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Relative Stabilities of Weakly Coordinating Anions: A Computational Study

Ingo Krossing* and Ines Raabe!”!

Abstract: This article describes BP86/
SV(P) (DFT) calculations on a repre-
sentative set of weakly coordinating
anions (WCAs) of type [M(L),]”, their
parent neutral Lewis acids M(L),_, and
their ate complexes with fluoride, that
is, [FM(L),]"" (M=B, L=F, OTeF;,
C¢Hs, CFs, C;Hy(CF,),, CFy; M=P, As,
Sb, L=F OTeF;; M=Al, L=
OC(CF;);). Compounds with fluoride
bridges, that is, Sb,Fs, and [Sb,Fs,,]”
(n=2, 3, 4), AL(L)F and [(L);Al-F-
AL (L=OC(CFy),), (F.Cyfl.2-
B(L),)x. [FiCo{1.2-B(L)LF] . [F,Cof1.2-
B(L),},OMe]~ (L=CF;) were also cal-
culated. Based on these BP86/SV(P)

parent Lewis acids, the ligand affinity
(LA) of the WCAs, the decomposition
of a given WCA in the presence of a
hard (H*, proton decomposition PD)
and a soft electrophile (Cu®, copper
decomposition CuD), the position of
the HOMO, the HOMO-LUMO gap,
and population analyses of the anions
providing partial charges for all atoms.
To obtain data that is more reliable,
the assessed quantities were calculated
through isodesmic reactions. If parts of
the calculations could not be done iso-
desmically, higher levels such as MP2/
TZVPP, G2, and CBS-Q were used to
obtain reliable values for these reac-

tions. Although the obtained results
can not be taken as absolute, the rela-
tive ordering of the stabilities of all
WCAs will undoubtedly be correct,
since a single methodology was chosen
for the investigation. To include media
effects the decomposition reactions of
a subset of 14 WCAs with the SiMe,*
and [Cp,ZrMe]* ions were also calcu-
lated in PhCl and 1,2-F,C,H, (COSMO
solvation model). We found that in
most cases gas-phase calculations and
solution calculations give comparable
results for the stability of the anion.
Applications of the LA and FIA that
allow one to decide, on thermodynamic

and auxiliary MP2/TZVPP, G2, and
CBS-Q calculations the relative stabili-
ties and coordinating abilities of these
WCAs were established with regard to
the fluoride ion affinities (FIA) of the

Introduction

Weakly coordinating anions (WCAs) are of great current in-
terest and have impact on applied and fundamental sci-
ence.l"” Applications of WCAs lie, for example, in homoge-
nous catalysis,”! polymerization chemistry,'“*” ionic lig-
uids,®™! electrochemistry,'®"?  photolithography,"*'? and
lithium ion batteries."” ") More fundamental applications
are the stabilization of reactive electrophilic cations or
weakly bound adducts, for example, AuXe/" P! Xe,* !
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grounds, which WCA or Lewis acid is
the most suitable for a given problem

density func-
are sketched.

HCG()+’[22] MeS3Si+,[23] Ag(CO)2+,[24] N5+,[25] [II'(CO)6]3+,[26]
Ag(L),* (L=P, " S, P,S,P), Ag(CH,),* P PsX,* (X =
Br, 1), and CX;* (X=Cl, Br, 1).'*% Consequently, a
large number of WCAs was developed in the last decade
and recently reviewed in reference [1d].

One question that is still open is the 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, whereby shifts to lower field indicate a more pro-
nounced cationic character of the Si(iPr),°* part, which is
an indication for a more weakly coordinating anion X~.BY
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 proved to be very weakly coordinating
due to anion decomposition (e.g., all fluorometallates and
teflate-based anions). A recent conference report by Reed
evaluates the N—H stretching vibration of a series of ammo-
nium salts (n-oct);NH*[X]~ (X=WCA) in CCl, on the basis
of the following assumption: The higher the frequency of
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the stretching vibration, the less the anion interacts with the
cation and the more weakly coordinating is [X] .’} This
scale gives an ordering of the relative coordinating ability of
the WCA towards (n-oct);NH* in CCl,, but still awaits full
publication. To investigate the stabilities of fluorometalate
anions such as BF,~, MF,~ (M=P, As, Sb, etc.), the fluoride
ion affinities (FIAs) of their parent Lewis acids A, that is,
BF;, MF;, and so forth, were estimated on thermodynamic
grounds [Eq. (1)]:*¢

— AH=-FIA _
A +Fy———AF, (1)

The higher the FIA of the parent Lewis acid A of a given
WCA, the more stable it is towards decomposition on ther-
modynamic grounds. Christe and Dixon chose a computa-
tional approach to obtain a larger relative Lewis acidity
scale based on the calculation of the FIA in an isodesmic re-
action with OCF;™ and the experimental FIA of OCF, of
209 kJmol .M Others used the same methodology.”**!
Hitherto, this approach was limited to relatively small sys-
tems.

In this contribution, we chose an entirely computational
approach to allow comparison of the properties of very dif-
ferent types of WCAs such as the fluoroantimonates and
perfluoroarylborates. The structures of WCAs of type
[M(L),]” (L=monoanionic ligand), their parent Lewis acids
A=M(L),_;, and the AF =[FM(L), 4] ions were opti-
mized with DFT methods at the (RI-)BP86/SV(P) level.
With these calculated data and auxiliary (RI-)MP2/TZVPP,
G2, and CBS-Q calculations, the thermodynamic stability
and coordinating ability of the WCAs was established on
the basis of the ligand affinity LA of the parent Lewis acid
A=M(L),_;, the FIA of the parent Lewis acid A, as calcu-
lated with the methodology of Christe and Dixon,*” the de-
composition of a given anion in the presence of a hard (H™,

proton decomposition PD) and a soft electrophile (Cut,
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 simplest organometallic silylium ion [SiMe;]* and
the prototype of a metallocene catalyst for olefin polymeri-
zation [Cp,ZrMe]* were also calculated in the typically em-
ployed solvents PhCl and 1,2-F,C¢H, (COSMO solvation
model). Figure 1 gives an overview of the larger WCAs as-
sessed in this article.

Results

For the sake of readability of the paper for noncomputation-
al chemists, the structures and total energies of the assessed
compounds are collected in the appendix at the end of this
paper; more extensive discussions can be found in the Sup-
porting Information. One drawing of each optimized com-
pound, together with basic structural parameters and a xyz
orientation (in Bohr) has been deposited. Readers interest-
ed in fine structural details of the optimized species are re-
ferred to the Supporting Information.

The size of the necessary calculations with anions contain-
ing up to 87 heavy atoms (excluding H) only allowed the
use of DFT theory to establish the properties of these spe-
cies. To obtain data that is more reliable, the assessed quan-
tities were calculated through isodesmic reactions. If some
parts of the calculations could not be done isodesmically,
higher levels such as MP2/TZVPP, G2, and CBS-Q were
used to obtain reliable values for these reactions.

We start this section with the calculation of anchor points
for the evaluation of the anion stability before turning to
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Figure 1. Overview of the larger WCAs assessed in this article.
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concepts for the analysis of WCA stability and the examina-
tion of solvation effects.

Anchor point [—direct calculation of the FIA of ALF, with
G2 and CBS-Q: To obtain a reliable anchor point for the
calculation of the FIA of compounds with fluoride bridges,
the structures and total energies of AlF; (Ds;,), AlF,~ (T,),
ALF, (D,,), ALF;,” (C), OCF, (C,,) and OCF;~ (Cs,) were
calculated at the G2 and CBS-Q compound levels (Table 1;
for total energies, structural parameters, and comment, see
Supporting Information). For comparison, the MP2/TZVPP
results are also included. With these results the standard en-
thalpies of reaction for the formation of AlF,” and ALF;"
from AlF;, 2 AlF;, and AlLF, were calculated. For compari-
son to experimental data,*” the standard enthalpies of reac-
tion for the formation of ALF,” from AIlF; and AIF, as
well as the dissociation of ALF, giving 2 AlF; were also as-
sessed (Table 1).

Table 1. Standard enthalpies of reaction AH°®° and reaction energies
AU(0K) for the formation of ALF,” and related species (in kJmol™"). Ex-
perimental enthalpies of reaction AH® for reactions a) and b).” Fluoride
ion affinities of AIF;, 2 AIF;, and ALF in kTmol ..

Reaction Exptl® AU K) AHP  AHCE
a) Al,F;—2 AlF; 215 205.8 2104 2015
b) AIF,” 4+ AIF;—ALF,” —208191 2243 —228.0 —226.1
¢) ALF,+OCF;”—ALF, +OCF, - 2918 —286.7 —294.1
d) 2 AIF;4+OCF;” —ALF,” + OCF, - 4976 —497.1 —495.6
e) AlF;+OCF;”—AIF,” +OCF, - 2733 —269.1 —269.5
f) | AH[Eq. c]|+209"! = FIA(ALF,) - 500.8 4957  503.1
) | AH[Eq. d]|+209) =FIA (2 AlF;) - 706.6 706.1  704.6
h) |AH[Eq. f]|+2091) = FIA(AIF;) - 482.3 478.1 4785

[a] MP2/TZVPP. [b] G2. [c] CBS-Q. [d] This value is not very reliable be-
cause the errors for the experimental standard enthalpies of formation of
AIF,” and ALF, are quite large (+100 and +15kJmol™). [e] The FIA of

OCF, is 209 kT mol .,

The calculated reaction enthalpies/energies are very simi-
lar for all three methods and differ by a maximum of
9 kImol ™ (entry a in Table 1), and the agreement with avail-
able experimental data is good. By addition of the FIA of
OCF, of 209 kJmol'®7 to the enthalpies/energies of en-
tries c—e, the FIAs of AlF;, 2 AlF;, and ALF, were obtained
(entries f-h). The FIA of AIF; of 478-482 kImol ' is in very
good agreement with that obtained at the simpler BP86/
SV(P) level (467 kJmol™"), which was used for the assess-
ment of the FIAs of the parent Lewis acids of the larger
WCAs above.

We will use the average of the FIAs of 2AlF;
(705 kIJmol™") and ALF, (500 kJmol™') calculated at the
most reliable G2 and CBS-Q levels for the evaluation of the
FIA of compounds with fluoride bridges (see below).

Anchor point II—direct calculation of the LA of [F;AIL]"
with MP2/TZVPP and other methods: For the reliable eval-
uation of the ligand affinity LA of a WCA [M(L),], the
structures of the free ligand L~ and its AlF; complex
[F;AIL]” were calculated at the BP86/SV(P), B3LYP/
TZVPP, and MP2/TZVPP levels. As shown above, the MP2/
TZVPP, G2, and CBS-Q calculations for the aluminum fluo-
ride species agree within 5 kJmol™'. Since the size of the
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compounds calculated in this section is prohibitive for the
application of compound methods such as G2 and CBS-Q,
we chose the MP2/TZVPP method as the best applicable
level that gives reliable results. To check the quality of the
calculations the BP86/SV(P) and selected B3LYP/TZVPP
results are also included in Table 2. Next the energies

Table 2. Reaction energies AU(0 K) for dissociation of [F;AIL]™ to L™
and AIF; [Eq. (2)] at the BP86/SV(P), B3LYP/TZVPP, and MP2/TZVPP
levels (L= OTeFs, C¢Hs, C¢Fs, CsH3(CFs),, CFs, OCH;, OC(CF;),).

L~ BP86!* [kimol™!] B3LYP" [kJmol™'] MP2"! [kJmol™]
CH; 433 - 425
CéFs™ 321 298 315
C¢H;(CF;), 395 - 380
CF;~ 406 355 344
OC(CF;); 331 298 321
OCH; 472 - 475
OTeF;s~ 248 251 273

[a] SV(P) basis set. [b] TZVPP basis set.

AU(0 K) of the reaction given in Equation (2) were calculat-
ed at these three levels.

[F5AIL] 25 AlF; 4+ L- 2)

Since this reaction is non-isodesmic, it is of importance to
check the similarity of the reaction energies with different
methods. All calculated reaction energies are listed in
Table 2.

Generally, the agreement between the BP86/SV(P) and
MP2/TZVPP reaction energies in Table 2 is good and within
less than 25 kJmol'. The same holds for the B3LYP and
MP2 values. The only exception is the abstraction of the
CF;™ ion at the BP86 level. For the correct energetic de-
scription of this species, which has the highest relative fluo-
rine content of all L™ in Table 2, 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. The B3LYP and MP2 values with the larger
TZVPP basis agree within 11 kJmol~'. Similarly, when the
reaction energy with L™ =CF;~ was calculated at the BP86/
TZVPP level, it decreased from 406 (SV(P)) to
349 kJmol ™', well within the range of the MP2 (344) and
B3LYP (355) values. Thus it follows that reaction energies
for non-isodesmic reactions with the flexible TZVPP basis
are more reliable. Since, in our experience and as shown in
the preceding section, the MP2/TZVPP level gives better
geometries and energies than the B3LYP/TZVPP level P!
the MP2/TZVPP values in Table2 were chosen as the
anchor point for the calculation of the ligand affinity LA
below.

Concepts for analyzing the stability and coordinating ability
of a WCA on computational grounds: With the following
reasonable suggestions the relative stability and coordinat-
ing 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 reac-
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tion.'!! A measure for the intrinsic stability of a given WCA
is the Lewis acidity of the parent Lewis acid A, for example,
B(C4Fs); for the [B(C¢Fs),]™ ion. A firmly established mea-
sure for Lewis acidity is the fluoride ion affinity FIA calcu-

lated through an isodesmic reaction [Eq. (3)]:*”

isodesmic,
A+OCFy;, — > AF +OCE,
BP86/SVP

OCF, +F ——  OCFy’
experimental value

“AH=FIA
A+F ——— 7 » AF 3)

We calculated the FIAs according to this known®”
scheme, and all FIAs of the parent Lewis acids A of the
WCAs examined are included in Table 5 below. The previ-
ously established®™ anchor point for this scale is the experi-
mental FIA of OCF, of 209 kJmol™". The higher the FIA of
A, the more stable is the respective WCA towards ligand
abstraction. For comparison, the FIAs calculated® by
Christe and Dixon are also included in Table 5 below.

The approach as in Equation (3) works very well as long
as the WCAs do not contain fluoride bridges. In this case
the reactions are non-isodesmic, and therefore additional
calculations had to be performed to allow a reliable evalua-
tion of the FIA of the parent Lewis acids of these WCAs.
To evaluate the FIA of Sb,Fs, (n=2, 3, 4) giving the fluo-
ride bridged anions [Sb,Fs,,,]” (n=2, 3, 4) the FIA was cal-
culated by two separate calculations:

e The FIA of the doubly fluoride bridged ALF; (D)
giving the singly fluoride bridged ALF,” ion was calcu-
lated on the basis of the average of G2 and CBS-Q cal-
culations as 500 kJmol™". 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 kImol ™!, lending credibility to these values.

@ The FIAs of Sb,Fs, (n=2, 3, 4) were then calculated for
an isodesmic reaction of ALF,” and Sb,Fs, giving
[Sb,Fs, 1]~ and ALF, by adding the reaction enthalpy of
the latter reaction to the FIA of ALF, of 500 kJmol ™,
that is, Equation (4) for [Sb,F;;]™.

isodesmic,
Sb,F o + AL, ———— = SbyF| "+ ALFg
BP86/SVP

non isodesmic,
AlLFg + OCFy

ALF; +OCF,
(G2 + CBS-Q)2

OCF,+F —— > OCFy
experimental value

-AH=FIA .
SbyFjg+F ——— " » Sh,F}, @)

Similarly the FIAs of [(RO);AIFAI(OR);]™ and [F,C¢{1,2-
{B(C4Fs),},JF]~ were assessed in isodesmic reactions of
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ALF;,” and the Lewis acids 2AIl(OR); and F,C4{1,2-
{B(C4Fs),},} giving 2 AlF; and the fluoride-bridged anion.
From this reaction energy and the FIA of 2 AlF;, calculated
on the basis of the average of G2 and CBS-Q calculations of
—705kJmol™!, the FIA of 2AI(OR); and F,C1,2-
{B(C¢Fs),},} followed, that is, Equation (5) for [(RO),AlF-
AI(OR);] .

isodesmic,
2 AI(OR); + ALF;, ———  (RORAI-FF-AIOR); +2 AlF;
BP86/SVP
non isodesmic,
2 AlF; + OCF5 ALF; + OCF,
(G2 +CBSQ)2
OCF2 +F OCF3-
experimental value
—-AH =FIA
2 AIOR); +F RORAIF-AIOR); o)

2) Additionally, we also directly assessed the ligand affinity
LA of all types of WCAs. The LA is the enthalpy of reac-
tion necessary to remove the anionic ligand L~ from the
anion [M(L),]” [Eq. (6)].
M(L), ~=5M(L), ; +L° (6)
The LA was partitioned into two parts: the first was an
isodesmic reaction that also allowed reliable calculations for
very large systems at the DFT level BP86/SV(P). The
second reaction contains much smaller species, but is non-
isodesmic. Therefore, the computationally much more ex-
pensive, but also more reliable, MP2/TZVPP level was se-
lected to assess the second part. The LA was then obtained
by a simple addition of the two equations [Eq. (7)].

isodesmic,
— ML), + AL
BP86/SVP

M(L)n’ +AlF 3

non isodesmic,
FALLT ——— AlF;+L°
MP2/TZVPP

AH=LA

M(L)n- M(L)n-l +L (7)

The LA is always endothermic, and the larger the positive
LA value in Table 5, the more stable is the WCA versus
ligand abstraction. However, a word of caution is needed
here: The LA also reflects the stability of the generated L™
ion. Thus, if L~ is stable, like L™=0C(CF;);~ or OTeFs,
the LA is relatively low compared to less stable anionic li-
gands such as L™ =C4H;s~ or C4H;(CF;),™.

3) To assess the stability of a WCA towards 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. (8)] and Cu™ [soft,
Eq. (9)] were calculated in which PD stands for proton de-
composition, and CuD for copper decomposition.
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M(L), + H' #=2M(L),; + HL (8)
M(L); + Cu*2=22,M(L),_, + CuL (9)

The PD and CuD allow conclusions to be drawn on the
stability of a given WCA of type [M(L),]” upon reaction
with a hard (H*, PD) or soft (Cut, CuD) electrophile.
Since a gaseous anion and a gaseous cation react in Equa-
tions (8) and (9) to give two neutral species, PD and CuD
are both exothermic. The less negative the PD and CuD
values in Table 5 are, the more stable is the WCA against
electrophilic attack. For gas-phase acidities of neutral
Brgnsted acids including H[CB,;F},], see reference [43].

4) The energy of the HOMO of a WCA is related to its re-
sistance towards oxidation. The lower the HOMO energy,
the more difficult it is to remove an electron and thus to oxi-
dize the WCA.

5) The HOMO-LUMO gap in Table 5 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 [Sb,F, ]~ or
[As(OTeFs)¢]~ are an indication of the potentially oxidizing
character of these anions, which may interfere with counter-
cations sensitive towards oxidation.

6) As a measure for the coordinating ability of an anion the
partial charges of the most negatively charged atom (g,,)
and most negatively charged surface atom (gq,) are collect-
ed in Table 5 (see later). Clearly, low charges are an indica-
tion 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 therefore un-
available for coordination. In this case, the charge of the
most basic accessible surface atoms q,,; appears to be a
better measure.

Reactions with SiMe;* and [Cp,ZrMe]": To illustrate the
meaning of abstract quantities such as FIA, LA, PD, and
CuD, we explicitly calculated reactions of the examined
anions with two common reactive counterions: SiMe;* as
the simplest organometallic silylium ion, and [Cp,ZrMe]™ as
the prototype for all zirconocene-based olefin polymeriza-
tion catalysts. To account for effects of the reaction medium,
we also calculated the respective solvation enthalpies with
the COSMO model at the BP86/SV(P) level. The total ener-
gies and COSMO solvation energies for SiMe;*,
[Cp,ZrMe] ™", LSiMe;, and [Cp,Zr(Me)L] in PhCl (¢,=5.69),
and 1,2-F,C¢H, (¢,=13.38) as solvents can be found in the
Supporting Information. Since two ions react with formation
of two neutral molecules, solvation effects are crucial for the
sign of the decomposition enthalpy.

Reactions with SiMe;*: The free SiMe;* ion is unknown in
condensed phases, but its arene adduct is accessible. Free
simple SiR;* (R=Me, Et, etc.) silylium ions either coordi-
nate or decompose the counterions. The only structurally
characterized example of a free and truly tricoordinate sily-
lium ion is the more bulkily substituted SiMes;* ion (Mes=
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2,4,6-Me;C¢H,) partnered with the [CB,;;ClgMesH]™ ion.”!
However, it is known that this cation is also moderately
stable with the [B(C¢Fs),]™ ion. For an overview on the liter-
ature before 1998, see reference [44]. With this background,
it is instructive to analyze Table 3, in which all reaction ener-
gies in the gas phase and in solution according to Equa-
tion (10) are collected.

[M(L),]” + SiMe! 2=, L-SiMe; + M(L),_, (10)

Table 3. Reaction energies in the gas phase (g) and in solution in PhCl
(6,=5.69) and 1,2-F,C.H, (¢,=13.38) according to Equation (10).

Anion AU(g) AUppq AU o rcm,
BF, —622 -272 -210
PF, —566 228 —168
AsFy~ —534 —203 —145
SbF,~ —471 —164 -109
Sb,F,,~ —437 —~149 —-98
SbsF¢~ —404 —140 -93
Sb,F,,~ —402 —145 —100
[B(OTeFs),]~ —404 -157 114
[As(OTeFs)s] —388 —144 -102
[Sb(OTeFs),] —337 —94 —52
[AI(OR),] [ —400 —142 —96
[(RO);AIFAI(OR),] 1! —301 (=379) —65 -23
[B(CFs).] —488 —232 —187
[B(CF;),]~ —348 —49 +5

[a] R=C(CF;)s. [b] Kinetic (thermodynamic) value, that is, isomer I (iso-
mer II) (see Appendix).

Since the number of particles on each side of Equa-
tion (10) is the same, entropy is not expected to change the
reaction energies. All anions except for the smaller
[B(CF;),]~ in the most polar solvent 1,2-F,C,H, are incom-
patible with the reactive SiMe;* ion.

Reactions with [Cp,ZrMe]*: To achieve living polymeriza-
tion and 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 cata-
lyst.'*d The reactive [Cp,ZrMe]* ion is the prototype of
this kind of catalyst,'* and therefore we were interested in
understanding whether the stability of the mainly used
[B(C4Fs) ]~ and related WCAs is thermodynamic or kinetic
and how other types of WCAs compare to the [B(C¢Fs),]™
ion. Therefore, the decomposition as in Equation (11) was
analyzed (Table 4).

[ML,]” + [Cp,ZrMe]* 2=, [Cp,Zr(Me)L + ML,_, (11)

Similar to Equation (10), the number of particles on both
sides of Equation (11) is the same and, therefore, entropy is
not expected to change the reaction energies. From Table 4
one notes that [Cp,ZrMe]? is less electrophilic than SiMe;™,
but the majority of the solution decomposition reactions are
still exothermic, that is, the stability of catalysts with, for ex-
ample, B(C4F5),]” as a WCA 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 decomposition (i.e., [B(C¢Fs),]”, [B(CF;),]”) perform
much better than in the reaction with SiMe;*. Still there are
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Table 4. Reaction energies in the gas phase (g) and in solution in PhCl
(e;=5.69) and 1,2-F,C¢H, (¢,=13.38) according to Equation (11).

Anion AU(g) AUpnar AU pem,
BE, —542 215 ~155
PF, 486 ~170 113
AsFq~ —454 —146 —90
SbF,~ -391 —106 =55
Sb,F);,~ —356 -92 —44
SbiFys~ —324 —83 -39
SbyFy~ 32 —88 —45
[B(OTeFy),]" —346 117 76
[As(OTeFs)]” ~330 104 —64
[Sb(OTeFs)|” ~279 55 14
[AI(OR),] 347 ~107 63
[(RO),AIFAI(OR),] ! —249 (—171) -30 +10
[B(C4Fs).]™ -353 ~118 75
[B(CE,)]~ —214 +64 +115
[a] R=C(CFs;)s. [b] Kinetic (thermodynamic) value, that is, isomer I (iso-

mer II) (see Appendix).

other easily accessible WCAs, such as [AlI(OR),]™, which
have the same stability as the most frequently employed
WCAs (i.e., [B(C4Fs)4]7).

Discussion

Stability and coordinating ability of the WCAs based on
LA, FIA, PD, CuD, HOMO level, HOMO-LUMO gap,
and partial charges: Ligand abstraction**! and hydrolysis
are frequently observed decomposition pathways for WCA:s,
and, therefore, the computational approach to calculate LA,
PD, and CuD mimics experimental observations. Examples
of ligand abstraction include reactions of SiPh;t with
[B(OTeF;),] ., and  [Me(Ph;P),Pt(OEL)]*[B(ArY),]
(ArF=C4H,(CF;),) ;! also the [B(C4Fs),]™ ion rapidly de-

grades in the presence of AIR,* ™! RZn* ¥ and H* ions
(R=Me, Et) if no donor solvent is present (e.g., OEt,).
However, by calculations only the underlying thermodynam-
ics can be assessed, and kinetic barriers against decomposi-
tion may additionally stabilize a given WCA (see
AL(OR)sF structure below). Also decomposition pathways
other than ligand abstraction may occur; this was, for exam-
ple, recently shown for the [B(CF;),]” ion.""*"! The data in-
cluded in Table 5 cannot be taken as absolute, but since the
same methods were used for all calculations, relative trends
will definitely be correct. For the carborane-based anions
the FIA, LA, PD, and CuD cannot directly be assessed, and,
therefore, these WCAs were excluded from this approach.
All calculated values are collected in Table 5.

Table 5 reveals the outstanding capability of the [SbsF¢] ™,
[Sb,F,]~, and [Sb(OTeFs)s]- WCAs to stabilize highly oxi-
dizing cations even in anhydrous HF (see FIA, PD, HOMO
level). This stability versus oxidation must be traded for sen-
sitivity to reduction (see gap in Table 5). Moreover, the fluo-
roantimonates 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 SiF, and H,O, which re-enters the cycle.
This sensitivity towards moisture allows the use of these
WCAs in only a few laboratories worldwide. In terms of co-
ordinating ability, these WCAs are more coordinating than
others (cf. gy, and Ggu)-

For the borate-based anions it can be seen from Table 5
that fluorination greatly increases the thermodynamic stabil-
ity of all fluorinated borates relative to the nonfluorinated
[B(C¢Hs),]~ ion (see FIA, LA, PD, CuD, HOMO level,
gap). The differences between the commercially available
[B(C¢Fs),]~ and [B(C4H;(CF;),),]- WCAs are small, but di-
borane-based anions such as [F,C4{1,2-{B(C4Fs),},}X]” (X=

Table 5. Calculated properties of WCAs: FIA of the parent Lewis acid; LA, PD, and CuD of the WCA; position of the HOMO of the WCA [eV];
HOMO-LUMO gap of the WCA [eV]; partial charge of the most negatively charged atom g,,; and partial charge of the most negatively charged sur-

face atom @y

Anion Symmetry FIA FIAP" LA PD CuD HOMO Gap gy Geurt
[kImol™'] [kJmol™'] [kIJmol™'] [kImol™] [kImol ] [eV] [eV]

BE,” T, 338 34817 el —1212 521 —-1.799 10.820 —025F —0.25F
PE,~ Dy, 394 3977 el —-1156 —465 —2.672 8802 —044F —044F
AsFg~ Dy, 426 44367 el —1124 —433 —3.149 6284 —044F —044F
SbF,~ Dy, 489 503071 el —1061 —371 —3911 5135 —044F —0.44F
Sb,F,;~ vs Sb,Fy, (o 549 - el —-1026 —-336 —5540 4336 —040F —040F
SbsFy5~ vs SbsFys G 582 - el —994 303 —6.342 388 —038F —0.38F
Sb,F,,~ vs Sb,Fy, Gy, 584 - el -991 -301 -6.579 3256 —039F —0.39F
[B(OTeFs),]” (o 550 - 274 —~1040 —420 —5811 2593 —040F —040F
[As(OTeFs)]- G, 593 - 290 —-1023 —403 —6.335 2204 —-0.620 —040F
[Sb(OTeFs)] G, 633 - 341 -973 -353 —6.610 2326 —0.610 —0.39F
[AI(OR),]” (R=C(CF;);) S, 537 - 342 —1081 395 —4100 6747 —0240 —020F
[(RO),AIFAI(OR);] > G 685! - 441 (363)  —983 (—1061) —297 (=375F) —4.987  6.500 —0.230 —0.20F
[B(CeHs),] S, 342 - 324 —1402 —649 —2.150 4087 —-045B -0.05H
[B{CsH;(CF),}.]~ S, 471 - 382 —1251 —506 —3789 3816 —044B —0.22F
[B(CeFs),] S, 444 - 296 1256 538 -3130 4196 —021F —021F
[B(CF;),]~ T 552 - 490 1136 -379 -3.530  9.158 —0.58B —021F
[F,Co{1,2-{B(C4Fs).),)F] C 510 - 328l —1224 —506!! —3274 3861 —0.54B —022F
[F,Ce{1.2-{B(C4Fs),},JOMe] 1 ¢, 510 - 58614 —10611 —332ul -3.101 3754 —0.68B —0.22C
[F,Ce{1.2-{B(C4Fs),},JOMe] ' ¢, - - 305! —12471 —529¢ - - - -

[a] LA and FIA are identical. [b] FIA vs 2Al(OR); (R=C(CF;)s). [c] Against CsF5~ (LA) or EC¢F;s abstraction (E=H: PD, E=Cu: CuD). [d] Against
OMe~ (LA) or EOMe abstraction (E=H: PD, E=Cu: CuD). [e] Values in parentheses correspond to the formation of Al,(OR)sF isomerI (see text)

(R=C(CF5),).
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F, OMe) are even more stable WCAs. Of all borates the
novel [B(CF;),]” ion is the most stable with respect to the
examined decomposition pathways. However, see refer-
ence ™Y for an experimental investigation of other decompo-
sition pathways.

The stability of the perfluoroalkoxyaluminate [Al(OR),]~
(R=C(CF3)3) with respect to FIA, PD, CuD, HOMO level,
and gap in Table 5 is remarkable and higher than that of all
borates except the [B(CF;),]” ion, which has comparable
values. The [AI(OR),]” ion even comes close to the oxida-
tion resistance and low PDs of the fluoroantimonates and is
in part even better than those of the teflate-based anions. In
contrast to the last two types of anions, the synthesis of the
perfluoroalkoxyaluminate [Al(OR),] is straightforward and
can be performed in conventional inorganic laboratories
worldwide. This shows the great potential of this special
type of anion for chemistry. An even better choice would be
the fluoride bridged [(RO);AIFAI(OR);]™ ion, which is
among the best WCAs according to each entry in Table 5,
but this WCA is only known as a decomposition product.*"
However, we recently established a direct synthesis of a
silver salt of this WCA.[*) For other new, fluoride-bridged
aluminates, see reference [7d].

Inclusion of solvation enthalpies: Silylium and zirconoceni-
um ions are two prominent examples for the application of
WCAs to stabilize reactive cations. To compare the relative
stabilities of WCAs [M(L),], we analyzed their decomposi-
tion reactions with SiMe;™ and [Cp,ZrMe]* as reactive
counterion in the gas phase and in solution [PhCl and 1,2-
F,C¢H,, see Egs. (10) and (11)].

Gas-phase values versus (calculated) solution values—are
solvation energies necessary to evaluate the WCAs?: In this
section, we investigate the extent to which the gas-phase
data in Table 5 can be transferred to reactions in solution.
To illustrate this point we plotted the solvation reaction en-
ergies AU of Equations (10) and (11) in PhCl and 1,2-
F,C,H, against the FIA of the respective WCA in the gas
phase (Figure 2).

Figure 2 shows that a roughly linear relationship exists be-
tween the FIA in the gas phase and the reaction energies
AU in solution. This is taken as clear evidence that the re-
sults obtained from gas-phase calculations (i.e., those in
Table 5) can be used to extract meaningful answers for reac-
tions in solution. The only exception from this notion is
found for the relatively small [B(CF;),]~ ion (see below for
reasons).

Relative stabilization by solvation: The extent to which a re-
action is stabilized by solvation enthalpies is analyzed in
Figure 3. Here the stabilization A(A,U) of the gas-phase re-
action by solvation enthalpies in the most polar solvent 1,2-
F,C¢H,, that is, A(A,U)=AU(g)—A.U(1,2-F,CsH,), was plot-
ted against the number of atoms of the anion, which was
taken as a measure of its size and thus also for the absolute
value of the solvation enthalpy, which is roughly inversely
proportional to the ionic radius (e.g., see the simple Born
equation). Thus, reactions with smaller anions are expected
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Figure 2. Solvation reaction energies AU of Equations (10) and (11) in
PhCl and 1,2-F,CH, versus the FIA of the respective WCA in the gas
phase. ¢: Equation (10) in PhCl; o: Equation (10) in 1,2-F,CH,; A:
Equation (11) in PhCl; x: Equation (11) in 1,2-F,C¢H,.
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Figure 3. Stabilization ~ of  reactions by  solvation
A(AU(g)—-AU(1,2-F,C¢H,)): « Equation (10), o Equation (11).

enthalpy.

to be more stabilized by solvation enthalpies than those
with larger anions (Figure 3).

For small anions such as BF,” and PF,~ the stabilization
A(AU) is large and may approach 400 kJmol™'; with in-
creasing anion size, the relative stabilization decreases
quickly to about 250-300 kJmol~'. 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 Figures 4 and 5, in which the gas-phase and solu-
tion reaction energies of Equations (10) and (11) are plotted
for all WCA:s.

From the preceding, we learn the following: 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 gas phase values such as FIA, PD or CuD can also
be used. 2) The best solution for stabilizing a given reactive
cation would be a very small WCA that is very stable
against ligand abstraction and very weakly coordinating so
that competition with anion coordination is excluded. Prob-
ably one of the best compromises in this respect is the
[B(CF;),]” ion; however, very recently other decomposition
reactions of this anion were found™®! and show that this
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Figure 4. Gas-phase and solution reaction energies of Equation (10). A:
in 1,2-F,C¢H,; 0: in PhCl; ©: gas phase.
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Figure 5. Gas-phase and solution reaction energies of Equation (11). A:
in 1,2-F,C¢H,; 0: in PhCl; ©: gas phase.

anion is not as ideal for stabilizing reactive cations as might
be anticipated from the data in Table 5.

Using the data in Table S—prediction of reactions: Especial-
ly the FIA and LA in Table 5 are valuable tools for predict-
ing the outcome of hitherto unknown reactions.

Application of the LA—assessment of WCA stability in the
presence of a target cation: With some small extra calcula-
tions or estimations, the LA in Table 5 can also be used to
assess the stability of a WCA in the presence of a reactive
target cation. Let us consider the carbene-analogous PCl,*
ion as an example for a desired reactive target cation and
the WCA [AI(OR),4]™ as the counterion [i.e., the decomposi-
tion as in Eq. (12)].

PCL; + [AI(OR),]~ — ROPCI, + Al(OR), (12)

The first step is to calculate the target cation and the neu-
tral species resulting from the reaction of the cation and the
anion, that is, PCl,* and ROPCl,. If the (affordable) BP86/
SV(P) level is chosen, one can use Equation (12) and the
total energies of [Al(OR),]” and AI(OR); given in this arti-
cle to directly calculate the (isodesmic) gas-phase reaction
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energy of Equation (12) as —447 kImol~!. However, if
other, for example, higher correlated methods are used, the
next step is to separate Equation (12) into two parts
[Eq. (13) and LA].

AU = 789
—_—

PCL,* +OR® RO-PCI, 13)
[AIOR),T —A=32 | R0+ AIOR), @LA)
PCL* + [AIOR),T 2 =47 RoPCL + AIOR), (12)

Equation (13) can be calculated directly, but an isodesmic
route is more accurate.”” Adding Equation (13) and the LA
gives the desired gas-phase reaction energy of Equation (12)
as —447 kJmol~'. Thus, with two relatively small calculations
and the data from this article, the stability of the 18 WCAs
collected here with a desired target cation in the gas phase
can be checked. Equation (12) contains two particles on
both sides, so entropy can be neglected, but since two ions
react to form two neutral species, solvation should be taken
into account. Thus, to examine whether the salt PCL*
[AI(OR),]” is stable in PhCl or 1,2-F,C¢H, solution, the
COSMO solvation enthalpies of PCl,* and ROPCI, must be
calculated at the BP86/SV(P) level. Together with the
COSMO solvation enthalpies of [AI(OR),]” and Al(OR),
included in this article, next the solution stability of Equa-
tion (12) was assessed. As expected, solvation greatly stabi-
lizes Equation (12) in PhCl by 291 kJmol™! and in 1,2-
F,C¢H, by 343 kI mol ™, but in both solvents the decomposi-
tion is still considerably favorable (by —157 and
—104 kJmol ™!, respectively). This is in line with recent ex-
periments that showed that the PCl,* ion, generated from
Ag*[AI(OR),]” and PCl;, completely decomposed the
[AI(OR),]” ion.™! However, the analysis for the fluoride-
bridged [(RO);AIFAI(OR);]- as WCA in Equation (12)
shows that the gas-phase reaction is only unfavorable by
—348 kJmol™!, and by —31 kJmol~! when solvation is taken
into account in the most polar solvent; this suggests that the
PClL,* ion may be marginally stable with this WCA in solu-
tion at low temperature.

Estimating the success of fluoride ion abstraction: synthesis
of FCO*[X]  as a target salt: With the FIAs collected in
Table 5 fluoride ion abstractions can be planned. A likely
candidate for such a reaction is the formation of a OCF™*
salt from OCF, and a Lewis acid. As example in Equa-
tion (14) we selected the M(OTeFs); Lewis acids (M= As,
Sb), which—although the antimony representative is very
unstable—are the strongest monomeric Lewis acids known
(see Table 5). Equation (14) also has two particles on each
side, and therefore entropy is not important.

The reaction energy of Equation (15) is most accurately
obtained by an isodesmic reaction (see ref. [51]), and with
the small effort of calculating OCF*, OCF,, and OCF;~ as
well as taking the FIA of M(OTeFs)s (Table 5), one can esti-
mate that Equation (14) is unfavorable in the gas phase by
483 (As) or 443 kImol ™ (Sb). To account for the important
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AU =-593/633 kJ mol’!
M(OTeFs);s + F

[FMOTeFs)s]”  (FIA)

AU =1076 kJ mol!
F,CO———»FCO* + F 15)

AU = +483/+443 kI mol!
M(OTeFs) + F,CO ———————— FCO"+ [F-M(OTeFs)]™ (14)

solvation effects, the COSMO solvation enthalpies of F,CO
and FCO* were calculated; those of M(OTeFs); and
[FM(OTeFs)s]~ were taken from the Supporting Information
of this paper. Then the reaction energy of Equation (14) in
the most polar solvent (g,=13.38) followed as +98 (As)
and 458 kJmol ™ (Sb). This estimate suggests that the salt
OCF*[FM(OTeFs)s] ™ is not a promising target for synthesis
in solvents of this polarity."” A weakly basic and more polar
solvent with ¢, >14 may promote the formation of dissolved
OCF™*[FSb(OTeFs);s]™ due to the higher solvation enthalpies
for the ions. From the preceding it appears unlikely to pre-
pare a FCO* salt in solution with the Lewis acids in
Table 5. This conclusion is in agreement with previous un-
successful attempts to prepare FCO* salts by reaction of
F,CO with even a large excess of MFs (M = As, Sb).’¥l How-
ever, it was found that the less reactive CICO* can be ob-
tained from FCICO and SbiF;5.">> Similar to the above
procedure for FCO* we estimated the reaction energy for
the reaction of SbyF,5 with CIFCO to give CICO™*[Sb;Fq]”
as favorable in solution by —15kJmol™!, which is in good
agreement with the experiment and lends support to the
predictive power of the data collected in this article (see
Supporting Information).

Conclusion

The FIA, LA, PD, CuD, HOMO level, HOMO-LUMO
gap, and partial charges of a large group of representative
good WCAs were calculated (Table 5). Analysis of the cal-
culated data showed that there is no simple “best anion”,
and that a decision for a particular anion must be based on
several criteria. Some anions are more stable towards soft
electrophiles (see CuD) and others towards hard electro-
philes (see PD). In terms of coordinating abilities, the fluori-
nated organoborates and alkoxyaluminates are clearly less
coordinating than all fluorometallates or teflate-based
anions (see gy, and qq,;). Media effects, that is, solvation en-
thalpies, are important, but from an anion size of about
25 atoms upwards, solvation only adds a constant factor to
the gas-phase reaction energy. The calculated solution de-
composition reaction energies with SiMe;* and [Cp,ZrMe]*
in PhCl and 1,2-F,C¢H, showed that the frequently used
[B(C¢Fs5),]~ counterion is thermodynamically unstable with
these cations and that the observed (small) solution stability
of substituted silylium and zirconocenium salts should be ki-
netic. However, other available WCAs perform better than
[B(C¢Fs5),]~ and should therefore be tried in future in silyli-
um and zirconocenium ion chemistry. We have shown that
the FIA and the LA in combination with COSMO solvation

Chem. Eur. J. 2004, 10, 5017 —5030 www.chemeurj.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

calculations are valuable tools for determining the outcome
of known reactions, that is, the solution stability of PCl,*
and OCX™ salts (X=F, Cl). The calculated thermodynamics
of these reactions mirrored the experiment and, by extrapo-
lation to unknown reactions, this approach should be valu-
able for predictions of completely unknown transformations.
The calculated data collected in Table 5 allow the assess-
ment of relative thermodynamic stabilities of the respective
anions in the presence of a desired target cation and to base
a decision for a particular anion in preparative chemistry on
several calculated thermodynamic criteria and not only on
chemical intuition.

Computational Details

All calculations, except the G2 and CBS-Q calculations, were performed
with the program TURBOMOLE."! The geometries were optimized at
the (RI)-BP86,°*! B3LYPP**) and/or (RI)-MP2F¥ level with the SV(P)"*!
and TZVPP basis sets.[”) Frequency calculations!® of hitherto unknown
compounds were performed at the BP86/SV(P) level, and all species rep-
resent true minima without imaginary frequencies on the respective po-
tential-energy surface. The G2/ and CBS-Q!* calculations were done
with Gaussian98.! Reaction energies are given at 0 K and do not in-
clude the zero-point energy; however, the error associated with this pro-
cedure is usually very small and has no influence on relative trends. For
the G2 and CBS-Q calculations zero-point energies (MP2/TZVPP quali-
ty) and thermal corrections to the enthalpy at 298 K, as calculated with
the program FreeH included with TURBOMOLE on the basis of the
MP2/TZVPP geometries and frequencies, are included (see Supporting
Information for a comment on this procedure). Approximate solvation
energies (Ph—CI solution with ¢,.=5.69 and 1,2-F,C¢H, solution with &,=
13.38) were calculated with the COSMO model® at the BP86/SV(P)
(DFT) level using the BP86/SV(P) geometries.

Appendix

Calculations of [M(L),]”, [M(L),_;], and [FM(L),_,] : Starting geome-
tries for the optimization of most of the species were the orientations of
available solid-state structures. For compounds not characterized by a
solid-state or gas-phase structure, reasonable guesses for a starting geom-
etry were obtained by force-field methods including molecular dynam-
ics!! and subsequent optimization of several isomers with BP86/SV(P).
The nature of the stationary points obtained for the hitherto unknown
species was examined by frequency calculations, and all compounds in-
cluded in this paper are true minima with no negative eigenvalues of the
Hessian matrix. Graphic representations of all compounds not shown in
the Appendix are known from X-ray or electron diffraction and therefore
not depicted. However, a figure of each such compound can be found in
the Supporting Information.

Fluorometallate anions: This category has long been known, and the
solid-state or gas-phase structures of almost all compounds included here
are available, that is, those of BF; (ED), BF,” (XRD), MF;s (ED), MF,~
(M=P, As, Sb; XRD), Sb,F;,~ (XRD), Sb;F;5 (ED), Sb;F;s~ (XRD),
Sb,F,, (XRD), and Sb,F,;” (XRD). The total energies and selected struc-
tural parameters of all calculated species are collected in Table 6. A com-
parison of the calculated and experimental parameters of the compounds
in Table 6 shows good agreement for those species for which reliable ex-
perimental data are available. Usually, the calculated bond lengths are
systematically overestimated by about 3-5 pm, as is well known for DFT
calculations.™ For some compounds, the agreement between experiment
and calculation is worse, that is, deviations of up to 10 pm occur for
Sb,F,,~. However, this is also attributed to shortcomings in the refine-
ment of the crystal structures. Fluorinated compounds usually are heavily
affected by librational motion that leads to bond lengths that appear to
be shorter than the true distances, usually by 2-10 pm. Normally, the pa-
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Table 6. Total energies and selected structural parameters of BF;, BF,”, MFs, MF,~ (M=P, As, Sb), Sb,F,,

Sb,oFy 7, SbiFys, SbsFis ™, SbyFyy, and SbyFy, ™.

to these borates are the diborane-
based [F,Cq{1,2-{B(C¢Fs),},JF]” and

[F4Cy{1,2-{B(C4Fs),},}OMe] ™~ ions, in

Species Total energy  d(M—Fiemmina)  EXptl d(M—Feomina)  d(M—Fiigee) Exptl d(M—Fyiqqc) ) . ‘ . o
[Hartree] [pm] [pm] [pm] [pm] which a }mlvalen.t simple anion (F or
OMe") is coordinated to two Lewis
BF; —324.31769 132 1307 - - acidic boron centers. The total ener-
BF,~ —424.20099 142 13767 - - gies and basic structural parameters
PF; —840.24920  ax: 161 ax: 158 - - of these compounds are collected in
eq: 159 eq: 1537 Table 7; for drawings of the diborane
PF” —940.15393 165 1581 - - Lewis acid CF,(B(C4Fs),), and the
AsFs —2734.77740  ax: 174 ax: 171 - - respective anions with F~ and OMe ",
eq: 172 eq: 16617 see Supporting Information. Calculat-
AsFq~ —2834.69432 177 168 - - ed and experimental geometries are
SbF —504.34073  ax: 1(9); - - - in excellent agreement and usually
eq: B
SbE,~ —604.28148 196 188! - - ageee within 3-5 pm. B
SbyFy, ~1008.72990 191-192 - 214 (2x) - The [FiCo{1.2-{B(CeFs)oLIF]" ion con-
SbyF,,~ ~1108.68393 193194  av: 1851 212 av: 20219 tains, to the best of our knowledge,
SbiFs ~1513.10046 191 18100 211-212 (3x) 2042057 the first example of a experimentally
Sb,Fys (trans)  —1613.06689 192-193 181-1841M 218 2x, outer) 197 verified B-F-B bridge. However, no
206 (2, center) 2107 crystal structure data is aVEl}lEl.ble for
SbyFy ~2017.47178 191 18217 211-212 (4x) av: 203 the [F.Cell 2-{B(CFy).LJF]" ion, so
SbyEy (trans)  —2117.43906 192-193 184-1851") 21 (2, outer) 210 that the optimized structure with a B-

203 (2x, middle) 198
211 (2%, center)

F-B bond angle of 116° provides the
only available structural parameters

2017 . . .
for this important species. This B-F-B

rameters of the crystal structures are not corrected for librational
motion; therefore, the differences between experiment and calculations
are larger by the additional amount of the missing librational correction.

The geometries of the Lewis acids Sb,Fs, and the [Sb,Fs,,,]” ions (n=3,
4) were hitherto not calculated by quantum chemical methods and are
shown in Figures 6 (neutral speciess) and 7 (anions). The data for Sb,F,
and [Sb,F};]™ are included for comparison.

192 gb-F-Sh:
'™ e @

Sh-F,
Sh-F,

e 191

||-|.I,;.-: 2n

19 L™

5b-F-5b: 1467, 148" (2x)

Figure 6. Calculated geometries of the Lewis acids Sb,Fs, (n=2, 3, 4).

No symmetry restraints were imposed on the molecules during optimiza-
tion, but while Sb;F;s and Sb,F,, remained in C,, the Sb,F;; minimum
shows D,, symmetry. Note that the two sets of bridging Sb-F-Sb bond
angles in solid Sb,F,, (141 and 170°) are to a lesser extent also retained
in the optimized calculated structure (143, 149/150°). Still the question re-
mains whether or not the bond angle of 170° in the experimental struc-
ture is due to librational/packing effects.

Larger borate-based anions: The long-known parent compound of these
anions is tetraphenylborate [B(C¢Hs),]~, which becomes more stable and
less coordinating upon replacing hydrogen atoms by fluorine atoms or
CF; groups."™ Almost all geometries of the [B(L),]” type of anions and
their corresponding Lewis acids B(L); are available experimentally (i.e.,
L=Ph, CFs, CsH;(CF;),; for L=CF; only the anion). A recent addition
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bridge is of great interest for under-

standing exchange processes of BF;
with other BX; (X=Cl, Br, I) compounds. In contrast to the computa-
tional predictions for the [X;B—F-BX;]™ ions (X=F, Cl),*” the B-F-B
bridge in [F,C4{1,2-{B(CFs),},JF] ™ is not linear. Upon F~ complexation,
the geometry requirements of the resulting five-membered C,B,F ring
certainly account for this deviation from linearity. Note that the bridging
B—F distance in [F,C¢{1,2-{B(C¢Fs),},JF]™ is about 19 pm or 13% longer
than that calculated for the terminal B—F bond in [FB(CFs);]~. This
should be compared to the elongation of the terminal Sb—F bond in
SbF¢~ upon complexation with SbFs and formation of the F-bridged
[Sb,Fy;]” ion of 16 pm or 8%. Therefore, the bridging fluoride in
[F4C4{1,2-{B(C4Fs),},}F]™ is more labile that that in [Sb,F);]".
Aluminate-based anions: The perfluoro-tert-butoxyaluminates are a
recent addition to the WCAs.P»8] The structures of [AI(OR),]
and centrosymmetric [(RO);AIFAI(OR);]~ are known (R=C(CF,),).”"
Neither [FAI(OR);]™ nor AI(OR); and AlL,(OR)sF are known experimen-
tally. However, the Al(OR);THF adduct has been prepared,® and pre-
viously Al(OR); was also optimized by DFT theory.* The current opti-
mized structure including the two short AI-F contacts at 212 and 214 pm
is in good agreement with that published. Two structures of the parent
Lewis acid of [(RO);AIFAI(OR);], that is, AL(OR)sF, were found: the
O- and F-bridged isomer I was preoptimized with molecular mechanics
and subsequently fully optimized by DFT, while isomer II was obtained

193

Figure 7. Calculated geometries of the anions [Sb,Fs,,,]” (n=2, 3, 4).
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Table 7. Total energies and selected structural parameters of B(C¢Hs);, [FB(C4Hs)s] ™, [B(CsHs)s] ™, B(C4Fs)s,

[FB(CeFs)s]™, [B(CsFs)i]™, B[CeH3(CFs),ls, [FB{CsH;3(CFs)oks]

[B{CeH3(CF;),)] ",

F,C4{1,2-[B(C4F5)alo},

[F4Co{1,2-[B(CeFs)lLJF] ", [FyCo{1,2-[B(CF5),]}OMe] ", B(CFs);, [FB(CF;);] . and [B(CFs3),]” (E=F, O, C).

Species Total energy d(B—E) Exptl d(B-E)
[Hartree] [pm] [pm]
B(C4Hs)s —719.29596 B—C: 158 B—C: 156"
[FB(C¢Hs)s]~ —819.18095 B—C: 165 -
B—F: 146
[B(C¢Hs),]™ —950.83873 B—C: 166 B—C: 164"
B(C4Fs)s —2206.75303 B-C: 157 -
[FB(C¢Fs)s]~ —2306.67670 B—C: 167 B-F: 143
B-F: 143 B—C: 165"
[B(C4Fs).]™ —2934.16731 B—C: 167 B—C: 165!
B{C¢H;(CF;),}; —2740.16531 B—C: 157 B—C: 165
[FB{CsH;(CF).};]~ —2840.09918 B—C: 165 -
B—F: 145
[B{CsH;3(CF3),}4]~ —3645.39000 B—C: 166 B—C: 163-164""
F,C¢[1,2-{(B(C4Fs),}] —3586.44640 B—C: 157-158 B—C: 157
[F,Cs{1,2-[B(C4F5),]L}F]~ —3686.39740 B—C: 161-164 -
B—F: 162-163
[F,Ce{1,2-[B(C4F5),],}OMe]~ —3701.66354 B—C: 162-166 B—C: 158-161
B—0: 159 B-0: 155-157"!
B(CF;); —1037.00999 B—C: 161 -
[FB(CF;);]~ —1136.97489 B—C: 165 B-F: 141
B—F: 143 B—C: 163!
[B(CF;),]~ —1374.57139 B—C: 165 B—C: 1631

Table 8. Total energies and selected structural parameters of AI(OR);, [FAI(OR);]™, [AI(OR),]”, two isomers

of AL(OR),F, and [(RO);AIFAI(OR),]” (R = C(CF,),).

Species Total energy d(AlI-0) d(Al-F) Exptl d(AlI-O/F)
[Hartree] [pm] [pm] [pm]

AI(OR), —3618.91742 171,176 (2x) 212,214 -

[FAI(OR)]" —3718.87659 177,178 (2x) 169 -

[AI(OR),] —4744.54880 176 - 0:173%)
AlL(OR);F (I) —6212.21353 170-173 182, 184 -
(RO);AIFAI(OR), (IT) —6212.18358 170-175 174, 191, 195 -
[(RO),AIFAI(OR);]~ —7337.85243 174-175 183 0: 169, F: 17771

by simply deleting one OR ligand of the structure of the [(RO);AlF-
Al(OR);] ™ ion and optimizing the resulting neutral species. Both species
are true minima with no imaginary frequencies. Isomer I may be viewed
as the thermodynamic product of OR abstraction from [(RO);AIF-
Al(OR);] ", and isomer II as the kinetic (approximately vertical) product.
For the (RO);AIFAI(OR), Lewis acid (isomer II), the crystal structure of
one adduct with OPI,, that is, (RO),AIFAI(OR), OPIL, is known."! The
total energies and basic structural parameters of the aluminum com-

pounds are collected in Table 8.

Comparison to available experimental structures shows that the calcula-
tions reproduce the geometries within the typical 3—6 pm overestimation
of the bond lengths. Two of the optimized Lewis acid geometries, that is,
Al(OR); and (RO);AIFAI(OR), (isomer II), are remarkable in that they
contain Al-F-C bridges to intramolecularly aluminum coordinated CF;

groups at d(Al-F)=195-214 pm.
Upon coordination, the respective C—
F bonds are elongated from about
133 to 143-144pm (Al(OR);) or
even 151 pm ((RO);AIFAI(OR),).
This highlights the strongly Lewis
acidic character of the formally tri-
coordinate aluminum centers in
Al(OR); and (RO);AIFAI(OR), (iso-
mer II). Since a considerable atomic
rearrangement from the structure of
isomer II to isomer I must occur, the
(RO);AIFAI(OR), (isomer II) struc-
ture is likely to be initially formed
upon decomposition of the [(RO);Al-
FAI(OR);]” ion for kinetic reasons.

Chem. Eur. J. 2004, 10, 5017 -5030
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Isomer L E, =0

Therefore, we consider isomer II as
being important for the stability of
the anion, as in Table 5. The LA, PD,
and CuD values for the formation of
isomer I in Table 5 are given in paren-
theses. The optimized DFT structures
of the Lewis acids are shown in Fig-
ures 8 (AI(OR);) and 9 (two isomers
of AL(OR)sF).

Teflate-based anions: This class of
anions contains the larger univalent
OTeF;s group as a substitute for the
fluoride ion in the fluorometallate
anions. The solid-state structures of
the compounds B(OTeFs);,
[B(OTeFs),]” [FAs(OTeFs)s]” and
[M(OTeFs)4] (M=As, Sb) are
known; only the structures of
M(OTeFs)s, [F-B(OTeFs);]~, and [F—
Sb(OTeFs)s]” are unknown experi-
mentally. The total energies and
structural parameters of all teflate-
based compounds are collected in
Table 9; a drawing of the optimized
M(OTeFs); structure is shown in
Figure 10.

Comparison of the calculated with
available experimental parameters
shows that the M—O and O—Te bond
lengths in the calculated structures
are 8-10 pm longer than those in the
experimental structures. Similarly, the
calculated M-O-Te bond angles are
10 to 20° more acute than the experi-
mental values. Both observations are
consistent with the notion that the
experimental values may strongly be
affected by libration. Moreover, the
light oxygen atom is always located

Isomer I, E , =+ 79 kI mol"!

Figure 9. Optimized DFT structures of two isomers of Al,(OR)sF.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 9. Total energies and selected structural parameters of B(OTeFs);, [FB(OTeFs);] ", [B(OTeFs),] , M(OTeFs)s, [FM(OTeFs)s] ", and [M(OTeFs)]~
(M= As, Sb).
Species Total energy d(E—O/F) d(Te—O) Exptl d(E—O/F)

[Hartree] [pm] [pm] [pm]
B(OTeFs); —1771.19343 B-0:138 198 B—-0O: 136 Te—O: 187
[FB(OTeFs);]~ —1871.15753 B-0: 150 B-F: 137 193 -
[B(OTeFy),]” ~2353.45910 B-0: 148 194 B-0: 146-147 Te—O: 184186/
As(OTeFs)s —5146.23686 As—O,y: 178 As—0O,,: 182-183 202 -
[FAs(OTeFs)s]~ —5246.21734 As—F: 175 As—O,,: 186 As—O,,: 187 196 As—F: 173 As—0,,: 181 Te—0,,: 185
[As(OTeFs)] ~5728.50888 As—0: 186-186 196 As—O,,: 181 Te—0,,: 1851
Sb(OTeFs)s ~2915.82156 Sb-0,,: 198-199 Sb-0,,: 201 199 -
[FSb(OTeFs)s] —3015.81738 Sb—F: 193 Sb—0O,,: 204 Sb—O,: 205 194 -
[Sb(OTeFy)]” ~3498.11271 Sb—0: 203-204 195 Sb—0,,: 195 Te—0,,: 184!

Figure 10. Optimized BP86/SV(P) structure of M(OTeFs)s. Selected bond
lengths in pm: Asl—04: 178, As1—018: 178, As1—016: 178, As1—05:
182, As1-030: 183, Sb1—04: 198, Sb1—018: 199, Sb1-016: 199, Sbl—
05: 201, Sb1—030: 210; d(Te—O),.: 202 (M= As), 199 (M=Sb); d(Te—
Fave: 191 (M = As,Sb); (As-O-Te),,.: 133°; (Sb-O-Te),.: 130°.

between two very heavy atoms (M and Te), further decreasing the accu-
racy of the determination of the position of the oxygen atom in the crys-
tal structure. Libration would increase the M-O-Te bond angle and de-
crease the M—O and Te—O bond lengths. Therefore, we suggest that the
true M—O/Te—O bond lengths and M-O-Te bond angles should be ex-
pected somewhere between the calculated and the librationally uncor-
rected experimental values. From experimental work it is known!® that
As(OTeFs)s is a stable compound, while the antimony analogue
Sb(OTeFs)s decomposes easily and cannot be used as a reagent. See Sup-
porting Information for a comment.
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AU =-789
—_—

PCL,* + OR” RO-PCI, a3)
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