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From cyclic (alkyl)(amino)carbene (CAAC)
precursors to fluorinating reagents. Experimental
and theoretical study+i
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Addition of anhydrous HF to the hydrochloride [MSCAACHI]ICIHCl)g 5] resulted in the formation of salts
with high HF content. By stepwise removal of HF in vacuo, we selectively prepared [M*CAACHIIF(HF),] (3)
and [MCAACHI]IF(HF)s] (4). We also characterised a salt with [F(HF)4]~ anions within the structure of
[MECAACHIIF(HF)s 5] (5). Compounds with a lower content of HF were not accessible under vacuum con-
ditions. M*CAAC(H)F (1) was selectively prepared by abstraction of HF from 3 with CsF or KF, while
[MECAACHIIF(HF)] (2) was prepared by mixing 3 and 1 in a 1:1 ratio. Compound 2 proved to be quite
unstable as it tends to disproportionate into 1 and 3. This observation triggered our computational study,
in which the structural relationships between CAAC-based fluoropyrrolidines and dihydropyrrolium
fluorides were investigated using different DFT methods. The study showed that the results were very sen-
sitive to the computational method used. For a correct description, the quality of the triple-¢ basis set was
crucial. Surprisingly, the isodesmic reaction of [MSCAACHIIF] + [MSCAACHIIF(HF),] — [MSCAACHIIF(HF)] +
[MECAACHIIF(HF)] did not confirm the low thermodynamic stability of 2. Furthermore, the use of 3 as a
nucleophilic fluorinating reagent was tested on a range of organic substrates, as it is the most stable com-
pound in this series. It was found to have the potential to fluorinate benzyl bromides, 1- and 2-alkyl bro-
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Introduction

The introduction of fluorine into organic compounds signifi-
cantly alters their chemical, physical and biological properties,
making them desirable compounds in medical, material and
agrochemical sciences." In recent decades, the demand for
such compounds has led to rapid development.>™ Several
fluorination methods and fluorinating reagents have been
tested and are already used in industry.>® Nevertheless, the
search for reliable, selective and easy-to-use fluorinating
reagents is still ongoing. The use of hydrogen fluoride as a

“Department of Inorganic Chemistry and Technology, “JoZef Stefan” Institute,
Jamova cesta 39, Ljubljana, Slovenia. E-mail: gasper.tavcar@ijs.si

bDepartment of Chemistry and Biochemistry, University of Ljubljana,

Faculty of Chemistry and Chemical Technology, Vecna pot 113, 1000 Ljubljana,
Slovenia

‘Department of Organic Chemistry, University of Chemistry and Technology,
Technickd 5, 166 28 Prague 6, Prague, Czech Republic

+This work is partially based on the doctoral dissertation defended by
E. Gruden (2022) at Jozef Stefan International Postgraduate School.

iElectronic supplementary information (ESI) available: NMR and Raman
spectra, crystal structure data, additional computational results and reactivity
analysis data. CCDC 2263384-2263388. For ESI and crystallographic data in CIF
or other electronic format see DOI: https://doi.org/10.1039/d3dt01476b

9562 | Dalton Trans., 2023, 52, 9562-9572

mides, silanes and sulfonyls with good to excellent yields of the target fluorides.

nucleophilic fluorinating reagent would be the most cost-
effective and atom-economical.” However, the high corrosivity,
low boiling point and toxicity of gaseous HF make it difficult
to handle.® Instead, many safer HF-based reagents have been
used, such as the commercially available HF-pyridine (Olah’s
reagent)’ or Et;N-3HFE.'">"" More selective HF-based reagents
have been developed to participate in specific organic trans-
formations. DMPU-HF is less basic than HF-pyridine and
Et;N-3HF and therefore suitable for reactions requiring acidic
conditions."””™® KHSO,-HF, which simultaneously exhibits
high acidity and high fluoride nucleophilicity, can readily par-
ticipate in the hydrofluorination of alkenes.'® Imidazolium-
based fluorinating reagents are also a class of promising com-
pounds that have been extensively studied in the past."” >
Recently, they have been successfully used for the fluorination
of alkyl and benzyl halides, tosylates, mesylates, silyl ethers,
epoxides, sulfonate esters, a-haloketones and nitroarenes.**>°

Three imidazolium-based fluorinating reagents suitable for
the fluorination of organic®® or inorganic*”-*® compounds have
been prepared in our laboratory. The presence of bulky cations
is particularly important for the stabilisation of fluorinated
discrete anions.?® The compounds [IPrH][F], [IPrH][F(HF)] and
[IPrH][F(HF),] (IPrH = 1,3-bis(2,6-diisopropylphenyl)-1H-imid-
azol-3-ium) were synthesised from the corresponding NHC

This journal is © The Royal Society of Chemistry 2023
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carbene by adding the appropriate amount of HF-based
reagents or by fluorination of the corresponding chloride
salt.>®?° Inspired by the simple conversion from NHC carbene
to fluorinating reagent, we extended our research to another
class of carbenes, the cyclic (alkyl)(amino) carbenes (CAACs).
However, the electronic and hence chemical properties of
CAACs differ significantly from those of NHCs.”' The smaller
singlet-triplet gap of CAACs and higher electrophilicity allow
them to activate small molecules under mild conditions.*?
They are able to react with CO to form a stable ketene
CAAC=C=0,** activate molecules such as H, and NH; to
form stable cleaved products CAACH, and CAAC(H)NH,,**
undergo intramolecular C-H activation to form a tricycle,*”
and react with a variety of sp-, sp>- and sp*-hybridised C-H
groups to form CAAC(H)R compounds.>® Due to their high
reactivity, CAAC carbenes could not be used as the precursors
for the fluorinating reagents.

High ratio poly(hydrogen fluoride) salts were obtained start-
ing from the corresponding hydrochloride salt [MCAACH]
[CI(HCl)y 5] and adding anhydrous HF for fluorination as
described by Matsumoto.?* By stepwise removal of HF, a fluori-
nated compound M*CAAC(H)F (1) and several other poly(hydro-
gen fluoride) salts [M°CAACH][F(HF)] (2), [V"“CAACH][F(HF),]
(3), [M°CAACH][F(HF);] (4) and [M°CAACH][F(HF);5] (5) were
isolated and characterised. Compound 3, which is the most
stable in this series, was tested as a nucleophilic fluorination
reagent on organic substrates.

Results and discussion
Synthesis and characterisation of salts

The synthesis of all poly(hydrogen fluoride) compounds began
with the reaction of [V*CAACH][CI(HCI), 5] with anhydrous HF,
which was used as both reagent and solvent. After removal of
the excess HF overnight to constant weight under reduced
pressure of 107>-10~° bar, [M°CAACH][F(HF);] (4) was obtained
as a solid product in quantitative yield (Scheme 1). The com-
pound slowly releases HF at room temperature to form the
more stable trifluoride salt (3). To avoid decomposition, 4 was
stored in a plastic container at —20 °C under an inert atmo-
sphere. Single crystals of 4 suitable for X-ray analysis were
obtained overnight by slow evaporation of HF during product
isolation. It crystallises in the monoclinic space group P2,/c
and its crystal structure is shown in Fig. 1. The [F(HF);]™ anion

F F
W W
(HClo5)C1™ K- B
7dH aHF S R -HF fZ~H H
N — N H — N E
—HClI F invacuo
4 3

Scheme 1 Synthesis of [MSCAACHIIF(HF)s] (4) and [M°CAACHIIF(HF),]
(3). aHF = anhydrous HF.
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Fig. 1 Structure of the asymmetric unit of [M*CAACHIIF(HF)3] (4). The
ellipsoids are drawn at 50% probability. For clarity, all H atoms on the
cation are omitted, except for the atom at C2 position. Selected bond
lengths (A) and angles (°): F(1)---F(2) 2.345(2), F(2)---F(3) 2.346(3), F(2)---F(4)
2.379(3), C(2)-H(2) 0.950(2), N(1)-C(2) 1.273(2), F(1)-F(2)-F(3) 114.8(1),
F(1)-F(2)-F(4) 122.0(1), F(3)-F(2)-F(4) 122.4(1), N(1)-C(2)-H(2) 122.5(2).

is practically planar and has the form of a branched chain. Its
structure agrees well with similar anions reported elsewhere.*®

Removal of 1 equiv. of HF from 4 resulted in the formation
of [M°CAACH][F(HF),] (3). Although 4 tends to release HF, the
process is very slow. To ensure complete conversion to 3,
removal of the volatiles had to be carried out for 2 days at
room temperature under a high vacuum of 107°-10"7 mbar
(Scheme 1). Compound 3 is the most stable of all the hydrogen
fluoride compounds prepared. It can be stored in plastic con-
tainers on air for long periods without decomposition and
does not react with glass in the absence of moisture. Because
of its stability, 3 was selected as a potential nucleophilic fluori-
nating reagent and its reactivity was tested on a number of
organic substrates (see section 3). Single crystals of 3 suitable
for X-ray analysis were obtained from a concentrated MeCN
solution at —20 °C. It crystallises in the monoclinic space
group P2,/n and its crystal structure is shown in Fig. 2. The
[F(HF),]” anion adopts a non-linear geometry. It is bent, with

Fig. 2 Structure of the asymmetric unit of [M*CAACHIIF(HF),] (3). The
ellipsoids are drawn at 50% probability. For clarity, all H atoms on the
cation are omitted, except for the atom at C2 position. Selected bond
lengths (A) and angles (°): F(1)---F(2) 2.263(2), F(2)---F(3) 2.320(2), C(2)-H(2)
0.950(2), N(1)-C(2) 1.275(2), F(1)-F(2)-F(3) 108.54(8), N(1)-C(2)-H(2)
122.8(2).
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the angle F(1)-F(2)-F(3) being 108.54(8)°. The bond lengths
F(1)---F(2) and F(2)---F(3) of 2.263(2) A and 2.320(2) A, respect-
ively, agree with those of [F(HF),]” anions determined
previously.**?”

We have observed that the reaction of [YCAACH]
[CI(HCl), 5] with an excess of aHF leads primarily to the for-
mation of higher poly(hydrogen fluoride) salts. They can be
made accessible by slowly removing the excess HF at lower
temperatures. However, these fractions are liquid at room
temperature and tend to release HF even at —20 °C. Due to the
instability of the higher poly(hydrogen fluorides), we had pro-
blems with storage and characterisation. Fortunately, we were
able to recover a fraction containing 3.5 equivalents of HF.
This fraction contains the highest content of HF observed in
this system and is stable at —20 °C. During storage of various
poly(hydrogen fluoride) mixtures at —20 °C, single crystals of
[MeCAACH][F(HF); 5] (5) were repeatedly formed. Compound 5
is actually a co-crystal of [M*CAACH][F(HF);] and [M°CAACH]
[F(HF),] in the ratio 1:1. 5 crystallises in the monoclinic space
group P24/n. For reasons of clarity, only the crystal structure of
[MeCAACH][F(HF),] is shown in Fig. 3. The crystal structure of
5 is shown in the ESI in Fig. S19.1 The [F(HF);]™ anion adopts
the same branched chain form as that in compound 4. The [F
(HF)4]™ anion has the form of a branched-chain and represents
a rare example of such an isomer. There are three possible
isomers for [F(HF),]” anions - the tetrahedral, the branched-
chain and the chain type. To our knowledge, the latter has not
yet been discovered,*® while the tetrahedral type is the most
commonly observed.>® The branched-chain isomer has only
been found in the structure of Me;N-5HF.*® In 5, the
branched-chain anion is virtually centred with a particularly
short inner hydrogen bond F(22)---F(23) of 2.275(3) A. This is
consistent with a specific [F(HF)]” subunit in the core sur-
rounded by 3 HF molecules. Therefore, the formula can be
written as [(FH)(FHF)(HF),]". The structure of the [F(HF),]~
anion agrees well with similar anions reported elsewhere.?®

F21_
H21 g&“

F22

7 H22A

. H24
J F24

Fig. 3 Crystal structure of [M®CAACHIIF(HF)4]. The ellipsoids are drawn
at 50% probability. For clarity, all H atoms on the cation are omitted,
except for the atom at C2 position. Selected bond lengths (A) and angles
(°): F(21)---F(22) 2.417(3), F(22)---F(23) 2.275(3), F(23)---F(24) 2.408(3), F(23)
--F(25) 2.381(3), C(22)-H(22) 0.950(2), N(21)-C(22) 1.271(3), F(21)-F(22)—
F(23) 121.8(1), F(22)-F(23)-F(24) 128.6(1), F(22)-F(23)-F(25) 112.8(1),
N(21)-C(22)-H(22) 122.5(2).

9564 | Dalton Trans., 2023, 52, 9562-9572

View Article Online

Dalton Transactions

Since compound 3 is the most stable among the poly(hydro-
gen fluorides) in this series, compounds with lower HF
content could not be prepared from 3 by removing HF under
low pressure. Removal of another HF was not possible under
high vacuum even at higher temperature. Therefore, the syn-
thesis of M°CAAC(H)F (1) required a different approach.
Compound 3 was mixed with excess CsF and suspended in
toluene. The mixture was stirred for 3 days to give 1 and CsHF,
(Scheme 2). Compound 1 is very soluble in toluene and was
easily separated from the salt by-products by filtration.
Alternatively, KF can be used instead of CsF for the synthesis
of 1. The reaction with excess KF proceeds quantitatively and
yields KHF, as a by-product. Single crystals of 1 suitable for
X-ray analysis were obtained from concentrated MeCN solution
at —20 °C. It crystallises in the monoclinic space group P2,/c
and its crystal structure is shown in Fig. 4. Compound 1 crys-
tallises as a racemic mixture in the form of a neutral chiral
compound with H and F bonded at C2 position. In the crystal
structure, two M CAAC(H)F units join together through hydro-
gen bonds and form dimers. Two hydrogen bonds are formed
between H and F atoms at the C2 position of one molecule
and the F and H atoms at the C2 position of the adjacent mole-
cule. Consequently, a six-membered ring is formed, as shown
in Fig. 5. In addition, two even shorter hydrogen bonds
between the F atom and the H atoms on isopropyl wingtips
C(19)-H(18A)---F(1) influence the stability of the dimer.

Initially, we expected 1 to have an ionic rather than a
neutral form, just like the structurally related imidazolium-
based fluoride [IPrH][F].*° It turned out that 1 prefers to form

V7
7@1—1 H +2505F 7&

- CsHF2 MeCN
3 2

toluene

Scheme 2 Synthesis of M*CAAC(H)F (1) and [M®CAACHI[F(HF)] (2).

Fig. 4 Structure of the asymmetric unit of M®CAAC(H)F (1). The ellip-
soids are drawn at 50% probability. For clarity, all H atoms are omitted,
except for the atom at C2 position. Selected bond lengths (A) and angles
(°): C(2)-F(2) 1.450(2), C(2)-H(1) 1.000(1), N(1)-C(2) 1.397(1), N(1)-C(2)-
F(1) 110.89(9), N(1)-C(2)-H(2) 110.2(1), F(1)-C(2)-H(2) 110.24(9).

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Packing of two asymmetric units of MSCAAC(H)F (1). The ellip-
soids are drawn at 50% probability. For clarity, all hydrogen atoms are
omitted except for the one at C2 position. Selected intermolecular
hydrogen bond lengths (A) and bond angles (°): F(1)---C(2) 3.646(1), F(1)
--H(2) 2.7992(7), C(2)-H(2) 1.000(1), F(1)-H(2)-C(2) 142.80(7); F(1)---C
(18) 3.468(2), F(1)---H(18A) 2.506(1), C(18)-H(18A) 0.980(1), F(1)-H(18A)—
C(18) 166.88(8).

a saturated heterocyclic ring with sp® hybridisation at the C2
position. Also, in solution, compound 1 adopts a neutral chiral
form. 'H and '°F NMR measurements performed at low temp-
erature (—30 °C) confirm this, as the peaks of the CHF group
split to form a doublet corresponding to the *jy_p geminal
coupling. In the "H NMR spectrum it appears at 5.13 ppm
(*Jur = 82.9 Hz), while in the 'F NMR spectrum it is at
—-105.30 ppm (*Ju_r = 82.9 Hz). This agrees well with the 84 Hz
value calculated at the M06-2X/def2-TZVPP level. However, if
the measurement temperature is increased to room tempera-
ture, the proton-fluorine coupling disappears, which is prob-
ably due to the dissociation of 1 and a rapid exchange between
the neutral and ionic forms (see Fig. S4 and S5 in the ESI]).
This exchange, although strongly endergonic, should be quite
rapid at room temperature as the calculated activation Gibbs
free energy does not exceed 50 k] mol™' (see section 2 -
Computational study).

The missing [V"*CAACH][F(HF)] (2) salt was prepared by dis-
solving 1 and 3 in MeCN and stirring for 24 hours. After
removal of all volatiles, compound 2 was obtained (Scheme 2).
Unfortunately, the reaction is reversible and compound 2
tends to decompose easily back into the mixture of 1 and 3.
Also, crystallisation of the mixture generally resulted in single
crystals of 1 or 3. The formation of single crystals was strongly
dependent on the crystallisation procedure, especially on the
polarity of the solvent used. In some cases, only single crystals
of 1 or 3 were observed, while sometimes both crystals formed
at the same time. Finally, we succeeded in structurally charac-
terising 2 in a co-crystal with two molecules of 1. Single crys-
tals of [M°CAACH][F(HF)]-2"*CAAC(H)F (2a) were obtained by
slow evaporation of the solvent from the solution of 2 in MeCN
and #-BuOH. Our results show that 2 does indeed exist but is
in equilibrium with other fluorinated species. 2a crystallises in
the triclinic space group P1. Its asymmetric unit consists of a
central molecule of 2 and two adjacent molecules of 1. The
two molecules of 1 are aligned to form interactions with the
central [F(HF)]” anion. For clarity, only the structure of 2 is

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Structure of the asymmetric unit of [M®CAACHIIF(HF)] (2). The
ellipsoids are drawn at 50% probability. For clarity, all H atoms are
omitted, except for the atom at C2 position. Selected bond lengths (A)
and angles (°): F(1)---F(2) 2.235(2), C(2)—-H(2) 0.950(2), N(1)-C(2) 1.275(3),
F(1)-H(1)-F(2) 168(4), N(1)-C(2)-H(2) 122.8(2).

shown in Fig. 6. The complete asymmetric unit of 2a is shown
in the ESI, Fig. $18.1 The [F(HF)]™ anion adopts a linear geo-
metry with an F---F distance of 2.235(2) A. The F---F distance is
slightly shorter than for typical bifluoride salts (2.26-2.28 A),
but according to the literature, even shorter distances have
been reported for [F(HF)]™ anions (2.213(4) A).*

Compound 2 has a high tendency to decompose back into
the reactants. Therefore, it cannot be found in solution on its
own. In solution it exists only in equilibrium with 1 and 3.
NMR measurements at room temperature showed no signal in
the 'F NMR spectra, which is due to transitions between
species as the fluorides change from one form to another. To
slow down this process, the NMR measurements were repeated
at a lower temperature (=30 °C). This time, 3 distinct peaks
were visible in the '°F NMR spectra, assigned to compound 1
at —105.18 ppm, 2 at —144.51 ppm and 3 at —166.42 ppm. For
each species only one resonance could be detected due to the
rapid exchange in solution. All measured spectra are shown in
the ESI, Fig. S8 and S9.}

Computational study of the relative stability of
fluoropyrrolidines and dihydropyrrolium fluorides

The limited stability of 2 compared to the mixture of 1 and 3
was the trigger for our computational study, which addressed
several issues, namely (1) the relative stability of fluoropyrroli-
dines compared to dihydropyrrolidinium fluorides and hydro-
fluorides depending on the amount of HF present; (2) in the
case where dihydropyrrolium fluorides are more stable, where
the anions are preferentially localised; and (3) how the equili-
brium of the isodesmic reaction is oriented 1 + 3 — 2 + 2, with
experimental observation indicating the backward orientation.

We started by looking for the stability of the respective
structures 1, 2 and 3 and investigated the energies and geome-
tries of the following systems (Scheme 3).

Fluoropyrrolidine 1A/dihydropyrrolium fluoride 1B system.
Computations showed surprising dependence of even qualitat-
ive results on the method chosen (see section S2 in ESIi for
the detailed discussion). Using ORCA computational

Dalton Trans., 2023, 52, 9562-9572 | 9565
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Scheme 3 Searched structures in fluoropyrrolidine—dihydropyrrolium
fluoride systems.

program®' with efficient RIJCOSX** approximation, M06-2X
hybrid functional** and minimally augmented ma-def2-TZVP
basis set,** C2-F length agreed excellently with experimental
value. Computations revealed a strong energetical preference
for covalent structure 1A over ionic structure 1B in agreement
with the experimental data. Comparing positions of the fluor-
ide ion in the ionic structure 1B, coordination to C2 hydrogen
(1Ba) (Table S3,1 entry 2) was energetically preferred over the
position below the ring (Table S3,f entry 3, Fig. 7). To obtain
even better energetics for the evaluation of 1 + 3 — 2 + 2 iso-
desmic reaction, we optimised it with the recently rec-
ommended Martin’s DSD-PBEP86 “DSD”-double scale hybrid
functional,*” which combines the DFT method with spin-com-
ponent-scaled MP2 mixing, and with TZVPP basis set.*®
Computational details are given in Table S3 in the ESL}
Fluoropyrrolidine-HF 2A/dihydropyrrolium hydrogen
difluoride 2B system. Seven significant geometries were found
in the conformational space. The three critical structures are
shown in Fig. 8. In a strict contrast to lower-level computations
where covalent structure 2A hinted to be the most stable,
higher-level calculations (M06-2X/ma-def2-TZVP) correctly
revealed that ionic systems are more stable. 2Ba’ structure with
[F(HF)]” anion coordinated to the C2 hydrogen was more
stable than the structure 2Bb with the [F(HF)]” anion below
the ring. Structure 2Ba’ is close to the observed crystal struc-

View Article Online
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2Bb

Fig. 8 Selected computed structures of fluoropyrrolidine 2A and dihy-
dropyrrolium dihydrogen difluorides 2B at the MO6L/def2-SVP level. For
clarity, the substituents on the heterocyclic ring are drawn as tubes.

ture, the C2-H-[F(HF)] distance is in the acceptable agreement
with the crystal structure (See ESI and Table S4] for detailed
discussion). For the purpose of isodesmic reaction, structure
2Ba’ was again recalculated at the DSD-PBEP86/def2-TZVPP
level.

Fluoropyrrolidine-2HF 3A/dihydropyrrolium dihydrogen tri-
fluoride 3B system. No covalent 3A structures were found on
the PES of the system. Among the multiple minimae found,
the structures 3Ba, 3Bb and 3Bc showed the lowest energy,
which in all cases involved different coordinations of the
[F(HF),]™ anion to the C2-H hydrogen (see Fig. 9 and Table S5
in the ESI}). The [F(HF),]™ anion corresponds in all cases to an
F~ anion coordinated to two HF molecules. The angle varies
between 90° and 160° for different structures. The three main
geometries are listed, with the most stable structure at higher
levels being 3Be, where the [F(HF),]” anion is coordinated to
the C2-H hydrogen by the central F atom. This agrees well
with the coordination of the [F(HF),]” anion in the crystal
structure. The slightly different orientation is probably caused
by crystal packing. The observed F---F---F angle of 109° is not
far from the calculated value of 124° (hydrogen atoms were
removed from considerations due to their unclear position in
the crystal structure). Structure 3Bc was again recalculated at
the DSD-PBEP86/def2-TZVPP level with the aim to obtain
better energies.

Isodesmic reaction 1 + 3 — 2 + 2. According to the experi-
mental data, we were able to synthesise and isolate the crystal
structures of both the fluoropyrrolidine M°CAAC(H)F (1) and
the dihydropyrrolium salt [M*CAACH][F(HF),] (3), however, the
salt [M*CAACH][F(HF)] (2) proved to be unstable and dispropor-
tionate to 1 and 3. As mentioned earlier, this was the trigger

1A 1Ba 1Bb

Fig. 7 Selected computed structures of fluoropyrrolidine 1A and dihy-
dropyrrolium fluorides 1B. For clarity, the substituents on the hetero-
cyclic ring are drawn as tubes.

9566 | Dalton Trans., 2023, 52, 9562-9572

3Ba

3Bb

3Bc

Fig. 9 Selected computed structures of dihydropyrrolium dihydrogen
trifluorides 3B at the MO6L/def2-SVP level. For clarity, the substituents
on the heterocyclic ring are drawn as tubes.

This journal is © The Royal Society of Chemistry 2023
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for us to start the computational study and find all the critical
structures. Assuming that the disproportionation was indeed
caused by the lower thermodynamic stability of 2, the isodes-
mic reaction 1 + 3 — 2 + 2 should be endergonic (Scheme 4).
Although pilot low level computations confirmed that with 1 +
3 energies lower by 26.4 k] mol " than 2 + 2, higher lever calcu-
lations resulted surprisingly in opposite results. At the highest
level, double hybrid DSD-PBEP86 functional with triple triple-{
def2-TZVPP basis set, the equilibrium was shifted forward
with AG = —12.5 k] mol™", which is probably the best estimate
of the isodesmic equilibrium between the isolated structures
1, 2 and 3. The details of the isodesmic calculations at various
level of theory are given in Table S6 in the ESL} The discre-
pancy between the observed and the calculated results is
unclear to us, it is probably related to the crystal packing and
will be further studied.

Properties of 3 as a nucleophilic fluorination reagent on
organic substrates

As a model reaction we chose the fluorination of benzyl
bromide to its corresponding fluoride with reagent 3. As a
model substrate we wused 4-tert-butylbenzyl bromide 6a
because of its low volatility. MeCN was used as a solvent, the
base was added and the reaction was heated at 140 °C for
1 hour in a Teflon-lined high-pressure reactor. The conversion
to 4-tert-butylbenzyl fluoride 7a was determined using qNMR
and naphthalene as an internal standard. The results are given
in Table 1 and in Table S7 in the ESL.{

We tested different bases in the reaction system. Amine
bases such as N,N-diisopropylethylamine (DIPEA) and 1,8-dia-
zabicyclo[5.4.0Jundec-7-ene (DBU) gave poor yields due to the
formation of an adduct with the parent benzyl bromide
(Table 1, entries 1-5). Even the use of an extremely hindered
base such as 2,6-di-tert-butylpyridine did not improve the yield
and resulted in low conversion. Next, we tested alkali carbon-
ates and bicarbonates (Table 1, entries 7-12). Caesium carbon-
ate gave the best result with quantitative conversion and 98%
yield of the desired benzyl fluoride 7a. We suspected that the
solubility and not the type of cation plays a crucial role in the
reaction, which is confirmed by the fact that when potassium

7
/1k©/k ’) 2
+ F - +
/H/ ool
F. F—H-F
M NH

Scheme 4 Isodesmic reaction of MSCAAC(H)F (1) + [MCAACHIIF(HF),]
(3) > [MSCAACHI[F(HF)] (2) + [M*CAACHIIF(HF)] (2).
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Table 1 Model reaction for fluorination of benzyl bromide 6a
/©/\Br @) /©/\F
Base
N MecN  'Bu
140 °C, 1h 7a

3 Base 6a Yield 7a®
Entry [eq.] (eq.) (%)  Conversion® (%)
1 1 — 0 0 0
2 1 DBU 2 0 100 22
3 1.1 DIPEA 1.8 0 100 60
4 1 ‘Bupy” 1 49 51 49
5 1 NaHCO; 1 30 72 64
6 1 Na,CO; 1 20 80 74
7 1 K,CO; 1 14 86 78
8 1 K,CO; 1/18-crown-6 0 99 98
9 1 Cs,CO; 1.2 0 100 98
10 1 Cs,CO; 0.5 0 100 99

% Conversions and yields were determined with qNMR with naphtha-
lene as an internal standard. ? 2,6-Di-tert-butylpyridine.

carbonate is used as a base and 18-crown-6 is added to
increase the solubility, the conversion and yield are quantitat-
ive (Table 1, entry 8).

Since reagent 3 contains three fluorine atoms in its struc-
ture, we reduced the loading of the reagent. The yield and con-
version of 6a began to drop significantly below 0.7 equivalents
of 3 (Fig. 10). For more details, see Table S8 in the ESL.{

Reagent 3 was also tested on various substituted benzyl bro-
mides to see how the electronic nature of the side groups
affected the fluorination reaction. We were able to obtain excel-
lent to quantitative yields regardless of the nature of the sub-
stituents. In the case of electron donating groups such as
—-OMe, reaction times were extended to 17 hours. The quanti-
tative yields, even in the case of sterically hindered substates
such as 2-Ph-benzyl bromide, demonstrate the excellent fluori-
nation potential of this reagent (Table 2).

Optimised reaction conditions were then used for the fluor-
ination of primary alkyl bromides. 1-Bromodecane was used as
a model substrate. Alkyl bromides react much slower than

[ —=— Yield of 7a
100 - Yield of 7a
95 - /
90 - s
©
N~
5 85+
ko] w
Q
> 80
75 -
70 T T T T T T
0.4 0.5 0.6 0.7 0.8 0.9

Reagent eq.

Fig. 10 Linear increase in yield of 7a vs. reagent loading. After 0.7 eq.
of 3 the yield is quantitative.
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Table 2 Fluorination of substituted benzyl bromides

i X Br _reagent3 a i X F
o CsCO3 U
= MeCN Z

6a—k 140 °C, 1h 7a-k
6“ Substituent Yield? 6° Substituent Yield?
6a 4-'Bu 98 6g 3-Cl 94
6b 4-NO, 96 6h 4-Me 98
6¢ 3-OMe 96° 6i H 99
6d 3-Br 96 6j 4-F 97
6e 4-Br 100 6k 2-Ph 94
6f 3,5-CF, 96

%0.1 mmol substituted benzyl alcohol, reagent 3, Cs,CO; (1.5 eq.),
naphthalene (approx. 0.1 mmol) were dissolved in MeCN (1 mL) and
heated in Teflon reactor at 140 °C for 1 hour. ” Conversions and yields
were determined with QNMR with naphthalene as an internal stan-
dard. © Reaction time was extended to 17 hours.

benzyl substrates, with elimination to alkene being a competi-
tive process. The best yield of fluorination was observed in
MeCN as solvent and Cs,COj; as base with a 91% yield of 9 and
only 2% of decan-1-ene 10 after 30 hours of reaction time
(Table S9 in ESIf). Secondary bromides, however, are even less
reactive and more prone to elimination. After 16 hours of reac-
tion time at 140 °C, all the starting 2-bromooctane was con-
sumed. The yield did not exceed 30% despite changes in temp-
erature and reaction times. Most of the starting material was
converted to 1- or 2-alkene. Due to the low reactivity of 2° bro-
mides, we used 2° mesylates with HMPA as solvent and were
able to obtain reaction yields of more than 79% of 12, which
are comparable to those reported in the literature (see
Table S10 in the ESI{ for more details on optimising the reac-
tion conditions). In addition to benzyl and alkyl substrates, we
also fluorinated other substrates such as silanes, sulfonyls,
acid chlorides and a-bromoketones with good to excellent
yields (Scheme 5). 3 was also used as a reagent for the nucleo-
philic aromatic substitution of 1,4-dinitrobenzene to 4-nitro-
fluorobenzene in 87% yield and for fluorination of the less
reactive benzyl chloride in 66% yield. After completion of the
reactions, bromide salt of 3 [V"*CAACH][Br] was isolated with
precipitation with hexane and was regenerated as 4 in 80%
yield by the use of anhydrous HF. 4 can be easily transformed
to 3, which could be used for further fluorination reactions.

Experimental
Synthesis of salts

Syntheses of cyclic iminium salts were carried out under an
inert atmosphere of dry argon using the standard Schlenk
technique or in a glovebox (M. Braun) maintained below
0.1 ppm O, and H,O. Reactions were carried out in FEP
(tetrafluoroethylene-hexafluoropropylene)  tubes, reaction
vessels equipped with PTFE (polytetrafluoroethylene) valves.
Anhydrous HF was handled in a vacuum line made entirely of
PTFE. Samples were stored in a glovebox in PP (polypropene)
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Alkyl substrates

reagent 3

/\ /\
.
CoHig Br 5,00, CoH1g F CBHW/\
8 MeCN s 10
140 °C, 30h 91% 2%
3(xeq) . |
CeH LG cs00 CeH F ¥ e v
2 3
ere HMPA 68 CeHis CsHi1
LG=Br or OMs 70°C, 72h 12 13 14
1 LG=0Ms 79% 0% 21%
LG=Br  35% 12% 53%
(o]

E
13 e VaVat F
f”();s.ﬁz -)Br from R-Br

(71%)

/Ej':
O,N

Other substrates

AN

from R-CI from f‘C/ from 1,4-dinitrobenzene
(66%) (97%) (87%)
0\\ oF g
S\\ (0]
Q 0
O,N O,N
from R-CI from R-CI
(90%) (81%)

Scheme 5 Fluorination scope of 3 (QNMR yields). *H and °F NMR shifts
matched those previously reported (see Table 12 in the ESIf).

plastic containers. Toluene was dried in a mixture of sodium
and benzophenone, distilled under Ar atmosphere, degassed
by freeze-pump-thaw cycles and stored over 3 A molecular
sieves. MeCN was degassed by freeze-thaw cycles and stored
over 3 A molecular sieves. Deuterated NMR solvents were
stored over 3 A molecular sieves in a glovebox. Cyclic iminium-
based chloride salt [V*CAACH][CI(HCl,s)] was prepared
according to the modified procedure described previously.*”
Anhydrous HF (Linde, 99.995%) was dried by mixing with
K,NiFs (Advance Research Chemicals, Inc.) before use. CsF
(Sigma-Aldrich, 99%) was dried overnight in vacuo at 150 °C
and stored in a glovebox. NMR spectra were recorded in 5 mm
glass NMR tubes with an FEP liner. Measurements were per-
formed using a Bruker AVANCE NEO 400 MHz NMR spectro-
meter. Chemical shifts of "H and "C{'H} were referenced to
the residual signals of the deuterated solvent, while *°F refer-
ences were calculated according to IUPAC guidelines and are
given relative to CFCl;.*® Elemental analysis was performed
using the CHNS elemental analyser vario EL cube (Elementar)
in CHN mode. Raman spectra were recorded using a Horiba
Jobin Yvon Labram-HR spectrometer coupled with an
Olympus BXFM-ILHS microscope at room temperature. The
samples were excited with the 633 nm emission line of a He-
Ne laser.

Caution! Anhydrous HF is an extremely corrosive and
highly dangerous gas. It should be handled with care in a well-
ventilated hood. Always wear protective clothing, gloves and a
face mask.

Preparation of [V'*CAACH][F(HF);] (4). [M*CAACH][CI(HCI), 5]
(1.10 g, 3.23 mmol) was added to an FEP tube. Approximately

This journal is © The Royal Society of Chemistry 2023
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5 mL of anhydrous HF was condensed at —196 °C. The reaction
mixture was warmed to room temperature and left to stir for
2 hours. The reaction was stopped. Then the excess of HF was
removed overnight under reduced pressure of 107>-10~° bar in
vacuo to give a white solid. During slow evaporation of HF,
single crystals suitable for X-ray analysis were formed. Yield:
1.16 g (98%). "H NMR (CD;CN, 25 °C, 400.14 MHz): § 8.78 (s,
1H, C2-H), 7.61 (t, 1H, J = 7.8 Hz, p-ArH), 7.47 (d, 2H, J =
7.8 Hz, m-ArH), 2.72 (sept, 2H, J = 6.7 Hz, i-Pr-CH,), 2.46 (s,
2H, CH,), 1.60 (s, 6H, C5-CH3), 1.53 (s, 6H, C3-CH3), 1.35 (d,
6H, J = 6.7 Hz, i-Pr-CH3;), 1.10 (d, 6H, J = 6.8 Hz, i-Pr-CH3). *C
{"H} NMR (CD;CN, 25 °C, 100.62 MHz): 191.9 (C2-H), 145.6
(ipso-ArC), 133.1 (p-ArC), 130.1 (0-ArC), 126.6 (m-ArC), 85.9
(C5), 48.8 (C3), 48.8 (CH,), 30.4 (i-Pr-CH), 28.5 (C3-CH3), 26.3
(i-Pr-CHj3), 26.2 (C5-CHj), 22.2 (i-Pr-CH,3). °F NMR (CD;CN,
25 °C, 376.51 MHz): —173.45 (br, H3F,). Anal. caled for
CoH35NF, (M, = 365.49 g mol™): C, 65.72; H, 9.65; N, 3.83.
Found: C, 65.16; H, 9.74; N, 4.51. Although these results are
outside the range viewed as establishing analytical purity, they
are provided to illustrate the best values obtained to date for
this sample.

Preparation of [V“CAACH][F(HF),] (3). [V'“CAACH][F(HF);]
(2.70 g, 7.39 mmol) was added to an FEP tube. Removal of HF
was carried out for 2 days in high vacuum, under reduced
pressure of 10710~ mbar. Single crystals suitable for X-ray
analysis were obtained from a concentrated MeCN solution
stored at —20 °C. Yield: 2.37 g (93%). "H NMR (CD;CN, 25 °C,
400.14 MHz): § 8.84 (s, 1H, C2-H), 7.62 (t, 1H, J = 7.8 Hz,
p-ArH), 7.47 (d, 2H, J = 7.8 Hz, m-ArH), 2.73 (sept, 2H, J =
6.7 Hz, i-Pr-CH3), 2.46 (s, 2H, CH,), 1.60 (s, 6H, C5-CHj;), 1.53
(s, 6H, C3-CH3), 1.35 (d, 6H, J = 6.7 Hz, i-Pr-CH3), 1.10 (d, 6H,
J = 6.8 Hz, i-Pr-CH;). “C{'H} NMR (CD;CN, 25 °C,
100.62 MHz): 192.1 (C2-H), 145.6 (ipso-ArC), 133.1 (p-ArC),
130.1 (0-ArC), 126.6 (m-ArC), 85.8 (C5), 48.8 (C3), 48.8 (CH,),
30.4 (i-Pr-CH), 28.5 (C3-CHj3), 26.3 (i-Pr-CH,), 26.2 (C5-CH3),
22.2 (i-Pr-CH3). »F NMR (CD;CN, 25 °C, 376.51 MHz):
—168.57 (br, H,F3). Anal. caled for C,oH34NF;3 (M, = 345.48 ¢
mol™): C, 69.53; H, 9.92; N, 4.05. Found: C, 69.87; H, 9.80; N,
4.20.

Preparation of MCAAC(H)F (1). [V°CAACH][F(HF),] (1.20 g,
3.47 mmol) and 2.5 equiv. CsF (1.31 g, 8.62 mmol) were added
to an FEP tube and suspended in 10 mL toluene. The mixture
was stirred for 3 days. The solution was filtered through a
PTFE filter and collected in another FEP tube. All volatiles
were then removed under dynamic vacuum, yielding a white
solid. Single crystals were obtained from a concentrated
MeCN solution stored at —20 °C. Yield: 0.94 g (91%). "H NMR
(CeDs, 25 °C, 400.14 MHz): § 7.25-7.17 (m, 3H, ArH), 5.27 (s,
1H, C2-H), 3.74 (m, 2H, J = 6.9 Hz, i-Pr-CH), 1.81 (s, 2H,
CH,), 1.25 (d, 6H, J = 7.0 Hz, i-Pr-CH3), 1.23 (s, 6H, C5-CH3),
1.19 (d, 6H, J = 6.4 Hz, i-Pr-CH3;), 1.12 (s, 6H, C3-CH;3). *C
{'"H} NMR (C¢Ds, 25 °C, 100.62 MHz): 151.9 (ipso-ArC), 136.1
(0-ArC), 125.1 (m-ArC), 114.3 (C2-H), 65.3 (C5), 53.7 (CH,),
43.2 (C3), 30.5 (C3-CHj,), 28.8 (i-Pr-CH), 27.9 (C5-CHj3), 27.0
(i-Pr-CH;), 24.0 (i-Pr-CH;). '"F NMR (C¢Dq, 25 °C,
376.51 MHz): —106.80 (s, C2-F). Anal. calcd for C,oH3,NF (M,
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= 305.47 g mol™"): C, 78.64; H, 10.56; N, 4.59. Found: C,
78.98; H, 10.53; N, 4.60.

Preparation of [Y“CAACH][F(HF)] (2). [V“CAACH][F(HF),]
(113 mg, 0.33 mmol) and M°CAAC(H)F (100 mg, 0.33 mmol)
were added to an FEP tube and dissolved in 3 mL MeCN. The
solution was stirred overnight at room temperature. All vola-
tiles were removed under dynamic vacuum yielding a white
solid. Yield: 209 mg (98%). 'H NMR (CD;CN, 25 °C,
400.14 MHz): § 13.89 (br, 1H, HF,), 8.20-7.70 (br, 1H, C2-H),
7.50 (t, 1H, J = 7.7 Hz, p-ArH), 7.39 (d, 2H, J = 7.8 Hz, m-ArH),
3.00 (m, 2H, i-Pr-CH), 2.31 (s, 2H, CH,), 1.50 (s, 6H, C5-CHj),
1.41 (s, 6H, C3-CHj3), 1.31 (d, 6H, J = 6.7 Hz, i-Pr-CH3), 1.09 (d,
6H, J = 6.7 Hz, i-Pr-CH;). “C{'H} NMR (CD;CN, 25 °C,
100.62 MHz): 147.7 (ipso-ArC), 132.1 (0-ArC), 131.8 (p-ArC),
130.5 (C2-H), 126.2 (m-ArC), 50.4 (C5), 47.2 (C3), 29.9 (i-Pr-
CH), 29.2 (C3-CH3;), 26.7 (C5-CH3), 26.4 (i-Pr-CH3), 22.7 (i-Pr-
CH3). Anal. caled for C,oH;33NF, (M, = 325.48 g mol™): C,
73.80; H, 10.22; N, 4.30. Found: C, 73.59; H, 9.96; N, 4.24.

Crystal structure determination

Crystal data for all compounds were collected at 150 K with a
Gemini A diffractometer equipped with an Atlas CCD detector
using graphite-monochromated Cu Ko radiation. The data
were processed using the CrysAlisPro software package.”’
Analytical absorption correction was applied to all data sets.>®
Structures were solved using the SHELXT programme.>!
Structure refinement was performed using the SHELXL soft-
ware®® implemented in the Olex2 programme package.>?
Figures were made using Diamond.>*

Computational details

The orientation computations were accomplished by
Gaussian16 program suite® using pure M-06L functional,>®
which enabled the use of the RI (resolution of identity)
approach,” together with the double-{ def2-SVP basis set,*®
which greatly accelerated the initial calculations. To better
describe the anionic structures, we also used double-{ def2-
SVPD basis set’® with additional diffuse functions. No acceler-
ating approximation for exchange integrals is available in
Gaussian16. Therefore, we switched to the ORCA compu-
tational programme,’’ which uses the efficient RIJCOSX*?
approximation to accelerate the computations of hybrid func-
tional computations. We used the M06-2X hybrid functional*?
together with the triple-{ def2-TZVP basis set,’® the minimally
augmented ma-def2-TZVP basis set** or the fully augmented
def2-TZVPD basis set.® Weigend’s universal auxiliary basis
set>® was used for the RI approximation calculations. The
MeCN solvent was simulated with the SMD variant of the
IEF-PCM method®® and the description of the non-covalent
interactions was improved by the dispersion correction® with
the Becke-Johnson damping.®” Finally, the DSD method
blending DFT and perturbation theory together with the def2-
TZVPP basis set, was used for the best quality computations.*®
Frequency analysis was performed for all structures to confirm
them as minimae on PES and to obtain their free Gibbs ener-
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gies. All calculated structures (xyz files and free Gibbs ener-
gies) are listed in the ESL.}

Details of the reactivity analysis

All chemicals, materials and solvents were purchased from
commercial sources and used without further purification
unless otherwise stated. Solvents (MeCN) were distilled over
sodium wire, DCM was distilled over CaH, and then stored
over 3 A molecular sieves (20% V/V) for at least 72 hours before
use. 'H and '°F NMR spectra were recorded using a Bruker
Ascend 600 MHz NMR spectrometer (600 MHz for 'H,
471 MHz for '°F). Chemical shifts were reported as a delta
scale in ppm relative to CDCl; (residual CHCl; § = 7.26 ppm
for 'H, 77.16 ppm for *C). gNMR measurements were per-
formed using a bitmap scan and T = 5T1 (relaxation time of
45s).

General reaction conditions for benzyl bromides and other
substrates. 0.1 mmol of substituted benzyl bromide 6a-k or
0.1 mmol of other substrate (tert-butyldimethylchlorosilane,
4-nitrobenzenesulfonyl chloride, 4-nitrobenzoyl chloride, phe-
nacyl bromide and 1,4-dinitrobenzene) was added to a Teflon
lined stainless steel reactor. MeCN (1 mL), base, naphthalene
(approx. 0.1 mmol as internal standard) and reagent 3 were
added, the reactor was flushed with argon and heated to
140 °C in an oil bath. After completion of the reaction, the
reactor was cooled to rt and 30 pL of the contents were trans-
ferred to an NMR tube. All NMR shifts are consistent with
those previously reported (see Tables S11 and S12 in the ESII
for more details).

General reaction conditions for alkyl bromides and mesy-
lates. 0.1 mmol of alkyl bromide (or mesylate), base, an appro-
priate amount of 3 and naphthalene (approx. 0.1 mmol) were
added to a Teflon lined stainless steel reactor. The solvent was
added, the reactor was flushed with argon, sealed and heated
in an oil bath. After completion of the reaction 30 pL of the
contents were transferred to an NMR tube. All NMR shifts are
in agreement with those previously reported (see Table S12 in
the ESI} for more details).

Conclusions

Treatment of the hydrochloride salt [M*CAACH][CI(HCI), ]
with anhydrous HF resulted in the formation of poly(hydrogen
fluoride) salts. By removing HF under different conditions
[MCCAACH][F(HF);] (4) or [MCAACH][F(HF),] (3) could be
obtained quantitatively. 3 is the most stable salt in this system
and can be used efficiently as a nucleophilic fluorinating
reagent for a range of substrates including benzyl bromides, 1-
and 2-alkyl bromides, silanes and sulfonyls with good to excel-
lent yields of desired fluorides.

Reaction of 3 with a slight excess of basic CsF removed all
HF from 3 and led to the formation of M°CAAC(H)F (1), a
neutral chiral molecule that is highly soluble in toluene.
Mixing 1 and 3 in equimolar amounts produced [M*CAACH][F
(HF)] (2), which, however proved to be only partially stable as it
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has a tendency to decompose back into its reactants. To better
understand the relationship between 1, 2 and 3, a compu-
tational study was carried out.

The computational results showed that minimally triple-{
basis set must be used to find correct structures and energies
of 1, 2 and 3. The computation of the isodesmic reaction of
isolated 1 + 3 — 2 + 2 surprisingly did not confirm the experi-
mental instability of 2, which is probably caused by the exergo-
nic formation of 1 dimer.
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