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A series of fluorinated triaryl borates B(OArf)s (Arf = 2-FCgHa4, 3-FCgHa, 4-FCgHa, 2.4-F,CgHs, 3,5-
FoCeHs, 2,3,4-F3CgH>, 2,4,6-FsCgH,, 3,4,5-F3CgH>) have been prepared and isolated from the reactions of
the mono-, di-, or tri-fluorophenol with BCls. The Lewis acidity of these borates has been determined by

rsc.li/dalton NMR spectroscopic and theoretical methods and compared to their well-established borane counterpart.
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Introduction

Since 1923," when Gilbert Lewis first suggested the concept of
Lewis acids and bases, Lewis acids have been employed in all
areas of chemistry in both the laboratory and on industrial
scale. They are commonly employed to activate substrates both
stoichiometrically and catalytically through adduct formation,
lowering the LUMO of the reactive species. From a bond acti-
vation perspective, there is a strong correlation between the
strength of a Lewis acid and substrate activation. However, this
is not always observed when looking at an entire catalytic
cycle.” Nevertheless, there has been a drive to develop strong
Lewis acids for applications in catalysis. One particular area
where strong Lewis acids have been developed is for appli-
cations in frustrated Lewis pair (FLP) chemistry.*” The
strength of a Lewis acid can be quantified by several means,
including NMR spectroscopy and computational methods.®
The Gutmann-Beckett”'® and Childs'® methods rely on
adding an internal probe Et;PO or crotonaldehyde (CA) and
measuring the change in chemical shift (Ad) in the *'P (Et;PO)
or "M (H3 atom of CA) NMR spectra respectively.
Computational methods to quantify the Lewis acidity often
investigate the fluoride ion affinity (FIA) or the hydride ion
affinity (HIA).®'* The latter being better probe for softer Lewis
acids. Most often, the strength of a Lewis acid is defined by its

“Cardiff Catalysis Institute, School of Chemistry, Cardiff University, Main Building,
Park Place, Cardiff, CF10 3AT Cymru/Wales, UK. E-mail: KaehlerT@cardiff.ac.uk,
MelenR@cardiff.ac.uk

bDepartment of Chemistry, King Faisal University, College of Science, P.O. Box 400,
Al-Ahsa 31982, Saudi Arabia

tElectronic supplementary information (ESI) available: Experimental pro-
cedures, NMR spectra, DFT data, and X-ray data. CCDC 2208652 (1) 2208553 (7)
and 2208552 (8). For ESI and crystallographic data in CIF or other electronic
format see DOI: https://doi.org/10.1039/d2dt04095f

{Both authors contributed equally.

1820 | Dalton Trans., 2023, 52,1820-1825

FIA value, and a molecule with an FIA stronger than SbF;
(501 kJ mol ™) is considered a Lewis superacid.®

First synthesised in the 1960s,"® B(C4Fs); is one of the most
commonly used Lewis acids in FLP chemistry.>”**'> However,
with an FIA of 452 k] mol ™", B(CcFs); falls short of being classi-
fied as a Lewis superacid.'® The heavier group 13 analogue Al
(CeF5); with an FIA of 530 k] mol™", on the other hand, is a
Lewis superacid."” Much research has focused on making
derivatives of E(C¢Fs); (E = B, Al) with different fluorine or
chlorine substitution patterns on the aryl rings (Ar" or Ar®').*®
Adding an electronegative oxygen or nitrogen spacer before the

Fluorinated B/AI Lewis Acids FIA Et;PO
(kd mol'") A8 (ppm)
BPh3 32024 20636
F B(2,3,4-FsCeHa)s  404% )
substitution B(3,4,5-F3CgH,)3 427%4  274%4
_____ B(CeFs)s __________ 452" _ 2557
(CeF5)2BOCgF 5 - 33.6%
CeFsB(OCegFs)2 - 34,122
ON B(OC¢Fs)s 419" 3452
spacer Al(CgFs)3 530"7 -
AI(OC(CF3)3)3 54720 -
Al(O(C(CeF5)3)3 55520 -
AI(N(CgF5)2)3 55519 -
This work:
AF Af=2FCeHy  24,6-FsCeHy
0 3-FCgHs  2,3,4-F4CgHy
AR__B. 4-FCeHs  34,5-F,CH
S 2.4-F,CoHs S
Arf 3,5-F,CgH3

FIA: 351 — 433 kJ mol™! Et;PO (A8): 14.1 — 27.1 ppm

Scheme 1 Group 13 Lewis acids and their Lewis acidities from Fluoride
lon Affinity and Gutmann—Beckett (EtzPO) metrics.
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halogenated aryl ring has been shown to increase the Lewis
acidity (Scheme 1). For example, Sundermeyer reported an
AI(N(C6F5),); FIA Lewis acidity of 555 kJ mol .'° Other
notable aluminium Lewis superacids include Krossing’s
Al(OC(CF3);); (FIA = 547 k] mol™")'® and Beckmann’s
Al(OC(CFs)3); (FIA = 555 kJ mol™").>° Relating to this study,
B(OC¢Fs); was first reported in 1992 by Naumann.>' Britovsek
later prepared the intermediate borinic [(CeF5),BOC¢Fs] and
boronic [CeFsB(OCeFs),] acids and analysed their Lewis
acidity from Gutmann-Beckett method (A5 Et;PO = 33.6,
34.1 ppm, respectively).?> The increased Lewis acidity of the
boron centre when including an O-atom spacer is attributed
to the reduced prn-pn bonding between the oxygen and the
boron centre due to the high electron-withdrawing nature
of the Cg¢Fs groups. Surprisingly, the FIA for B(OCgFs); is
419 kJ mol ™", significantly lower than its borane counterpart
B(CgFs);."> In contrast, the reported Gutmann-Beckett value
of A§ = 34.5 ppm (ref. 22) for B(OCeFs); showed a higher
Lewis acidity when compared to A§ = 25.5 ppm for
B(CeF5);.>"

This discrepancy between computational and experimental
methods for the Lewis acidity when including an O/N-atom
spacer has not previously been investigated to the best of our
knowledge. Previous studies in our laboratory have focused on
synthesising E(Ar); compounds where Ar* # CgF5.>>** These
derivatives have sometimes shown increased catalytic activity
and/or  stability, for example, for B(3,4,5-F;CcHy)3
(Scheme 1).>**’ In the present study, we were interested in
synthesising a series of B(OAr"), derivatives of varying Lewis
acidities.

The fluorinated triaryl borates 1-8 were synthesised by the
general procedure from the 3:1 stoichiometric reaction of
mono-, di-, or tri-fluorophenol with BCl;. The fluorinated
triaryl borate products were then purified by crystallisation
from a concentrated solution in pentane at —35 °C and washed
with either cold pentane or CH,Cl, to give the products in
74-91% yields (Scheme 2). All the compounds showed similar
"B NMR chemical shifts for the boron environment, with a
broad peak appearing between § = 15.7-17.7 ppm in the "'B
NMR spectrum (Table 1), in good agreement with previously
reported B(OPh);*® (6 = 16.5 ppm) and B(OCeF;);*° (6 =
15 ppm).

With a series of fluorinated borates in hand, we next investi-
gated their Lewis acidity and compared them to literature
reported B(OC¢Fs)3, B(OPh);, and B(CgFs)s;. Firstly, we analysed
the Lewis acidity by use of the Gutmann-Beckett method.
Et;PO (0.6 equiv.) was added to an NMR tube containing PPh;
as internal standard, and the fluorinated triaryl borates 1-8
(1.0 equiv.) in CDCl; to generate Et;P—0 — B(OAr");. The *'P
NMR chemical shift (§ ppm) was measured as well as the
change in *'P NMR chemical shift between the free phosphine
oxide (6 = 52.5 ppm) and the adduct (A$) (Table 1). The Lewis
acidity was found to decrease in the order 6=7>8>5>1>4
> 2 > 3, from which it can be deduced that reducing the
number of electron withdrawing F-atoms decreases the Lewis
acidity, however there appeared to be little correlation for the

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Synthesis of fluorinated triaryl borates and commercially
available B(OPh)s.

substitution pattern. When comparing the synthesised borates
to previously reported borates and boranes, the following
trend is observed; B(OC4Fs); > 8, 7, 6, 5 > B(CgF5); > B(OPh);.
These results align with Britovsek’s findings, i.e., introducing
an O-atom spacer increases Lewis acidity and verifies the
importance of tuning acidity through fluorine substitutions.>>
The Lewis acidity of compounds 1-8 was also experi-
mentally determined via the Childs method using CA as the
Lewis base. However, only slight differences in the chemical
shift of the H3 atom of CA in the "H NMR spectra were
observed, A = 0.02-0.03 ppm, when comparing fluorination
patterns of the borates (Table 1). A comparison of the change
in chemical shift (A5) of CA for the perfluorinated borate
B(OCgFs)3, at 0.40 ppm, to the perfluorinated borane B(C¢Fs)s,
at 1.05 ppm, suggests that the borane is a stronger Lewis acid
than the borate from the Childs method, a difference with the
Gutmann-Beckett method. An expression of the Gutmann-
Beckett and Childs metrics as percentages of B(C¢Fs); are pre-
sented in Table 2. The hard soft acid base theory (HSAB) intro-
duced by Pearson invokes the charge density and polarizability
of an acid or base, and can be used to make qualitative predic-
tions of acids and bases and how they may prefer to react.>*™*?
Et;PO is considered hard due to its highly polarised P=0O
bond, whereas CA is softer, hence the greater A§ upon adduct
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Table 1 Lewis acidity measurements for fluorinated triaryl borates 1-8 and previously reported B(OCgFs)3, B(OPh)s, and B(CgFs)s

Compound ''B” (ppm) Et;PO *'P? (ppm) Et;PO AS“ (ppm) CA 'H® (ppm) CA AS® (ppm) FIA® (k] mol™") HIA® (k] mol™") GEI° (eV)
1 16.5 76.3 23.8 6.87 0.02 351 339 0.88
2 15.9 74.5 22.0 — — 368 340 1.19
3 16.3 66.6 14.1 6.87 0.02 359 329 1.09
4 16.7 76.2 23.7 — — 376 360 1.24
5 15.6 78.9 26.4 6.87 0.02 404 377 1.31
6 16.5 79.6 27.1 6.88 0.03 402 374 1.30
7 17.7 79.6 27.1 6.88 0.03 372 347 1.23
8 15.7 79.1 26.6 6.88 0.03 433 414 1.45
B(OCeFs);  15%° 80.9%% 34.5%2 7.25%3 0.40%* 431 411 1.81
B(OPh); 16.5%° 69.4%> 23.0* 6.88%° 0.03* 350 323 0.81
B(CeFs)3 592 78.0% 25.5%3 7.90°° 1.05%3 454 497 3.65

“In CDCl,. ® PBEh-3¢//M06-2X/def2-QZVPP level. ¢ B3LYP/def2-TZVP level. ¢ Not determined.

Table 2 Comparison of Lewis acidity metrics of B(OCgFs)s, 7 and 8
expressed as percentages relative to B(CgFs)s

Compound Et;PO AS CA AS FIA HIA GEI

B(CeFs)s 100% 100% 100% 100% 100%
B(OCgFs); 135% 38% 94% 82% 49%
7 78% 2% 81% 76% 33%
8 104% 2% 95% 83% 39%

formation of the borate with Et;PO than CA would suggest that
the borate is a harder Lewis acid than the borane. A key step in
both these experimental Lewis acidity metrics is the pyramidali-
sation of the boron centre from trigonal planar to tetrahedral
upon adduct formation with a Lewis base. The introduction of
an O-spacer likely affects the ease of pyramidalization from two
perspectives: the steric changes upon a larger distance between
the B atom to the phenyl ring in borates when compared to
boranes, as well as the attractive dispersion effects between the
Lewis base and the O and fluorinated phenyl groups in the
ligand sphere of the B centre. The smaller fluoride and hydride
bases were considered to further probe these effects through
the use of fluoride and hydride ion affinity (FIA/HIA) metrics.

Fluoride and hydride ion affinity (FIA/HIA) are computa-
tionally derived metrics of Lewis acidity, defined as the
enthalpy of the reaction (or pairing) of a Lewis acid with a
Lewis base (F~ or H™, respectively). Since the FIA of a Lewis
acid considers the hard Lewis base F~, this represents hard
Lewis acidity, whilst the soft H™ base, and consequently HIA of
a Lewis acid, reflects soft Lewis acidity properties.

Both fluoride and hydride anions are small and lack direc-
tionality as a base upon coordination to an acid, a key differ-
ence in the pyramidalisation step to the bases considered in
the Gutmann-Beckett and Childs metrics. Hence, the FIA/HIA
values consider Lewis acidity with limited to no influence of
effects of steric interactions or z-interactions, as highlighted
by Greb in previous work on ion affinity metrics.'>>*

To determine the FIAs/HIAs, single point calculations at the
MO06-2X+D3(0)/def2-QZVPP level of theory®>” were performed
on the compounds optimised geometries at PBEh-3¢c,*® pre-
viously VSEPR-optimised. Isodesmic affinities were obtained
through anchoring the enthalpies to reference systems (see

1822 | Dalton Trans., 2023, 52,1820-1825

ESI, section S6.2 for detailst).">”° A general trend of increasing
FIA and HIA is observed with an increasing number
F-substituents, giving 1, 3, 2 < 4, 5 < 6 < B(OC4F5); < 8. When
the same number of F-atoms are present,’® meta-substitution
of fluorine induces higher FIA and HIAs than para- than ortho-
substitution giving a trend of 1, 3 < 2,4 <5,and 7 <6 < 8.
Interestingly, 7 with a 2,4,6-F substitution has a lower Lewis
acidity than compounds 4 and 5 which only have two F-atoms
on the Ar® rings. Likewise, the 3,4,5-F substitution in 8 gives
higher FIA and HIA values than B(OCgFs)s, at 433 and 431 kJ
mol ™" (FIA) compared to 414 and 411 kJ mol™" (HIA), respect-
ively. In both cases, the presence of two ortho-F atoms appears
to diminish the Lewis acidity.

Surprisingly, and in contrast to the Gutmann-Beckett and
Childs methods, the FIA and HIA of borate B(OC4Fs); are sig-
nificantly lower than that of borane B(C¢Fs); (Table 2). As men-
tioned, the pyramidalisation of the boron centre is required
for acid-base adduct formation, one that is unaffected by
steric and dispersion effects of the Lewis base in the FIA and
HIA metrics. The slightly lower Lewis acidity in FIA and HIA
than for Gutmann-Beckett and Childs metrics for the borates,
hence, suggest that the Lewis acid strength in the experimental
methods is governed by either steric or dispersion effects or a
combination of the two, as a result of the introduction of the
O-spacer and its resultant ligand sphere interaction with the
Lewis base. The two most widely accepted and applied
metrics, FIA and Gutmann-Beckett are compared in Fig. 1,
showing opposing strengths of Lewis acidity for the borates
than the boranes.

A comparison between the hard FIA and soft HIA, by repre-
senting these strengths relative to B(CeF5)s, show again that the
borate is a harder Lewis acid than the borane (Table 2) the FIA
of B(OCgFs); is 94%, and the HIA is 82%. Furthermore, the
inverse of HIA is hydride donor ability,** and the involvement of
electrophilic boron centres in stoichiometric and catalytic trans-
formation of basic substrates often relies on a balance between
Lewis acidity and hydride donor ability, hence the softer HIA is
relevant in context other than Lewis acidity strength.

Another computational comparison of Lewis acidity is given
by the global electrophilicity index (GEI).**** This index con-
siders intrinsic Lewis acidity, independent from the coordi-

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Comparison of FIA and Gutmann—Beckett values for boranes
and borates.

nation of a Lewis base, as a measure of the Lewis acid’s ability
to accept electrons by considering the HOMO and LUMO
energy levels in the form of chemical hardness** and Mulliken
electronegativity**™*® (see ESI, section $6.31). In this work, the
Lewis acids were re-optimised at the B3LYP/def2-TZVP theory
level,"”*® and the Eyomo and E ymo Were taken as the energies
of corresponding Kohn-Sham orbitals.

In B(CgFs)s, the LUMO is formed of a 2p-orbital that is
orthogonal to the trigonal plane of the borane (Fig. 3A); in
comparison, B(OC¢Fs); does not exhibit a localised 2p-orbital
as the LUMO (Fig. 3B). Instead, a delocalised orbital situated
across the B-O-C atoms is observed, seemingly a distortion
from the vacant 2p-orbital of the B atom as a likely result of a
degree of prn—pn donation from O to B (Fig. 3B). The LUMO+1
of B(OC¢Fs); does display a p-orbital perpendicular to the tri-
gonal plane (Fig. 3C), yet most of the LUMO and LUMO+1 is
localised on the ligand-sphere. Analysis of the unoccupied
orbitals for all optimised borates showed that the most loca-
lised p-orbital on the B atom is in the LUMO+1, hence GEI
values were calculated with the LUMO+1 for the borates (see
ESI, Table S51 for a comparison), as has been done previously
by Chitnis and co-workers.*> The GEI values for the varying
substitution patterns follow the same general trend as for FIA
and HIA (Fig. 2). A lower GEI value (Table 2) for B(OC¢Fs); in
comparison to B(CeFs); is consistent with the computed
LUMO+1 of B(OCgFs5); lying at a higher energy than the LUMO
of B(CsFs); (see ESI, Table S57).

An intrinsic Lewis acidity scale like GEI has benefits as it is
readily available at low computational cost. However, whilst
giving relevant insight into the unoccupied orbitals of the
Lewis acid that participate in reactivity with a Lewis base, it in
fact does not reflect the reactivity, and hence must be treated
with some caution. Furthermore, computational metrics such
as presented FIA and HIA were shown to give some insight
into hard and soft characteristics of Lewis acids when com-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Visual representation (side-view) of the: LUMO of B(Cg4Fs)s, top;
the LUMO of B(OCgFs)s, middle; and the LUMO+1 of B(OCgFs)s bottom,
calculated at B3LYP/def2-TZVP level of theory (top-view can be found
in the ESI, section S6.47).
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pared to each other. These affinity metrics can be used to
describe the strength of a Lewis acid from a theoretical per-
spective but the Lewis base lacks directionality.

Compounds 1, 7, and 8 could be recrystallised from CH,Cl,
and their structures determined by single crystal X-ray diffrac-
tion (Fig. 4). The three-component positional disorder could
be resolved for 1, of which the major component is displayed
in Fig. 1. As a result, the structural parameters of 1 will not be
discussed. For compounds 7 and 8, the boron centre occupies
a trigonal planar geometry, with the boron atom lying merely
0.019 (7) and 0.012 A (8) out of the O3-plane. This slight devi-
ation implies higher planarity than exhibited in B(OCgFs)3
(0.03 A)** and is comparable to that of B(OC¢H;); (0.014 A),>°
as would be expected for lower F-substitution.

Varying Lewis acidity is expected from a pn—-prn donation
from oxygen to boron reflected by the coplanarity between B
and O, with a higher contribution reducing Lewis acidity. We
assessed this by comparing the torsion angle between 01-02-
03 and B-O-C planes of 7 and 8, and that of B(OCsFs); and
B(OC¢Hs);. Torsion angles in 8 are smaller (B-O1 = 4°, B-02 =
5°, B-O3 = 4°) than in B(OC¢Fs)3, for which Britovsek observed
one larger torsion angle (B-O1 = 5°, B-O2 = 21°, B-03 = 7°),*
consistent with an extent of pr-pn donation in 8, and thus
higher Lewis acidity than B(OC¢F5)s. For 7, the torsion angles
are larger than in 8 (B-O1 = 11°, B-0O2 = 9°, B-O3 = 6°) and

O K
~Q },“
S~
X

Fig. 4 Crystal structures of 1 (top), 7 (middle), and 8 (bottom). Thermal
ellipsoids shown at 50%. H atoms omitted for clarity. Carbon: black;
oxygen: red; fluorine: light green; boron: pink.
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approach those observed in B(OCeHs); (B-O1 = 14°, B-02 =
14°, B-03 = 15°).%° The differences are consistent with a lower
Lewis acidity of 7 and B(OC¢Hs); compared to 8 and
B(OCgFs5);. However, it must be noted that a key feature that
determines structural parameters is the crystal packing within
the unit cell, which is in part determined by n—r and F-= inter-
actions. As such, the torsion angles and inclination angles
must be treated with some level of caution. The inclination
angles of the phenyl rings compared to the BO; plane are
larger and more uniform in 7 (69°, 64°, and 64°) than in 8
(21°, 11°, and 55°). The larger inclination angle for 7 is likely a
result of steric effects of the ortho-F atoms.

Conclusions

In conclusion, we have demonstrated a simple synthesis of a
series of fluorinated triaryl borates (B(OAr");), for which Lewis
acidity was determined by NMR (Gutmann-Beckett and Childs)
methods as well as by computational means (HIA, FIA, and
GEI). The Lewis acids were found to be stronger Lewis acids
than the archetypical fluorinated boranes from Gutmann-
Beckett, yet weaker when comparing their frontier orbitals by
computational methods. Evidence for pm-pn donation from
oxygen to boron was seen in the borate-delocalised LUMO and
trends in structural analysis of the torsion angles for 7 and 8.
The application of these compounds in Lewis acid catalysis and
frustrated Lewis pair chemistry is the focus of our future studies.
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