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GFSCI, enabling SFs chemistry in an unexpected way.

Abstract: In synthetic method development, the most rewarding path is seldom a straight line. While our initial entry
into pentafluorosulfanyl (SFs) chemistry did not go according to plan (due to inaccessibility of reagents such as SF;Cl at
the time), a “detour” led us to establish mild and inexpensive oxidative fluorination conditions that made aryl-SFs
compound synthesis more accessible. The method involved the use of potassium fluoride and trichloroisocyanuric acid
(TCICA)—a common swimming pool disinfectant—as opposed to previously employed reagents such as F,, XeF,, HF,
and Cl,. Thereafter, curiosity led us to explore applications of TCICA/KF as a more general approach to the synthesis of
fluorinated Group 15, 16, and 17 heteroatoms in organic scaffolds; this, in turn, prompted SC-XRD, VT-NMR,
computational, and physical organic studies. Ultimately, it was discovered that TCICA/KF can be used to synthesize

~
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1. Introduction

Traditionally, oxidative fluorination connotes the use of
harsh fluorinating reagents or otherwise unfriendly reaction
conditions, though this stigma seems to be gradually
disappearing. In the realm of organic fluorine chemistry,
consider applications of the so-called “N—F reagents” in the
construction of C-F bonds over the last few decades.!"
Whether reagents such as Selectfluor, NFSI, or N-fluoropyr-
idinium salts are used directly in C—F bond formation,**! or
by relaying fluorine to high oxidation state transition
metal™? or main group fluorinating reagents,*” N-F
reagents have essentially allowed the broader community to
explore the chemistry of “tamed F,” with a bench-stable
salt. Other strategies for C—F bond formation involve the
combination of mild exogenous oxidants and metal
fluorides;® these approaches occasionally drive down over-
all cost and even open oxidative fluorination as a plausible
route to applications such as "*F-labeling.”'”! In the realm of
inorganic fluorine chemistry, on the other hand, the user-
friendliness of reagents and methods available to forge
heteroatom—fluorine bonds—especially with respect to poly-
fluorination—is not yet on par.

One could argue the reason stems from a philosophical
disparity of organic vs. inorganic approaches to fluorine
chemistry, as the training and skillset of inorganic fluorine
chemists (not to mention crucial investments in equipment,
PPE, and infrastructure) make the use of hazardous reagents
and reaction conditions seem less intimidating, despite their
inherent dangers. While the inorganic chemists undoubtedly
sow the fields of fluorine chemistry through exploring
fundamentally new functional groups, reactivities, and
reagents by any means, the organic chemists tend to pursue
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the practical advancements that make this research area
safer and more accessible to the broader chemical commun-
ity. The emphasis on practicality is arguably responsible for
the most significant periods of growth in the field, yet this
view can be myopic and subject to induction periods before
such practicality is realized. Thus, at the interface of these
disciplines is where fluorine chemistry truly blossoms.

Forming multiple heteroatom—fluorine bonds is situated
comfortably at this interface but likely has received less
attention from organic chemists due to the more “obvious”
relevance of C—F bond formation in the modern world.
However, the recognized utility of stable, highly fluorinated
functional groups such as the pentafluorosulfanyl (SFs)
group!'!l and applications of scaffolds such as (difluoro)aryl-
A-iodanes (aryl-IF, compounds) as versatile reagents!'”
(e.g., in forming C-F bonds) indicate that making heter-
oatom—fluorine bond formation more accessible could
trigger growth spurts in various fields. Accordingly, in the
spirit of exploratory chemistry and through the lens of
practicality, we detail our recent development of a safe,
simple, and versatile approach to oxidative fluorination of
heteroatoms herein. We highlight several instances whereby
forming one or more heteroatom—fluorine bonds with
Group 15, 16, or 17 elements no longer requires the use of
difficult-to-handle reagents such as F,, XeF,, HF, SF,, COF,,
Cl,, etc. Instead, the same transformations are accomplished
using only trichloroisocyanuric acid 1 (TCICA)—a common
disinfectant used in swimming pools!®'—and potassium
fluoride (KF) in the presence or absence of catalytic acid
(Figure 1). This TCICA/KF approach has addressed several
challenging oxidative fluorination problems over a series of
publications and, in our eyes, may serve a timely liaison in
realizing a greater potential of fluorinated heteroatom
moieties as substituents, in method development, and in
reagent design.

2. From CF; to the SF; Group

Our initial involvement in this research area (ca. 2017) was
fueled by an interest in the SF5 group. This functional group
has been presented in the literature as a surprisingly stable,
large, lipophilic, and highly electron-withdrawing substitu-
ent-of-interest in studies related to medicinal chemistry,
agrochemistry, and materials. Although its size is between
that of a CF; group and a bulky aliphatic substituent (e.g.,
the tert-butyl group),'” its similar but exaggerated proper-
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Figure 1. Story arc of our unexpected foray into oxidative fluorination of heteroatoms with the TCICA/KF approach.

ties in comparison to the CF; group has led the SF; group to
be coined the “super trifluoromethyl group”.™ Yet, while
several studies have demonstrated advantages, unique
properties, and applications of the SFs group sporadically
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sources of “SFs”, primarily nitro-substituted arenes. Concep-
tually, this presents an opportunity for modern synthetic
fluorine chemists and a clear space for innovation and
expansion. Since the Togni laboratory had invested over a
decade of research on the CF; group,'” an entrance into
developing methodologies surrounding this “super CF;
group” seemed just as logical as it was alluring.

Our first idea was to consider easier ways to harness the
SFs radical, as there is precedent for its utility in radical
addition reactions,” and this could pave new late-stage
functionalization avenues. Recently, some have examined
the reduction of SFg,®! which is an attractive approach but
also carries inherent challenges, including presumed over-
reduction to SF,*! which is a notoriously toxic gas.*!
Concomitantly, we considered another approach involving
the design/synthesis of a more user-friendly SFs transfer
reagent. Even if this were inevitably accomplished with
harsh reagents, the hard synthesis would be worth the effort
if it made SFs chemistry easy for the broader community
(after all, even Selectfluor is made with F, in an industrial
setting®)). It also seemed intuitive to generate, for instance,
a compound with a weak heteroatom-SF; bond from a
compound with a weaker halogen-SF; bond (a top-down
approach), as opposed to creating such a motif using the
bottom-up approach of oxidative fluorination. While we
entertained many ideas for scaffolds that seemed like good
reagent candidates according to DFT calculations, with
virtually no access to reagents such as SF;Cl at the time (it is
a corrosive gas often in limited supply, depending on what
part of the world one is in), we never really gained
momentum toward this end.

In general, the accessibility problems that needed to be
overcome appeared far more fundamental than would allow
for us to waltz into reagent design and late-stage SF;
installation. For instance, arene-SFs synthesis was consid-
ered the most developed area, but even this required the use
of corrosive gases such as Cl, in the state-of-the-art method
(while Cl, may be fine in some industrial settings, not all
laboratories are equipped to handle it properly, especially
on scale). A more realistic short-term goal came to light
given 1) the state of affairs in the field and 2) the tenure of
the postdocs working on it at the time. That new goal was to
make any aspect of SFs synthesis more accessible and led us
to figure out how to make aryl-SFs; compounds without
needing hazardous fluorinating reagents or corrosive gases.

3. Making the SF; Group More Accessible on Arenes

The state-of-the-art method in aryl-SFs synthesis was
reported by Umemoto:® it is a two-step approach that
requires synthesis of a key aryl tetrafluorosulfanyl-A‘-
chloride (aryl-SF,Cl) intermediate using Cl,/KF, which can
then be converted to the desired aryl-SFs5 compound via
CI-F exchange. Due to significant contributions from the
laboratories of Umemoto,?”! Shibata,”®?) Dolbier,”” and
Beier,? several possible approaches to CI-F exchange on
aryl-SF,Cl compounds had been established in the literature.
However, an alternative to the oxidative fluorination step
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had not yet materialized. Considering aryl-SF,Cl compounds
were also shown to be desirable intermediates beyond SF;
chemistry (e.g., in the synthesis of structures of the Ar-SF,-
R typeP), we focused on better ways to access them. And
with this more realistic goal in mind, we pondered: how can
we replace Cl, with a user-friendly reagent that could serve
as a chlorine source and a powerful oxidant? As an instance
of being in the right place at the right time, our laboratory
was routinely working with large amounts of trichloroisocya-
nuric acid (TCICA). In contrast to Cl,, TCICA is a bench-
stable, easy-to-handle solid that is sold commercially as a
common disinfectant for swimming pools.["”

The primary use of TCICA in our laboratory was for
simplified, large-scale syntheses of iodine(III) trifluorometh-
ylation reagents.” Oxidative chlorination of an aryl iodide
was achieved using TCICA, and CI-F exchange was
accomplished using KF in a subsequent step. Building on
this idea, it only took two days of screening to reveal that
TCICA and KF—often with the aid of catalytic acid (Lewis
or Brgnsted, most often trifluoroacetic acid)—could effec-
tively generate trans-phenyl-SF,Cl from diphenyl disulfide,
thus completely obviating the reliance on Cl,. This was an
exciting result as, overnight, aryl-SFs synthesis became
considerably more accessible for us (Figure 2).

The complete details of the screening, reaction develop-
ment, and investigation of scope (see 2-10 for select
examples) are compiled in our original report,* but a few
aspects are worth mentioning here. For one, a similar scope
of aryl-SF,Cl compounds originally synthesized from diaryl
disulfides with CL/KF were accessible using TCICA/KF.
Additionally, as TCICA is a milder reagent than Cl,, our
approach exhibited functional group tolerance that either
was not or cannot be demonstrated with Cl,/KF. For
instance, even though strong electron-donating groups
presented issues with background reactivity under TCICA
conditions (similar to Cl,/KF), certain esters, amides, azides,
and heteroaromatics were compatible, allowing us to access
novel aryl- and heteroaryl-SF,Cl compounds. Fortunately,
most of these “new” aryl-SF,Cl compounds were converted
to aryl-SFs (11, 12) or aryl-SF,-R (13, 14) congeners using
established literature procedures and notably required no
intermediate purification beyond extraction from the TCI-
CA/KF reaction mixture (though it was possible, in some
cases, to crystallize aryl-SF,Cl compounds under inert
atmosphere for structural studies™!). However, we noted
that beyond pyridine, pyrimidine, and quinoline ring
systems, accomplishing CI-F exchange on triazoles (15),
tetrazoles (16), indazoles (17), and other heteroaryl-SF,Cl
compounds remains challenging.

The demonstrated functional group tolerance of esters
under TCICA/KF conditions also generated hypothetically
faster routes, e.g., to phenol and benzoic acid derivatives.
Whether during workup immediately following the CI-F
exchange reaction or as a separate step, a mild saponifica-
tion reaction with LiOH could yield an alcohol/acid in two
steps from a diaryl disulfide that previously took four or five
steps to make from SFs-substituted nitrobenzenes.” Note
that we only reported the synthesis of phenol 12, but benzoic
acid derivatives can be produced just as easily via saponifi-

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



. .. Angewandte
GDvCh Minireviews o SO Chomic
C discovery D,
CI-F exchangeA SF
TCICA/KF —— Ar-—-
Ar282 Ar_SF4C| s
(our work) N~— Ar—SF4,R
radical addition
( scope D)
77% FeS 77% 59% AcO 71% . 6%
SF,CI SF,CI N SF4CI NYSF4CI
. . Jo N
PhthN 59% N; 70% MeO,C 65% ¢ 84%
(applications ) select from 30 examp/es
. F
/LF'A» /©/ MeOzC\(j\ 4- phenyl 1-butene ﬁri% T
t. BEt N 22
/©/ o & SN T Me0,CTNT 43 gay
F
phenyl- F! Cl
cO . AgF, A MeO,C SF4CI acetylene Me02C §{I}(
then, L|OH cat. BE’t3 F Ph
0,
684 O,N 14 70%
C opportunltles )
meta or para ortho
PhIN\ SF,CI N’N\)/SF4C' 7 Ar—SF,C| <«——— Ar,S; —e—> Ar—SF;
.N N—N‘ ,N SF,CI [potential application in reagent design]
Ph N 15 Ph 16

PhO,S
67% 82% 2
conversion to Ar-SF5 not yet demonstrated
[innovation necessary]

40%

Ar2X2
X=Svs. Sevs. Te?
[topic for our next investigation]

Figure 2. Reaction discovery, representative substrate scope, select applications, and opportunities for development surrounding the TCICA/KF

approach to the synthesis of aryl-SF;, aryl-SF,R, and aryl-SF; compounds.

cation following synthesis of the SFs; group from an
intermediate such as 6.

There was another finding that also echoed loudly in our
future work: the TCICA/KF protocol was equally as
sensitive to ortho-substitution patterns as the CL/KF
method. Just as Umemoto had previously discovered/
leveraged in the development of the nucleophilic fluorinat-
ing reagent Fluolead,’” ortho-substituents larger than fluo-
rine atoms greatly inhibit oxidation of the sulfur atom
beyond the S" oxidation state, providing access to aryl-SF;
compounds in good yields. This made us curious about what
other fluorinated groups might be accessible under TCICA/
KF conditions.

Our approach to reaction discovery thereafter spawned
multiple projects in a short period due to a random,
exploratory, and fun form of screening that resembled a
Monte Carlo simulation. Where “reaction screening” con-
ventionally implies varying conditions to achieve a high yield
on a specific type of transformation, we embarked upon a

Angew. Chem. Int. Ed. 2022, 61, €202205088 (5 of 13)

different type of screening that involved applying the
TCICA/KF method (optimized on diaryl disulfides) to any
heteroatom-containing substrates that came to mind, with
no expectations regarding yields or often the types of
transformations we would hope to achieve. This increased
element of randomness in reaction discovery by varying the
substrates with the method (as opposed to the methods with
the substrate) allowed us to rapidly determine situations
where the TCICA/KF protocol could do anything interesting
and, subsequently, how to develop and triage the work
based on implications of the results. In essence, we surveyed
the TCICA/KF potential surface and found as many wells as
we could before ascertaining how deep they were.

4. Diaryl Dichalcogenides and the Turn toward TeF;

The first choice of substrates to survey beyond diaryl
disulfides followed a logical curiosity: If diaryl disulfides

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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convert to aryl-SF,Cl or aryl-SF; compounds under TCICA/
KF conditions, what is the result of subjecting diaryl
diselenides to TCICA/KF? We found diphenyl diselenide in
our inventory, tried it under TCICA/KF conditions, and
obtained trifluoro(phenyl)-A*-selane (phenyl-SeF;, 18) selec-
tively in 95 % yield without any further optimization; there
was no trace of products in the Se' oxidation state. This is
an interesting (though unsurprising) divergence from the
behavior of its sulfur congener, and so we kept moving
down the periodic table: How do diaryl ditellurides behave
under TCICA/KF conditions? Commercially available di-
phenyl ditelluride was subjected to TCICA/KF conditions
and afforded another intriguing result—phenyl pentafluoro-
A-tellane (Ph-TeFs, 19) formation in high yield. All three
chalcogen derivatives provided products with different
degrees of fluorination and/or with different oxidation states
(Figure 3).

An isolation attempt of each phenyl-SeF; and phenyl-
TeF; revealed that the former was more sensitive to hydro-
lytic decomposition, and phenyl-TeFs was more stable than
the aryl-SF,Cl compounds. Although limited examples of
both aryl-SeF; and aryl-TeF; compounds exist in the
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literature (each synthesized on a small scale using XeF,""),
the relative stability of phenyl-TeFs in our hands indicated
that following this line of inquiry would be more appealing
from an operational standpoint. Accordingly, we disclosed
the phenyl-SeF; result in our original report™ and decided
to pursue aryl-TeFs compounds in a separate, detailed
study.P”) After re-optimization of TCICA/KF conditions, we
discovered the substrate scope of converting diaryl ditellur-
ides to aryl-TeFs compounds (19-26) was similar to the
sulfur chemistry, in that primarily electron-withdrawing or
electron-neutral substituents were well tolerated (this is a
common theme throughout). Moreover, many of the prod-
ucts were isolated after extraction and concentration on the
rotary evaporator, as opposed to requiring a glovebox and
PFA- or PTFE-walled vessels (we would recommend careful
measures here anyway, especially with lower-molecular-
weight aryl-TeFs; compounds, which emit a pungent odor
reminiscent of hot, rotten garlic). Additionally, we synthe-
sized phenyl-TeF; easily on a two-gram scale (78 % yield).
As phenyl-TeFs was previously reported to be a difluori-
nating reagent for alkenes*’ (but the experiments were only
conducted in NMR tubes following in situ generation), we

¢ discovery )
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Figure 3. Reaction discovery, representative substrate scope, structural/spectroscopic analyses, and opportunities for development surrounding the
TCICA/KF approach to the synthesis of aryl-SeF;, aryl-TeFs, and aryl-TeF,CF; compounds.
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decided to investigate its capabilities as a “reagent” initially
by first repeating the literature protocols with, for the first
time, isolated phenyl-TeFs. However, we found that the
reactions were not reproducible. In our report, we detailed
several control experiments, but our conclusion was that the
previously reported behavior of phenyl-TeFs as a difluori-
nating reagent was questionable. Rather, the observed
reactivity may have been from unreacted XeF, in the NMR
tubes. This finding inspired us to look at the reactivity of
“pure” phenyl-TeF; under a variety of conditions. Although
we successfully reproduced previously reported fluoride
substitution reactions (by Janzen*'!) with alcohols, secon-
dary amines, azides, and water, the integrity of the TeF;
group oddly held up to several other added nucleophiles,
photochemical conditions, etc. in our hands.

This also prompted us to look at the TeFs group more
closely as a substituent, e.g., in the solid state. Upon
obtaining six new X-ray crystal structures of compounds
containing this group (exhibiting distorted octahedral geo-
metries around the Te atom), we observed a few trends.
Also, given our interest in solid-state structures containing
SF; groups, we were able to draw more meaningful
comparisons (27 vs. 28). Differences in bond lengths and
angles were compiled/discussed in our original reports, but
one of the interesting takeaway messages pertains to the
differences in volume. Where the SFs group was determined
to be 1.5-1.6 times larger in volume than the CF; group,*!
the TeFs group, depending on the method of calculation,
was determined to be 1.3-1.5 times larger in volume than
the SFs group. The hydrolytic instability of the TeFs group
may curtail applications for these molecules in medicinal
chemistry or agrochemistry. However, its notable size,
greasiness, and electron-withdrawing effect may inspire
investigation of its applications to certain materials (29), in
the synthesis of new fluorinated tellurium compounds, or
conceivably in studies pertaining to superacid chemistry.

5. Effects of Perfluoroalkyl Substituents on
Organochalcogen Reactivity

As other members of the laboratory isolated phenyl-TeCF;
as a byproduct in an independent project,*! we became
interested in the behavior of aryl(trifluoromethyl)tellanes
vis-a-vis oxidative fluorination. Despite the steric bulk of the
CF; group, the TCICA/KF reaction produced the Te!
product —tetrafluoro(phenyl)(trifluoromethyl)-A’-tellane
(phenyl-TeF,CF;)—selectively in 89 % yield. The stability/
reactivity of phenyl-TeF,CF; was not studied in detail as per
phenyl-TeFs, but we noted its sensitivity to hydrolysis upon
direct contact with water. As this motif was previously
unknown, a derivative (30) was synthesized in order to
obtain an X-ray crystal structure (Figure 3). The TeF,CF;
group exhibited a frans arrangement and the expected
distorted octahedral geometry around the Te center and —
festooned with fluorine atoms—was determined to be 1.4
1.5 times larger in volume than the TeF; group.

Angew. Chem. Int. Ed. 2022, 61, €202205088 (7 of 13)

Minireviews

Angewandte

intemationaldition’y) Chemie

Working our way back up the periodic table, we asked,
“How would the corresponding selenium and sulfur com-
pounds with perfluoroalkyl substituents react?” Under
TCICA/KF conditions, we obtained both difluoro-
(phenyl)(trifluoromethyl)-A*-sulfane and difluoro-
(phenyl)(trifluoromethyl)-A*-selane  (phenyl-SF,CF; and
phenyl-SeF,CF;) from their S" and Se" precursors. The fact
that tetrafluoro(phenyl)(trifluoromethyl)-A’-sulfane (phenyl-
SeF,CF;), as opposed to phenyl-TeF,CF;, is not formed is
due to the well-known reduced tendency of main group
elements of the fourth (and sixth) period to reach their
highest possible oxidation state.” On the other hand, it is
somewhat surprising that tetrafluoro(phenyl)(trifluorometh-
yl)-A>sulfane (phenyl-SF,CF;) is not observed. This might
be due to a combination of the presence of a strongly
electron-withdrawing CF; substituent and the insufficient
oxidizing ability of TCICA. Admittedly, we were hoping we
could access the S! product, as the SF,CF; group is known
to be stable and is arguably harder to access than the SF;
group, in some cases.”) However, several attempts were
unsuccessful while phenyl-SF,CF; was obtained in high yield
instead.

Very little was known about the SF,CF; and SeF,CF;
groups (again, only limited examples were synthesized on
small scale using XeF,*!). So, after re-optimizing TCICA/
KF conditions and exploring a range of substrates (31-38),
we studied these substituents in more detail (Figure 4).1*
Although the SF,CF; and SeF,CF; groups both proved
sensitive to hydrolysis, we were able to employ an artful
tactic developed by Taft and co-workers to estimate
Hammett parameters by ’F NMR spectroscopy.[**! Addi-
tionally, we obtained SC-XRD data revealing that both the
SF,CF; and SeF,CF; groups exhibited slightly distorted
seesaw geometries, as anticipated. In our original report, we
compared several features not only between these groups,
but also with their aryl-SCF; and aryl-SeCF; starting
materials, as well as a higher SeF,CF,CF; analog (39).

Next, as the SF,CF; group was far less stable than the
SF,CF; group,® we began to wonder how it would behave
as a reagent. It was not farfetched to see the connection
between SF,CF; and SF; groups, though whether using the
former as a fluorinating reagent over the latter opens new
reaction pathways or has any advantages at all remains to be
seen. This facet was not explored in depth; however, we
were able to obtain a promising initial result indicating that
aryl-SF,CF; compounds are capable of deoxygenative fluori-
nation, as evidenced by the conversion of benzyl alcohol 40
to benzyl fluoride 41 in 83 % yield. This result is preliminary,
but it is our hope that it inspires others to examine possible
applications of these compounds as reagents for more
interesting reactions than this one.

Finally, another important question we asked was, “Do
we absolutely need a perfluoroalkyl substituent on the
chalcogen atom—what about just alkyl?” We addressed the
influence of fluorine substitution systematically by compar-
ing the reactivities of substrates containing SCF; vs. SCF,H
vs. SCFH, vs. SCH; moieties under TCICA/KF conditions.
Although phenyl-SCF,H converted to phenyl-SF,CF,H
selectively and in 96 % yield, the monofluoromethyl- and
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Figure 4. Reaction discovery, representative substrate scope, Hammett and structural analyses, and opportunities for development surrounding the
TCICA/KF approach to the synthesis of aryl-SF,R¢ and aryl-SeF,R; compounds.

methyl-substituted sulfur compounds underwent exothermic
perchlorination of the alkyl group in addition to oxidative
fluorination. What is more, in these reaction mixtures, some
aryl-SF; and aryl-SF,Cl compounds became visible in the
F NMR spectra that indicated S—C(sp’) bond cleavage had
occurred.

6. A Lateral Move to Organoiodine

While we made our way down and up the periodic table
fluorinating Group 16 heteroatoms, another contemporary
project in the laboratory was drawing isolobal analogies
between organotellurium and organoiodine compounds.”*!!
This, in part, inspired our side-step to studying aryl iodides.
Additionally, the synthesis of fluoroiodanes from aryl
iodides with ortho-substituents capable of coordinating to
the iodine centers was known using TCICA and KF.P?
What happens under TCICA/KF conditions in the absence
of a coordinating ortho-substituent? We envisioned a route

Angew. Chem. Int. Ed. 2022, 61, €202205088 (8 of 13)

to difluoro(aryl)-\*-iodanes (aryl-IF, compounds), though,
based on existing literature, we were under the impression
the hydrolytic stability of the products varied greatly
depending on arene substitution. We started our screen with
4-iodotoluene due to the popularity of its IF, congener as a
fluorinating reagent,”*! and did, indeed, observe the aryl-
IF, compound in the crude mixture. The product was
observed in low yield (/20 %), with a precipitate forming in
the NMR tube during analysis and no easy way to track the
material balance.

Accordingly, we modified our screening tactic to involve
“any iodoarene in the cabinet that contains fluorine” to be
able to track the material balance by 'F NMR analysis; the
most interesting result upfront came from comparing ortho-
vs. meta- vs. para-trifluoromethyl-iodobenzene derivatives
under TCICA/KF conditions. We found that the ortho-
trifluoromethyl-substituted starting material produced a
significantly higher yield of the aryl-IF, product by YF NMR
analysis, and there was no evidence of a precipitate rapidly
forming in the NMR tube, which was the case with the other
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two samples. Without completing a thorough analysis, we
jumped to the conclusion that ortho-substituted aryl-IF,
compounds could be more stable than their isomers and
explored the reaction scope (42-51). We also drew an
analogy to the putative “shielding” effect of the ortho-
substituents on the sulfur atom in Fluolead,”” leaving it less
susceptible to nucleophilic attack than most aryl-SF; com-
pounds.

This result sparked an interesting physical organic
inquiry regarding the influence of the ortho-substituent on
the stability of the IF, moiety (Figure 5).°* Starting with
DFT calculations, it was clear ortho-substitution had an
influence on the preferred conformation, so we ambitiously
pursued an eight-step synthesis from 52 to probe molecule
53 for dynamic NMR studies. To our satisfaction, 53 was
successfully employed to determine the rotational barrier

Minireviews

Angewandte

intemationaldition’y) Chemie

(E,) of the IF, moiety about the C—I bond in the presence of
an ortho-substituent. Note that DFT calculations indicated
the dynamic process in our case was far more likely from
C—I bond rotation rather than pseudorotation (though
previous dynamic NMR studies from Ochiai®™' and Reich
and CoopermanP” are noteworthy regarding other aryl
iodane pseudorotation mechanisms). Additionally, we ob-
tained an X-ray crystal structure of 53 that exhibited near
perpendicularity of the T-shaped IF, moiety relative to the
arene, but it is difficult to separate effects of ortho-
substitution from crystal packing effects.

It was clear ortho-substituents had an influence. Yet, the
study thus far still did not provide convincing answers
regarding the role the ortho-substituent plays in aryl-IF,
hydrolytic stability or the magnitude of its effect. Careful,

C discovery )
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R—
R subst/tut/on subst/tut/on 2
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CF3 94ty Br
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[potential for reaction development]

(outside of review scope)

(prompted return to SFg5 chemistry)
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Figure 5. Reaction discovery, representative substrate scopes, structural analyses, and opportunities for development surrounding the TCICA/KF

approach to the synthesis of aryl-IF, and aryl-IF, compounds.
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controlled hydrolysis kinetic studies seemed like a reason-
able next step.

7. Substituent-Controlled Access to Fluorinated I"'-
or I"-Compounds

By revisiting meta- and para-substituted iodoarene sub-
strates and preparing samples under rigorously dry con-
ditions for the first time, we noticed something we had
overlooked at the outset. In the absence of an ortho-
substituent, the reaction proceeded to form the more elusive
tetrafluoro(aryl)-A*-iodanes (aryl-IF, compounds)! Aryl-IF,
compounds are less hydrolytically stable in solution than
aryl-IF, compounds (we observed this during our kinetic
experiments). Therefore, the precipitate forming in the
NMR tubes during our “sloppy” sample preparation early in
our investigation was likely composed of more iodylarene
than iodosoarene. Finally, the role of the ortho-substituent
on iodoarenes under TCICA/KF conditions was understood
—inhibiting further oxidation of I"" to I".

With more rigorous technique and a slight optimization
of reaction conditions, we examined several aryl-IF, com-
pounds (54-58) in addition to our scope of ortho-substituted
aryl-IF, derivatives (Figure 5). We also proceeded to exam-
ine a few solid-state structures; however, much of the
original structural characterization was carried out more
thoroughly by FrohnP” and Seppelt.”® Furthermore, with
this new access to IV, we wondered whether we could make
an exception to the rule that ortho-substituents lead to I'™
compounds by incorporating a coordinating ortho-substitu-
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ent. Immediately, the fluoroiodanes often made in our
laboratory came to mind. Evidently, when we let fluoroio-
dane 59 stir for 48 h in the presence of TCICA/KF, IV
derivative 60 was obtained (and also characterized by SC-
XRD).

Considering aryl-IF, compounds and other fluorinated IV
compounds were historically more difficult to synthesize
than aryl-IF, compounds (requiring SF, gas®), their
potential as reagents or in catalysis remains largely unreal-
ized.

8. Circling Back to SF; Chemistry

Over a two-year stint, curiosity had led us to explore
oxidative fluorination of sulfur, selenium, and tellurium, as
well as iodine, on various organic frameworks. We also
briefly explored applications of TCICA/KF with Group 15
heteroatoms (e.g., in the difluorination of triarylphosphines
and triarylarsines).”™ These results are not discussed herein,
as we concede that the TCICA/KF approach may not be the
best way to access a vast majority of fluorinated
phosphorus-, arsenic-, and antimony-based compounds (a
deoxygenative fluorination approach seems generally more
prudent®’). But, in any case, while traversing Groups 15-17
of the periodic table, we never really lost interest in SF;
chemistry —where our journey began.

We realized that we (and more recently others® )
made SF; synthesis more accessible on arenes, but we had
yet to address the problem of general accessibility of the SF;
group on aliphatic molecules. An opportunity arose in early
2018 when we discovered that the TCICA/KF approach

o T = == ———— I
C discovery )
Sg —e>  SFCI

gas-reagent-free approach to a known source of SF5 radicals

( state of the art )

1959 1964 2009 2018
32F10, C|2 SF4, Clz, CSF SS, C|2, Br2, KF o
rt 110-175 °C rt, 2-3 weeks JL
Synthesis I -
Highlights | OJ\NAO
]
1962 1998 Cl
SFy, CIF SF,, Cly, KF Sg, KF, MeCN
375°C 75 °C, 3 days, then, 150 °C, 6 days rt, overnight
(  opportunities )
R—=—S5F; g ®
—_— late-stage SF. R,N-SF5 or R;N-SF: ?
*SF <) - 5 2 5 3 7
Ho ST LA sFs | ST [+SFs] -2 S aton? ;

[easier access to known
building blocks]

[development of new methodologies]

[potential applications in
new reagent design]

Figure 6. Reaction discovery, prior art, and opportunities for development surrounding the first gas-reagent-free synthesis of SFCl.
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Figure 7. Highlighting examples of recent applications of the TCICA/KF combination to oxidative fluorination in other laboratories.

could be applied to elemental sulfur for the first gas-
reagent-free synthesis of SF;Cl (Figure 6). This result was
originally disclosed in our patent application (with and
without catalytic TFA).*! It was a remarkable breakthrough
as it is by far the most accessible synthesis of SF;CI®!—one
of the few known sources of SFs radicals—and creates a
possibility for more synthetic chemists to make/use it safely
in-house. Such an exciting result, however, laid dormant for
a while, as we recognized that even though we avoided
hazardous gas reagents during the synthesis, the product
itself was a toxic gas. There was still an important problem
to solve. As we were developing our own strategy for user-
friendly synthesis/use of SFsCl on an as-needed basis, Qing
reported an elegant solution in 2021 establishing a protocol
that allows extraction of SFsCl into hexanes solution directly
(~0.10-0.15M solution) so that SFsCl never needs to be
handled as a gas.[ Between our discovery of a gas-reagent-
free SF;Cl synthesis and Qing’s optimization of the extrac-
tion procedure, exploring new applications in SF; radical
chemistry and even designing/synthesizing new possible SF;
transfer reagents now seem within reach. Moreover, several
transformations have been developed in the past few years
with SF;Cl that may become even more accessible with this
ability to synthesize the reagent easily in house.[”"""

9. Concluding Remarks

The development of the TCICA/KF approach began as a
practical advancement for aryl-SFs synthesis, but quickly
transcended this to make both SFs chemistry and oxidative
fluorination of heteroatoms accessible from a much broader
perspective. In most cases, we view our TCICA/KF protocol
as a timely advancement in making useful products more
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o [61,62,66,73]

available, but in some cases, it is debatable we have
developed a practical method to make some impractical
things. Regardless, this user-friendly protocol has generated
opportunities to explore entirely novel or underexplored
fluorinated functional groups, which has allowed us to
obtain fundamental knowledge about their structures, prop-
erties, stabilities, and reactivities. Moreover, in a relatively
short time span, we have also begun to see exciting
applications of TCICA/KF appear in the literature from
several other laboratories following our initial report (for
some examples, see Figure 7).[06266.72-74]

As the exploratory inorganic fluorine chemistry detailed
herein was founded on a pragmatic approach to synthesis at
the inception, we hope our efforts sit comfortably enough to
the organic—inorganic interface of fluorine chemistry to see
applications of molecules containing heteroatom—fluorine
bonds continue to blossom.
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