.

Raman: v = 100, 117, 174, 206, 232, 264, 291, 322, 369, 538, 561, 572, 744, 799, 831, 876,
908, 927, 975, 1008, 1036, 1065, 1111, 1131, 1174, 1237, 1276, 1321, 1354, 1395, 1460,
2757, 2886, 2947, 2979 cm™.

'H NMR (400.0 MHz, CD,Cl,, 300K): & = 1.00 (t, J = 7Hz, 3 H, CH;), 1.60 (m, 2 H, CH,),
1.57 (m, 2 H, CH,), 3.03 (m, 3 H, N(CH,)).

BC{'H} NMR (100.6 MHz, CD,Cl,, 300K): & = 13.9 (s), 20.2 (s), 24.5 (s), 49.8 (s), 79 (m),
122.0 (g, J = 293 Hz).

F NMR (376.5 MHz, CD,Cl, / CH;CN, 300K): & = -75.8.

Al NMR (104.3 MHz, CD,Cl,, 300K): & = 31.9(s, w% = 9 Hz).

m.p. (DSC): 198°C.
elemental analysis found (calc.): 31.78 (31.55) % C, 3.00 (3.08) % H, 1.16 (1.10) % N.
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10.2.1.2 Synthesis of [NEt,][pftb] 2
In the glovebox 4.438 g (4.56 mmol) Li[pftb] and 0.967 g (4.60 mmol) [NEt4]Br are weighted

in two different beakers and then dissolved in a mixture of dest. H,O and acetone. The two
solutions are mixed and stirred for a few minutes at room temperature. The reaction mixture is
kept over night at a warm place so that a part of the solvent is evaporated. The residue is
filtered over a Buchner frit and washed first with water (until no more Br is present) and then
two times with about 10 mL of hexane. The white, crystalline product is dried over night at

60°C.

Isolated yield: 4.347 g (86.9%).

IR (Diamond-ATR): v = 285 (w), 316 (w), 367 (w), 377(w), 443 (mw), 537 (w), 561 (w),
726 (s), 756 (w), 781 (w), 832 (m), 968 (vs), 1161 (m), 1208 (vs), 1239 (m), 1271 (m), 1352
(w) 1398 (w), 1486 (vw), 2989 (vw) cm’.

Raman: v =100, 172, 206, 234, 289, 323, 368, 418, 538, 563, 572, 672, 747, 798, 834, 891,
904, 978, 1000, 1069, 1117, 1140, 1173, 1236, 1274, 1300, 1370, 1396, 1466, 1490, 2838,
2885, 2905, 2952, 2968, 3004 cm.

'H NMR (400.0 MHz, CD,Cl, / CH;CN, 300K): & = 1.27 (tt, 3 H, CH3), 3.20 (m, 2 H,
N(CH)).

BC {"H} NMR (63 MHz, acetone-d6, 300 K): 7.5 (s), 52.9 (s), 122.0 (q, J = 293.5 Hz).

F NMR (376.5 MHz, CD,Cl, / CH3CN, 300K): & = -75.8 (s)

Al NMR (104.3 MHz, CD,Cl, / CH;CN, 300K): 8 = 31.9 (s, % = 12 Hz).

ESMS(-): m/z = 976.2 ([AI(OC(CF3)3)a)]).
MS/MS: m/z = 967.1 ([AI(OC(CF3)3)5)]), 751.1([F-Al(OC(CF3)3)s]).

m.p. (DSC): > 300°C.
elemental analysis found (calc.): 26.27 (25.96) % C, 1.84 (1.81) % H, 1.28 (1.20) % N.
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10.2.1.3 Synthesis of [NMey4] [pftb] 3

In the glovebox 4.677 g (4.80 mmol) Li[pftb] and 0.761 g (4.90 mmol) [NMe4|Br are
weighted in two different beakers and then dissolved in a mixture of dest. H,O and acetone.
The two solutions are mixed and stirred for a few minutes at room temperature. The reaction
mixture is kept over night at a warm place so that a part of the solvent is evaporated. The
residue is filtered over a Buchner frit and washed first with water (until no more Br is
present) and then two times with about 10 mL of hexane. The white, crystalline product is

dried over night at 60°C.

Isolated yield: 4.790 g (95.8%).

IR (Diamond-ATR): ¥ = 289 (w), 303 (w), 316 (w), 449 (mw), 529 (W), 565 (w), 571 (W),
725 (s), 756 (vw), 830 (W), 947 (m), 967 (s) 1164 (m), 1204 (vs), 1239 (m), 1272 (m), 1351
(w), 1487 (vw) cm™.

Raman: v = 121, 172, 208, 235, 289, 322, 368, 453, 538, 562, 572, 748, 798, 832, 948, 977,
1096, 1136, 1166, 1240, 1273, 1307, 1353, 1455, 2757, 2828, 2905, 2934, 2966, 2990, 3046

-1
cm .

'H NMR (400.0 MHz, CD,Cl, / CD;CN, 300K): & = 3.03 (s).

BC{'H} NMR (100.6 MHz, CD,Cl, / CD;CN, 300K): & = 55.6 (s), 80 (m); 122.0 (q, J = 293
Hz).

F NMR (376.5 MHz, CD,Cl, / CD5CN, 300K): & = -75.7 (s).

2 AINMR (104.3 MHz, CD,Cl, / CD5CN, 300K): & = 35 (s, o% = 12 Hz).

m.p. (DSC): > 300°C.
elemental analysis found (calc.): 23.07 (23.48) % C, 1.66 (1.14) % H, 1.35 (1.27) % N.
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10.2.1.4 Synthesis of [NBuy|[hfip] 4

In the glovebox 3.744 g (5.33 mmol) Li[hfip] and 1.723 g (5.34 mmol) [NBu4]Br are weighed
together into a Schlenk vessel. 30 mL diethyl ether are added, the reaction mixture is stirred
for 30 minutes at room temperature before the solvent is removed in vacuum. After the
addition of 20 mL CH,Cl, the mixture is filtered over a Al,O3; column. The solution is then

concentrated until the product crystallizes at 2°C.

Isolated yield: 3.927 g (78.5 %).

IR (Diamond-ATR): v = 328 (w), 377 (w), 445 (mw), 524 (mw), 536 (w), 567 (w), 597 (w),
684 (s), 726(w), 788 (m), 852 (s), 887 (m), 972 (w), 1096 (s) 1171 (vs), 1217 (s), 1287 (w),
1373(m), 1474(w), 2973 (vw) cm™.

Raman: ¥ = 198, 262, 296, 331, 367, 423, 525, 536, 568, 695, 726, 761, 858, 882, 908, 928,
992, 1034, 1058, 1110, 1132, 1153, 1178, 1216, 1291, 1322, 1380, 1453, 1462, 2713, 2754,
2884, 2925,2978 cm’.

'H NMR (400.0 MHz, CD,Cl,, 300K): & = 1.02 (t, J = 7Hz, 3 H, CH3), 1.42 (m, 2 H, CH>),
1.59 (m, 2 H, CH,), 3.07 (m, N(CH,)), 4.51 (m, 1 H, CH).

BC{'H} NMR (100.6 MHz, CD,Cl,, 300K): & = 13.7 (s), 20.4 (s), 24.4 (s), 59.8 (s), 71.7
(sep), 123.8 (q, J = 285 Hz).

F NMR (376.5 MHz, CD,Cl,, 300K): 8 = -77.3 (d, J = 5.7 Hz).

*’AI NMR (104.3 MHz, CD,Cl,, 300K): & = 57.8(s, ®% = 73 Hz).

m.p. (DSC): 40°C (190°C: decomposition).
elemental analysis found (calc.): 38.68 (38.43) % C, 4.87 (5.07) % H, 1.41 (1.34) % N.
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10.2.1.5 Synthesis of [NEt,][hfip] 5

In the glovebox 4.253 g (6.06 mmol) Li[hfip] and 1.281 g (6.09 mmol) [NEt4]Br are weighed
together into a Schlenk vessel. 30 mL diethyl ether are added, the reaction mixture is stirred
for 1 hour at room temperature before the solvent is removed in vacuum. After the addition of
20 mL CH,Cl, the mixture is filtered over a Al,O3; column. The solution is then concentrated

until the product crystallizes at 2°C.

Isolated yield: 3.533 g (70.7 %).

IR (Diamond-ATR): ¥ = 315 (w), 330 (w), 367 (), 382 (W), 444 (mw), 481 (w), 560 (W),
572 (w), 684(s), 726(w), 760 (w), 780(m), 793 (mw), 852(s), 888(m), 973(w), 1001(w),
1020(w), 1097(s), 1168(vs), 1206(s), 1261(w), 1288(w), 1376(w), 1487(w) cm™.

Raman: v = 195, 299, 332, 357, 417, 492, 524, 536, 566, 673, 687, 696, 762, 784, 857, 892,
905, 1001, 1069, 1097, 1117, 1187, 1209, 1300, 1379, 1395, 1466, 1490, 1679, 1778, 2715,
2758, 2781, 2904, 2952, 2967, 3002 cm™.

'H NMR (400.0 MHz, CD,Cl,, 300K): & = 1.27 (tt, 3 H, CH3), 3.12 (m, 2 H, N(CH>)), 4.50
(m, 1 H, CH).

BC{'H} NMR (100.6 MHz, CD>Cl,, 300K): & = 7.7 (s), 53.3 (s), 72.0 (m), 123.2 (q, J = 285
Hz).

F NMR (376.5 MHz, CD,Cl,, 300K): & = -77.3 (s).

*’AINMR (104.3 MHz, CD,Cl,, 300K): & = 57.6 (s, ®% = 90 Hz).

ESMS(-): m/z = 695.2 ([AI(OC(H)(CF3)2)4)]).

MS/MS: m/z = 695.2 ([AI(OC(H)(CF5)2)4)]), 547.2 ([FAL(OC(H)(CF3)2)3]).

m.p. (DSC): 56°C.

elemental analysis found (calc.): 32.70 (32.45) % C, 3.66 (3.87) % H, 1.59 (1.47) % N.
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10.2.1.6 Synthesis of [NMey][hfip] 6

In the glovebox 4.563 g (6.50 mmol) Li[hfip] and 1.028 g (6.67 mmol) [NMe4|Br are
weighed together into a Schlenk vessel. 30 mL diethyl ether are added, the reaction mixture is
stirred over night at room temperature before the solvent is removed in vacuum. After the
addition of 20 mL CH,Cl, the mixture is filtered over a Al,O3; column. The solution is then

concentrated until the product crystallizes at 2°C.
Isolated yield: 3.154 g (71.6 %).

IR (Diamond-ATR): ¥ = 444 (w), 522 (w), 537 (W), 570 (w), 685 (m), 777 (), 858 (m), 891
(m), 1096 (m), 1107 (m), 1152 (s), 1178 (vs), 1217 (s), 1294 (ms), 1376 (m) cm’".

Raman: v =298 (m), 331 (m), 391 (mw), 525 (w), 571 (w), 698 (m), 730 (mw), 766 (m), 819
(m), 854 (m), 869 (mw), 933 (w), 1107 (w), 1190 (w), 1266 (w), 1298 (w), 1379 (m), 1456
(W), 2722 (W), 2739 (w), 2915 (s), 2953 (vs), 2993 (ms), 3017 (mw) cm".

"H NMR (400.0 MHz, CD,Cl, / CD;CN, 300K): & = 3.03 (s, 3 H, N(CH3), 4.50 (m, 1 H, CH).
BC{'H} NMR (100.6 MHz, CD,Cl, / CD;CN, 300K): & = 55.8 (s),71.1 (sept), 126.1 (q, J =
285 Hz).

F NMR (376.5 MHz, CD,Cl, / CDsCN, 300K): & = -77.5 (s)

>’ AINMR (104.3 MHz, CD,Cl, / CD;CN, 300K): & = 57.5 (s, ®% = 95 Hz).

m.p. (DSC): 43 °C
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10.2.1.7 Synthesis of [NBuy][hftb] 7

In the glovebox 1.566 g (2.07 mmol) Li[hftb] and 0.652 g (2.02 mmol) [NBu4]Br are weighed
together into a Schlenk vessel. 15 mL diethyl ether are added, the reaction mixture is stirred
for 30 minutes at room temperature before the solvent is removed in vacuum. After the
addition of 15 mL CH,Cl, the mixture is filtered over a Al,O3; column. The solution is then

concentrated until the product crystallizes at 2°C.
Isolated yield: 1.702 g (85.1 %).

IR (Diamond-ATR): v =326 (w), 372 (w), 399 (w), 437 (w), 523 (mw), 566 (w), 622 (mw),
700 (s), 733 (w), 784(w), 862 (w), 882 (w), 995(m), 1026 (w), 1079(vs), 1113(s), 1180(vs),
1233(m), 1307(m), 1389(w), 1457 (w), 2794 (w), 2967(w) cm’".

Raman: ¥ = 194, 255, 295, 337, 367, 518, 536, 567, 622, 699, 735, 771, 810, 882, 913, 997,
1038, 1053, 1134, 1154, 1186, 1282, 1323, 1387, 1419, 1453, 1464, 2622, 2714, 2751, 2883,
2956, 3011 cm™.

'H NMR (400.0 MHz, CD,Cl,, 300K): & = 1.00 (t, J = 7Hz, 3 H, CH3), 1.40 (m, 2 H, CH>),
1.49 (s, 3 H, C(CH3)), 1.57 (m, 2 H, CH,), 3.04 (m, 3 H, N(CH3)).

BC{'H} NMR (100.6 MHz, CD,Cl,, 300K): & = 13.7 (s), 18.1 (s), 20.1 (s), 24.4 (s), 59.6 (s),
75.9 (m), 125.3 (q, J = 289 Hz).

PF NMR (376.5 MHz, CD,Cl,, 300K): & = -79.5 (s).

*’AINMR (104.3 MHz, CD,Cl,, 300K): 8 = 46.9 (s, ®% = 9 Hz).

ESMS(-): m/z = 751.3 ([AI(OC(CH;)(CF3)2)4)]).
MS/MS: m/z = 751.2 ([AI(OC(CH3)(CF3)2)4)]), 667.2 (= [hftb] -1 CHs, -1 CF3), 589.3
(([FAI(OC(CH3)(CF3)2)3])

MS/MS: m/z = 751.2 ([AI(OC(CH3)(CF3)2)4)]), 667.2 (, 589.3 ([FAI(OC(CH;)(CF3)2)3]).
m.p. (DSC): 106°C.

elemental analysis found (calc.): 29.10 (29.18) % C, 2.93 (2.92) % H, 1,70 (1.63) % N.
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10.2.1.8 Synthesis of [NEt,][hftb] 8

In the glovebox 1.720 g (2.27 mmol) Li[hftb] and 0.481 g (2.29 mmol) [NEt4]Br are weighed
together into a Schlenk vessel. 15 mL diethyl ether are added, the reaction mixture is stirred
for 1 hour at room temperature before the solvent is removed in vacuum. After the addition of
15 mL CH,Cl, the mixture is filtered over a Al,O3 column. The solution is then concentrated

until the product crystallizes at 2°C.

Isolated yield: 1.527 g (76.3 %).

IR (Diamond-ATR): ¥ = 370 (w), 522 (mw), 534 (W), 567 (W), 623 (w), 700(s), 733(w),
783(m), 801 (W), 994(m), 1078(vs), 1112(s), 1178(vs), 1235(m), 1308(m), 1386(w), 1487(w),
2960(w) cm™.

Raman: v = 194, 294, 337, 369, 417, 517, 536, 568, 622, 672, 698, 735, 770, 867, 904, 998,
1069, 1117, 1174, 1242, 1278, 1300, 1396, 1464, 1490, 2703, 2756, 2779, 2904, 2958, 3007

-1
cm .

"H NMR (400.0 MHz, CD,Cl,, 300K): & = 1.31 (tt, 3 H, CHs), 1.48 (s, 3 H, C(CHs)), 3.14 (m,
2 H, N(CH»)).

BC{'H} NMR (100.6 MHz, CD,Cl,, 300K): & = 7.9 (s), 18.3 (s), 53.4 (s), 77 (m), 125.0 (q, J
=291 Hz).

F NMR (376.5 MHz, CD,Cl,, 300K): & = -79.9 (s).

?’AI NMR (104.3 MHz, CD,Cl,, 300K): & = 46.8 (s, o = 7 Hz).

m.p. (DSC): 110°C.
elemental analysis found (calc.): 35.87 (35.19) % C, 4.30 (4.48) % H, 1.49 (1.40) % N.
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10.2.1.9 Synthesis of [NMey][hftb] 9

In the glovebox 1.837 g (2.42 mmol) Li[hftb] and 0.390 g (2.53 mmol) [NMe4]Br are
weighed together into a Schlenk vessel. 15 mL diethyl ether are added, the reaction mixture is
stirred overnight at room temperature and then for 5 hours under reflux before the solvent is
removed in vacuum. After the addition of 15 mL CH,Cl, the mixture is filtered over a Al,O3

column. The solution is then concentrated until the product crystallizes at 2°C.
Isolated yield: 1.702 g (85.1 %).

IR (Diamond-ATR): ¥ = 368 (w), 440 (w), 512 (W), 569 (w), 622 (m), 701(s), 774(w),
791(m), 864(m), 993(m), 1080(vs), 1115(s), 1183(vs), 1232(s), 1307(m), 1389(w), 1461(w),
2361(w), 2986 (vw) cm™.

Raman: v = 196, 295, 337, 370, 388, 518, 536, 567, 622, 698, 742, 772, 866 (w), 931 (w),
944 (w), 1319 (w), 1378, 1456, 1465, 2282, 2904, 2958, 2994, 3021 cm™.

'H NMR (400.0 MHz, CD,Cl, / CDsCN, 300K): & = 1.42 (s, 3 H, C(CH3)), 3.01 (m, 3 H,
N(CH3)).

BC{'H} NMR (100.6 MHz, CD,Cl, / CD;CN, 275K): & = 17.8 (s), 55.9 (s), 75.8 (m), 125.0
(q,J=289.0 Hz).

F NMR (376.5 MHz, CD,Cl, / CD;CN, 300K): & =-79.8 (s).

Al NMR (104.3 MHz, CD,Cl, / CDsCN, 300K): & =50.2 (s, o% = 9 Hz).

m.p. (DSC): 94°C.
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10.2.1.10 Synthesis of [NBuy][al-f-al] 10

Solid [Ag(CH,Cl,)][al-f-al] (0.566 g, 0.34 mmol) and solid [NBu4]Br (0.109 g, 0.34 mmol)
were weighed into a two-bulb frit plate Schlenk vessel equipped with two J. Young valves.
CH,Cl, (15 mL) was added on this solid mixture and the resulting colorless solution above
the white precipitate (AgBr) was stirred for a few minutes at r.t.. The suspension was filtered,
the filtrate was highly concentrated and stored for a few days at -30°C for crystallization.

Colourless crystalline plates of 10 were isolated in nearly quantitative yield.

IR (Csl pates, Nujol mull): v =285 (w), 315 (mw), 329 (w), 375 (w), 446 (ms), 536 (m), 562
(m), 571 mw), 726 (s), 755 (m), 768 (ms), 821 (ms), 830 (ms), 882 (mw), 897 (mw), 968 (vs),
1035 (mw), 1061 (mw), 1113 (mw), 1163 (vs), 1213 (vs), 1242 (vs), 1276 (vs), 1300 (vs),
1350 (vs) cm™.

'H NMR (250 MHz, CD,Cl,, 300K): 8 = 0.98 (t, ] = 7Hz, 3 H, CH3), 1.37 (m, 2 H, CH,), 1.55
(m, 2 H, CH>), 3.04 (m, 3 H, N(CH3)).

BC{'H} NMR (63 MHz, CD,Cl,, 300K): & = 13.3 (s), 19.8 (s), 24.0 (s), 59.3 (5), 121.0 (q, J =
292 Hz).

> AINMR (78 MHz, CD,Cl,, 300K): & = 34.4 (s, % = 2170 Hz).
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10.2.2 Syntheses and Characterization of the Compounds Adressed in Chapter 6

(Ag(P4Ss3),)[pftb] 12 was synthesized as described in the literature.

10.2.2.1 Synthesis and Characterization of [(P4S;)Ag[hftb]] 13
Solid Ag(CH,Cl,)[hftb] (0.301 g, 0.32 mmol) and solid P4S; (0.070 g, 0.32 mmol) were

weighed into a Schlenk vessel. CH,Cl, (5 mL) was added at r.t. and the mixture was stirred
for two hours after which a yellow solution over a smaller amount of dark brownish
precipitate had formed. The suspension was filtered, the filtrate was highly concentrated and
stored over night at r.t. Large yellow, very air and moisture sensitive needles of

[(P4S3)Ag[hftb] formed.
Yield: 0.312g, 90.6%.

IR (AgBr plates, Nujol mull): v = 298 (ms), 328 (mw), 338 (mw), 351 (w), 363 (w), 394
(ms), 438 (ms), 462 (w), 485 (mw), 495 (mw), 535 (ms) 573 (ms), 619 (ms), 628 (ms), 669
(w), 700 (s), 728 (vs), 770 (ms), 794 (s), 865 (s), 890 (w), 974 (s), 1016 (w), 1079 (m), 1089
(m), 1112 (ms), 1175 (ms) 1169 (ms), 1225 (ms), 1241 (m), 1262 (m), 1303 (ms) cm™".

Raman: ¥ = 117, 198, 223, 290, 299, 353, 365, 444, 470, 498, 536, 567, 697, 705, 773 cm’".
UV-Vis (Nujol mull): Apax = 246, 340, 402 nm

"H NMR (250 MHz, CD,Cl,, 300K): & = 1.63 (s).

C NMR (63 MHz, CD,Cl,, 300K): 8 = 124.0 (q, J = 288,1 Hz), 76.3 (m), 18,0 (s).

F NMR (235 MHz CD,Cl,, 300K): & = -78.6 (s).

YAl NMR (78 MHz, CD,Cl,, 300K): 6 =47.2 (s, broad, o, = 299 Hz).
3P NMR (101 MHz, CD,Cl,, 300K): 6 =66.2 (q, ] = 61.8 Hz), -128.2 (d, ] = 61.9 Hz).
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10.2.2.2 Synthesis and Characterization of [Agz(P4S3)6]2+[al-f-al]'2 14

Solid [Ag(CH,Cly)s][al-f-al] (0.491 g, 0.26 mmol) and solid P4S; (0.266 g, 0.78 mmol) were
weighed into a Schlenk vessel. CS; (2 mL) and CH,Cl, (15 mL) were added at r.t. and the
mixture was stirred over night after which a colorless solution over a smaller amount of dark
brownish precipitate had formed. The suspension was filtered, the filtrate was highly
concentrated and stored over night in a -25°C freezer. Large colorless, very air and moisture

sensitive needles of [Agx(P4S3)s]* [al-f-al]> formed.
Yield: 0.442¢, 90.1%.

IR (CslI plates, Nujol mull): v = 288 (m), 318 (mw), 331 (w), 347 (w), 376 (ms), 409 (m), 430
(ms), 543 (ms),491 (w), 536 (m), 569 (ms), 633 (s), 722 (s), 760 (mw), 810 (w), 863 (s), 953
(s), 974 (s) 1088 (mw, shoulder), 1152 (s), 1169 (s), 1217 (s), 1250 (s), 1303 (s) cm™.

Raman: v = 193, 222, 246, 289, 325, 346, 415, 432, 447, 468, 493, 539, 571, 753, 816, 987
-1

cm .

13C NMR (63 MHz, CD,Cl,, 300K): 8 = 121.0 (q, ] = 291 Hz), 78.4 (m).

F NMR (376 MHz, CD,Cl,, 300K): & =-75.7 (s, 54 F, CF3), -184.8 (s, 1 F, Al-F).

2" Al NMR (104 MHz, CD,Cl,, 300K): & = 37.5 (s, broad, w,, = 3100 Hz).

3'P NMR (101 MHz, CD,Cl,, 300K): 8 =-116.7 (d, J = 67.9 Hz), 73.5 (q, J = 67.9 Hz).
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10.2.3 Syntheses and Characterization of the Compounds Adressed in Chapter 7

10.2.3.1 Synthesis and Characterization of [CI3] [pftb] 15

Solid [Ag(CH,Cl)][pftb] (4.440 g, 3.83 mmol) and solid Cl; (1.990 g, 3.83 mmol) were
weighed into a two-bulb frit plate Schlenk vessel equipped with two J. Young valves. CH,Cl,
(50 mL) was condensed on this solid mixture and the resulting dark red solution above the
yellowish precipitate (Agl) was stirred over night at 0°C. The suspension was filtered; the

filtrate was highly concentrated and stored for a few days at -80°C for crystallization.

Isolated yield (after crystallization): 4.385 g (84.2%).

IR (AgBr plates, Nujol mull): v =295 (ms), 318 (m), 332 (mw), 337 (mw), 375 (ms), 453 (s),
537 (ms), 568 (ms), 640 (s), 724 (vs), 740 (s), 759 (w), 865 (ms), 973 (vs), broad signals
between 1150 and 1250, 1261 (mw), 1302 (w), 1357 (m) cm™.

UV-Vis (quartz plates, Nujol mull): Amax =276 (60%), 308 (85%), 349 (100%) nm.

BC NMR (101 MHz, CD,Cl,, 300K): & = 121.5 (q, ] = 293 Hz), 78.8 (m), 97.0(s).
*’Al NMR (104 MHz, CD,Cl,, 300K): & = 38.0 (s, ,, = 7 Hz).
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10.2.3.2 Synthesis and Characterization of [CI3] [al-f-al]” 16

Solid [Ag(CH,Cl,)s][al-f-al] (2.836 g, 1.54 mmol) and solid CI4 (0.800 g, 1.54 mmol) were
weighed into a two-bulb frit plate Schlenk vessel equipped with two J. Young valves. CH,Cl,
(50 mL) was condensed on this solid mixture and the resulting dark red solution above the
yellowish precipitate (Agl) was stirred over night at -30°C. The suspension was filtered; the

filtrate was highly concentrated and stored for a few days at -80°C for crystallization.

Isolated yield (after crystallization): 1.906 g (66.0%).

IR (AgBr plates, Nujol mull): v =295 (ms), 318 (m), 332 (mw), 337 (mw), 375 (ms), 453 (s),
537 (ms), 568 (ms), 640 (s), 724 (vs), 740 (s), 759 (w), 865 (ms), 973 (vs), broad signals
between 1150 and 1250, 1261 (mw), 1302 (w), 1357 (m) cm™.

UV-Vis (quartz plates, Nujol mull): humax = 282 (60%), 307 (85%), 340 (100%), 500 (I,) nm.

C NMR (101 MHz, CD,Cl,, 300K): & = 121.0 (q, J = 291 Hz), 78.8 (m), 97.0(s).
*’AI NMR (104 MHz, CD,Cl,, 300K): & = 33.0 (s, v, = 2244 Hz).
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10.2.3.3 Synthesis and Characterization of [Ag(CH,1,)s] [pftb] 17

Solid [Ag(CH,Cl)][pftb] (0.720 g, 0.62 mmol) was weighed into a two-bulb frit plate
Schlenk vessel equipped with two J. Young valves. After the addition of 10 mL of CH,Cl,
and cooling to -78°C, liquid CH,l, (150 ul, 1.86 mmol) was added by using a Hamilton
syringe. The reaction mixture was kept at ambient temperature for a few hours before
filtration. The filtrate was highly concentrated and stored for a few days at room temperature

for crystallization. The product crystallizes in nearly quantitative yield.

IR (CslI plates, Nujol mull): v =287 (w), 315 (m), 369 (mw), 445 (s), 495 (w), 537 (mw), 561
(mw), 572 (mw), 726 (s), 755 (W), 833 (mw) 964 (s), 974 (ms), 1119 (mw), 1185 (m) 1224
(vs), 1244 (vs), 1273 (s), 1298 (ms), 1355 (m) cm™".

"H NMR (250 MHz, CD,Cl,, 300K): 8 = 4.16 (s).
13C NMR (63 MHz, CD,Cl, 300K): 8 = 121.6 (q, J = 292.9 Hz), 78,9 (m), -55.8 (s).

10.2.3.4 Synthesis and Characterization of [Ag(CH,Cl,)(CH,I,)| [pftb] 18

Solid [Ag(CH,Cl,)][pftb] (0.444 g, 0.383 mmol) was weighed into a Schlenk vessel. CHl»
(31ul, 0.383 mmol) was added using a Hamilton syringe. The reaction mixture was then
stirred over night within the total exclusion of light. The beige solid was investigated by IR

spectroscopy.
IR (CsI plates, Nujol mull): ¥ = 287 (w), 315 (m), 366 (w), 380 (w), 445 (m), 496 (), 536

(m), 560 (m), 571 (m), 726 (s), 755 (mw), 831 (s), 967 (vs), 1120 (s), 1185 (s, shoulder), 1218
(vs), 1240 (s), 1273 (s), 1296 (ms), 1349 (m) cm’".
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10.2.3.5 Reaction of CHI; with Ag[pftb]

Reaction in CH;,Cl,:

Solid [Ag(CH,Cl,)][pftb] (0.177g, 0.152 mmol) and solid CHI; (0.060 g, 0.152 mmol) were
weighed into a two-bulb frit plate Schlenk vessel equipped with two J. Young valves. CH,Cl,
(10 mL) was condensed on this solid mixture and the resulting dark red solution above the
yellowish precipitate (Agl) was stirred over night at -80°C. The suspension was filtered, and

the solution was dried in vacuum.

IR (AgBr plates, Nujol mull): v =316 (m), 329 (w), 337 (w), 347 (w), 368 (m), 376 (m), 443
(m), 536 (m), 561 (m), 573 (m), 640 (w), 727 (s), 737 (m, shoulder), 755 (m), 833 (m), 864
(W), 973 (s), 1066 (w), 1108 (vs), 1170 (vs), 1219 (vs), 1244 (vs), 1275 (vs), 1301 (vs) cm.

'"H NMR (250 MHz, CD,Cl,, 203K): 8 = 3.90 (s), 4.12 (s), 5.03 (s).
13C NMR (63 MHz, CD,Cl,, 203K): & = -140.3 (s), -52.4 (s), 78.7 (m), ca. 96 (s, very small),
121.5 (q, J =292 Hz).

in-situ NMR tube reaction in CD;Cl>:
Solid Ag[pftb] (0.200g, 0.186 mmol) and solid CHIz (0.110 g, 0.279 mmol) were weighed
into an NMR tube. CD,Cl, (0.7 mL) was condensed on the mixture and immediately after

warming to -80 °C, the NMR spectra were recorded.

"H NMR (250 MHz, CD,Cl,, 203K): & = 3.90 (s), 4.12 (s), 5.03 (s), 6.54 (s, very small).
3C NMR (63 MHz, CD,Cl,, 203K): & = -140.3 (s), -52.4 (s), 78.7 (m), ca. 96 (s, very small),
121.5 (q, J=292 Hz).

Solvent-free reaction:
Solid [Ag(CH,Cl,)][pftb] (0.472g, 0.407 mmol) and solid CHI; (0.160 g, 0.407 mmol) were
mixed together in a mortar. At the beginning, when only few CHI; was added, the mixture

turns green, but after all CHI; is added, the color changes to red-brown.
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10.2.3.6 Reaction of [CI;] [pftb]” with Et,O

Preparative reaction:

Solid [CL:] [pftb] (0.367 g, 0.27 mmol) was weighed into a two-bulb frit plate Schlenk vessel
equipped with two J. Young valves. After the addition of 10 mL of CH,Cl, and 4 mL of Et,0,
the brown-red solution was kept at -30°C. Few crystals of [H(Et,0),] [pftb]” were obtained

from this reaction (X-ray diffraction).

in situ NMR-tube reaction:

Solid [CI;] [pftb] (0.200 g, 0.15 mmol) was weighed into an NMR tube. After the addition of
0.7 mL of CD,Cl,, 3 equivalents of Et,0O (0. 33 g, 0.45 mmol) were condensed on the
solution. The NMR tube was then flame-sealed and kept at -30°C.

'H NMR (250 MHz, CD,Cl,, 300K): & = 1.34, 1.76, 3.20, 3.90, 5.43, 16.50.

C NMR (63 MHz, CD,Cl,, 300K): & = -160.0, 14.2, 14.8, 67.2, 69.0, 79, 121.7, 122.1 (q,
Jer =293Hz).

F NMR (235 MHz CD,Cl,, 300K): & = -75.7 (s).

2’ Al NMR (78 MHz, CD>Cl,, 300K): & = 34.6 (s, 0, = 4 Hz).
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10.2.3.7 Synthesis and Characterization of [I3C-PCl;] [pftb]” 19

Preparative reaction:

Solid [CI:] [pftb] (0.640 g, 0.47 mmol) was weighed into a two-bulb frit plate Schlenk vessel
equipped with two J. Young valves. After the addition of 10 mL of CH,Cl, and cooling to
-78°C, liquid PCl; (41 uL, 0.47 mmol) was added by using a Hamilton syringe. The resulting
dark brownish solution was kept over night at -80°C. The solution was filtered, the filtrate
was highly concentrated and stored for a few days at -30°C for crystallization. Orange-yellow

plate-shaped crystals were obtained.
Yield: 0.618 g (87.7 %)

IR (Diamond-ATR): v = 204, 235, 384, 305, 315, 367, 378, 440, 501, 536, 560, 571, 614,
642,727, 833,927, 1164, 1216, 1236, 1272, 1280, 1353 cm™.

C NMR (101 MHz, CD,Cl,, 203K): & = 120.5('Jc.r = 293 Hz), 78 (m), -135.2 ("Jcp = 29
Hz)

F NMR (376 MHz CD,Cl,, 297 K): § = - 75.3 (s).

Al NMR (104 MHz, CD,Cl,, 203 K): & = 38.8 (s, 0, = 25 Hz).

3'P NMR (101 MHz, CD,Cl,, 203 K): & =218.3 (s).

in situ NMR-tube reaction:

Solid [CI3] [pftb] (0.200 g, 0.15 mmol) was weighed into an NMR tube. After the addition of
0.7 mL of CD,Cl, and cooling to -78°C, liquid PCl; (13 pL, 0.15 mmol) was added by using a
Hamilton syringe. The NMR tube was flame-sealed and the resulting dark brownish solution

was kept over night at -80°C before the NMR-spectra were recorded.

BC NMR (101 MHz, CD,Cl,, 203K): & = 120.5 (‘Jc.r = 293 Hz), 78 (m), -135.2 (‘Jep = 29
Hz).

F NMR (376 MHz CD,Cl,, 297 K): § = -75.3 (s).

Al NMR (104 MHz, CD,Cl,, 203 K): & = 38.8 (s, 0, = 25 Hz).

3'P NMR (101 MHz, CD,Cl,, 203 K): & = 218.3 (s).
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10.2.3.8 Synthesis and Characterization of [I;C-PBr;] [pftb] 20

Preparative reaction:

Solid [CI:] [pftb] (0.553 g, 0.41 mmol) was weighed into a two-bulb frit plate Schlenk vessel
equipped with two J. Young valves. After the addition of 10 mL of CH,Cl, and cooling to
-78°C, liquid PBr3 (37 pL, 0.41 mmol) was added by using a Hamilton syringe. The resulting
dark brownish solution was kept over night at -80°C. The solution was filtered, the filtrate
was highly concentrated and stored for a few days at -40°C for crystallization. Amber plate-

shaped crystals were obtained.
Yield: 0.512 g (84.1%)

IR (Diamond-ATR): v = 205, 284, 316, 366, 383, 445, 509, 537, 561, 571, 727, 754, 834,
927, 1163, 1216, 1237, 1273, 1280, 1353 cm™.

C NMR (101 MHz, CD,Cl,, 203 K): 8 = 120.5 (q, 'Jc.r = 292 Hz), 77.9 (m), -120.1 (‘Jcp
not resolved).

F NMR (376 MHz CD,Cl,, 297 K): § = -75.3 (s).

Al NMR (104 MHz, CD,Cl,, 203 K): 8 = 38.8 (s, 0y, = 21 Hz).

3'P NMR (101 MHz, CD,Cl,, 203 K): & = 38.8 (s).

in situ NMR-tube reaction:

Solid [CI;] [pftb] (0.200 g, 0.15 mmol) was weighed into an NMR tube. After the addition of
0.7 mL of CD,Cl; and cooling to -78°C, liquid PBr; (14 uL, 0.15 mmol) was added by using
a Hamilton syringe. The NMR tube was flame-sealed and the resulting dark brownish solution

was kept over night at -80°C before the NMR-spectra were recorded.

BC NMR (101 MHz, CD,Cl,, 203 K): 8 = 120.5 (q, 'Jc.r = 292 Hz), 77.9 (m), -120.1 (‘Jcp
not resolved).

F NMR (376 MHz CD,Cl,, 297 K): § = -75.3 (s).

2’AI NMR (104 MHz, CD,Cl,, 203 K): & =38.8 (s, o, = 21 Hz).

3'P NMR (101 MHz, CD,Cl,, 203 K): & = 38.8 (s).
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10.2.3.9 Synthesis and Characterization of [I;C-PI;] [pftb] 21

Preparative reaction:

Solid [CL:] [pftb] (0.500 g, 0.37 mmol) and solid PI; (0.150 g, 0.37 mmol) were weighed into
a two-bulb frit plate Schlenk vessel equipped with two J. Young valves. CH,Cl, (15 mL) was
condensed on this solid mixture and the resulting dark red-brown solution was kept over night
at -80°C. The solution was filtered, the filtrate was highly concentrated and stored for a few

days at -30°C for crystallization. The product crystallizes as yellow-orange blocks.
Yield: 0.457 g (83.0 %)

IR (Diamond ATR)): v = 424 (m), 443 (m), 536 (m), 560 (m), 683(vw), 725 (s), 755(w),
831(m), 971 (s) 1156 (s), 1170 (vs), 1215 (vs), 1245 (vs), 1275 (vs), 1304 (vs) cm™.

5C NMR (101 MHz, CD,Cl,, 203K): & = 120.6 (q, 'Je.r = 292 Hz), 78.0 (m), -109.1 (d, Jcp
=42 Hz)).

F NMR (377 MHz CD,Cl,, 203K): 8 =-75.3 (s).

*’AI NMR (104 MHz, CD,Cl,, 203K): & =36.2 (s, ®, = 9 Hz).

3P NMR (101 MHz, CD,Cl,, 103K): & = -69.6 (s).

in situ NMR-tube reaction:

Solid [CI3] [pftb] (0.200 g, 0.15 mmol) and solid PI; (0.061 g, 0.15 mmol) were weighed into
an NMR tube. After the addition of 0.7 mL of CD,Cl; and cooling to -78°C, the NMR tube
was flame-sealed and the resulting dark brownish-red solution was kept over night at -80°C

before the NMR-spectra were recorded.

C NMR (101 MHz, CD>Cl,, 203K): & = 120.6 (q, 'Jer = 292 Hz), 78.0 (m), -109.1 (d, 'Jc.p
=42 Hz)).

F NMR (377 MHz CDCl,, 203K): & = -75.3 (s).

*’AI NMR (104 MHz, CD,Cl,, 203K): & =36.2 (s, ®y, = 9 Hz).

3P NMR (101 MHz, CD,Cl,, 203K): & = -69.6 (s).
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10.2.3.10 Synthesis and Characterization of [I;C-PI;] [al-f-al] 23 and [PL4]"[pftb]
24

Solid [CL:] [pftb] (0.981 g, 0.72 mmol) and solid PI; (0.297 g, 0.72 mmol) were weighed into
a two-bulb frit plate Schlenk vessel equipped with two J. Young valves. CH,Cl, (20 mL) was
condensed on this solid mixture and the resulting dark red-brown solution was kept over night
at -25°C. The solution was then kept at room temperature for a few hours, filtered; the filtrate
was highly concentrated and stored for a few days at -30°C for crystallization. Very few
crystals of 23 and 24 have been obtained and were characterized by single-crystal X-ray

diffraction.

10.2.3.11 Synthesis and Characterization of [I3AS-CI3]+[pftb]' 23

Preparative reaction:

Solid [CI:] [pftb]” (0.607 g, 0.44 mmol) and solid Asl; (0.203 g, 0.44 mmol) were weighed
into a two-bulb frit plate Schlenk vessel equipped with two J. Young valves. CH,Cl, (15 mL)
was condensed on this solid mixture and the resulting dark red-brown solution was kept over
night at -30°C. The solution was filtered, the filtrate was highly concentrated and stored for a
few days at -30°C for crystallization but only crystals of Asl; could be obtained.

BC NMR (101 MHz, CD,Cl,, 223K): 8 =120.2 (q, 'Je.r = 293 Hz), 77.7 (m), -119.2 (s).
F NMR (377 MHz CD,Cl,, 193K): 8 =-75.9 (s).
*’AI NMR (104 MHz, CD,Cl,, 223K): & =35.2 (s, @y, = 11 Hz).

in situ NMR tube reaction:

Solid [CI3] [pftb]” (0.200 g, 0.15 mmol) and solid Asl; (0.067 g, 0.15 mmol) were weighed
into an NMR tube. After the addition of 0.7 mL of CD,Cl, and cooling to -78°C, the NMR
tube was flame-sealed and the resulting dark brownish solution was kept over night at -80°C

before the NMR-spectra were recorded.

C NMR (101 MHz, CD,Cl,, 223K): 8 = 120.2 (q, 'Je.r = 293 Hz), 77.7 (m), -119.2 (s).
F NMR (377 MHz CD,Cl,, 193K): 8 =-75.9 (s).
?’AI NMR (104 MHz, CD,Cl,, 223K): & =35.2 (s, @y, = 11 Hz).
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10.2.4 Syntheses and Characterization of the Compounds Adressed in Chapter 8

10.2.4.1 Synthesis of [NO,] [pftb] 25

Solid Li[pftb] (1.011 g, 1.04 mmol) and solid [NO,] [BF4]" 26 (0.138 g, 1.04 mmol) were
weighed into a Schlenk vessel. CH,Cl, (ca. 20 mL) was added by condensation and the
reaction mixture was stirred at r.t. for 1 day. The suspension was filtered, the yellowish
solution was highly concentrated and stored at -30°C. After a few days, very air and moisture

sensitive colorless needles of 25 formed in good yield.

Raman: ¥ = 175 (w), 212 (w), 243 (mw), 292 (mw), 327 (ms), 370 (m), 448 w), 539 (m), 654
(m), 574 (m), 748 (s), 798 (s), 978 (w), 1120 (w), 1206 (w), 1249 (mw), 1275 (mw), 1314
(W), 1354 (w), 2343 (ms), 2759 (W), 2940 (w), 3005 (w) cm’".

13C NMR (63 MHz, CD,Cl,, 300K): & = 121.5(q, J = 292 Hz), 79 (m).
F NMR (376 MHz, CD,Cl,, 300K): & = -75.4 (s).
*’Al NMR (78 MHz, CD>Cl,, 300K): & = 34.2 (s, 0y, = 34 Hz).

10.2.4.2 Alternative attempt to synthesize [NO,] [pftb] 25 from Li[pftb] and
[NO;|"[BF4]" 26 in 1,2-CsF,H,4

Solid Li[pftb] (1.000 g, 1.03 mmol) and solid [NO,] [BF4]" 26 (0.136 g, 1.03 mmol) were
weighed into a Schlenk vessel. CcHsF, (ca. 15 mL) was added by condensation and the
reaction mixture was stirred at r.t. for a few hours. The color changed immediately to orange,
and gas formation was observed. After all solvent was removed in vacuum, CH,Cl, (20 mL)
was added, and the yellowish reaction mixture was stirred at r.t. for 30 minutes. The
suspension was then filtered, the yellowish solution was highly concentrated and stored at

2°C. After a few days, colorless block-shaped crystals of 27 formed.

Isolated yield: 0.177 g (8.9 %)

Raman: v = 330 (w), 368 (w), 437 (w), 539 (w), 561 (w), 572 (w), 590 (w), 645 (w), 747
(w), 785 (m), 799 (w), 826 (w), 948 (w), 1080 (m), 1218 (w), 1249 (w), 1292 (m), 1355 (s),
1379 (vs), 1438 (mw), 1497 (w), 1510 (w), 1535 (w), 1604 (ms), 2757 (w), 2909 (w), 2937

(w), 3104 (w) cm™.
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10.2.4.3 Alternative attempt to synthesize [NO,] [pftb] 25 from Cl,, NO, and Ag[pftb]
Cl; (20 mbar, 0.234 mmol) and NO; (40 mbar, 0.468 mmol) were condensed into a vessel (V

= 0.291 1) and irradiated at r.t. But since no reaction occurs (no change of pressure due to
formation of NO,Cl), this mixture was condensed onto a solution of Ag[pftb] (0.487 mg,
0.468 mmol) and stirred for a few hours. But only little AgCl formed, even after further
irradiation with UV light.

10.2.4.4 Attempt to synthesize [NO,][f-alors]

To a solution of 2.01 M AlMe; in heptane (1.40 mL, 2.82 mmol) and 20 mL of pentane,
which was stirred at -5°C, (CF3);COH (1.30 mL, 9.33 mmol) was added drop-wise. After the
quantitative formation of methane, [NO,] [BF4] 26 (0.380 g, 2.84 mmol) were added. Then
ca. 40 mL of CH,Cl, were condensed onto the mixture and the reaction mixture was stirred
over night at 0°C and then allowed to reach r.t.. Some colourless needle-shaped crystals of 26

formed from the orange-brown solution.

"H NMR (400 MHz, CD,Cl,, 300 K): & = 0.93 (m, n-pentane), 1.30 (m, n-heptane).
2’AI NMR (78 MHz, CD,Cl, 300 K): & = 33.4 (s, very weak).

PC NMR (101 MHz, CD,Cl,, 300 K): 8 = 13.2 (s), 21.6 (s), 33.5 (s), 52.5 (m).

F NMR (376 MHz, CD>Cl,, 300 K): & = - 74.4 (s).
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10.2.4.5 Attempts to synthesize [NO,] [al-f-al]"

Reaction in pentane:

To a solution of 2.01 M AlMe; in heptane (1.40 mL, 2.82 mmol) and 20 mL of pentane,
which was stirred at -5°C, (CF3);COH (1.30 mL, 9.33 mmol) were added drop-wise. After the
quantitative formation of methane, [NO,] [BF,4] 26 (0.190 g, 1.42 mmol) were added. Then

ca. 40 mL of CH,Cl, were condensed onto the mixture and the reaction mixture was stirred
over night at 0°C and then allowed to reach r.t.. Some colourless needle-shaped crystals of 26

form from the orange-brown solution.

"H NMR (400 MHz, CD,Cl,, 300 K): 8 = 0.93 (m, n-pentane), 1.30 (m, n-heptane).

2’Al NMR (78 MHz, CD>Cl,, 300 K): 8 = 37.6 (m, broad).

53C NMR (101 MHz, CD,Cl, 300 K): & = 14.0 (s), 23.0 (s), 23.5 (s), 30.1 (s), 31.9 (s), 34.5
(s), 54.1 (s).

F NMR (376 MHz, CD,Cl,, 300 K): & = - 76.2 (s).

Reaction in 1,2-C¢F>H :

In the glovebox, [NO,]'[BF4]” 26 (0.133g, 1.00 mmol) was weighed into a Schlenk vessel.
After the addition of 15 mL of 1,2-C¢F,Hs and cooling to 0°C, a 1.0 M solution of
AI(OC(CF»)3); in C¢HsF (2.0 mL, 2.0 mmol) was added. The reaction mixture was stirred at

0°C for 30 minutes and then another 30 minutes at r.t. before filtration. The brownish solution
was concentrated and stored at 2°C. After 1 day, colorless plate-shaped crystals of 3,4-
CeH3F2NO»-AI(OC(CF3)3); 28 formed.

IR (Diamond ATR): v = 203 (w), 221 (w), 289 (w), 310 (w), 334 (w), 377 (w), 404 (w), 448
(W), 497 (w), 536 (w), 575 (w), 657 (W), 727 (ms), 743 (w), 783 (w), 827 (w), 874 (w), 891
(W), 945 (w), 974 (s), 1077 (w), 1127 (w), 1162 (w), 1184 (m), 1222 (s), 1249 (vs), 1268 (vs),
1300 (ms), 1357 (mw), 1439 (w), 1417 (mw), 1557 (mw) 1603 (mw) cm™".
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10.2.4.6 Reaction of [NO,|'[pftb] 25 with 1.25 P,
[NO,] [pftb] 25 (0.133g, 0.131 mmol) and P4 (0.036 g, 0.295 mmol) were weighed together
in an NMR tube. 0.7 mL of CD,Cl, were added and the sealed NMR tube was then stored at

-80°C for a few days. The reaction mixture first turns red, and then bright yellow.

3'P NMR (101 MHz, CD,Cl,, 243K): & = 355.5 (t, J = 160 Hz), -231.0 (t, ] == 160 Hz), -457
(br, solid Py).

F NMR (376 MHz, CD,Cl,, 300K): & =-75.1 (s).

Al NMR (78 MHz, CD>Cl,, 193K): & =37.2 (s, o, = 28 Hz).

10.2.4.7 Reaction of [NO,]| [pftb] 25 with 2.25 P,

[NO,] [pftb] 25 (0.519g, 0.5.12 mmol) and P, (0.143 g, 0.115 mmol) were weighed together
in a double-side Schlenk vessel. After the addition of 15 mL of CH,Cl,, the reaction mixture
was stirred at -50°C for 8 hours. The yellow solution was filtered, concentrated and kept at

low temperatures, but no crystals could be obtained.

3'P NMR (101 MHz, CD,Cl,, 243K): 8 = 355.5 (t, J = 160 Hz), -231.0 (t, J == 160 Hz), -457
(br, solid Py), -518 (s, dissolved Py).

PF NMR (376 MHz, CD,Cl,, 300K): & = -75.2 (s).

*’AI NMR (78 MHz, CD,Cl,, 193K): 8 =37.2 (s, 0, = 28 Hz).
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10.2.4.8 Reaction of [NO,] [BF4] 26 with [Ag(P,),][pftb] and Ag[pftb]

NO,BF, (0.050 g, 0.376 mmol), [Ag(P4).] [pftb] (0.265 g, 0.188 mmol) and Ag[pftb] (0.218
g, 0.188 mmol) were weighed together in a Schlenk vessel, and 20 m CH,Cl, were added by
condensation. As after 6 days, no reaction was observed from the *'P NMR, NaCl (0.038 g,

0.650 mmol) were added. But after 2 hours of ultrasonic treatment, still no reaction occurred.

3'PNMR (162 MHz, CD,Cl,, 300K): & = -500.3 (s, [Ag(P4)2]").

10.2.4.9 Attempt to synthesize [P4s-NO,'[BF4]

[NO,]'[BF4] 26 (0.053 g, 0.406 mmol) and P4 (0.050 g, 0.404 mmol) were weighed together
in an NMR tube. After the addition of CD,Cl,, the sealed NMR tube was treated in an

ultrasonic bath for one day. A yellowish suspension forms.

3'PANMR (162 MHz, CD,Cl,, 300K): & = -522.4 (s, Py).
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10.3 Quantum Chemical Calculations

Geometry Optimizations:

349
I as well as

The model compounds have been investigated with density functional (BP86)!
with ab initio (MP2*°% ' and ccsd(t)) calculations using the following basis sets: SV(P)2,
TZVPPP? ¥ aug-cc-pVTZP3 355 3561 and aug-cc-pvVQZ 9. The latter two basis sets
have been obtained from the EMSL Gaussian Basis set order form at
http://www.emsl.pnl.gov/forms/basisform.html™”), For heavy elements, the core electrons
were replaced by a quasi-relativistic electronic core potentials (ECPs) (Ag: 28 electrons™, I:
46 electrons™?”). In some cases a complete basis set extrapolation according to the procedure

271 All MP2 calculations have been performed

described by Martin e al. was performed!
using the frozen core optimization for the inner shells. Some small particles have also been
calculated at the G3 level®®. The method and basis sets used for the different compounds are
indicated in the main text. If not mentioned otherwise, the geometries of all calculated
structures were optimized using the highest possible point group symmetry. The DFT and
MP2 calculations have been performed with the program package TURBOMOLE™®! (using

[350

the resolution of identity (RI) approximation™”), while for ccsd(t) computations,

GAUSSIANO035%% was used.

Frequency Calculations, Thermal Corrections, Population Analyses and Solvation
Energies:

Vibrational frequencies were calculated with AOFORCEP®Y at the (RI-)BP86/SV(P) level (if
not specified otherwise). They were used to verify if the obtained geometry represents a true
minimum on the potential energy surface (PES), as well as to determine the zero point
vibrational energy (ZPE). Based on these frequency analyses, the thermal contributions to the
enthalpy and Gibbs free energy have been calculated using the module FREEH implemented
in TURBOMOLE. Calculations of solvation energies (solvent CH,Cl, with &(298K) = 8.93
and &(195K) = 14.95) have been done with the COSMOP*! module as (RI-)BP86/SV(P)
single points using C; symmetry. For some species, a modified Roby-Davidson population

analysis based on occupation numbers (paboon) has been performed.
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NMR Shifts:
Non-relativistic NMR shifts have been performed with the MPSHIFT®**! module included in

TURBOMOLE as single point calculations on converged geometries using the all-electron

SVPallS2P%* ** pasis set for Ag and SV(P) for P and S.

To assess SO corrections to °C and 'H chemical shifts, additional DFT calculations were
carried out at the MP2/TZVPP optimized structures with the ReSpect program package[366].
Both initial nonrelativistic calculations and subsequent computations of SO corrections

15*] gauge-including atomic orbitals (GIAOs)®”, Huzinaga-

employed the BP86 functiona
Kutzelnigg-type IGLO-II basis sets*® for C, H, Cl and I (as well as Si for TMS), and a
DZVP all-electron basis*® for Ag. Initial nonrelativistic shielding calculations at uncoupled
DFT level™ were followed by calculation of SO corrections using the finite perturbation
approach of Ref. 241 (by default, the finite perturbation Fermi-contact parameter A was set to
107 a.u.), together with a full treatment of all one- and two-electron SO integrals of the Breit-
Pauli SO Hamiltonian. Absolute shieldings at nonrelativistic level were converted to relative
shifts using computed shieldings for SiMe, of 184.0 ppm and 32.02 ppm for "*C and 'H shifts,

respectively. SO-corrected shifts take into account also an SO correction of -0.4 ppm to the

Bc shielding of SiMe, at the given level.
Electronic Excitation Energies:

Electronic excitations have been calculated by time-dependent DFT at the (RI-)BP86/SV(P)
level, using the ESCF mudule included in TURBOMOLER"",
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12 Appendix

12.1 List of Named Compounds

Synthesized compounds are numbered with Arabic numerals, while calculated model

compounds are numbered with Roman numerals.

Table 72: List of numbers assigned to compounds discussed in this thesis

number  compound number  compound

1 [NBug] [pftb] 15 [CL]"[pftb]

2 [NEt,] [pftb] 16 [CLs] [al-f-al]

3 [NMea] [pfip] 17 [Ag(CH,1L,)s] [pftb]

4 [NBuy]"[hfip] 18 [Ag(CH:CL)(CHL)] [pftb]

5 [NEt,] [hfip] 19 [15C-PCls] [pftb]

6 [NMea] [hfip] 20 [15C-PBr;] [pftb]

7 [NBu,] Thftb] 21 [1;C-PL;] [pftb]

8 [NEty] [hftb] 22 [13C-Asls] [pftb]

9 [NMe,] [hftb] 23 [13C-P15] [al-f-al]

10 [NBuy] Tal-f-al] 24 [PL]"[pftb]

1 [(P4S3)Ag[hfip]] 25 [NO2]"[pftb]

12 [Ag(P4S3):][pftb] 26 [NO2]'[BF4]

13 [(P4S3)Ag[hftb]] 27 [Liy(3,4-CsH3F,NO,)s]* pftb]
14 [Agy(P4S3)s]* Tal-f-al] 28 3,4-C¢H3F,NO,-Al(OC(CF3)s3);3
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12.2 Appendix to Chapter 3

Total Energies and Structural Parameters of Selected WCAs and their Parent Lewis Acids

131

175

Al-O:
170-172

Al-O:
172-173

Isomer LE =0 Isomer II, E,; =+ 79 kJ mol!

Figure 94: Calculated structures of the two isomers of Al,(OR)sF (with R = C(CF;)s)) at the (RI)BP86/SV(P)
level. Isomer II was obtained by simply deleting one OR ligand of the structure of the [(RO);Al-F-Al(OR),]
anion and optimizing the resulting neutral while isomer I was preoptimized with molecular mechanics and
subsequently fully optimized by DFT. Isomer I may be viewed as the thermodynamic product of OR™ abstraction
from [(RO);AI-F-Al(OR);] and isomer II as the kinetic (vertical) product. Bond distances are given in pm.
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12.3 Appendix to Chapter 5

Solid-State Structure of [NEt,] [pftb] 2

Figure 95: Section of the solid-state structure of [NEt,] [pftb]” 2 at 100K. Thermal ellipsoids are drawn at the
25% probability level. In the asymmetric unit, there is one entire disordered cation and one entire anion. H atoms
at the ethyl groups have been omitted for clarity. Selected distances and bond angles: d(Al1-O1) = 172.3(4) pm,
d(All — 02) = 172.8(4) pm, d(Al1-03) = 174.2(4) pm, d(Al1-04) = 174.2(4) pm, <(04-Al1-O1) = 107.6(2)°,
<(04-Al1-03) = 113.7(2)°, <(0O1-Al1-03) = 108.1(2)°, <(04-Al1-02) = 107.7(2)° <(01-Al1-02) = 112.7(2)°,
<(03-Al1-02) = 107.2(2)°.

Solid-State Structure of [NBu4]+[al-f-al[ 10

C104
C103

C11s
c101
C1150 =g~ 11g C102

\T ‘
C113 &=

Figure 96: Section of the solid-state structure of [NBu,]'[al-f-al]” 10 at 150K. Thermal ellipsoids are drawn at
the 25% probability level. Only one of the two anions and cations is shown. Selected distances and bond angles:
d(Al1-01) = 169.9(2) pm, d(All — O2) = 169.4(2) pm, d(Al1-O3) = 170.0(2) pm, d(Al1-FO1) = 176.98(9) pm,
<(FO1-AlI1-O1) =99.99(8)°, <(F01-Al1-03) = 106.03(8)°, <(O1-Al1-03) = 112.74(11)°, <(F01-Al1-02) =
108.11(8)°, <(01-Al1-02) = 116.76(11)°, <(03-Al1-02) = 111.85(10)°.
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Cation-Anion Contacts in [NEt,]'[pftb] 2:

Figure 97: Cation-anion contacts in [NEt,] [pftb] 2 at 100K.

Examples of the Kohlrausch Fits of the Limiting Molar Conductivities of the [NBu,J" Salts:

-~ 2,0x10° -
] 1 = [NBu ]'[hftb] in toluene
E 1,8x10° (NBu,] [ ]. .
e i —— Kohlrausch simulation
S 1.6xt 0°
g 1,4x10° Node e
T 1,2x10° Chir2/DoF = 4.0604E-9
_g 3 E R*2 = 0.94693
g 1’OX10 __ - k 0.00024 +0.00002
3 8 0)(1 0_4 i LU 0.00181 +0.0001
N tl
Té 6,0x10* 1
4,0x10™ -
2,0x10™
0,0 -
T T " T " T ' T 7 1 T

T — T T T T — T T
0 5 10 15 20 25 30 35 40 45 50 c[mmolL’]

Figure 98: Kohlrausch fit for the molar conductivity of [NBuy] ‘[hftb] 7 in toluene at 25°C.
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molar conductivity [S cm’ mol'1]

m [NBu 4]+[hfip]' in CH.CI,
—— Kohlrausch simulation

Data: Data5_B
Model: Kohlrausch

Chi*2/DoF =0.06108
R*2 = 0.9926
k 1.04059 +0.03668

LU 29.90705 +0.44048

T T T T T T T T T
50 100 150 200 250 ¢ [mmol L]

Figure 99: Kohlrausch fit for the molar conductivity of [NBu,]‘[hfip] 4 in CH,Cl, at 25°C.

molar conductivity [S cm’ mol'1]

®  [NBu,]'[hftb] in CHCI,
—— Kohlrausch simulation

Data: Data1_B
Model: Kohlrausch

Chi*2/DoF =0.0008
R"2 = 0.98252

] k 0.24469 +0.01154
LU 1.81346 +0.0404

5 10 15 20 25  c¢c[mmolL"]

Figure 100: Kohlrausch fit for the molar conductivity of [NBuy] Thftb] 7 in CHCl; at 25°C.
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12.4 Appendix to Chapter 6

Solid-State Structures of P,Ss:

{
@ A

Figure 102: Solid state structure of y-P,S; at 140K: bond lengths in A (left) and packing diagram (right).

/)

I
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Cation-Anion Interactions in 12:

F19

Figure 103: Fluorine contacts in 12 below the Van-der-Waals limits of 340(P+F) and 330 (S+F) pm.
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Figure 104: Asymmetric unit of the solid state structure of [(P,S;)Ag[hftb]] 7 at 283 K, thermal displacement
ellipsoids showing 25 % probability.
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12.5 Appendix to Chapter 7

Solid-State Structure of [I;C-PI ] [al-f-al]” 23:

23 crystallizes in the monoclinic space group C2/m with Z = 2. In this compound, the thermal
displacement ellipsoids of the anion are very big, indication motion of the CF; groups. The
iodine positions of the I;CPI;" cation are well defined (small ellipsoids), but the position of
phosphorus and carbon are disordered. Therefore, all E-I bond lengths are nearly the same
(224.02 and 224.29 pm), which is in between the C-I and the P-I bond lengths of the I;CPI;"
cation in 21 (Table 58).

Figure 105: Section of the solid-state structure of [I;C-PI5] Tal-f-al] 23 at 150K.
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Reaction Enthalpies of the Anion Decomposition Pathways:

Table 74: Reaction enthalpies (AG°(gas) / (AG°(CH,Cl,)) of the decomposition pathways (a) and (b) from
Scheme 8 (BP86/SV(P)). All values are given in kJ/mol. Values are standardized per mole of the cation. Positive

values indicate that the anion is thermodynamically stable against decomposition.

(@) (al) (b) (b1)
CF;" -319/-132 -588/-199 -313/128 -317/38
CCly" 214 /-56 -348 / -47 217/ 60 -124 /173
CBr;" -195/ -46 -309 /-27 -199/-52 -88 /191
Cl;" -176 / -34 272 /-3 -184 /-43 -58 /208
HCF," -302/-113 -523/-162 =293 /-106 2276/ 81
HCCl," 2240/ -74 -400 /-84 2236 /-72 -162 149
HCBr," =227/ -69 =374 /-74 =223 /-68 -137 /158
HCL," 2212 /-60 -343 / -56 -210/-62 -110/ 171
H,CF* -320/-130 -559/-196 -300/-112 =290/ 69
H,CClI" -289/-113 -497 /-161 -268/-95 -227/103
H,CBr' -281/-111 -482 /-157 -261/-93 2212/ 107
H,CI' =272 /-107 -463 /-149 -251/-89 -193 /115

Reaction enthalpies of the homolytic E-X bond cleavage of H4.,,EX,,'/ Y and H 3_,,EX,,0/ " (E=B,
C; X=F-I):

Table 75: Reaction enthalpies (in kJ/mol) of the homolytic C-X cleavage in halomethanes.

reaction F Cl Br I

H;CX — X + CH; 493 351 297 240
H,CX; — 2 X+ CH; 980 707 594 476
HCX; —» 3X+CH 1527 1061 888 708
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Table 76: Reaction enthalpies (in kJ/mol) of the homolytic B-X cleavage in haloboranates.

reaction F Cl Br 1
H;BX — X + BHy’ 611 496 444 392
H,BX, — 2 X + BHy 1281 994 877 751
HBX; — 3 X +BH 1959 1459 1266 1058
Table 77: Reaction enthalpies (in kJ/mol) of the homolytic C-X cleavage in halomethyl cations.

reaction F Cl Br I
H,CX" — X+ CH," 627 536 479 448
HCX,  —»2X+CH' 1178 975 860 776
CX; - 3X+C" 1626 1317 1147 1008
Table 78: Reaction enthalpies (in kJ/mol) of the homolytic B-X cleavage in haloboranes.

reaction F Cl Br I
H,BX — X + BH, 699 514 424 342
HBX, — 2 X +BH 1341 943 778 614
BX; —» 3X+B 1952 1333 1112 869
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Relative Energies of the Isomers V of the Water Adducts:

Table 79: Relative energies and E-O distances of H,0-EX;""" (structure type V) at the MP2/TZVPP level.

EX,7 Ee1 [kJ/mol] d(E-O)[pm]
CH3+ ts +10.2 149.5
CF3+ ts +8.2 153.6
CC13+ Im +0.2 272.6
CBI‘3+ Im +5.4 287.6
L' Im +14.6 303.9
BH, ts +14.0 170.8
BF, ts 9.0 200.5
BCI, ts +14.6 164.1
BBr; ts +14.7 161.3
BI, ts +15.4 160.5
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Packing Diagrams of [I;C-PBrs] [pftb]” 20 and [I;C-PL] " [pftb] 21:
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Figure 106: Packing diagram of [I;C-PBr;] [pftb]” 20 along the crystallographic axes. The AlO,- moieties of the
anions are drawn as tetrahedra, the C(CF;); groups have been omitted for clarity.
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Figure 107: Packing diagram of [I;C-PI;]"[pftb] 21 along the crystallographic axes. The AlO4- moieties of the
anions are drawn as tetrahedra, the C(CF;); groups have been omitted for clarity.
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Experimental and Simulated IR Spectra of [I;C-PXs] [pftb] (X = Br 20, I 21):

\

simulation MP2/TZVPP

[1.CPBr. ] [pftb] FIR

'[IaclPBr'sr[plftb]" MIR

T T T T T T T T T T 1 -1
200 300 400 500 600 700 800 900 CM

Figure 108: Comparison of the experimental and the simulated IR spectrum of [I;CPBr;] [pftb]” 20. Simulation
at the MP2/TZVPP level. Bands marked with * can be assigned to the anion.
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simulation MP2/TZVPP

[1,CPLI [pftb] FIR

'[I30|P|3]' [pft|b]- M'IR T T T T T T T T T T 1
200 300 400 500 600 700 800  900cm’

Figure 109: Comparison of the experimental and the simulated IR spectrum of [[;CPI;] [pftb]  21. Simulation at
the MP2/TZVPP level. Bands marked with * can be assigned to the anion.
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12.6 Crystal Structure Tables

Table 80: Crystallographic details of compounds 2, 5 and 6.

2 S S 6
database number - - - -
crystal size [mm] 02x02x0.2 03x03x0.1 02x03x0.2 02x02x0.3
crystal system monoclinic monoclinic monoclinic monoclinic
space group P2,/c P2,/c P2,/c P2,/c
a [pm] 1393.6(3) 926.00(19) 925.27(19) 1061.3(2)

b [pm] 1889.7(4) 1900.2(4) 1899.9(4) 1381.1(3)
¢ [pm] 1420.8(3) 1851.3(4) 1854.6(4) 1898.8(4)
al] 90 90 90 90
Bl°] 91.43(3) 99.28(3) 99.17(3) 91.42(3)
7[°] 90 90 90 90
¥ [nm’] 3.7405(13) 3.2149(11) 3.2186(11) 2.7822(10)
VA 4 4 4 4
Deae [Mg m™] 1.949 1.705 1.703 1.837
4 [mm™] 0.270 0.231 0.231 0.260
abs. correction none none none none
F (000) 2160 1648 1648 1520
index range -16<h<16 -10<h<10 -11<h<8 -13<h<13
-22<k<22 -22<k<22 -23<k<23 -17<k<17
-16</<16 -21</<21 -22<I<18 -24<i<24
Max 260 49.42 49.42 51.92 54.60
T [K] 100(2) 100(2) 140(2) 100(2)
diffractometer type BRUKER APEX 1T BRUKER APEXII KUMA CCD BRUKER APEX I
unique reflns. [/>20(/)] 6241 5085 5968 6274
Data / restraints / parameters 6241/42/672 5085/0/491 5968 /0 /527 6274/0/416
GOOF 1.660 1.049 1.024 1.036
final R1 [I>20(])] 0.1128 0.0731 0.0563 0.0378
final wR2 0.3314 0.1345 0.1419 0.0934
largest residual peak [e A>] 0.877 0.446 0.372 0.821
largest residual hole [e A”] -0.845 -0.376 -0.424 -0.385
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Table 80 continued: Crystallographic details of compounds 7, 9, 10 and 12.

A 9 10 12
database number - - - CCDC 625079
crystal size [mm] 03x03x04 0.2x0.2x0.1 02x0.5x0.5 03x03x04
crystal system monoclinic tetragonal triclinic monoclinic
space group P2,/c I-4 P-1 P2,
a [pm] 1758.0(4) 1291.70(18) 1282.2(3) 16.360(3)
b [pm] 1410.2(3) 1291.70(18) 1923.0(4) 10.954(2)
¢ [pm] 1958.1(4) 9.3184(19) 2487.1(5) 26.516(5)
al°] 90 90 88.35(3) 90
Bl°] 115.41(3) 90 86.72(3) 94.66(3)
y[°] 90 90 98.21(3) 90
¥ [nm’] 4.3848(15) 1.5548(4) 6.21(1) 4736.1(16)
VA 4 2 4 2
Peate [Mg m™] 1.505 1.763 1.873 2232
4 [mm'] 0.184 0.239 0.261 1.242
abs. correction none none none numerical
F (000) 2032 824 3408 3064
index range -20<h<20 -17<h<17 -15<h<15 h:-13 to 20
-16<k<13 -17<k<17 -23<k<23 k:-13t0 12
-21</<23 -12<<12 -30</<30 I:-32t0 31
Max 260 49.42 57.80 52.04 51.96
T [K] 100(2) 100(2) 150(2) 150
diffractometer type BRUKER APEX  BRUKER APEX STOE IPDS 11 STOE IPDS 11
I I
unique reflns. [ > 20(])] 7225 2054 23694 13100
Data /  restraints 7225/0/560 2054/0/137 23694 /149 / 13100 /235 /
parameters 2216 1788
GOOF 1.064 1.040 1.051 1.042
final R1 [I> 20(])] 0.0428 0.0244 0.0753 0.0299
final wR2 0.0849 0.0608 0.1999 0.0775
largest residual peak [e A®] 0.542 0.215 1.500 0.559
largest residual hole [e A™] -0.323 -0.144 -1.377 -0.474
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Table 80 continued: Crystallographic details of compound 13, y-P4S; and o-P,Ss.

13 13 ¥-P4S; o-P4S;3

database number CCDC 625080 CCDC 625081 CSD 417155 CSD 417154
crystal size [mm] 04x04x04 03x03x0.2 0.2x02x0.2 0.2x02x0.2
crystal system triclinic triclinic orthorhombic orthorhombic
space group P1 P1 Pnma Pnma
a [pm] 10.547(2) 10.656(2) 10.8734(10) 10.4738(7)
b [pm] 11.443(2) 11.596(2) 9.7634(9) 9.5861(7)
¢ [pm] 14.459(3) 14.477(3) 6.4321(6) 13.6715(10)
al°] 89.94(3) 89.96(3) 90 90
Bl°] 83.50(3) 83.40(3) 90 90
r[°] 89.90(3) 89.90(3) 90 90
V [nm’] 1733.7(6) 1777.1(6) 682.84(11) 1372.66(17)
VA 2 2 4 8
Peate [Mg m™] 2.067 2.017 2.141 2.130
w[mm™] 1.128 1.101 1.896 1.886
abs. correction empirical empirical empirical empirical
F (000) 1048 1048 432 864
index range h:-13to0 13 h:-16to 16 h:-14to 14 h:-13to0 13

k:-14to 14 k:-14t0 18 k:-11t0 10 k:-12t0 13

l:-18t0 18 l:-21t021 I:-8t0 8 I:-18t0 18
Max 26 54.00 69.22 58.32 58.38
T[K] 100 283 140 140
diffractometer type BRUKER BRUKER Oxford KM4 /CCD  Oxford KM4 / CCD

APEX I APEX1I

unique reflns. [/ > 20o(])] 15640 17701 854 1800
Data / restraints / parameters ~ 15640/3 /957  17701/3 /957 854/0/37 1800/0/73
GOOF 1.147 1.018 0.946 1.071
final R1 [I>20(])] 0.0165 0.0570 0.0173 0.0278
final wR2 0.0441 0.165 0.0439 0.0682
largest residual peak [e A>] 0.448 1.676 0.252 0.556
largest residual hole [e A™] -0.342 -0.786 -0.291 -0.322
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Table 80 continued: Crystallographic details of compounds 14, 15, 16 and 17.

14 15 16 17
database number CCDC 625082 CCDC 193387 CCDC 646518 CCDC 646517
crystal size [mm] 0.5x0.08x0.08 025x0.08x0.08 035x035x0.1 07x04x0.2
crystal system monoclinic orthorhombic monoclinic monoclinic
space group P2, Pna2, P2,/c P2,/c
a [pm] 1751.8(4) 1969.8(4) 2083.6(4) 1039.7(2)
b [pm] 1254.8(3) 955.40(19) 1780.2(4) 1472.7(3)
¢ [pm] 3004.6(6) 1843.5(4) 1387.4(3) 2894.6(6)
al°] 90 90 90 90
Bl°] 91.26(3) 90 108.12(3) 97.13(3)°
y[°] 90 90 90 90
V [nm’] 6.603(2) 3.4694(12) 4.8909(17) 4.3978(15)
VA 2 4 4 4
Peate [Mg m™] 2.625 2.603 2.548 2.837
4 [mm'] 1.104 2.951 2.205 4.873
abs. correction numerical numerical numerical numerical
F (000) 4336 2520 3512 3416
index range h:-21to0 21 -23<h<19 0<h<24 -11<h<11

k:-15t0 10 -11<k<10 -20<k<0 -16<k<16
I:-35t0 36 -21<I<21 -16<i<15 -32<i<32

Max 260 52.06 49.96 49.00 47.92
T[K] 130 150(2) 150(2) 140(2)
diffractometer type STOE IPDS 11 STOE IPDS 11 STOE IPDS 11 STOE IPDS 11
unique reflns. [ > 20(])] 11686 6006 7857 6459
Data / restraints / parameters 11686/0/982 6006 /103 / 607 7857/0/ 824 6459 /0/ 605
GOOF 0.973 0.987 0.938 1.053
final R1 [7>20(])] 0.0542 0.0671 0.0548 0.0720
final wR2 0.1345 0.1550 0.1367 0.1883
largest residual peak [e A~ 0.855 1.91 1.434 1.617
largest residual hole [e A™] -0.673 -1.69 -1.114 -2.174
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Table 80 continued: Crystallographic details of compounds 19, 20, 21and 23.

19 20 21 23
database number - - - -
crystal size [mm] 0.2x0.10.1 02x0.1x0.1 02x0.1x0.1 02x03x04
crystal system monoclinic monoclinic monoclinic monoclinic
space group P2,/c P2/n P2,/n C2/m
a [pm] 1383.2(3) 1392.0(3) 1446.6(3) 1324.3(3)
b [pm] 1383.3(3) 3003.5(6) 3894.4(8) 1632.5(3)
¢ [pm] 1988.6(4) 1392.4(3) 1462.3(3) 1313.9(3)
al°] 90 90 90 90
Bl°] 90.01 90.00(3) 90.53(3) 94.75(3)
y[°] 90 90 90 90
V [nm’] 3.8049(13) 5.821(2) 8.238(3) 2.8309(10)
VA 4 6 8 2
Peate [Mg m™] 2.614 2.791 2.857 2.402
u[mm™] 2.948 5.773 4778 3.556
abs. correction multiscan multiscan multiscan numeric
F (000) 2784 4500 6432 1864
index range 20<h<20 -19<h<19 -15<h<15 -16<h<16

20<k<20 41<k<42 42<k<42 20<k<20
-29<1<29 -19<1<19 -15<i<16 -16<1<16
Max 260 64.52 61.18 45.98 52.00
T [K] 108(2) 100(2) 100(2) 150(2)
diffractometer type BRUKER BRUKER BRUKER STOE IPDS I
APEX 1T APEX 1T APEX II
unique reflns. [/ > 20(/)] 13942 17862 11204 2876
Data / restraints / parameters 13942/0/637 17862 /0 /967 11204 /60 /1172 2876 /43 /247
GOOF 1.009 1.023 1.082 1.043
final R1 [1>20(])] 0.0428 0.0697 0.0885 0.00682
final wR2 0.1026 0.1841 0.2176 0.1871
largest residual peak [e A~ 2.404 2.366 3.336 1.544
largest residual hole [e A3 -0.796 -3.305 -3.180 -1.552
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Table 80 continued: Crystallographic details of compounds 24, 25, 26and 28.

24 25 26 28
database number - - -
crystal size [mm] 03x0.2x0.2 0.1x0.5x0.2 02x02x04 0.3x0.3x0.1
crystal system monoclinic monoclinic monoclinic triclinic
space group P2,/n Cc P2,/c P-1
a [pm] 1378.9(3) 1942.7(4) 655.67(13) 1058.4(2)

b [pm] 1947.1(4) 951.38(19) 682.43(14) 1308.8(3)
¢ [pm] 1400.0(3) 1893.0(4) 912.44(18) 2270.4(5)
al°] 90 90 90 101.06(3)
Bl°] 90.09(3) 120.05(3) 104.40(3) 96.99(3)
y[°] 90 90 90 113.35(3)
V [nm’] 3.7589(13) 3.0286(11) 3.9544(14) 2.7649(10)
VA 4 4 4 4
Pealc [Mg m™] 2.661 2222 0.558 2.141
4 [mm'] 3.589 0.328 0.075 0.306
abs. correction numerical none none multiscan
F (000) 2768 1952 64 1728
index range -16<h<16 -23<h<21 8<h<8 -12<h<13
-23<k<23 -11<k<11 8<k<8 -16<k<16
-17<1<17 -20<7<23 -11</<11 -29<1<27
Max 260 52.04 51.94 52.00 55.96
T [K] 150(2) 150(2) 100(2) 100(2)
diffractometer type STOE IPDS 11 STOEIPDSII  STOEIPDSII = RIGAKU SPIDER
unique reflns. [/>20(/)] 7303 4752 768 11235
Data / restraints / parameters 7303 /300/767  4752/89 /582 768/0/73 11235/30/1021
GOOF 1.127 1.054 1.156 1.050
final R1 [7>20(])] 0.1037 0.0684 0.0185 0.1268
final wR2 0.2005 0.1673 0.0597 0.3051
largest residual peak [e A~ 1.607 0.676 0.130 1.703
largest residual hole [e A™] -1.855 -0.433 -0.123 -1.122
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12.7 Publications and Conference Contributions

Publications in journals:

e Raabe, Ines; Himmel, Daniel; Krossing, Ingo: “A computational study of the
enthalpies of formation AtH° and mean bond enthalpies (mBESs) of H4_nEXn0/' and Hs.
EX, "™ (E = C, B; X = F-I)”, Journal of Physical Chemistry A, submitted.

e Raabe, Ines; Rohr, Caroline; Krossing, Ingo. “Exploring the chemistry of free CL"
reactions with the weak Lewis bases PX; (X = CI-1), Asl; and Et,O”, Journal of the

Chemical Society, Dalton Transactions, in preparation.

e Raabe, Ines; Wagner, Katrin; Guttsche, Kristin; Steinfeld, Gunther, Krossing, Ingo.
“Tetraalkylammonium salts of weakly coordinating aluminates: Materials for
electrochemical applications and useful compounds for anion investigation”, Journal

of the Chemical Society, Dalton Transactions, in preparation.

e Krossing, Ingo, Raabe, Ines. [NBuy]'[((CF3);CO);Al-F-Al(OC(CF3)3)3)], Acta
Crystallographica E, submitted.

o Krossing, Ingo; Raabe, Ines; Wagner, Katrin. “[(Li(OC(CFs)3)2'5 H,O]”, Acta
Crystallographica C, in preparation.

e Raabe, Ines; Miiller, Sonja; Trapp, Nils; Kaupp, Martin; Krossing, Ingo. “Stable CI;"

+99

salts and attempts to prepare CHI," and CHoI", Chemistry — A European Journal,

submitted.
e Raabe, Ines; Antonijevic, SaSa; Krossing, Ingo. “Weakly bound cationic Ag(P4Ss)
complexes — dynamics and counterion-dependence of their structures”, Chemistry — A

European Journal, in press.

e Krossing, Ingo; Raabe, Ines; Birtalan, Esther. “Nitronium tetrafluoroborate”, Acta

Crystallographica 2007, E63, 143 — 144.
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Jenkins, H. Donald Brooke; Krossing, Ingo; Passmore, Jack; Raabe, Ines. “A
computational study of Sb,Fs, (n = 1-4). Implications for the fluoride ion affinity of n

SbFs”, Journal of Fluorine Chemistry 2004, 125, 1585 — 1592.

Bihlmeier, Angela; Gonsior, Marcin; Raabe, Ines; Trapp, Nils; Krossing, Ingo. “From
weakly coordinating to non-coordinating anions? A simple preparation of the silver
salt of the least coordinating anion and its application to determine the ground state
structure of the Ag(7°-P4)," cation”, Chemistry—A European Journal 2004, 10(20)
5041 —5051.

Krossing, Ingo; Raabe, Ines. “Relative stabilities of weakly coordinating anions: A

computational study”, Chemistry—A European Journal 2004, 10(20), 5017 — 5030.

Krossing, Ingo; Raabe, Ines. “Water Adducts of BX; and CX3': Implications for
structure, bonding and reactivity”, Journal of the American Chemical Society 2004,

126(24), 7571 = 7577.

Krossing, Ingo; Raabe, Ines. “Noncoordination anions - Fact or fiction? A survey of
likely candidates”, Angewandte Chemie, International Edition 2004, 43(16), 2066 —
2090.

Krossing, Ingo; Bihlmeier, Angela; Raabe, Ines; Trapp, Nils. “Structure and
characterization of CI;'[AI{OC(CFs);}4]; Lewis acidities of CX;' and BX3”,
Angewandte Chemie, International Edition 2003, 42(13), 1531 — 1534.

Gonsior, Marcin; Krossing, Ingo; Miiller, Lutz; Raabe, Ines; Jansen, Martin; van
Wiillen, Leo. ,,PXs", P,Xs  and PsX," (X = Br, I) salts of the superweak AI(OR)s-
anion [R = C(CF3)3]”, Chemistry — A European Journal 2002, 8, 4475 — 4492.

Krossing, Ingo; Raabe, Ines. “PsX," (X = Br, I), a phosphorus-rich binary P-X cation
with a Cy-symmetric Ps cage”, Angewandte Chemie, International Edition 2001,

40(23), 4406 — 4409.



Conference contributions:
e “Lithium- und Tetraalkylammonium-Salze schwach koordinierender Anionen:
Mogliche Materialien fiir den Einsatz in der Elektrochemie®, lecture, Kolloquium des

Freiburger Materialforschungszentrums, Rust, 10 / 2006.

o “Weakly coordinated cationic Ag(P4S;) complexes — similar counterions, different

structures”, poster contribution, SCS Fall Meeting, Lausanne, 10 / 2005.

e “Weakly coordinated cationic Ag(P4S;) complexes — similar counterions, different

structures”, poster contribution, GDCh-Jahrestagung Chemie, Diisseldorf, 09 / 2005.

e “Weakly coordinated cationic Ag(P4S;) complexes — similar counterions, different

structures”, lecture, Doktorandenseminar Phosphorchemie, Bonn, 03 / 2005.

e “Auf dem Weg zu kationischen Phosphorverbindungen® lecture, Doktorandenseminar

Phosphorchemie, Kaiserslautern, 03/2004.

e  “[CI;][AIOC(CF3)3);] — Ein stabiles Salz des CI;"-Kations” poster contribution,
GDCh-Jahrestagung Chemie, Miinchen, 10 / 2003.
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Date of birth

Nationality
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since 02/2003

01/2003

10/1999

09/1988 — 06/1997

Ines Raabe
8. July 1977

german

PhD work in chemistry in the group of Prof. Dr. Ingo Krossing (University of
Karlsruhe, EPF Lausanne, University of Freiburg i.Br.)

Diploma in chemistry,University of Karlsruhe (“very good”)

“Vorexamen” (undergraduate exam) in food chemistry at the University of

Karlsruhe (“good”)

Abitur, Gymnasium Neureut in Karlsruhe (“very good™)

Professional Experiences

since 03/2006

10/2004 — 02/2006

02/2003 — 09/2004

02/2001 /09/2001

Scientific coworker at the Institute of Inorganic and Analytical Chemistry,

University of Freiburg i. Br.
Assistant in the students’ lab (analytical chemistry)
Supervision of an apprentice

Scientific coworker at the Institut des Sciences et Ingénierie Chimiques, EPF

Lausanne
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Scientific coworker at the Institute of Inorganic and Analytical Chemistry,

University of Karlsruhe
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Supervision of an apprentice

“Wissenschaftliche Hilfskraft” (part-time lab assistant) at the Institute of

Inorganic and Analytical Chemistry, University of Karlsruhe
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Languages

German Native speaker
French Fluent (written and oral)

9 years at school, 1 Y5 year-long stay in Lausanne (participation at language
courses up to C1 level), conversational and written French throughout PhD

work
English Fluent (written and oral)

6 years at school, conversational and written Engish throughout PhD work,

writing of scientific publications
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