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Frustrated Lewis pairs (FLP) comprising of B(CgFs)s (BCF) and 2,4,6-triphenylpyridine (TPPy), P(o-Tol)s or
tetrahydrothiophene (THT) have been shown to mediate selective C—F activation in both geminal and
chemically equivalent distal C—F sites. In comparison to other reported attempts of C—F activation using
BCF, these reactions appear surprisingly facile. We investigate this reaction through a combination of
experimental and computational chemistry to understand the mechanism of the initial C-F activation
event and the origin of the selectivity that prevents subsequent C—F activation in the monoactivated
salts. We find that C—F activation likely occurs via a Lewis acid assisted Syl type pathway as opposed to
a concerted FLP pathway (although the use of an FLP is important to elevate the ground state energy),
where BCF is sufficiently Lewis acidic to overcome the kinetic barrier for C-F activation in
benzotrifluorides. The resultant intermediate salts of the form [ArCF,(LB)I[BF(CgFs)s] (LB = Lewis base)
are relatively thermodynamically unstable, and an equilibrium operates between the fluorocarbon/FLP
and their activation products. As such, the use of a fluoride sequestering reagent such as MesSiNTf; is
key to the realisation of the forward C-F activation reaction in benzotrifluorides. Selectivity in this
reaction can be attributed to both the installation of bulky Lewis bases geminal to residual C—F sites and
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Introduction

Selective functionalization of a single C-F bond in difluoro and
trifluoromethyl groups is a simple strategy to access a vast array
of fluorocarbon products. However, this approach is compli-
cated by the fact that the resulting singly functionalized prod-
ucts contain weaker C-F bonds than their starting materials
and a mixture of ‘over-reaction’ products is commonly
obtained.!

A number of solutions have been offered to address this
problem, however, most are limited in fluorocarbon substrate
and functionalization scope. For example, electron poor ben-
zotrifluorides and trifluoromethylamides can be functionalised
via SET reactions,” CF; and CF,H groups vicinal to carbonyl or
vinyl groups are able to generate fluoroalkene products with
thermodynamically stable sp> C-F bonds,* and monoselective
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from the electron withdrawing nature of the pyridinium, phosphonium and sulfonium groups.

nucleophilic substitution of aromatic CF; and CF,H groups
ortho to hydrosilyl groups is possible.*

Recently, frustrated Lewis pairs (FLPs) have been used to
selectively activate aliphatic polyfluorocarbons.® Notably, we
have been able to employ a combination of B(C4Fs)s (BCF) with
triarylphosphines, 2,4,6-triphenylpyridine (TPPy) and dia-
Ikylsulfides to enable selective activation of CF; and CF,H
groups (Fig. 1).°>“ This reaction can be run with catalytic Lewis
acid in the presence of Me;SiNTf,. Indeed, the reaction
performs much better under catalytic conditions.

The observed activity of this FLP mediated C-F bond acti-
vation reaction is surprising given past reports that have failed
to activate benzotrifluorides using BCF alone.® Indeed, other
reports of FLP mediated C-F bond activation have employed
stoichiometric silylium and dicationic phosphonium, both of
which are very strong Lewis acids.** Computational evidence
that BCF and TPPy exhibit FLP type cooperative activity was
recently reported by Fernandez (and later Chattaraj) (Fig. 1),
whose calculations suggested that the TPPy base plays an
important role in lowering the activation barrier for the Lewis
acid mediated C-F scission.” Despite the insight that Fernan-
dez's model offered, it relied upon stabilizing w-m stacking
interactions between arenes on the benzotrifluoride substrate
and TPPy base that would not be present in other Lewis bases
that are competent in FLP C-F activation. In addition,
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computational examination of the initial C-F activation event
does not explain the high selectivity that these FLPs have for
controlled single fluoride abstraction in polyfluoroalkanes, nor
the enhanced reactivity observed under catalytic conditions (as
opposed to stoichiometric reactions).

In an effort to illuminate unexplored mechanistic aspects of
the selective C-F activation FLP reaction, we have undertaken
a combined computational and experimental study. In addition
to the BCF/TPPy FLP system studied by Fernandez,”® we have
expanded the study to include sulfide and phosphine FLP
systems, which have also been reported to facilitate selective
C-F activation.”* Importantly, we are able to benchmark our
computational results to experimentally obtained kinetic and
thermodynamic data, which corroborate each other in sug-
gesting that the reaction mirrors a Lewis acid assisted Sy1
reaction (independent of Lewis base) more closely than an FLP
cooperative reaction (as suggested by Fernandez).

Results and discussion
The initial FLP mediated C-F activation event

We chose to examine three FLPs that have previously demon-
strated selective C-F activation; namely BCF/TPPy (FLP-I), BCF/
P(0-Tol); (FLP-II) and BCF/THT (THT = tetrahydrothiophene)
(FLP-III) (Fig. 1).>*° Based upon Fernandez's report,” we ex-
pected to observe a reaction rate dependence directly propor-
tional to the concentration of substrate (fluorocarbon), Lewis
acid (BCF) and Lewis base used, consistent with a Lewis acid
assisted Sy2 (FLP type) mechanism. A first-order rate depen-
dence was established for both substrate and BCF, however, we
found that the reaction rate was independent of the concen-
tration of Lewis base used. For example, the activation of 4-Me-
CsH,CF; (1a) with FLP-I or FLP-II showed no increase in rate
with increasing base concentration. Indeed, if anything a slight
inhibition was observed at very high TPPy and P(o0-Tol)s
concentrations.

We reasoned that an FLP type mechanism was still viable if
the apparent base independence (or inhibition) resulted from
a competing equilibrium of FLP and Lewis adduct forms of FLP-
I and FLP-1I, where higher concentrations of Lewis base fav-
oured the inactive Lewis adduct form. As such, we undertook
a Hammett plot analysis® for the activation of a series of ben-
zotrifluorides with FLP-I and FLP-II, the results of which would
not be affected by any FLP/Lewis adduct equilibrium (Table 1).

We observed a p-value of —3.0 £ 0.3 for FLP-I, indicative of
a significant positive charge accumulation at the benzylic
position (Table 1, entry 1). Such a value is common for Syl
transition states, but could also be due to an open or early
transition state Sy2 process.” Repeating the Hammett plot
analysis with FLP-II gave an even lower p-value of —4.8 £ 0.7,
clearly indicative of an Sy1 type process (Table 1, entry 2). A
Hammett plot analysis of FLP-III with benzotrifluorides was not
possible due to no observed reaction in this system (Table 1,
entry 3).

Hammett plot analyses were also carried out for FLP-I, FLP-II
and FLP-III for difluoromethylarene substrates, where the p-
values were indicative of Sy1 processes (Table 1, entries 4-6). In
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Fig. 1 FLP mediated C-F bond activation allows single fluoride
functionalisation in difluoromethyl and trifluoromethyl groups. TPPy =
2,4,6-triphenylpyridine, THT = tetrahydrothiophene, BCF = tris(-
pentafluorophenyl)borane.

theory, for an Sx1 process the observed p-values for each FLP
system should be identical for either of the substrates sets (i.e.
ArCF; or ArCF,H). In practice we would expect error in these
measurements, but given the wide spread of p-values, we
suspect that secondary intermolecular interactions in the
transition states — such as H-bonding or mw-m stacking - may
have subtle influences on the p-value for each FLP system (see
ESI, Fig. S47+%).

We also modelled these data using ¢ values (Table 1). The
corresponding p'-values cannot be directly compared to p-
values, however, a better Hammett plot fit of rate constants to g
values is indicative of an Sy1 type process. In all cases, the
calculated standard error for the o* plots was lower than their o
plot counterparts, except in the case of FLP-I with benzotri-
fluorides (Table 1).

The intermediary p-value of —3.0 =+ 0.3 for FLP-I taken with
its poorer fit to ¢* values does not allow conclusive assignment

Table1 Hammett plot analysis p-values for FLP systems FLP-I, FLP-II
and FLP-11I*

BCF (cat.)

HE F  Lewis base (LB) HIR F [Nsz]e
@)(F Me3SiNTf, @X@LB
-Me;SiF

R R
Entry FLP system Substrate p-Value p'-Value
1 FLP-I ArCF; —-3.0£0.3 —2.6 £ 0.5
2 FLP-II ArCF; —4.8 £ 0.7 —4.2 £+ 0.4
3 FLP-IIT ArCF; N.R. N.R.
4 FLP-I ArCF,H -3.1+04 —2.8£0.2
5 FLP-II ArCF,H —-7.0£ 1.2 —6.6 £ 0.9
6 FLP-III ArCF,H —-3.5+£0.7 —3.2+£0.5

% N.R. = No reaction observed with any of ArCF; substrates.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of FLP-I to an Sy1 mechanism or an FLP type mechanism as
proposed by Fernandez. To clarify the situation, we decided to
conduct our own theoretical analysis at DFT level. Geometry
optimisations and transition state locations were performed at
the level of PCM(DCM)-B3LYP-D3/Def2SVP. The reported Gibbs
free energies in our study were obtained by combining
PCM(DCM)-B3LYP-D3/def2TZVPP electronic energies with the
thermal and entropic contributions computed at the
PCM(DCM)-B3LYP-D3/Def2SVP  level followed by quasi-
harmonic correction (for more details on testing different DFT
functionals, solvation models and dispersion corrections see
Computational studies section in ESIt). Considering the large
conformational space that a Lewis base may occupy, a thorough
conformational study was performed to obtain the lowest
energy transition state. Additionally, various conformers were
assessed for the FLP adducts and different ion pairs.

The FLP systems (FLP-I, FLP-II, FLP-III) were computation-
ally interrogated with two model substrates; PhCF; (1b) and
PhCF,H (2b) (Fig. 2). We investigated two possible pathways for
the C-F activation reaction. Namely, a stepwise Sx1 type reac-
tion where BCF abstracts fluoride from the fluorocarbon to form
a carbocation intermediate (Sx1 pathway) and a concerted FLP
type activation involving both Lewis acid and base in the tran-
sition state, similar to that reported by Fernandez (FLP
pathway). Fernandez calculated that an Sy2 pathway in the
absence of Lewis acid has a barrier of over 80 kcal mol™,”* and
therefore this mechanism was not considered in our studies.

The first computational result of note is that calculated
equilibria between Lewis pair/adduct (LP) and FLP forms greatly
favour the FLP forms in FLP-I and FLP-II (Table 2). The classical
B-N adduct form of FLP-I is thermodynamically disfavoured by
10.2 keal mol " in comparison to the FLP form and the lowest
energy adduct conformer (an arene m—7 stacking adduct) is dis-
favoured by 3.0 kcal mol™". Similarly, the lowest energy B-P
adduct form of FLP-II located is disfavoured by 3.2 kcal mol " as
compared to the FLP form, however, once again the lowest energy
adduct conformer found corresponded to an arene 7—7 stacking
adduct, which was disfavoured by 1.5 kcal mol ™. In the case of
FLP-II, the classical B-S adduct represented the lowest energy
isomer, and (in contrast to FLP-I and FLP-II) was slightly ther-
modynamically preferred by 0.9 kcal mol '.* The consequences
of these calculated equilibria are that (i) if there is no base
dependence arising in the rate determining step, then higher
concentrations of base that perturb the FLP/LP equilibria will
result in an inverse observed rate, and that (ii) the ground state of
FLP-III is likely the Lewis adduct form (i.e. LP-III), and the addi-
tional energy required to break this adduct will result in higher
observed kinetic barriers for reactions involving FLP-IIL

Calculated differences in free energies of FLP and adduct
forms of FLP-I, FLP-II and FLP-III could not be verified experi-
mentally due to fast dynamic exchange between the two forms
that could not be resolved through '°F NMR spectroscopy upon
cooling. However, in support of the adduct form of FLP-III being
thermodynamically viable, the solid state molecular structure
for this adduct has been reported.**

Turning our attention to the initial C-F activation event, in
the case of FLP-I, calculated barriers for C-F activation in 1b

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

show that an Sy1 pathway (25.2 kcal mol %) is slightly favour-
able to an FLP pathway (28.4 kcal mol ™). The ordering of these
energy barriers is the reverse of that which Fernandez reported
and they are more aligned to a slow ambient temperature
reaction. We found that the previously reported relative Gibbs
free energy profile by Fernandez lacks single-point refinements
with a larger basis set (the indicated relative free energies were
computed at the PCM(DCM)-B3LYP-D3/def2SVP level). Besides,
thorough conformational analysis for transition states was not
performed.

Even higher kinetic barriers are calculated for the activation
of 1b with FLP-II and FLP-III via FLP pathways, corroborating
with experimental data that suggest a preferred Sy1 pathway for
FLP-II, while no product is observed experimentally in the case
of FLP-III.

For C-F activation in benzodifluoride 2b, FLP-I was calcu-
lated to have similar kinetic barriers for Sy1 and FLP reaction
pathways, with an Sy1 pathway slightly preferred by
1.3 keal mol . The Sy1 pathway was clearly preferred over FLP
pathways for FLP-II and FLP-III. The barrier for C-F activation in
CF,H groups was found to be lowered by as much as ca.
2 keal mol ™" through a hydrogen-bonding interaction between
the CF,H hydrogen and an ortho-fluoroaryl group present on the
BCF catalyst. These computational data support an Sx1 mech-
anism for C-F activation reactions of 1b and 2b in all FLP
systems studied.

A series of kinetic experiments under catalytic conditions
were undertaken to obtain experimental AG* values for the C-F
activation event in difluoromethyl and trifluoromethyl arenes
(listed in Table 3). Using the substrate 4-Me-C¢H,-CF; (1a), AG*
was determined to be 22.4 + 2.3 kcal mol " for FLP-I1 and 22.9 +
1.7 keal mol™" for FLP-II, with the calculated barrier for Sy1
activation of 1a found to be 24.4 kcal mol " (see ESI, Fig. S547).
Substrates 2a and 2b were found to react too quickly under our
standard conditions, so 2-Br-C¢H,-CF,H (2¢) was employed to
obtain experimental kinetic data. With 2¢, AG* was determined
to be 20.7 & 1.3 kecal mol™* for FLP-I, 21.1 + 0.7 kcal mol ™" for
FLP-II and 22.2 =+ 0.6 kcal mol ™" for FLP-III, against calculated
values of 19.3 kcal mol™' for FLP-I and FLP-II, and
20.2 kcal mol ™" for FLP-III (Fig. 4 and S617).

The similar activation barrier values for FLP-I and FLP-II for
each substrate strongly support an Sy1 process with a common
transition state, and verify the calculated activation barriers in
the Sy1 pathway. Additionally, the higher experimental activa-
tion barrier for FLP-III with 2¢ (as compared to FLP-I and FLP-II)
agrees with the adduct form of FLP-III being thermodynami-
cally preferred. Indeed, a control experiment where 1b was
reacted with FLP-I under standard catalytic conditions but with
the addition of 1.5 equivalents of THT resulted in no activation
occurring after 48 hours, confirming that the presence of THT
inhibits activation of benzotrifluorides through the formation
of a thermodynamically preferred Lewis adduct.

The role of Me;SINTf,

As our catalytic protocol includes the use of Me;SiNTf,, we
attempted to calculate pathways involving Me;SiNTf, in the rate

Chem. Sci., 2023, 14, 1291-1300 | 1293


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05632a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 13 January 2023. Downloaded on 4/16/2026 11:34:13 PM.

(cc)

Chemical Science

AGaeg
(kcal/mol)
DCM

Sn1 pathway

FLP pathway
TPPy/BCF
(FLP-I)

FLP pathway
P(o0-Tol)s/BCF
(FLP-1I)

FLP pathway
THT/BCF
(FLP-Ill)

PhCF; = 1b

TSCF3

1795 ¢
158

TsCFJ
252
[1b]*-[BCFFT
208
AGH=25.2 ¥ THT
—_ 1b-THT]*[BCFF]* 30
pa 32 1b-BCF [b-THTT[BCFFT o) 20
1.5 1.2 1.5
LP-ll — LP-ll s
09 20 - [1b-TPPy]’"-[BCFF]’(\ PTol 09
LP-ll == "1b + BCF 39 LP-lll =
[1b-PTol]*- [BCFF]-
TSCF3TPPyY
284
1.74,
161
29
TPPy-[1b]*[BCFF]"
104 AG*= 28.4 TSCF3TPPy
TPPy--1b-BCF 73
TPPy-BCF [1b-TPPy]* + [BCFF]- TPPy-BCF
(LP-) (LP-))
3.0 3.0
0.0 12
TPPy + 1b + BCF [1b-TPPy]*-[BCFFT
(PTol = P(o-Tol)3)
TsCFSIPToI
293
248
PTol-[1b]*-[BCFFI
TScFG/PTaI
AGHE 293
1.2
PTol-BCF
PTol-1b-BCF PTol-BCF
(LP-1l)
1.5 (LP-11)
—_ 1.5
ﬂ .............. E —
PTol + 1b + BCF [b-PToll* + [BCFF] - -39

[1b-PTol]*[BCFF]

PhCF;H = 2b

TScHFZ
189

18,

TPPy + 2b + BCF

TSCHF2/PTol
211

AGH
9.9
PTol2b-BCF
0.0

PTol + 2b + BCF

View Article Online

Edge Article

D1
TSCHF2

(261" [BCFF
145
AGH=18.9
6.2 ¥ T
2bBCF TP;;\
0.0 03
2b+BCF [2b-THT]*- [BCFF]
6.6
[2b-TPPy]* [BCFFT ¥ pol
-15.3 [2b-PTol]*-[BCFFT
1.75o 158
TSCHF2/TPPY
202
16.7
TPPy-{2b]*[BCFF]"  TSCHF2TPPY
AG¥=20.2
2
TPPy-2b-BCF
0.0 2

[2b-TPPy]* + [BCFF]

-6.6

[2b-TPPy]*-[BCFF]

TSCHF2/PTol

PTol--[2b]* [BCFF]

211

-12.0

[2b-PTol]*+ [BCFF]"
-15.3

[2b-TPPy]*[BCFF]

TsCFJITHT TScHFZ/THT
314 Q 242
336 175, _ 1.67 1.64
S 161
TsCF3ITHT
AGH=31.4 AGH=24.2
2L 11.1 [b-THT]* + [BCFF]' 123
- g el CHF2/THT
THT-1b~BCF — s THT2b-BCF S
THT-BCF — .
(LP-1ll) Hb-THT]'" [BCFF] THT-BCF 3.3 [2b-THT]" + [BCFF]-
09 20/ . ...Y (LP-I) oo
- 0.9 | mmmeseemesoeoanas 03

THT + 1b + BCF

THT + 2b + BCF

[2b-THT]*[BCFFT"
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Def2SVP (quasi-harmonic entropic correction). Displayed calculated bond distances given in A.
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P(o-Tol)3, LP = Lewis pair/adduct. Level of theory: PCM(DCM)-B3LYP-D3/Def2TZVPP//PCM(DCM)-DB3LYP-D3/
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Table 2 Calculated free energy differences between FLP and Lewis
pair (LP)/adduct forms of FLP-I, FLP-1l and FLP-III, and representations
of their lowest energy conformers

FLP form Adduct form (LP)
LB + BCF LB---BCF
Entry FLP system Conformer Calc. AG3og (keal mol™)
1 FLP-I/LP-1 B-N adduct +10.2
2 FLP-I/LP-1 -1 adduct +3.0
3 FLP-II/LP-1I B-P adduct +3.2
4 FLP-II/LP-II m-m adduct +1.5
5 FLP-III/LP-1II B-S adduct —-0.9

LP | (B-N adduct) (10.2)

LP Il (B-P adduct) (3.2) LP Il (n-n adduct) (1.5)

LP lll (B-S adduct) (-0.9)

determining C-F activation step. Such attempts resulted in
higher kinetic barriers for both 1b and 2b as compared to C-F
activation by BCF alone with the lowest energy transition states
located for Me;SiNTf, mediated C-F bond cleavage of 1b and 2b
5.4 kcal mol " and 6.4 kcal mol " (respectively) higher in energy
than those mediated by BCF (Fig. 3A). Interestingly, the lowest
energy transition states for Me;SiNTf, mediated C-F activation
involved oxygen bridged Me;SiNTf, (see ESI, Fig. S557), similar
to tin bistriflimide isomers reported by Papai and Ashley.? The
non-active role of Me;SiNTf, in the C-F activation step was
confirmed through kinetic experiments that varied the
concentration of Me;SiNTf, in reactions of FLP-I with 1a and 2c,
and FLP-II with 2c, all of which showed no rate dependence on
Me;SiNTf, concentration (see ESI, Fig. S7 and S81).

In the absence of Me;SiNTf,, calculated free energies of the
starting materials and the FLP activation products revealed that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Experimental (exp.) and calculated (calc.) AG* values for
activation of substrates 1a (4-Me-CgH4-CF3), 1b (PhCF5), 2b (PhCF,H),
2c (4-Br-CgH4-CF,H) and 3b (1,4-(CF,H),CgH4) by FLP-I, FLP-1l and
FLP-III

Entry FLP system Substrate AG* (keal mol ™)
1 FLP-I 1a 22.4 + 2.3 (exp.)
2 FLP-II 1a 22.9 + 1.7 (exp.)
3 FLP-I, FLP-TI 1a 24.4 (calc.)
4 FLP-1II la 25.3 (calc.)
5 FLP-I, FLP-II 1b 25.2 (calc.)
6 FLP-III 1b 26.1 (calc.)
7 FLP-I, FLP-II 2b 18.9 (calc.)
8 FLP-1II 2b 19.8 (calc.)
9 FLP-II [2b-P(0-Tol),][NTf,] 27.1 (calc.)
10 FLP-I 2¢ 20.7 & 1.3 (exp.)
11 FLP-II 2¢ 21.1 £ 0.7 (exp.)
12 FLP-III 2¢ 22.2 + 0.6 (exp.)
13 FLP-I, FLP-II 2¢ 19.3 (calc.)
14 FLP-1II 2¢ 20.2 (calc.)
15 FLP-I 3b 19.3 (calc.)
16 FLP-I [3b-TPPy|[NTf,] 20.3 (calc.)
17 FLP-III 3b 20.2 (calc.)
18 FLP-1II [3b-THT|[NTTf,] 24.0 (calc.)

very little thermodynamic gradient existed in FLP-I with 1b, with
the product, [1b-TPPy]|[BF(CeFs);], a mere 1.2 kcal mol " less
stable than the starting materials (Fig. 3B). These comparable
free energies, combined with the low kinetic barrier, result in an
equilibrium between FLP-I and 1b with their activation

TSCF3ITMSNT! (AGY = 30.6 kcal mol™)

: [BF(CoFs)]
(j)< ©)é TPy _CsIBF(CFa)s]
T CaNTh
[b-TPPY][BF (CeFs)]

Expenmenta/ result: Kpgg = 0.163, AG%,95 = +1.1 kcal mol
Calculated reaction AG%gg = +1.2 kcal mol™’

TSCHF2TMSNTE (AGE = 25 3 kcal mol™)

S
INTH]
©>é TPPy
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Fig. 3 (A) Lowest energy transition states for C—F activation of 1b and
2b by MesSiNTf,. (B) Experimental and computational analysis for the
equilibrium between FLP-1/1b and their activation product. (C)
Experimental and computational evidence supporting the role of
MesSiNTf, in abstracting fluoride from [BF(CgFs)s]™ and providing
thermodynamic preference to the reaction products.
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products. The equilibrium constant for this reaction was
determined from both reaction directions through stoichio-
metric reaction of FLP-I with 1b and then with stoichiometric
reaction of Cs[BF(CeFs);] with [PhCF,(TPPy)|[NTf,], that
provided an equilibrium constant of K,9g = 0.163, correspond-
ing to an experimentally derived free energy difference of AG,gg
= +1.1 kcal mol™' and agreeing with computed energies
remarkably well (Fig. 3B).

In the case of FLP-II, the equilibrium lies well in the direc-
tion of the products and the kinetic barrier for the reverse
reaction is consequently higher. However, the possibility of the
reverse reaction using FLP-II with certain benzotrifluoride
substrates was confirmed through reaction of [4-OMe-
CeH,4CF,(P(0-Tol)3)][NTf,] with Cs[BF(C¢F5)3] to generate 4-OMe-
CcH,4CF;. It is proposed in the presence of Me;SiNTf, that the
anion [BF(CeFs);]” is quickly converted to BCF and Me;SiF,
preventing the reverse reaction and improving reaction rate and
yield.

In support of this assertion, a control reaction between [2b-
P(0-Tol);][BF(C¢Fs);] and Me;SiNTf, resulted in the fast gener-
ation of BCF, Me;SiF and [2b-P(0-Tol);][NTf,] (Fig. 3C). The
calculated free energy change for the reaction of Me;SiNTf, with
[2b-P(0-Tol);][BF(CeF5)s] shows a significantly exergonic reac-
tion (AG,og = —14.2 keal mol ™) (see ESI, Fig. S531). Providing
further evidence that the main role of Me;SiNTY, is to sequester
fluoride from the reaction, thermodynamically driving it in
a productive direction whilst regenerating the BCF catalyst.

Indication that Me;SiNTf, can play a more direct role in the
activation reaction was observed in the activation of 2c with FLP
systems FLP-I and FLP-II. In these reactions, the formation of an
intermediate was observed, assigned as [2-Br-C¢H,-CFH(NTf,)]
(2¢-NTf,), that formed quickly and was then consumed to
generate the final product [2¢-LB][NTf,] (LB = TPPy, P(0-Tol);).
In the case of FLP-III, this intermediate was not observed. The
intermediate was easily identifiable via a distinct shift in the
bistriflimide '°F NMR signal from 6y —80.0 to —71.5 that is
characteristic for N-alkyl bistriflimide adducts.”* Additionally,
a signal for the benzylic fluoride was observed at 6 —143.8 and
the intermediate's composition was confirmed via ESI-MS.
Repeating the activation reaction in the absence of Lewis base
provided 2c¢-NTf, as the sole product in 60% NMR yield.
However, the instability of this compound prevented its
isolation.

The rate of reaction of 2¢-NTf, with Lewis bases followed the
order TPPy > P(o0-Tol);, and was concentration dependent,
implying an Sx2 type mechanism for NTf, substitution (see ESI,
Fig. S22 and S23t). DFT calculations supported this observation
with Sx2 pathways at least 1.2 keal mol " lower in energy than
the calculated Sy1 pathway and following the ordering of TPPy <
THT < P(0-Tol); in the transition barrier height (Fig. 4).

The transient detection of 2¢-NTf, under standard reaction
conditions implies that (i) Me;SiNTf, (or [NTf,] ") reacts with the
carbocation [2¢]" faster than TPPy and P(o-Tol); and (ii) the
barrier for the substitution of [NTf,]” with TPPy/P(0-Tol); is
similar to the barrier for C-F activation (and formation of 2c-
NTf,)."* Our calculations support the similar barriers between
C-F activation and substitution steps, with substitution with

1296 | Chem. Sci, 2023, 14, 1291-1300

View Article Online

Edge Article

observed for
LB = TPPy, P(o-Tol);

Br F
BCF (10 mol %)
F  TMSNTf,
—_—

B F (NTr,

Br F
@/kNTfZ Lewis base ©/ELB

2¢ 2¢-NTf, [2¢-LB][NT)]
C-F activation NTf, substitution
TsSN1
183 [2¢]" + [NTH]
AGpcm 55 Sy1 pathway
(kcal/mol) 163
RT [2c]*[BCFFI 23, Ts(PTol)
(TMSNsz L& TS(THT) | sy2 pathways
04
™SF </ TS(TPRY)
+BCF
0.0 ¥ THT
2c + BCF 130 / Y ool
2¢-NTF, TPPy -
’ = 2 TI-:L:S NTE]
2-TPPy* s (NTEy,  2OTHTT +INTRI

24.1
[2c-PTol]* + [NTE,]

Fig. 4 Calculated reaction profiles for formation and nucleophilic
substitution of 2-NTf, with TPPy, P(o-Tol)s and THT.

P(0-Tol); only 0.4 kecal mol ™" lower in energy than C~F activation
and substitution with TPPy 5.4 kcal mol " lower in energy.

In the case of FLP-III, intermediate 2¢-NTf, was not observed.
This could be due to either THT reacting with the carbocation
intermediate [2¢]" faster than Me;SiNTf,/[NTf,]” or due to
a relatively higher C-F activation barrier as compared to the
substitution barrier arising from the need to dissociate the
Lewis adduct (LP-III) prior to C-F activation. Similarly, in ben-
zotrifluoride and benzodifluoride substrates 1 and 2 (other than
2¢), 1-NTf, and 2-NTf, are not observed under standard reac-
tions, however, this does not discount their formation if the C-F
activation step is significantly higher in energy than NTf,
substitution. The veracity of bistriflimide adducts as a universal
intermediate in the C-F activation reaction is dependent on the
kinetic barriers for combination of intermediate carbocations
[1]" and [2]" with Lewis bases (TPPy, P(o0-Tol);, THT) as
compared to with [NTf,] .

Attempts to computationally model nucleophilic attack of
the free carbocations [1]" and [2]" by NTf,, TPPy, THT and P(o-
Tol); failed to provide a definitive ordering of relative kinetic
barriers. However, the calculations did suggest that carbocation
combination with THT was a barrierless processes, while
nucleophilic attack with TPPy and P(o-Tol); had barriers similar
to that of the Sx1 C-F activation event (based upon endergonic
ion separation) (see ESI, Fig. S57-56071). Observations that 2c-
NTf, forms preferentially to [2¢-TPPy]" and [2¢-P(0-Tol);]" but is
not observed with FLP-III support our calculations, and imply
that the barrier to nucleophilic attack by Me;SiNT¥, lies between
those of THT and TPPy/P(0-Tol);. However, our failure to locate
convergent transition states for the addition of both TPPy and
P(o-Tol); to the free carbocations points towards a more
complicated nucleophilic substitution process that is beyond
the scope of this study. Unfortunately, the facile substitution
reactions of bistriflimide, THT and TPPy adducts to form

© 2023 The Author(s). Published by the Royal Society of Chemistry
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thermodynamic products also precludes any experimentally
determined relative distribution of initial kinetic products
formed immediately after C-F activation.

Although the formulation of bistriflimide adducts as inter-
mediates in cannot be discounted, C-F activation of benzodi-
fluorides using FLP-I, FLP-II and FLP-III has been reported in
the absence of Me,SiNTf, (i.e. under stoichiometric conditions).
Thus, the formation of 2-NTf, is not necessary for C-F activation
and might only occur in cases where the barrier for Lewis base
combination with the carbocation fragment [2]" is greater than
that for [NTf,]".

The observed difference in reaction rates of bases with the
carbocation fragment arising from the Sy1-type C-F activation
of 2¢ may help explain other anecdotal observations made in
related systems which did not observe C-F activation using BCF.
For example, Ozerov reported that BCF does not catalyse the
hydrodefluorination reaction between benzotrifluorides and
Et;SiH, and Stephan reported BCF does not catalyse the Friedel-
Crafts arylation of benzotrifluorides.**” Our studies suggest that
BCF is capable of Sy1-type C-F activation in benzotrifluorides
and that it is the subsequent kinetic barrier arising from reac-
tion with poorer nucleophilic reagents® (e.g. hydrosilane,
arene) that prevented any observable reaction occurring in these
cases. That is, C-F activation is kinetically accessible with BCF
but the thermodynamic instability of the initial product (i.e.
[ArCF,][BF(C4Fs);]) may hinder the ability of weak nucleophiles
to overcome the barrier for combination with the carbocation
fragment.

Subsequent C-F activation (from where selectivity arises)

Pertinent to the development of FLP mediated selective C-F
activation is obtaining an understanding of why the reaction is
monoselective. Most substitutions of fluoride in CF,R groups (R
= H or F) result in dramatic decreases in remaining C-F bond
activation energies in the products. For example, the BCF
mediated C-F activation energy barrier in 2b is calculated to be
18.9 kcal mol ™" (Fig. 2), while in BnF (the initial product of
hydrodefluorination for 2b) it is calculated to be only
13.5 kecal mol ! (see ESI, Fig. S567).

In the cases of secondary C-F activation at geminal positions
in substrates with installed bulky TPPy and P(o-Tol); groups, it
might be expected that the approach of BCF would be sterically
hindered resulting in an increase in the kinetic barrier,
however, THT is an unassuming base, and we have shown that
chemically equivalent distal C-F sites may also undergo selec-
tive activation using our approach. Thus, we suspected that the
substitution of a fluoride in polyfluorocarbons with a neutral
Lewis base might re-order the kinetic barriers for C-F activation
in the starting materials and products through electronic
factors.

To investigate the second C-F activation event (ie. C-F
activation of the monoactivated products) we utilised 2b and
1,4-(CF,H),CcH, (3b) as model substrates for (de)activation at
geminal and distal sites respectively. The first activation of 2b is
described above (Fig. 2) and we have previously reported on the
selective activation of 3b to generate [1-CF,H-4-CFH(LB)C¢H,]

© 2023 The Author(s). Published by the Royal Society of Chemistry
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[NTf,] {[3b-LB][NTf,]} (LB = TPPy, THT).** Of note in previous
reports, no diactivation side products were observed in the case
of 2b, whereas we have observed small amounts of diactivation
products when employing distal polyfluorides 3a and 3b (Fig. 5).

Although we do not observe double C-F activation of 2b
under ambient temperatures, subjecting the isolated salt [2-P(o-
Tol);][NTf,] to more forcing conditions (130-150 °C) resulted in
further C-F activation and formation of bisphosphonium salt
[2-(P(0-Tol)3),][NTf,], (Fig. 5A). *'P NMR spectroscopy revealed
that multiple products are present once [2-P(0-Tol);][NTf,] is
consumed. ESI-MS confirmed the presence of [2-(P(0-Tol);),]
[NTf,], in solution, however, a number of isomers of [2-(P(o-
Tol);),|[NTf,], are possible, with the incoming P(o-Tol); fore-
seeably attacking the a-carbon position to generate [o-2-(P(o-
Tol);),][NTf,], or the aryl ring at the ortho or para positions to
generate [ortho-2-(P(0-Tol);),][NTf,], or [para-2-(P(o-Tol)s),]
[NTf,], (Fig. 6). In addition to the dication, a major signal is
observed at 697.97 m/z with a monocationic isotopic distribu-
tion pattern and attributed to ylide formation from deproto-
nation of [2-(P(0-Tol);),][NTf,],. As such, [2-(P(0-Tol);),|[NTf,],
could not be isolated, but it is shown to be kinetically accessible
(albeit with difficulty).

To understand the origin of the higher kinetic barrier for the
second C-F activation event in 2b, we modelled the second
activation event computationally for FLP-II. A transition state
corresponding to an Syx1 C-F activation was located
27.1 keal mol ™" higher in energy than the ground state {i.e. [2-
P(o0-Tol);]"-[BF(CeF5)s] } (Fig. 6), representing an increase in
activation barrier of 8.2 kcal mol™* as compared to the initial
C-F activation event in 2b, and 13.6 kcal mol " greater than in
benzyl fluoride (as a comparison to another monofluoride
substrate).

A. Double geminal C-F activation
R H

B INTE
F FLPI, 25°C PTol; FLP-II, 150°C
— —_—
TMSNTF, TMSNTf,

2b >95%

TolsP, H_ 2INTH,
3 ®[ 2]

PTolz + multiple other
products
(including ylides)

i
Q@

B. Double distal C-F activation
R F

@ NTR @ [Nsz]
F _FLPAIL80°C PTol, [NT” PTol,
F TMSNTf2 * Toly P
FFaa F P asy Foow
R H
s INTE® % ntg®
F _FLP-,25°C TPPy [NTf] TPPy
F TMSNTf, + TPPyD
H F
3b 80% 16%
R H
iNTe® INTF®
FFLP-ll 25°C (-?HT [NTf] ?HT
F. TMSNTf,
F
H T e 70% 4%
Fig. 5 (A) Sequential activation of 2b by FLP-II. The initial activation

product was isolated before the second activation reaction was
undertaken. (B) Examples of diactivation occurring in distal (and
chemically equivalent) C—F positions in substrates 3a and 3b. The
mono and diactivation products were observed in the same reaction
(in the yields indicated).®*< Yields determined by '°F and/or 3P NMR
spectroscopy.
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o-[PTol-2b-PTol]2* para-[PTol-2b-PTol]2* ortho-[PTol-2b-PTol]2*
(4.1) (0.1) (13.3)

%{—J

alternative products

CH(PToly)*

P(Tol3)*
FLP-IIl
LN

[2b-PTol]*

AGpem
(kcal/mol)

RT Ts2b(PTol)

2

actkora B8

FLP-Il [2b-PTol]2*[BCFF] + [BCFF]
PTol
Multiple products

Fig. 6 Calculated energy profile for the reaction of [PhCHFP(o-Tol)s]
[BF(CgFs)3l {[2b-PToll[BCFF]} with FLP-Il. Note: P(o-Tol)s is repre-
sented by PTolin figure. The relative stabilities of possible products are
shown in parentheses in kcal mol*. Displayed calculated bond
distances given in A.

Much of this increase in barrier may be attributed to the
steric profile of P(0-Tol);, hindered access of BCF to the
remaining fluoride position and dissociation of the ion pair. In
contrast, distal C-F positions are equally accessible in starting
materials and monoactivation products. As stated above, we do
see diactivation products in the case of distal fluorides,
however, these are minor products as compared to the desired
monoactivated salts, suggesting that the initial activation
products are less reactive than the starting materials.

Modelling the double C-F bond activation of 3b with FLP-I,
we found that the initial C-F activation is calculated to have
a kinetic barrier of 19.3 kcal mol " (Fig. 7, for a detailed energy
profile see Fig. S6371). This value is slightly higher than in 2b, as
would be expected with the inclusion of an additional electron
withdrawing para-CF,H group. The second barrier for C-F bond
activation (i.e. C-F activation of [3b-TPPy]|[NTf,]) was calculated
to be 20.3 kcal mol '. Although the increase in activation
barrier from 3b to [3b-TPPy|[NTf,] is small, under controlled
reaction conditions, a high yield of the monoactivation product
can be obtained when using stoichiometric amounts of TPPy.

In contrast, we found that the barrier for the second C-F
activation using FLP-III (i.e. C-F activation of [3b-THT][NT,])
was 23.1 kcal mol™', representing a barrier increase of
3.8 kcal mol™" as compared to 3b (Fig. 8). The result of this is
corroborated with experimental observations, where we gener-
ally see much higher selectivity of the monoactivation product
over the diactivation product (Fig. 5B). In both cases, the effect
of installing a neutral Lewis base is similar to the conversion of
CF,H to a slightly more electron withdrawing group, providing
an electronic deterrent for further C-F activation in the product.

To understand from where the difference in 1°* and 2" C-F
activation barrier heights between FLP-I and FLP-III arises, we
generated frontier orbitals and charge assignments for [3b-LB]"
(LB = TPPy, THT) (Fig. 8 and S671). The charge assignment for
the geminal and distal fluorides in [3b-THT]" are more positive
than in [3b-TPPy]" meaning that there is potentially less

1298 | Chem. Sci, 2023, 14, 1291-1300

View Article Online

Edge Article
CHF, CHF(LB)* CHF(LB)*
FLP FLP
AGassk =y CHF, CHF, CHF(LBZ):
(keal/mol) 3b [3b-LB] [LB-3b-LBJ
DcM
Ts!b
9.3
AGH=19.3
0.0 Tg3b(TPPy)
FLP-I eeanneene 16
3b + BCF -
TMSNTH,
T™MSF_ ) 'S TPPy
BCF_# AGH=120.3
¥ TMSNTS,
-37.3
[TPPy-3b-TPPy]?* 2[NTf,]"
¥t
FLP-IIl 24 GH
- ——oereenesneneees TMSNTf, ~ AGH=23.4
3b + BCF J 2 ¥ THT
TMSF
"
-15.1
[3b-THTI* [NTF,]"
¥ TMSNTF,
TMSF ‘—J

[THT-3b-THTJ2" 2 [NTH]"

Fig. 7 Calculated energy profile for the 1°t and 2" C—F activation
events between 1,4-(CF,H),-CgH4 (3b) and FLP-1 or FLP-III.

electrostatic interaction between the BCF catalyst and fluoride
positions in [3b-THT]'. Examining the HOMO-I (and LUMO-I) of
[3b-TPPy|" and [3b-THT]', it is clear that the frontier orbitals are
significantly delocalised throughout the TPPy motif, whereas
the frontier orbitals have little occupancy on the THT backbone.
This can be interpreted as a delocalisation of positive charge
throughout the TPPy fragment in [3b-TPPy]’, whereas in [3b-
THT]" the positive charge is maintained on the sulfonium
position and throughout the fluorocarbon fragment. So the
cationic charge that inhibits further C-F activation is more
prevalent in the ‘3b" fragment in [3b-THT]", resulting in
a higher activation barrier for subsequent fluoride abstraction
as compared to [3b-TPPy]".

It is also apparent from the frontier orbitals of [3b-TPPy]"
that significant -7 stacking occurs between one of the TPPy
ortho phenyl substituents and the ‘3b’ aromatic fragment. By
modelling a single phenyl substituent on TPPy (i.e. mono-
phenylpyridine) in the 2, 4 and 6 positions, inductive and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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[3b-THT]*
HOMO-|

[3b-TPPy]*
HOMO-I

Fig. 8 Calculated atom NBO charges for fluorine atoms and HOMO
for [3b-TPPy]* and [3b-THT]*.

through space stabilization provided by the phenyl substituents
could be estimated (for details see Fig. S687). It was found that
-1 stacking of the phenyl group stabilized the diactivation
product [3b"-TPPy]** by up to 2.7 kecal mol ™, and as such, it
might be expected to also stabilise the transition state for the
second C-F activation event in [3b-TPPy]". This effect would not
be active in [3b-THT]', resulting in a higher transition state
barrier.

Conclusions

The results of this study suggest that C-F activation in benzo-
trifluorides (1) and benzodifluorides (2) occurs via an Sy1 type
mechanism as opposed to a concerted FLP mechanism.
Although this is not a classical FLP activation mechanism
involving both the FLP components in the activation transition
state, the use of an FLP system is an important aspect of the
reaction given that thermodynamically preferred Lewis adducts
(as in the case of FLP-III) can increase the kinetic activation
barriers and suppress C-F activation. Indeed, given that BCF
has become a mainstay of main group catalysis,'® a number of
facets of this system are important to consider in other FLP and
C-F activation systems. In addition to ‘reversible’ FLPs'
suffering from an energy penalty to dissociate the adduct form,
this study suggests that steps that occur after the C-F activation
event can be reaction limiting. This finding will be of interest to
main group chemists who employ BCF in C-F and other bond
activation chemistry.

We have also shown that the inclusion of Me;SiNTf, is
important for the thermodynamic stabilization of C-F activa-
tion products. Indeed, the reverse reaction (attack of the acti-
vation product by [BF(C¢Fs);]” anion) is thermodynamically
preferred for FLP-I with 1a and 1b in the absence of Me;SiNTf,.
However, despite Me;SiNTf, being a competent Lewis acid, we
have found that it does not affect the kinetic barrier for C-F
activation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Lastly, we have provided mechanistic evidence of where the
monoselective C-F activation reaction arises. We have shown
that subsequent C-F activation events incur a higher kinetic
barrier (as compared to the initial C-F activation step), and that
this is true for geminal and distal fluorides (i.e. selectivity has an
electronic component). Moreover, we have shown that the Lewis
bases incorporated into the activation products affect the
kinetic barriers for subsequent C-F activation, and that this
should be a consideration when choosing FLP for mono-
selective C-F activation.
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