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An Extensive Set of Accurate Fluoride lon Affinities for p-
Block Element Lewis Acids and Basic Design Principles for

Strong Fluoride lon Acceptors

Philipp Erdmann,” Jonas Leitner,”” Julia Schwarz,” and Lutz Greb*"

The computed fluoride ion affinity (FIA) is a valuable descriptor
to assess the Lewis acidity of a compound. Despite its
widespread use, the varying accuracy of applied computational
models hampers the broad comparability of literature data.
Herein, we evaluate the performance of selected methods (like
DLPNO-CCSD(T)) in FIA computations against CCSD(T)/CBS data
and guide for the choice of suitable density functionals that
allow the treatment of larger Lewis acids. Based on the
benchmarked methods, we computed an extensive set of gas-

1. Introduction

Lewis acids play a vital role in all branches of chemistry, today
more than ever." Lewis acidity, the thermodynamic acceptor
strength of a Lewis acid, strongly determines its efficiency in
bond activation or catalysis. Lewis acidity can be gauged by a
variety of experimental or theoretical methods.”> Most of those
metrics rely on the energetic or spectroscopic output caused by
the binding of a probe Lewis base to the Lewis acid of interest.
The predominantly applied scale is the fluoride ion affinity (FIA)
- the negative enthalpy of the gas phase reaction between a
fluoride ion and a Lewis acid (Figure 1).’! The small size and
polarizability of the fluoride anion minimizes steric repulsion
and keeps second-order effects such as charge transfer, 7-back-
bonding, or dispersion as little as possible. Considering the
fluoride anion as a hard Lewis base, the FIA provides a number
that majorly reflects hard Lewis acidity.”’ Since the experimental
determination of FIA is nontrivial and requires specialized
equipment, it is usually obtained by quantum theoretical
computation.” Hundreds of values have been computed and
used meanwhile, e.g., to evaluate the stability of weakly
coordinating anions.”** If conducted correctly, the computa-
tional FIA-method is endowed with a distinct predictive power
that allows for the in silico preselection of high-potential
candidates. However, the FIA-method also has severe deficien-

[a]l P. Erdmann, J. Leitner, J. Schwarz, Dr. L. Greb

Anorganisch-Chemisches Institut, Ruprecht-Karls-Universitdt Heidelberg

Im Neuenheimer Feld 270, 69126 Heidelberg (Germany)

E-mail: greb@uni-heidelberg.de

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cphc.202000244

' © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

ChemPhysChem 2020, 21, 987 -994 Wiley Online Library

phase and solvation corrected FIA, that is covering group 13-16
elements featuring moderate to strong electron-withdrawing
substituents (190 entries). It permits an unbiased comparison of
FIA over a significant fraction of the periodic table, serves as a
source of reference for future synthetic or theoretical studies,
and allows to derive some simple design principles for strong
fluoride ion acceptors. Finally, the manuscript includes a tutorial
section for the computation of FIA with and without the
consideration of solvation.

LA+ F ___.‘AH [LA-FT This work:
FIA = -AH Handling of the shortcomings.

Benefits of the FIA method:

minimal Lewis base probe
effects (small size and
polarizability of F-)

Shortcomings of the FIA method:

° scattered range of computational
methods (comparability)

@ lack of experimental or
theoretical benchmark data
(reliability)

high predictive power by in
silico preevaluation

° solvation commonly neglected
(interpretation)

large collection available in
literature

| .;> Design Principles for Strong Fluoride lon Acceptors

Figure 1. Benefits of the fluoride ion affinity (FIA) as a measure of hard Lewis
acidity and its shortcomings as a motivation for the present work (LA = Lewis
acid).

cies (Figure 1). First, all previous computations have been
performed on a wide range of theoretical sophistication,
spanning from semi-empirical to highly correlated ab initio
models, with or without isodesmic anchoring. As errors exceed-
ing 100 kJmol™" are possible, this prevents unequivocal com-
parability. Second, the lack of experimental data impedes a
benchmark of the computed FIA and derogates the reliability of
the theoretical results. Benchmark studies on the accuracy of
FIA computations have been presented only marginally.” A
third flaw of the FIA transpires when it comes to the
interpretation of solution-phase experimental data. Since the
fluoride ion binding reaction necessarily involves charged
species, it is strongly affected by solvation energies - both for
cationic and neutral Lewis acids.”**” However, FIA have been
computed commonly in vacuum only. In the present work, we
attempt to handle the mentioned shortcomings.®’ In the first
part, the DLPNO-CCSD(T) method and selected density func-
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tionals are benchmark for FIA computations against canonical
CCSD(T)/CBS reference data. The second part provides an
extensive set of 190 computed FIA for literature-known and
hypothetical p-block element-based Lewis acids, both in the
gas-phase and under consideration of solvation. The presented
data is restricted to the common Lewis acidic p-block elements:
group 13/14/15 in their highest oxidation states as well as
group 15, oxidation state +1ll, and group 16, oxidation state +
IV. Potential aggregation phenomena (e.g., Al,F,—2 AIF;) are
not taken into account.”’ At first, this collection intends to serve
as source of reference for correlations of FIA with other
theoretical/experimental properties or as inspiration for future
synthetic efforts. However, some general trends and maxima
allow to extract empirical design principles for the construction
of potent fluoride ion acceptors, which are attractive for
numerous applications. Finally, a tutorial description for the
computation of FIA is given.

2. Results and Discussion

The geometries for all involved compounds were optimized
with the threefold-corrected PBEh-3c/def2-mSVP composite
method, which reaches the structural accuracy of triple-C basis
set second-order perturbation theory (MP2/TZ) across the
periodic table.”’ Different VSEPR and non-VSEPR structures were
considered as starting points, compared in energy, and the
lowest energy conformers selected for the final single-point
computations. For ligands with the ability of polydentate
binding (e.g., OTf), several coordination isomers were pre-
screened, and the lowest energy isomers considered further. All

optimized structures were verified as local minima by frequency
calculations. ZPEs and thermal corrections at 298.15 K were
obtained from the PBEh-3c computations, as implemented in
ORCA 4.1.2 or 42" For the subsequent single point energy
computation, a benchmark was conducted for a representative
set of smaller Lewis acids. As reference data, non-isodesmic FIA
were computed by coupled-cluster theory with single and
double excitations, including perturbative triples correction,
CCSD(T). The basis set incompleteness error was treated by a
two-point extrapolation scheme to the complete basis set (CBS)
with aug-cc-pVnZ (n=3,4) (Table 1, first column).” The
obtained values are in agreement with the few known CCSD(T)
derived FIA, and reproduce the experimental values of COF,
(208.8 kJmol™") and AIF; (481.2kJmol™") with better than
chemical accuracy (<4 kJmol™").**'? To validate the CCSD(T)/
CBS method further, the challenging bond dissociation energy
of F,, as well as the ionization potential and electron affinity of
the F-atom was computed, and compared against experimental
data (“F-test”, Table 2)." These values are reproduced in
excellent accuracy, providing additional confidence for the
applicability of the CCSD(T)/CBS data as reference and anchor
in all following comparisons.

Generally, for all the lower-level methods, FIA computations
via (pseudo-)isodesmic reactions are mandatory (Figure 2, eqs.
1a/b).2**1 As anchor points, the TMS-system, initially proposed
by Krossing et al. (Figure 2a) and the COF,-system (Figure 2b)
are established.™ First, the enthalpy of egs. 1a or 1b is
computed at a “level of choice”. Subtraction of the enthalpies
of egs. 2a/b from eqs. 1a/b, respectively, provides the final,
absolute FIA. The enthalpies for egs. 2a/b have to be very exact
and are either obtained from top edge level computation or

Table 1. Benchmark of methods for FIA computation. All values (except column CCSD(T)/CBS and line COF,) anchored against TMS-ref. system, in kJ mol~".
*Non-isodesmic reference data; °n =normal, t=tight, T =def2-TZVPP, Q =def2-QZVPP; “non-isodesmic calculation, experimental value: 208.8 kJmol~', COF,
results not considered in MAD/RMSD.
DLPNO- | DLPNO-
CCSD(T) | CCSD(T)/ | CCSD(T)/ g;gj, PgEh' B3LYP | PWeB95 | Moe2x | B2pLYP | DSD: i oy
c/ BLYP- | PBEB95- | PBEP86-
/cBSs? aug-cc- aug-cc- D3BJ/ | D3BJ/ D3(0)/ D3BJ/
def2 | def2- > " . " D3BJ/| D3BJ/ D3BJ/
pvaz pVazZ | qyp | msvp | T Q a Q Q Q Q@
nPNO® tPNO"
BH; 277.9 279.3 279.4 313.9 | 2447 | 316.9 301.3 282.7 286.1 281.5 286.6 284.2
BF; 3451 346.2 346.8 337.0 | 314.7 | 354.2 355.0 353.4 347.3 3455 3471 344.8
BCl; 404.9 403.8 404.6 401.9 | 392.9 | 404.4 406.5 410.0 401.0 401.0 402.4 402.7
BBr; 4253 428.2 4271 440.7 | 4215 | 437.3 432.9 438.4 428.2 426.6 427.6 428.5
B(CeFs)s - 4451 - 454.9 | 4324 | 4434 449.9 457.7 441.2 4423 447 .4 443.1
AlIF; 483.6 484.2 484.6 469.3 | 4415 | 491.9 492.2 497 1 489.0 487.6 485.5 484.7
AICI; 506.2 505.4 505.2 496.0 | 500.8 | 507.7 509.1 5121 509.6 508.6 506.2 506.9
GaF; 454.8 459.7 460.6 433.3 | 411.3 | 4545 452.2 463.9 452.7 452.7 448.9 450.2
SiF, 3111 310.2 3121 317.6 | 280.9 | 320.0 327.3 320.9 3143 311.3 314.9 310.3
SiCl, 328.1 328.0 327.8 3245 | 315.9 | 330.9 337.2 335.2 327.5 325.6 328.2 326.5
GeF, 356.2 354.8 356.1 3458 | 305.2 | 363.0 363.5 364.8 357.2 355.2 354.8 353.3
PFs 382.0 384.0 384.1 399.3 | 351.8 | 340.7 394.2 393.8 380.8 380.7 385.3 380.4
AsFs 434.7 438.9 438.0 431.0 | 386.5 | 444.0 444 .1 4498 437.9 438.7 438.7 437.2
SbFs 495.1 495.5 495.8 482.1 | 442.7 | 500.4 496.5 508.4 494.0 496.1 493.7 493.8
COF,¢ 207.2 207.8 209.2 378.1 | 351.9 | 2475 228.2 245.0 221.7 2231 226.2 2271
MAD - 1.7 1.6 12.3 29.1 10.5 8.3 9.9 3.0 2.2 2.8 22
RMSD - 2.2 2.2 14.9 335 16.4 10.2 10.4 3.6 25 3.6 2.7
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Figure 2. Isodesmic reactions for FIA computation and two established
anchors, together with the revised anchor for eq. 2a.

experiment. In that way, the problematic treatment of the
“naked” fluoride ion at the (usually low) “level of choice”
(applied in egs. 1) is avoided. At first, the selection of one over
the other reference systems (COF, or MesSi*) seems now
arbitrary. However, the final FIA will depend on how well the
“level of choice” in egs. 1 treats the anchor compounds (COF./
COF;~ or Me,Si*/Me,SiF). Compact anions, such as COF,~, are
more difficult to compute than neutral or cationic species, given
that a higher charge density requires a more robust consid-
eration of dynamic electron correlation. By consequence, the
computation of eq. 1b is more prone to errors as eq. 1a. This is
indeed verified by the better performance of the TMS-anchored
DFT-data in comparison to the COF,-anchored DFT-data (see
table S3). The TMS-system anchor energy (eq. 2a) has initially
been computed with the Gaussian G3" composite method.*”
However, neither G3 (214 kimol™") nor G4" (203 kJmol™)
reproduced the non-isodesmic FIA of COF, as accurate as the
above described CCSD(T)/CBS protocol (see table S2). Hence,
we revised the TMS-system anchor energy (eq. 2a) by CCSD(T)/
CBS. A slightly lower value of 952.5 kJmol™" in comparison to
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Table 2. Computed “F-test”: F,-dissociation enthalpy, electron affinity (EA) and ionization potential (IP) of F-atom and experimental data. All values in kJ
mol~". °T = def2-TZVPP, Q = def2-QZVPP.

CCsD DLPNO- DLPNO- BP86 PBEh- B3LYP  PW6B95 MO062X B2PLYP DSD- DSD-PBEB95-  DSD-PBEP86-  exp."”

my/ CCsD(my/  CCsp(my/ D3BJ/  3c/ D3BJ D3BJ  D3(0/ D3BJ  BLYP- D3BJ D3BJ/

CBS aug-cc- aug-cc- def2 def2- T Q Q° Q° D3B) Q@ Q

pvQz pvQz SvP mSVP Q
nPNO tPNO
BDE 1577  150.7 1522 2205 1069 1519 1492 1384 1484 1428 1463 144.3 158.7
F,
EA  —3312 -3272  -3273 —133.5 —123.1 —269.1 —3012 —2964 —3068 —3046 —291.8 —299.2 —328.2
P 16802  1674.1 1673.7 16924 16737 16974 16965 16893 16858 1681.2 1669.7 1670.5 1681.0
______________________________________________ c
8} TSy atan e nmmpendad) ' the previous G3-derived value® (958.4 kJmol™') was obtained
1 1 [16]
| LA+ MesSiF AH [LAF]+ Me;Si*  eq. 1a : and use.d for the present study. -
! |EI\:9'| of ! Having set up the reference data and specified the
- Bk ! isodesmic anchoring, a benchmark of quantum-theoretical
E Me,SiF _ AH » MesSit+F eq. 2a E methods applicable to larger Lewis acids was conducted. The
! accurate level 952.5 kJ mol! 1 local approximation method DLPNO-CCSD(T), in combination
i (CCSD(T)/CBS) I with the aug-cc-pVQZ basis and matching auxiliary basis,
1 1 .
i FIA i anchored to the TMS-system, was benchmarked first (Table 1,
: LA+F - [LA-F] =eq. la—2a ' n7 i i
. reliable t column 2)."" To our delight, this method reproduced the
WO O N S RO LI | R ! canonical CCSD(T) data with excellent accuracy (MAD=
'b) COF,-system : 1.7 kJmol ™). Indeed, with this method, even the challenging F-
i AH ! test set was treated with good outcome (Table 2). Although the
i LA+COFy ———— [LAF[+COF; eq. 76 |  yse of tightPNO settings increased the accuracy slightly
! choice 1 (Table 1, column 3), we decided to use the substantially faster
i i . . . sl
! COF5 AH COF, + F- eq. 2b : normalPNO s?ttlngs as suf‘ﬁuentl?/ accurate for Ol..ll’ pirpose.
: accurate level 208.8 kd mol! ! Moreover, neither the use of basis set extrapolation,"” decon-
! (experimental) | tracted basis sets, the recently introduced iterative computation
: ' of triples,” nor the explicitly correlated F12-basis sets”" did
| FIA | — . .
: LA+F —— [LA-F] =eq.1b—2b | show significant improvement that would legitimate the
1

increased computational costs or limitations connected with
those modifications. Thus, the DLPNO-CCSD(T)/aug-cc-pVQZ
level of theory was identified as an ideal compromise between
accuracy and computational cost and chosen as standard model
L1 for small-to-medium-sized Lewis acids in the following
collection.

Although the DLPNO-CCSD(T) method is considered as
linear scaling with the size of the system, memory requirements
rise quickly and make the computation of huge, polyhalogen-
ated groups, pervasive in modern Lewis acid chemistry,
unsuitable. Thus, DLPNO-CCSD(T) with the non-augmented cc-
pVQZ basis set was considered for the next size-scale of
molecules. It was assumed, that the neglect of diffuse functions
is acceptable for larger anions due to the more efficient spread
of the negative charge across the extended system. Indeed,
DLPNO-CCSD(T) FIA computations for a model Lewis acid B
(CFs); with aug-cc-pvVQZ (445 kJmol™) or the cc-pvVQZ
(448 kJmol™") basis sets revealed an acceptable difference. Thus
for the medium-to-large-sized Lewis acids, this model L2
(DLPNO-CCSD(T)/cc-pVQZ) was used in the following collection.

To treat even the largest Lewis acids at a reasonable time
and resource costs, selected density functional/basis set combi-
nations were evaluated (Table 1, columns 4 to 12). The bench-
mark set was extended by the DLPNO-CCSD(T)/aug-cc-pVQZ
derived FIA of B(C¢Fs);. Again, absolute values were obtained by
isodesmic anchoring against the TMS-system (Figure 2a). Re-

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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markably, although performing overall not best in the series,
the low-cost BP86(D3BJ)/def2-SVP rendered sufficient for pre-
liminary screening, in line with previous studies.”” Nevertheless,
FIA with significantly lower MAD against the CCSD(T)/CBS
reference set were obtained with double-hybrid functionals in
combination with the large basis set def2-QZVPP, in particular
with DSD-BLYP(D3BJ).”? The excellent results with double-
hybrid functionals are in agreement with more general
benchmarks,” and underline their supremacy also for the
particular case of FIA computations. Thus, the DSD-BLYP(D3BJ)/
def2-QZVPP level of theory granted access to accurate FIA with
less computational resources as for the DLPNO-CCSD(T) method
and was used as “low-cost” model L3 for the largest Lewis acids
in the following collection.

Noteworthily, the M06-2X(D3Zero)*? functional performed
moderate with the TMS-reference system, but revealed a proper
matching with the COF,-system (see table S3). Indeed, good
results of the M06-2X functional were also reported in a recent
computational study on the energetics of classical Lewis donor-
acceptor interactions.”” Importantly, although the best DFT
methods are not dramatically inferior compared to DLPNO-
CCSD(T) for the isodesmic FIA computation, they absolutely fail
in the non-isodesmic FIA computations (line COF, in Table 1,
and table S4). Errors up to 170 kJmol™' (>80% of total
enthalpy!) are possible if FIA are calculated non-isodesmically.
The difficulties of the DFT methods to treat F-species correctly
was further illustrated by the F-test (Table 2). To conclude the
benchmark, the ideal overlap of the three identified levels of
theory (L7-L3) permit for the first time a self-consistent
comparison of multiple FIA spanning several orders of molec-
ular size-scales. Moreover, this section emphasizes the absolute
requirement for isodesmic reactions in case of “low-cost”
computations.

Having identified the most suitable models, a comprehen-
sive and systematic screening of FIA for literature known and
hypothetical Lewis acids was performed.”® In Table3, a
collection of FIA values can be found, ordered by central
elements (group 13: B, Al, Ga; group 14: Si, Ge, Sn; group 15: P,
As, Sb). Table 4 contains group 15 and group 16 element
compounds in medium oxidation states as well as a selection of
special Lewis acids that have been described in the literature.

Depending on the molecular size, the values are obtained on
the level of theory L71-L3 and anchored to the TMS-reference
system. Besides the gas-phase FIA, also the solvation corrected
FIA,,, values can be found in tables 3/4. For FIA,,,, the solvation
energies of the Lewis acids, the fluoride adducts, and the
fluoride anion were obtained with COSMO-RS®” in CH,Cl, as
implemented in the ADF program package®® The final
solvation corrected FIA,,, is obtained by eq. 4:

FIA,, = FIA—[AE,,, (LA-F")
_AEsolv(LA) _AEsoIv (F7 )]

3. Discussion

We abstain from an exhaustive discussion of the computed
values, as it would branch into a delicate consideration of
electrostatic, orbital, steric, and dispersive contribution for every
specific Lewis acid. However, by solely focusing on some
general trends, the collection allows deriving some basic design
principles for the construction of strong fluoride ion acceptors.

Figure 3a represents the comparison of the FIA for group
13-15 element halides in their highest oxidation states. For the
lighter elements (B, Al, Si, and P), the FIA increases in direction
F < Cl < Br(<l), whereas for the heavier elements (Ga, Ge, Sn, As,
Sb), the opposite trend F>ClaBr>1 can be found. Interest-
ingly, those trends differ for the lower oxidation state +IIl in
group 15, which generally possess the order F<Cl<Br (see
Table 4 and Figure S1). Essentially the same trends remain in
solution (FIA,,,), although dampened by roughly 150 kJmol™".
The findings of this correlation allow to formulate: In their
highest oxidation states, maximum FIA are obtained for light
element acceptors with heavy element substituents (e.g., Bl;) or
heavy element acceptors with light element substituents (e.g.,
SbFy).

Figure 3b depicts the comparison for the carbon-based
ligands at group 13-15 elements. In contrast to the halide
substituents, the trends are less divergent. For the non-
fluorinated C-ligands, an increase in FIA for sp;<sp,<sp
hybridized carbon ligands is found, in line with their increasing
group electronegativity. The prominent C,Fs group is effective
for FIA boosting, but with the C,Fs substituent the strongest

a) b) )
500 600 - ol
p 60 .
P
500
450 o g D / 4 500 g Si
/ 400 -] Si /
400 ./,_,"\1 400 4
.—/’74._. P 3004 /
/ \ 300
1" /J(_A . ZOO_L/
/ 100 200 4
3004
F cl Br CH, Ph CCH C.E C,Fs OH OC4Fs OC(CF,);  OTf

Figure 3. Comparisons of computed FIA for the different ligand classes a) halides b) C-substituents and c) O-substituents.
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Table 3. Collection of computed FIA for group 13-15 element compounds in highest oxidation states, according models L7-L3, anchored by the TMS-

system, ordered by acceptor element. Color coded acceptor strength (green: highest/red: lowest).

Compound FIA  FlAsov Compound FIA  FlAsow Compound FIA  FlAsow
BHs L1 279 207 AlH3 L1 384 268 GaHs L1 302 198
BFs L1 346 258 AlF3 L1 484 364 GaF3 L1 460 340
BCls L1 404 280 AICl3 L1 505 361 GaCls L1 448 308
BBrs L1 428 294 AlBr3 L1 513 363 GaBrs L1 448 302

Bls L1 446 296 Allz L1 @ 512 351 Gals L1 440 284
B(NH.)3 L1 @ 120 22 Al(NH2)3 L1 316 205 Ga(NH.); L1 267 154
B(OH)s L1 190 106 Al(OH)3 L1 377 272 Ga(OH)3 L1 342 233
B(SH)s L1 309 176 Al(SH)3 L1 445 297 Ga(SH)s L1 372 229
B(CHs3)s L1 248 132 Al(CHa)s L1 369 236 Ga(CHs)s L1 285 160

BPhs L1 320 164 AlPhs L1 427 264 GaPhs L1 349 196
B(CCH)s3 L1 334 221 Al(CCH)3 L1 448 318 Ga(CCH)s L1 B3TT 253
B(C2Fs)s L1 & 581 47 Al(CoFs)3 L1 | 607 425 Ga(CaFs)3 L1 514 340
B(CeFs)s L2 448 254 Al(CeFs)3 L2 | 544 344 Ga(CeFs)s L2 454 261
B(OCsFs)s L2 419 224 Al(OCsFs)s L2 & 541 336 Ga(OC¢Fs)s L2 481 280
B(OC(CF3)3)3 L2 423 232 AI(OC(CF3)3)3 L2 | 546 353 Ga(OC(CFs3)3)s L2 = 501 309
B(OTf)s L1 = 565 384 Al(OTf)3 L1 @ 513 338 Ga(OTf)3 L1 490 314

B(N(CsFs)2)s L3 368 148 AI(N(CeFs)2)3 L3 541 317 Ga(N(CeFs)2)s L3 458 246
SiH4 L1 | 140 -32 GeH, L1 112 15 SnH, L1 152 -42
SiF4 L1 310 165 GeF4 L1 355 241 SnF4 L1 412 277
SiCly L1 328 183 GeCly L1 323 182 SnCls L1 360 205
SiBrs L1 344 189 GeBry L1 321 173 SnBry L1 364 201
Sils L1 352 184 Gely L1 299 137 Snly L1 331 156

Si(NH2)4 L1 171 0 Ge(NH2)4 L1 186 68 Sn(NH2)4 L1 240 7
Si(OH)4 L1 223 62 Ge(OH)4 L1 258 143 Sn(OH)4 L1 315 169
Si(SH)4 L1 s 157 Ge(SH)4 L1 289 141 Sn(SH)4 L1 318 152
SiMey L1 134 -46 GeMe,y L1 101 -28 SnMe4 L1 = 153 -35

SiPhy L1 = 149 -31 GePhy L1 | 86 =77 SnPhy L1 184 1
Si(CCH). L1 255 128 Ge(CCH)4 L1 = 206 86 Sn(CCH)4 L1 246 110
Si(C2Fs5)4 L1 430 254 Ge(CzFs)a L1 344 171 Sn(C2Fs)s L1 364 183
Si(CesFs5)4 L2 336 120 Ge(CeFs)4 L2 278 74 Sn(CsFs)a L3 | 332 114
Si(OCsFs)4 L2 431 211 Ge(OCeFs)4 L2 436 228 Sn(OCeFs)4 L3 = 492 279
Si(OC(CFs)s)s L2 370 166 Ge(OC(CF3)3)s L2 403 200 Sn(OC(CFs)3)s L3 464 259
Si(OTf)s L1 519 333 Ge(OTf)4 L1 & 524 338 Sn(OTf)s L1 519 327

Si(N(CéFs)2)a L3 382 145 Ge(N(CeFs)2)a L3 368 134
PHs L1 186 86 AsHs L1 166 60 SbHs L1 219 99
PFs L1 384 276 AsFs L1 439 323 SbFs L1 = 496 362
PCls L1 396 251 AsCls L1 401 254 SbCls L1 438 285
PBrs L1 406 251 AsBrs L1 393 238 SbBrs L1 413 254

Pls L1 391 221 Asls L1 361 192 Sbls L1 400 230
P(NH2)s L1 | 105 -21 As(NH:)s L1 = 168 39 Sb(NH2)s L1 247 111
P(OH)s L1 178 73 As(OH)s L1 242 133 Sb(OH)s L1 321 199
P(SH)s L1 267 112 As(SH)s L1 276 120 Sb(SH)s L1 332 171

PMes L1 = 145 3 AsMes L1 155 14 SbMes L1 - 68
PPhs L3 226 44 AsAshs L3 . 49 SbSbhs L3 284 109
P(CCH)s L1 301 178 As(CCH)s L1 286 159 Sb(CCH)s L1 329 203
P(C2Fs)s L1 504 320 As(CFs)s L1 399 214 Sb(C2Fs)s L1 437 253
P(CeFs)s L2 335 116 As(CsFs)s L2 325 108 Sb(CsFs)s L3 384 167
P(OCsFs)s L2 453 236 As(OCe¢Fs)s L2 509 293 Sb(OCsFs)s L3 | 543 327
P(OC(CF3)3)s L2 = 483 272 As(OC(CF3)3)s L2 504 293 Sb(OC(CF3)3)s L3 | 559 363
P(OTf)s L1 | 857 365 As(OTf)s L1 | 598 404 Sb(OTf)s L1 | 594 397

fluoride ion acceptors are obtained. Interestingly, the effect of
C,F5 is most pronounced for the most electronegative elements
B and P in this series (vide infra for discussion).

Figure 3c illustrates the trends observed with groups
connected via oxygen at group 13-15 elements. With the
hydroxyl-substituent, the FIA ordering within each group is
similar to the fluoride ligand, although overall diminished.
Upon endowing the oxygen atom with a fluorinated aryl or
alkyl group, the FIA increases considerably. Although the OC¢Fs
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group and the OC(CF,); group are roughly in the same “league”
of efficiency, a notable difference occurs. The central element
determines the change in FIA upon going from OCF; to OC
(CF5);. Group 13 and group 15 elements experience an increase
in FIA (OC(CF;); > OC4Fs), whereas the group 14 elements show
a decrease in FIA upon changing OCiFs to OC(CF;);. With the
triflate ligand, B, Si, and Ge outperform Al and Ga for the first
time, as for those two latter elements, the free Lewis acids
experience a stabilization by bidentate binding of the triflate

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Table 4. Collection of computed FIA for group 15-16 element compounds in medium oxidation states, and some selected special Lewis acids, according
models L7-L3, anchored by the TMS-system.

Compound FIA FlAsov | Compound FIA FlAsov |Compound FIA FlAsov

PHs L1 63 -26 | SbCls L1 309 169 | Te(CaFs)s L1 360 178

PFs L1 200 99 | SbBrs L1 315 169 | Te(OC(CFa)s)s L3 430 225

PCls L1 265 141 Sb(C2Fs)s L1 315 142 B(CeF4-pCF3)3l L3 487 277

PBrs L1 286 167 |Sb(OC(CFa)3)s L3 402 190 |B(OTeFs)sB" L3 506 314

P(C2Fs)s L1 274 111 | SH, L1 27 -36 | B(OCsF4N)si*2 L3 462 256

P(OC(CF3)3)3 L2 319 126 SF4 L1 223 118 F4Cs(1,2-B(C6Fs)2)2*3 L3 501 283

AsH3 L1 74 -62 | S(CoFs) L1 166 -13 | pentaphenylborole-F2s® L3 481 270

AsF3 L1 244 135 |S(OC(CFs)s)s L2 319 117 | F4Co(1,2-(B(C12Fs))2 L3 487 276

AsCl3 L1 276 146 | SeH, L1 34 -58 | Al(OTeFs)s* L3 | 598 406

AsBr3 L1 286 149 | SeF, L1 292 177 | AI(OCsF4N)5t%2 L3 | 595 378

As(C2Fs)s L1 267 100 | Se(CyFs)s L1 231 51 | AI(OC(CéFs)3)s® L3 539 301

As(OC(CF3)s)s L2 341 138 | Se(OC(CFs)3)s L2 366 162 | As(OTeFs)s L3 580 374

SbHs L1 129 22 | TeH. L1 111 1 | Sb(OTeFs)s L3623 416

SbF; L1 290 167 TeF, L1 348 219

substituent. The same effect causes the relatively low FIA of Sb
(OTf)s.

By consideration of the last two comparisons (carbon and
oxy substituents), some interesting statements can be made.
For the carbon-based ligands, the o-electron-withdrawing effect
is most decisive, since carbon itself is not very electronegative,
but has no free electron pairs available to delocalize to the
central element. Thus, the C,F; group is most effective,
especially for the less electropositive elements. For oxy-ligands,
free electron pairs are available, which may delocalize to the
central atom and diminish the FIA. The sensitivity of these
effects depends on the group and the electronegativity of the
central element. The OC4F; ligand offers a low-lying s-system
for the free electron pair to delocalize also in the opposite
direction. For group 14 species, it is the z-electron density that
matters more, in line with previous findings for bis(catecholato)
silanes.” For group 13 and 15 elements, especially for the most
electronegative P and B, the o-electron-withdrawing effect
gains more weight, and the OC(CF;); becomes more effective.
As a rule of thumb, one may formulate: Group 14 acceptors with
oxy-ligands profit from negative mesomeric effects (m-electron
acceptors at oxygen, OC4F,, perhalogenated catecholates). Group
13 and group 15 acceptors, the more electronegative B and P in
particular, profit from negative inductive effects (substituents with
electron-poor o-framework connected, OC(CF;);). For the less
electronegative carbon substituents, inductive electron-withdrawal
is most effective in all cases (e.g., C,Fs).

A graphical comparison of the computed FIA with the
global electrophilicity indices®” (based on the PBEh-3c FMO
energies of the free Lewis acids) has been performed, but no
correlation was observable (see Figure S2). Last, we would like
to comment on the effect of solvation. The COSMO-RS
corrected values substantiate the trend that has been indicated
in a previous contribution.” Overall, the FIA,,, is decreased by
roughly 100-200 kJmol™" in comparison to the gas-phase value.
It originates from the larger AE,,,(F") relative to the AE,,(LA)
and AE,,,(LA-F7). The size of the Lewis acid determines the
absolute magnitude of this FIA-damping. Smaller Lewis acids
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(e.g., BF;) lead to compact anions (e.g., BF,”) with a significant
AE,(LA-F7) due to high charge density. For larger Lewis acids
(e.g., Al(OC(C4Fs)5)5), the charge density in the fluoride adducts
and hence of AE,,,(LA-F7) is much smaller. Thus, for the larger
Lewis acids, the FIA-damping happens to be more pronounced.
Tentative comparisons of the FIA-damping with simply the
number of atoms indicated no meaningful correlation. Parame-
ters like the molecular Van der Waals volume® might be better
suited, but are not readily available throughout most parts of
the periodic table.

3.1. Tutorial Section

Finally, a more detailed description of the computation of FIA
will be given. It might appear trivial for the experienced
scientists in the field, but merits presentation, given some
found misuses of the method.

First Step: Optimize the geometry of the Lewis acid and of
its fluoride ion adduct by a method that describes the structural
characteristics of this class of compounds well enough. The use
of PBEh-3c can be recommended, although other functionals
with dispersion correction and sufficient basis sets, like B3LYP-
D3(BJ) or TPSS-D3(BJ), should perform equally well. For all
compounds, perform frequency analysis, check for the absence
of imaginary frequencies, keep the geometries and the ZPE/
thermal corrections for the next step.

Second Step: Compute the single point-energy for both
species with either a well-benchmarked DF (like PW6B95-
(D3BJ)/def2-QZVPP and the TMS-reference system or the M06-
2X(D3zero)/def2-QZVPP and the COF, reference system) or
ideally at a higher level of theory (like DSD-BLYP(D3BJ)/def2-
QZVPP or DLPNO-CCSD(T)/(aug)-cc-pVQZ). Combine the elec-
tronic energies obtained from step 2 with the thermal
correction of step 1, to obtain the total enthalpies of the Lewis
acids and their fluoride adducts. Isodesmic calculations are
mandatory if lower levels of theory are applied and generally
recommended (see third step).

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Third Step (must be performed only once): To obtain the
absolute FIA values, optimize the two species of the selected
reference system (i.e., COF,/COF,~ or Me,SiF/Me,Si*) with the
same method as in step 1 and compute the single point
enthalpies with the same method as in step 2. Now, calculate
the reaction enthalpy of egs. 1a/b, Figure 2. Next, subtract the
experimental value of the FIA of COF, (208.8 kJmol™") or the
high-level value for the FIA of Me,Si* (952.5 kimol™). By doing
so, a final absolute FIA with an estimated accuracy of
+5 kJmol™' should be obtained.

Fourth Step (optional): Consider solvation correction with a
meaningful model.? The solvation free energy has to be
computed for the Lewis acid, the fluoride adduct of the Lewis
acid, and the fluoride ion. The solvation energies can then be
combined with the FIA from step 3, according to eq. 3, to
provide the FIA,, data.

4, Conclusion

With the present contribution, we provide a benchmark, that
identified three methods for the computation of fluoride ion
affinities (FIA) suitable for a broad range of p-block elements
and molecular size levels with an estimated accuracy of
+5kimol™'. Based on these methods, a self-consistent set of
190 FIA was computed. With this collection, we provide a
source of reference that allows connecting the FIA with models
of chemical bonding or experimental findings in future works.
Moreover, it allowed for the first time a reliable large-scale
comparison that disclosed two design principles for the
construction of strong fluoride ion acceptors: 1) Light elements
with heavy element substituents or heavy elements with light
element substituents. Il) s7-acceptors at oxy-ligands for group 14
and o-acceptors at oxy-ligands for groups 13 and 15.
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