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Facile Access to AQOCFsand Novel Applications as Reservoir for OCF:
for the direct Synthesis of N-CF3, Aryl or Alkyl Carbamoyl Fluorides

Abdur Turksoy, Thomas Scattolin, Sam Bouayad-Gervais and Franziska Schoenebeck*

Abstract: The development of innovative fluorination strategies is
greatly dependent also on the availability, safety and
practicability of available fluorinating reagents. We herein
present a straightforward and quantitative strategy for the
preparation of valuable AgOCFs at room temperature and
showcase its performance in trifluoromethoxylations or as
reservoir for O=CF. This enabled the direct, practical and safe
synthesis of valuable N-alkyl/aryl and N-CF3 carbamoyl fluorides
from secondary amines and isothiocyanides respectively. Our
mechanistic data indicate that AQOCF3 does not liberate O=CF
until it is activated by a nucleophilic nitrogen, reinforcing the
stability of the salt under our new preparation strategy.

Owing to the beneficial effects of fluorination on the physical

properties of organic molecules, such as increasing their lipophilicity
or metabolic stability features paired with inverted charge or
conformational distributions,™ there is a significant demand for the
development of novel fluorination strategies.[*® 1 2 In this context,
the wider applicability of any developed methodology will ultimately
also depend on the accessibility of the fluorination agents as well as
their overall sustainability. For example, the installation of the
trifluoromethoxy group (“OCFs”) — also known as a “super-
halogen”®l that induces advantageous properties in bioactive
molecules (high lipophilicity, biostability)*! and materials (lowering
surface tension or dielectric constants),i® 31 frequently relies on
AgOCFs as trifluoromethoxylation reagent.l! AgOCFs in turn is
generally prepared as a stock solution from reaction of AgF with the
highly volatile liquid CF3SO20CF3 (TFMT; BP: 19 °C).I% 7] As such,
rather low temperature (i.e. -40°C) needs to be maintained throughout
the reaction to avoid the loss of the reagent. Moreover, the by-product
(CFsSO2F) subsequently needs to be removed by purging of the stock
solution with argon® (Figure 1, B). Recently, researchers attempted
to devise less tedious strategies to generate the required AgOCFs in
situ from suitable organic precursors. In this context, trifluoromethyl
aryl sulfonates (TFMSs) have been widely utilized, which in
combination with AgF release AgOCFs3[59 6h. 61 However, this
approach leads to the generation of stoichiometric organic by-
products, which eventually either need to be removed or if remaining
in situ, these side-species could potentially perturb the transformation
of interest, especially more sensitive metal-catalysed approaches(®l.

As part of our ongoing program in developing efficient methods
for the installation of (heteroatom-containing) fluorinated motifs,
we set out to develop a practical and quantitative approach to access
AgOCFs; and used the reagent in novel applications to access highly
valuable fluorinated amine motifs.
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Figure 1. A) Biologically active and relevant fluorinated compounds; B) Current
approaches to access AgOCFg; the stock solution reparation on the left, in-situ
preparation on the right, and this work.

We envisioned that the minimalistic approach to AgOCFs would
essentially be the direct addition of AgF to fluorophosgene (F2C=0).
While this transformation would formally be waste-free, the fact that
fluorophosgene is a toxic and corrosive gas, would make the overall
process less practical. However, we recently showed that the
subjection of AgF to the solid reagent bis(trichloromethyl) carbonate
(BTC) leads to in-situ liberation of O=CF. along with AgClI
formation.®d As such, and in view of practicability, safety and
minimal production of waste, we chose to study the reaction between
the solid reagent BTC (0.33 equiv.) with AgF (3 equiv.) in MeCN. To
this end, we added MeCN in single portion to a vial containing both
solids at room temperature and stirred the mixture overnight (18 h) at
room temperature. We subsequently filtered the insoluble material,
(i.e. AgCI) under an inert atmosphere (Figure 2), and its facile
recovery offers the opportunity for recycling.['®] To our delight, the
remainder in solution proved to be AQOCFs, which formed
quantitatively and exclusively as judged by °F-NMR spectroscopic
analysis. Importantly, we repeated the experiment also at larger scale
(up to 1.5 g scale) and the reaction proceeded equally efficiently.
There was also no need for cooling or careful reaction control.
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Moreover, the AgOCF3 solution appears to be storable for extended
times. In our tests, we found it to be unchanged and equally reactive
after storage for three months (at -30°C under inert conditions).
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Figure 2. The synthesis of AgOCFs stock solution (top). Reactants before (left),
after (middle) the reaction and filtration over a syringe filter to isolate the stock
solution of AgOCFs3 (right). A) Substitution scope with benzyl bromides and alkyl
iodide; B) the dehydrotrifluoromethoxylation of alcohols. *Alkyl alcohols require
allyl diphenyl phosphine & 100 °C.

We subsequently set out to test whether the AgOCF3 prepared via
our new approach would give similar reactivity to differently
synthesized AgOCFs reagents. To this end, we subjected our AGOCF3
stock solution to benzyl bromides and an alkyl iodide at room
temperature for 12 h. The corresponding substitution reactions proved
to be highly efficient independently of the substitution pattern of the
reactant (ortho, meta or para), see Figure 2A (2a-2e). Unlike to
previously reported by-products in substitution reactions with
trifluoromethoxy anions,’® 7 we did not observe any considerable
amount of fluorinated by-products. This suggests that our practical
preparation of AgOCFs at room temperature has no adverse impact
on reactivity or stability; in fact, the AgOCF3 appears to be stable in
the reaction medium even for extended periods of time. Similarly, our
AgOCF; stock solution also performed well in reactions with alcohols
to produce R-OCFsat up to 100°C reaction temperature (see Figure
2B); this otherwise known!® transformation relies on the generation
of an iodophosphonium salt (RsIP*I") and Vilsmeier-Haack-type
intermediate  which can activate alcohols to form the
trifluoromethoxylated product through dehydration. Another popular
reaction is the silver mediated transformation of a-diazo esters into o-
OCFs esters.[57 The reported precedence for the synthesis of 0-OCFs3
esters utilized both AgOCFs3 stock solution and in situ release of the
trifluoromethoxide anion from trifluoromethyl triflate (TFMT) with
AgF. Subjection of our stable stock solution of AgOCFs to ethyl 2-

FWILEY i

OMUNE LIBRARY

10.1002/chem.202000116

diazo-2-phenylacetate at room temperature yielded the corresponding
OCFs ester (42% based on *°F-NMR) in comparable yield as previous
reports.[57

Having established that our newly developed approach to
AgOCF;s can readily be applied in a variety of known AgOCFs
reactions, without any compromise on vyield or efficiency, we
subsequently set out to investigate novel applications of the AGOCFs
reagent in synthesis. We recently reported the first straightforward
and general access to N-CFs carbonyl containing molecules, (i.e. N-
CFs amides, ureas, carbamates and thiocarbamates).® The
transformation relied on the initial conversion of isothiocyanates to
N-trifluoromethylcarbamoyl fluorides, which in turn were readily
diversified. The latter forms through initial desulfurization of the
isothiocyanate with AgF, resulting in RN=CF, which reacts further
with AgF and is trapped with O=CF2. Given that AgOCFz could in
principle reversibly release O=CFz and AgF, we were intrigued to
examine whether subjection of our prepared AgOCF3 to a number of
isothiocyanates (R-N=C=S) results in direct formation of the vital N-
CFs carbamoyl motif. To our delight, we observed efficient
transformation of isothiocyanate 5a with the AgOCF3 stock solution
under air at 50 °C within 18 hours. We successfully prepared a
number of N-trifluoromethylcarbamoyl fluorides in good to excellent
yields (Figure 3A). Importantly, the only by-product in this
transformation is AgzS, which we collected through filtration of the
reaction mixture (see Figure 3B (top part)), leaving the carbamoyl
fluoride essentially pure after solvent removal. Our previous
method® used 5 equiv. of silver salt, while the current only formally
needs two equivalents (excluding those used to make AgOCFs3). As
such, we also set out to test the reactivity of in situ generated AgOCF3
from trifluoromethyl benzene sulfonate with AgF. This also gave the
efficient formation of the N-CFs carbamoyl motif of 5¢ with 65%
yield based on F-NMR, and therefore allows to apply this
methodology readily to applications where the use of silver is desired
to be minimized. Electron-rich and deficient aromatic, heterocyclic as
well as alkyl isothiocyanates underwent smooth transformation, see
Figure 3A.

To unambiguously confirm our hypothesis that AQOCFs would
release O=CF2 and AgF in situ, we undertook a series of ReactIR
investigations. We initially monitored whether AgOCFs
spontaneously releases O=CF2 upon heating; however, there was no
sign of any change and AgOCFs appears to be stable for several hours
at 50 °C in solution by itself (see SI for React IR profile). We
subsequently conducted the analogous monitoring for the actual
transformation, i.e. in the presence of isothiocyanate 6¢ at 50°C. The
resulting profile is shown in Figure 3B (bottom part). There is an
initial consumption of AgOCF3 (974 cm™) as well as an instantly
proportional formation of O=CF2 (characteristic signal at 1245 cm™).
This is likely the result of destabilization of the AgOCF3 salt by
isothiocyanate coordination, which appears to trigger the
fluorophosgene liberation. The reaction profiles monitored at both,
25°C and 50°C, showed clear formation of a compound with a
characteristic signal at 1641 cm-t, which we previously assigned to be
the desulfurization product, i.e. R-N-C=F2.°1 Upon addition of
AgOCF3 the N-CFs carbamoyl fluoride 6¢ (characteristic band at
1848 cm!) appeared. As such, AgOCFs displays rather high thermal
stability and only liberates O=CF2 through coordination with the
isothiocyanate, which subsequently desulfurizes upon reaction with
the silver in solution and ultimately generates the R-NCFsCOF upon
trapping with O=CF2 (see Figure 3B, bottom).
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Figure 3. A) Scope of formation of N-trifluoromethylcarbamoyl fluoride derivatives from isothiocyanates under air at 50 °C for 18 hours; B) suggested mechanism for
the formation of N-trifluoromethylcarbamoyl fluorides from isothiocyanates (top part), the graphical representation of ReactIR profile of the reaction at 50 °C (middle
part), the synthesis of 6¢ via in situ generation of AQOCF3 (bottom part); C) scope of formation of carbamoyl fluorides from secondary amines at room temperature.

These data indicate that AgOCFs is a rather stable reservoir of
O=CF2 which only gets “activated” upon coordination of a
nucleophilic reaction partner. To this end, we envisioned that
subjection of secondary amines might allow the direct generation of
N-disubstituted carbamoyl fluorides. Such compounds in turn have
shown activities and applications as insecticides or esterase
inhibitors," and serve as valuable intermediates in the synthesis of
unsymmetrical, disubstituted carbonyl compounds. While traditional
synthetic approaches involve highly toxic and gaseous reagents,!*2!
there have recently been elegant advances involving the direct
conversion of amines with CO2 and a deoxyfluorination reagent,*3!
or using difluorocarbenes.[*l Pleasingly, the subjection of secondary
amine 8a to AgOCFs along with the base (DIPEA) at room
temperature gave the corresponding carbamoyl fluorides within 2h
reaction time. We explored a number of examples; electron-rich,
deficient and heterocyclic (8c) amines as well as drug derivative 8g
and the Boc-protected amine (8f) all generated the corresponding
carbamoyl fluorides in high yields (see Figure 3C) without any
formation of double addition products.’®] As such, this method
presents a convenient, safe and highly practical route into carbamoy!|
fluorides.

In conclusion, we have developed a simple, environmentally
benign and quantitative approach to synthesize AgOCFz and
demonstrated its robust performance in direct trifluoromethoxyl-
ations and as O=CF2 precursor. Our mechanistic data suggest that
AgOCEFs; is stable in solution and requires activation by a nucleophile
to liberate O=CF.. This highly controlled in-situ release in turn
allowed the direct synthesis of N-alkyl/aryl as well as N-CFs
carbamoyl fluorides, which in turn are valuable bioactive compounds
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themselves or powerful intermediates to N-alkyl/aryl or N-CFs
amides, ureas or (thio)carbamates.

Acknowledgements

We gratefully acknowledge RWTH Aachen University for financial
support.

Conflict of interest

The authors declare no conflict of interests.

Received: ((will be filled in by the editorial staff))
Published online on ((will be filled in by the editorial staff))

Keywords: fluorination « OCF3« N-trifluoromethyl « synthesis
mechanism ¢ carbamoyl fluoride

[1] a)F. Leroux, P. Jeschke, M. Schlosser, Chem. Rev. 2005, 105, 827-856;
b) F. Babudri, G. M. Farinola, F. Naso, R. Ragni, Chem. Commun. 2007,
1003-1022; c) K. Midiller, C. Faeh, F. Diederich, Science 2007, 317,
1881-1886; d) R. Berger, G. Resnati, P. Metrangolo, E. Weber, J.
Hulliger, Chem. Soc. Rev. 2011, 40, 3496-3508; e) P. Jeschke,
ChemBioChem 2004, 5, 571-589; f) S. Purser, P. R. Moore, S. Swallow,
V. Gouverneur, Chem. Soc. Rev. 2008, 37, 320-330.

[2] a)C.lIsanbor, D. O'Hagan, J. Fluorine Chem. 2006, 127, 303-319; b) K.
L. Kirk, Org. Process Res. Dev. 2008, 12, 305-321.

[3] W. A. Sheppard, J. Am. Chem. Soc. 1962, 85, 1314-1318.

[4] &) C.Hansch, A. Leo, S. H. Unger, K. H. Kim, D. Nikaitani, E. J. Lien,
J. Med. Chem. 1973, 16, 1207-1216; b) A. Leo, P. Y. C. Jow, C. Silipo,
C. Hansch, J. Med. Chem. 1975, 18, 865-868; c) C. Hansch, A. Leo, R.
W. Taft, Chem. Rev. 1991, 91, 165-195; d) B. E. Smart, J. Fluorine
Chem. 2001, 109, 3-11; e) H.-J. Bohm, D. Banner, S. Bendels, M.
Kansy, B. Kuhn, K. Miiller, U. Obst-Sander, M. Stahl, ChemBioChem

3

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

Angewandte

[5]

6]

[71
(8]
[9]

FWILEY i

OMUNE LIBRARY

Communications

2004, 5, 637-643; f) J. Peter, B. Eckhard, R. L. Frederic, Mini-Reviews
in Medicinal Chemistry 2007, 7, 1027-1034; g) T. Besset, P. Jubault, X.
Pannecoucke, T. Poisson, Org. Chem. Front. 2016, 3, 1004-1010.

a) P. Kirsch, M. Bremer, Angew. Chem. Int. Ed. 2000, 39, 4216-4235;
b) M. Mamada, H. Shima, Y. Yoneda, T. Shimano, N. Yamada, K.
Kakita, T. Machida, Y. Tanaka, S. Aotsuka, D. Kumaki, S. Tokito,
Chem. Mater. 2015, 27, 141-147.

For examples, see: a) C. Chen, P. Chen, G. Liu, J. Am. Chem. Soc. 2015,
137, 15648-15651; b) C. Chen, Y. Luo, L. Fu, P. Chen, Y. Lan, G. Liu,
J. Am. Chem. Soc. 2018, 140, 1207-1210; c) C.-P. Zhang, D. A. Vicic,
Organometallics 2012, 31, 7812-7815; d) S. Chen, Y. Huang, X. Fang,
H. Li, Z. Zhang, T. S. Hor, Z. Weng, Dalton Trans. 2015, 44, 19682-
19686; ) W. Zhang, J. Chen, J. H. Lin, J. C. Xiao, Y. C. Gu, iScience
2018, 5, 110-117; f) G. F. Zha, J. B. Han, X. Q. Hu, H. L. Qin, W. Y.
Fang, C. P. Zhang, Chem. Commun. 2016, 52, 7458-7461; g) S. Guo, F.
Cong, R. Guo, L. Wang, P. Tang, Nat. Chem. 2017, 9, 546-551; h) F.
Cong, Y. Wei, P. Tang, Chem. Commun. 2018, 54, 4473-4476; i) H.
Yang, F. Wang, X. Jiang, Y. Zhou, X. Xu, P. Tang, Angew. Chem. Int.
Ed. 2018, 57, 13266-13270; j) F. Wang, P. Xu, F. Cong, P. Tang, Chem
Sci 2018, 9, 8836-8841.

A. A. Kolomeitsev, M. Vorobyev, H. Gillandt, Tetrahedron Lett. 2008,
49, 449-454.

In this context, curiously, to the best of our knowledge, there is no
known catalytic method that employs AgOCF; made in such a strategy.
a) T. Scattolin, S. Bouayad-Gervais, F. Schoenebeck, Nature 2019, 573,
102-107; b) T. Sperger, S. Guven, F. Schoenebeck, Angew. Chem. Int.
Ed. 2018, 57, 16903-16906; c) M. Pu, I. A. Sanhueza, E. Senol, F.
Schoenebeck, Angew. Chem. Int. Ed. 2018, 57, 15081-15085; d) S. T.
Keaveney, F. Schoenebeck, Angew. Chem. Int. Ed. 2018, 57, 4073-
4077; e) T. Scattolin, M. Pu, F. Schoenebeck, Chem. Eur. J. 2018, 24,
567-571; f) T. Scattolin, K. Deckers, F. Schoenebeck, Org. Lett. 2017,
19, 5740-5743; g) A. B. Dirr, H. C. Fisher, I. Kalvet, K.-N. Truong, F.
Schoenebeck, Angew. Chem. Int. Ed. 2017, 56, 13431-13435; h) T.

[10]

[11]

[12]

[13]
[14]

[15]

10.1002/chem.202000116

Scattolin, A. Klein, F. Schoenebeck, Org. Lett. 2017, 19, 1831-1833; i)
T. Scattolin, K. Deckers, F. Schoenebeck, Angew. Chem. Int. Ed. 2017,
56, 221-224; j) I. Kalvet, Q. Guo, G. J. Tizzard, F. Schoenebeck, ACS
Catalysis 2017, 7, 2126-2132; k) A. B. Dirr, G. Yin, I. Kalvet, F.
Napoly, F. Schoenebeck, Chem. Sci. 2016, 7, 1076-1081; I) M. Aufiero,
T. Sperger, A. S.-K. Tsang, F. Schoenebeck, Angew. Chem. Int. Ed.
2015, 54, 10322-10326; m) G. Yin, I. Kalvet, F. Schoenebeck, Angew.
Chem. Int. Ed. 2015, 54, 6809-6813; n) G. Yin, I. Kalvet, U. Englert, F.
Schoenebeck, J. Am. Chem. Soc. 2015, 137, 4164-4172; o) |. Kalvet, K.
J. Bonney, F. Schoenebeck, J. Org. Chem. 2014, 79, 12041-12046; p)
I. A. Sanhueza, K. J. Bonney, M. C. Nielsen, F. Schoenebeck, J. Org.
Chem. 2013, 78, 7749-7753; q) |. A. Sanhueza, M. C. Nielsen, M.
Ottiger, F. Schoenebeck, Helv. Chim. Acta 2012, 95, 2231-2236; r) P.
Anstaett, F. Schoenebeck, Chem. Eur. J. 2011, 17, 12340-12346.

M. J. Nicol, W. M. Stapleton, N. I. f. Metallurgy, The Electrochemical
Reduction of Silver Chloride and Its Application to the Refining of
Silver, National Institute for Metallurgy, 1977.

a) J. Ehrenfreund, Eur. Pat. Appl. EP 238445, 1987; b) J. Bieth, S. M.
Vratsanos, N. H. Wassermann, A. G. Cooper, B. F. Erlanger,
Biochemistry 1973, 12, 3023-3027; c) |. B. Wilson, M. A. Hatch, S.
Ginsburg, J. Biol. Chem. 1960, 235, 2312-2315.

a) F. S. Fawcett, C. W. Tullock, D. D. Coffman, J. Am. Chem. Soc. 1962,
84, 4275-4285; b) H. Quan, N. Zhang, X. Zhou, H. Qian, A. Sekiya, J.
Fluorine Chem. 2015, 176, 26-30.

K. Onida, A. Tlili, Angew. Chem. Int. Ed. 2019, 58, 12545-12548.

H. Baars, J. Engel, L. Mertens, D. Meister, C. Bolm, Adv. Synth. Catal.
2016, 358, 2293-2299.

For a photoredox-approach for the release of O=CF, combined with
addition of bifunctional nucleophiles, see: D. Petzold, P. Nitschke, F.
Brandl, V. Scheidler, B. Dick, R. M. Gschwind, B. Kénig, Chem. Eur.
J. 2019, 25, 361-366.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.202000116

Angewandte

Communications

Fluorine Chemistry

R: CF e
. Ve, rt 5 o L

A. Turksoy, T. Scattolin, S. Bouayad- eCN, r.t. alkvl. arvl r|1 F
Gervais, F. Schoenebeck* AgF + co(occl;), neCl 4 AgOCF, vieant r

solid solid g stable O—ocF,
Page — Page

Quantitative Purified by simple filtration Reactivity & Mechanism
Facile Access to AgOCFszand Novel
Applications as Reservoir for OCFz for
the Direct Synthesis of N-CFs, Aryl- or
Alkyl Carbamoyl Fluorides
HWILEY i © 2013 Wiley-VCH Verlag GmbH & Co. KGah, Weinheim

OMUNE LIBRARY

This article is protected by copyright. All rights reserved.



