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Streszczenie

Fluorowane pirazole stanowig niezwykle uzyteczny motyw
strukturalny w wielu gateziach przemystu, gtdwnie w medycynie i agrochemii.
Pomimo duzego zainteresowania tymi zwigzkami przez ostatnie 45 lat, nadal
istotne jest poszukiwanie nowych, prostych i wydajnych metod ich syntezy.
Do najwazniejszych sposobdw otrzymywania fluorowanych pirazoli zalicza sie
reakcje kondensacji, wewnatrzczgsteczkowe cyklizacje indukowane kwasami,
funkcjonalizacje pierscienia pirazolu fragmentami fluoroalkilowymi oraz
reakcje cykloaddycji. Swoje zainteresowania badawcze rozwijam poprzez
eksploracje chemii fluorowanych nitryloimin, jako uzytecznych i tatwo
dostepnych blokéw budulcowych.

W ramach dysertacji wykorzystatem 1,3-dipolarny charakter
nitryloimin w reakcjach (3+3)-annulacji z a-merkaptoacetaldehydem, jako
bezpiecznym zamiennikiem acetylenu, uzyskujgc oczekiwane 1-arylopirazole.
Otworzyto to droge dalszej funkcjonalizacji tytutowych zwigzkéw w pozycjach
C(4) i C(5) pierscienia heterocyklicznego, co z kolei umozliwito synteze
szeregu pochodnych o potencjalnym zastosowaniu w medycynie.

Pierwszy wspomniany watek obejmowat annulacje
a-merkaptoacetaldehydu i generowanych in situ nitryloimin prowadzaca
do 5,6-dihydro-5-hydroksy-4H-1,3,4-tiadiazyn, tatwo ulegajacych
dehydratacji i nastepczej, spontanicznej kontrakcji pierscienia. Odpowiednie
4,5-niepodstawione pirazole otrzymatem w wariancie one pot. Zbadatem
rowniez wptyw wiasciwosci elektronowych podstawnikéw na przebieg
studiowanej reakcji. Warto podkresli¢, ze opracowana metoda jest takie
skuteczna wobec niefluorowanych nitryloimin, pomimo istotnie odmiennych
parametréow elektronowych.

Kolejny etap prac wykonanych w ramach niniejszej rozprawy
obejmowat selektywng funkcjonalizacje pirazolu w pozycjach C(4) i C(5).



W tym celu opracowatem metode wykorzystujgcg jod czgsteczkowy,
w reakcji indukowanej CAN, uzyskujgc produkty sfunkcjonalizowane w pozycji
C(4) pierscienia pirazolu, natomiast dostep do izomerycznych
5-jodopochodnych uzyskatem wykorzystujgc podwyziszong kwasowosé
atomu wodoru w pozycji C(5), w wyniku generowania in situ odpowiedniego
anionu pirazol-5-ylowego i jego nastepczego wytapania jodem
czgsteczkowym. Otrzymane jodki wykazaty spodziewang reaktywnos¢
w sprzeganiach Sonogashiry i Suzuki-Miyaury bez wzgledu na pozycje
podstawienia. Protokdt okazat sie skuteczny do otrzymania wybranych
zwigzkow bioaktywnych z grupy koksybow (Mawakoksyb, Celekoksyb oraz SC-
560).

Ostatni watek badan obejmowat opracowanie nowatorskiego
podejscia do syntezy CFs-pirazoli sfunkcjonalizowanych grupa azydkowa
w pozycji C(5). Dalsze ich wykorzystanie w cykloaddycji azydkowo-alkinowej
katalizowanej miedzig (CuAAC) otworzyto dostep do hybryd pirazolowo-
triazolowych. W celu potwierdzenia wysokiego potencjatu aplikacyjnego
przetestowatem szeroki zakres acetylenéw alkilowych i (het)arylowych, jak
rowniez zademonstrowatem wyjatkowg trwatosé tego typu produktéw
w agresywnych warunkach utleniania i redukcji, co umozliwito sprawng
realizacje transformacji grup funkcyjnych.



Abstract in English

Fluorinated pyrazoles are an extremely useful structural motif
in many industries, particularly in medicine and agrochemistry. Despite the
intense interest in these compounds over the past 45 years, the search for
new, simple, and efficient methods for their synthesis remains important. The
most significant methods for obtaining fluorinated pyrazoles include
condensation  reactions, acid-induced intramolecular cyclizations,
functionalisation of the pyrazole ring with fluoroalkyl groups, and
cycloaddition reactions. | am developing my research interests by exploring
the chemistry of fluorinated nitrile imines as useful and readily available
building blocks.

In this dissertation, | used the 1,3-dipolar character of nitrile imines
in (3+3) annulation reactions with a-mercaptoacetaldehyde, as a safe
substitute for acetylene, to obtain the expected 1-arylpyrazoles. This opened
the way for further functionalisation of the title compounds at the C(4) and
C(5) positions of the heterocyclic ring, which in turn enabled the synthesis
of a series of derivatives with potential applications in medicine.

The first of these topics involved the annulation
of a-mercaptoacetaldehyde and the in situ-generated nitrile imines, leading
to 5,6-dihydro-5-hydroxy-4H-1,3,4-thiadiazines, which readily undergo
dehydration and subsequent spontaneous ring contraction. | obtained the
corresponding 4,5-unsubstituted pyrazoles in the one-pot method. | also
investigated the influence of the electronic properties of the substituents
on the studied reaction. It is worth note that the developed method is also
effective for non-fluorinated nitrile imines, despite significantly different
electronic parameters.

The next stage of the work carried out as part of this thesis involved
the selective functionalization of pyrazole at the C(4) and C(5) positions.
To this end, | developed a method utilising molecular iodine in a CAN-induced
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reaction, yielding products functionalized at the C(4) position of the pyrazole
ring, whilst access to the isomeric 5-iodo derivatives was achieved
by exploiting the increased acidity of the hydrogen atom at the C(5) position,
as a result of the in situ generation of the corresponding pyrazol-5-yl anion
and its subsequent capture by molecular iodine. The resulting iodides
exhibited the expected reactivity in Sonogashira and Suzuki-Miyaura
couplings regardless of the position of substitution. The protocol proved to be
effective for the preparation of selected bioactive compounds from the coxib
group (Mawacoxib, Celecoxib and SC-560).

The final research area included the development of an innovative
approach to the synthesis of CF3-pyrazoles functionalized with an azide group
at the C(5) position. Their subsequent use in copper-catalysed azide-alkyne
cycloaddition (CuAAC) opened up the synthesis of pyrazole-triazole hybrids.
To confirm their high application potential, | tested a wide range of alkyl and
(het)aryl acetylenes, and demonstrated the exceptional stability of these
products under harsh oxidative and reductive conditions, which enabled the
efficient conversion of functional groups.
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Komentarz do rozprawy doktorskiej
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Znaczenie fluorowanych pirazoli

Biorgc pod uwage najnowsze doniesienia literaturowe, pirazol jako
jeden z podstawowych heterocykli azotowych przezywa renesans
zainteresowania, co potwierdza, ze stanowi on niezwykle wazny motyw
strukturalny. Przemawia za tym corocznie zwiekszajgca sie liczba publikacji
oryginalnych, w ktérych badane s3 rdéinorodne pochodne tytutowego
heterocykla. Obecnie, zgodnie z danymi z bazy danych Reaxys, fraza
,pyrazoles” wystepuje w niemal 480 tysigcach tekstéw naukowych opisujgc
ponad 13 miliondw zwigzkdéw opartych na pierscieniu pirazolu. Ostatnie lata
byty pod wzgledem prac nad pirazolami bardzo owocne, gdyz w okresie
minionych 5 lat liczba publikacji zwiekszyta sie dwukrotnie (Rysunek 1).

Udziat publikacji z zakresu chemii pirazoli na
przestrzeni lat

W 1980-1984 m 1985-1989 ' 1990-1994 W 1995-1999 m 2000-2004
W 2005-2009 ® 2010-2014 m 2015-2019 m 2020-2025

Rysunek 1. Publikacje dotyczqce pirazoli (zrecenzowane artykuty
i patenty) w okresie ostatnich 45 lat.
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W niniejszej dysertacji, szczegdlng uwage zwrdcono na fluorowane
pirazole’ i ich analogi odgrywajace kluczowa role w chemii medycznej?,

koordynacyjnej®, agrochemii* oraz biochemii.

Nieliczne doniesienia nt. zwigzkéw  fluoroorganicznych
wystepujacych w naturze® (posiadajacych pojedynczy atom fluoru) sugeruja
trudno$¢ w dostepie do tej klasy zwigzkéw ze Zrddet naturalnych, przez
co konieczne jest rozwijanie metod syntetycznych. Obecnos$¢ atomu fluoru
i/lub grup fluooroalkilowych czesto modyfikuje wtasciwosci zwigzku,
ze wzgledu na wyjatkowy charakter tego halogenu. Najwyzsza
elektroujemnos¢ wedtug skali Paulinga (3.98), maty promien van der Waalsa
(1.47 A) oraz niezwykle duza trwato$¢ wigzania C-F (485 kJ/mol)’ przektada sie
na zwiekszong stabilnos¢ chemiczng i fizyczng, zmiane lepkosci oraz momentu
dipolowego fluorowanych komponentow i pKa sgsiednich grup. W efekcie,
zwigzki fluoroorganiczne czesto wykazujg lepsze powinowactwo z btonami
biologicznymi, sg lepiej rozpuszczalne w ptynach ustrojowych oraz zwiekszaja
site  oddziatywan na receptory. Obecnie na rynku farmaceutykdw,
przynajmniej 25% dostepnych produktéw stanowig zwigzki zawierajgce atomy
fluoru lub grupy fluoroalkilowe. Przyktadem moze by¢ Flumetiazyd®, ktérego
wilasciwosci moczopedne przypisuje sie obecnosci grupy -CFs, jako
ze niefluorowany analog nie wykazuje zdolnosci diuretycznych (Rysunek 2).
Innym dowodem na uzytecznos$¢ zwigzkéw fluoroorganicznych mogg byc
fluorowane etery powszechnie wykorzystywane jako wziewne anestetyki np.

TPk Mykhailiuk, Chem. Rev., 2021, 121, 3, 1670
2R.D. Taylor, M. MacCoss, A. D. G. Lawson, J. Med. Chem., 2014, 57, 5845

8 Zhan, G.; Wang, L.; Zhao, Z.; Fang, P.; Bian, Z.; Liu, Z. Angew. Chem. Int. Ed. 2020, 59,
19011

4c. MacBean, Ed., The Pesticide Manual, British Crop Production Council, 2012

SH. Siebeneicher, A. Cleve, H. Rehwinkel, R. Neuhaus, |. Heisler, T. Miiller, M. Bauser, B.
Buchmann, ChemMedChem., 2016, 11, 20, 2261

5).1G. Hamilton, D. B. Harper, Phytochemistry, 1997, 44, 6, 1129
’D. O’hagan, Chem. Soc. Rev., 2008, 37, 308
8 1. Bodi et. al, A. J. Cardio., 1959, 4, 464
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Sewofluran®. Ciekawym i wcigz rozwijanym projektem jest preparat Fluosol-
DA do zastosowan jako substytut ludzkiej krwi. Gtéwnym sktadnikiem tej
emulsji jest perfluorodekalina, ktora wykazuje zdolnos¢ do przenoszenia
tlenu’.

FiC §
_N AN
HNO,S s F~ 70" “CFy F

I F F
FEFEF
Flumetiazyd Sewofluran Perfluorodekalina
($rodek moczopedny) (anestetyk) ($rodek przenoszacy tlen)

Rysunek 2. Przyktady farmaceutykdow zawierajgcych fragment
fluoroorganiczny.

Do sukcesu fluorowanych pirazoli bezapelacyjnie przyczynili sie
w 1998 roku pracownicy firmy Pfizer, twércy leku przeciwzapalnego
i przeciwbdlowego Celekoksyb'', sprzedawanego pod nazwa handlowg
Celebrex. Ten selektywny inhibitor cyklooksygenazy Il (COX-2) jest zaliczany
do niesteroidowych lekéw przeciwzapalnych'. Sukces Celekoksybu trwa
po dzi§ dzien, jako 111 najczesciej sprzedawany lek w USA'™, a jego
strukturalne analogi wykorzystywane sg w weterynarii (Mawakoksyb,
Derakoksyb) i w terapiach przeciwnowotworowych (SC-560). Lenakapawir',
komercyjnie dostepny jako Sunlenca, to nadzieja dla oséb zakazonych
wirusem HIV na dtuzsze zycie, przechodzi ostatnie badania kliniczne w celu
ustalenia jego skutecznosci i bezpieczenstwa przy stosowaniu kombinacji

‘R.E Wallin, B. M. Regan, M. Napoli, I. J. Stern, Anesth. Analg., 1975, 54, 6, 758
10, Mystkowska, G. Prokopczyk, D. tysik, Acta Mech. Autom., 2024, 18, 4, 714
" M. M. Goldenberg, Clin. Ther., 1999, 21, 9, 1497

2 U.s. Food and Drug Administration, December 31, 1998

3 ClinCalc.  Celecoxib: Drug  Usage  Statistics, United  States, 2014-2023,
https://clincal.com/DrugStats/Drugs/Celecoxib, (10.02.2026r)

4. 0. Link, M. S. Rhee, W. C. Tse, J. Zheng, J. R. Samoza, W. Rowe, R. Begley, A. Chiu, A. Mulato,
D. Hansen, Nature, 2020, 584, 614
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lekéw przeciwretrowirusowych. Kolejnym zwigzkiem w fazie testow jest
Razaksaban'. Ten potencjalny lek stosowany jest jako $rodek
przeciwzakrzepowy, inhibitujgc aktywnos¢ czynnika Xa odpowiedzialnego
za aktywacje trombiny. W kolejnej fazie testow klinicznych znajduje sie
Akryzanib'®. Zwigzek ten oddziatuje na czynniki wzrostu $rédbtonka
naczyniowego, przez co moze by¢ stosowany przy miesakach i chorobach
tylnego odcinka oka. Wszystkie wspomniane zwigzki posiadajg w swojej
strukturze zaréwno pierscien pirazolu oraz atomy fluoru badz grupy
fluoroalkilowe, co wpisuje sie w nurt skutecznego zastosowania fluorowanych
srodkéw w rozwigzywaniu swiatowych problemoéw (Rysunek 3).

OCH; SO,NH, SO,NH, SO,NH,

F

N’N N’N N/N N/N
|/ Cl | CHj | F | OCH;
FsC FsC FsC

F,HC
SC-560 Celekoksyb Mawakoksyb Derakoksyb
(przeciwnowotworowy) (przeciwzapalny) (lek weterynaryjny) (lek weterynaryjny)
CH,
n-N
M=
B
/N0
(0]
Lenakapawir Razaksaban Akryzanib
(antywirusowy HIV) (przeciwzakrzepowy) (inhibitor wzrostu bfonek)

Rysunek 3. Leki zawierajgce w swojej strukturze fragment fluorowanego
pirazolu.

15D, J. Pinto, J. M. Smallheer, D. L. Cheney, R. M. Knabb, R. R. Wexel. J. Med. Chem., 2010, 53,
6243
8D, J. P. Pinto et. al, J. Med. Chem., 2007, 50, 5339
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Réwniez wsérdd agrochemikaliow liczng grupe produktéw stanowia
zwigzki oparte na strukturze fluorowanego pirazolu'. Jedng z nich
reprezentujg fungicydy hamujgce dehydrogenaze bursztynianowg, wazny
enzym z cyklu Krebsa, bez ktérego rosliny i grzyby nie moga oddychac.
Ponadto sg skuteczne wobec innych infekcji takich jak plamisto$¢ lisci, rdza
brgzowa i wczesna zaraza. Przyktadami sg Biksafen, Pentiopirad i Sedaksan
(Rysunek 4). Inng grupe stanowia preparaty szczegdlnie skuteczne w walce
z obecnoscig bezkregowcédw. Ich zadaniem jest blokada receptorow GABA
w kanatach chlorkowych uposledzajagc system nerwowy. Giéwny
przedstawiciel tej klasy to Fipronil, ktéry jest uzywany do eksterminacji
insektow rolniczych takich jak mszyca, konik polny, chrzaszcz oraz termit.
Z kolei Pyriprol zostat wprowadzony do sprzedazy jako srodek do zwalczania
pchet i kleszczy u zwierzat. Warto réwniez wspomnie¢ o Cyazypyrze,
stanowigcym skuteczny srodek gtéwnie przeciw szkodliwym gatunkom motyli.
Aktywuje on kanat wapniowy RyR, przez co uposledzone zostaje
funkcjonowanie miesni owaddéw, powodujgc objawy zatrucia takie jak szybkie
zaprzestanie zerowania, letarg, paraliz i w konsekwencji $mieré. Przy
badaniach SAR wykazano, ze obecnos$¢ grupy CF3 bezposrednio w pierscieniu
pirazolu gwarantuje niemal identyczne witasciwosci co Cyazypyr. Herbicyd,
ktory blokuje wytwarzanie dtugich tancuchéw kwaséw ttuszczowych
w roslinach, komercyjnie dostepny jest pod nazwg Sakura. Piroksysulam moze
by¢ stosowany przeciwko chwastom jedno i dwulisciennym wystepujgcych
w uprawach zboz takich jak pszenica, zyto, jeczmien oraz w uprawach terenow
zielonych.

7. C. Lamberth, J. Dinges, Heterocyclic Compounds Classes: Agrochemicals, John Wiley & Sons,
2012
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CH,
l{l ¢Hs cl Cl
) N
e
FsC
o NS NH,
o A g
S
C h.d F

Hs NC SOCF;
Pentiopirad Biksafen Fipronil
(fungicyd) (fungicyd) (insektycyd)
Cl CH,

CF '
3 <\\S\N’N\ CFs N7~ OCHF;
cl cl o FaC 5.
I { 3
NC  'SCFH

(6]
F HN-CH
NC i HoC CHa
Pyriprol CF;-analog Cyazypyru Piroksysulam
(insektycyd , (herbicyd)
weterynaryjny) (insektycyd - motyle) 4

Rysunek 4. Wybrane agrochemikalia zawierajgce fluorowany pirazol.

Znane sg rowniez przyktady wykorzystania fluorowanych pirazoli
w chemii koordynacyjnej'®. Odpowiednie kompleksy Cu(l) i Ag(l) z sukcesem
uzyto jako katalizatory w reakcjach syntezy epoksydéw'®. W innej pracy tego
zespotu otrzymane kompleksy fluorowanych pirazoli z miedzig(l) badz
srebrem(l) [ kolidyng wykazywaty interesujace wiasciwosci
fotoluminescencyjne?® (Rysunek 5). Nie tylko kompleksy, w ktérych sktad
wchodzi miedz wykazujg zdolnosci fluorescencyjne. Podobne rezultaty

"8 4. V. R. Dias, C. J. Lovely, Chem. Rev., 2008, 108, 3223

O H. V. R. Dias, H.-L. Lu, H.-J. Kim, S. A. Polach, T. K. H. H. Goh, R. G. Browning, C. J. Lovely,
Organometallics, 2002, 21, 7, 1466

20 M. A Omary, M. A. Rawashdeh-Omary, H. V. K. Diyabalanage, H. V. R. Dias, Inorg. Chem., 2003,
42, 26,8612
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uzyskano gdy jako metal uzyto platyne®’ lub iryd, gdzie otrzymane produkty
zostaty wykorzystane do stworzenia elektrody OLED?2. Co ciekawe, wszystkie
kompleksy wykazywaty zblizone dtugosci fali dla emitowanego
promieniowania (400-450 nm).

H3C
CF3 3 A | CH3
Nx
F3C <,\_]>/N‘CU/

CF3
CH3 / N/ CH3
Cu—Ny CF
| N N/ )Q>/ 3
_
HsC CH, 3¢
t-Bu
Kompleks Cu(l) z kolidyna Kompleks z Ir(lll) Kompleks Pt(ll) z NHC
(fotoluminescencja) (dioda organiczna) (fotoluminescencja)

Rysunek 5. Kompleksy metali przejsciowych i liganddéw
z fluorowanym pierscieniem pirazolu wykazujqce fluorescencje.

Zaprezentowane powyzej przyktady zastosowan fluorowanych
pirazoli stanowig jedynie skromne zarysowanie olbrzymiego potencjatu
aplikacyjnego tej klasy potaczen fluoroorganicznych.

Metody syntezy fluorowanych pirazoli

Majgc na uwadze szerokie zainteresowanie chemig pochodnych
pirazolu istnieje wiele metod umozliwiajgcych efektywne otrzymanie tej klasy
zwigzkéw. Jako najpopularniejsze metody syntezy fluorowanych pirazoli

2T AL R. Naziruddin, A. Galstyan, A. lordache, C. G. Daniliuc, C. A. Strassert, L. De Cola, Dalton
Trans., 2015, 44, 8467

22 ) _L. Liao, Y. Chi, Z-T. Sie, C-H. Ku, C-H. Chang, M. A. Fox, P. J. Low, M.-R. Tseng, G.-H. Lee, Inorg.
Chem., 2015, 54, 22, 10811
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nalezy wskaza¢ kondensacje Paala-Knorra, wewnatrzczasteczkowg cyklizacje,
modyfikacje w obrebie pierscienia oraz cykloaddycje.

Kondensacje Paala-Knorra

Ogodlna strategia syntezy pirazoli wedtug kondensacji Paala-Knorra
zaktada wykorzystanie zwigzkéw dikarbonylowych typu 1 i pochodnych
hydrazyny 2%3. Reakcja ta w swoim klasycznym ujeciu prowadzi do mieszaniny
regioizomerycznych produktéw, ktérych stosunek jest silnie zalezny
od warunkéw prowadzenia reakcji i charakteru elektronowego substratow.
Praca Fustero obrazuje wptyw uzytego rozpuszczalnika na stosunek
powstatych regioizomeréw trifluorometylopirazolu 3 i 4 (Schemat 1)*.
Zastosowanie nienukleofilowych, fluorowanych rozpuszczalnikéw takich jak
trifluoroetanol oraz heksafluoroizopropanol faworyzuje powstawanie
regioizomeru typu 3 wykluczajgc reakcje z rozpuszczalnikiem w kazdym
z przedstawionych wynikéw. Odmienny rezultat zaobserwowano w przypadku
niefluorowanego medium, uzyskujac jako produkt gtowny
5-trifluorometylopirazol 4 wraz z adduktem 4’ (Tabela 1). Procedura ta zostata
wykorzystana do syntezy fluorowanych analogéw Tenbufenpiradu — $srodka

roztoczobodjczego.
RZ
o O Rozpuszczalnlk ' OH
L + RANHNH, ——————> CFs | NN
R! CF4 Temp. pok. >_7/ . J~CF,
45 min {
R
1 2 L 4

Schemat 1. Klasyczny wariant kondensacji Paala-Knorra.

23, Elguero, A. R. Katritzky, C. W. Rees, E. F. V. Scriven, In Comprehensive Heterocyclic Chemistry
II; Eds. Pergamon Press: New York, 1996

24, Fustero, R. Roman, J. F. Sanz-Cervera, A. Simdén-Fuentes, A. C. Cunat, S. Villanova, M.
Murguia, J. Org. Chem., 2008, 73, 3523
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Tabela 1. Stosunek otrzymanych izomerow w zaleznosci od uzytego

rozpuszczalnika.

EtOH TFE HFIP

R? R?
34 3:4 34
CHs CHs 65:35 88:12 96:4
CHs Ph 5:95 30:70 99:1
Ph CHs 36:64 79:21 92:8
Ph Ph 24:76 81:19 99:1

Alternatywna, wysoce regioselektywna metoda obejmuje
wykorzystanie  hydrazydéw  jako  kluczowych  substratow  zostata
zademonstrowana na Schemacie 2. W pierwszym etapie realizowanym
w klasycznych warunkach, zostata wygenerowana odpowiednia 5ol
diazoniowa pochodnej aniliny 5, ktéra nastepnie zostata przeksztatcona
w hydrazyne. Reakcja z kwasem karboksylowym umozliwita uzyskanie
hydrazydu 6, ktéry w reakcji z butanodionem typu 7 prowadzit
do 3-trifluorometylopirazolu typu 8 z catkowita wydajnoscia wynoszaca
31%2°. Procedura ta zostata z powodzeniem wykorzystana w syntezie leku
przeciwzakrzepowego Razaksaban (Schemat 2).

25 M. L. Quan, et al, J. Med. Chem., 2005, 48, 6, 1729
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Schemat 2. Wykorzystanie soli diazoniowych w syntezie pirazolu.

Interesujgcym przyktadem jest wykorzystanie B-alkoksyenonéww
syntezie z pochodnymi hydrazyny. Dobrze poznanym wariantem jest reakcja
pomiedzy 4-etoksy-1,1,1-trifluoro-3-buten-2-onem (9) i metylohydrazyng?®.
Otrzymane regioizomeryczne produkty 10 i 11 stanowity duze wyzwanie
w kontekscie ich separacji. W 2020 roku grupa Volochnyuka opracowata
technologiczny wariant tej reakcji w skali kilogramowej. Skuteczny rozdziat
powstatych pirazoli przeprowadzono na drodze destylacji frakcjonowanej pod
ci$nieniem 1 atmosfery.?’ (Schemat 3). W dalszej cze$¢ pracy opisane zostaty
warianty funkcjonalizacji uzyskanego pierscienia pirazolu przeprowadzone
z wykorzystaniem technik przeptywowych.

26 J.W. Lyga, R. M. Patera, J. Heterocycl. Chem., 1990, 27, 919
27 M. A. Tairov, et. al, Org. Process Res. Dev., 2020, 24, 2619
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Schemat 3. Multikilogramowy wariant syntezy fluorowanych pirazoli.

W innej pracy wykorzystano grupe zwigzkdw znang jako odczynniki
aminofluoroalkilowe (FARs). S3 to molekuty stanowigce alternatywe dla
produktéw otrzymywanych w wyniku podstawienia atomem fluoru innych
halogenéw (reakcja Swartsa®®). Stosowane s do jednoczesnego wtaczenia
do struktury produktu grupy fluoroalkiloweji aminowej, poprzez nukleofilowy
atak atomu azotu FAR na elektrofilowy atom wegla, najczesciej enaminy lub
iminy. Autorzy opracowali wtasny odczynnik z tej grupy w celu uzyskania
reagenta posiadajgcego mniejsze zattoczenie steryczne. Odczynnik tworzy sie
w wyniku kondensacji podstawionej aminy z perfluorowanym eterem
winylowym 12%. FAR 13 aktywowano kwasem Lewisa przed reakcja
z ketiming 14, dazac do adduktu A atakowanego w kolejnym etapie przez
hydrazyne. | w tym przypadku otrzymano pare izomerycznych
perfluorowanych pirazoli typu 15 i 16 wraz z adduktami 16’ (Schemat 4).
Regioselektywno$é reakcji jest zalezna od zattoczenia sterycznego i charakteru
elektronowego substratow (hydrazyny, FAR i ketiminy), stezenia kwasu
siarkowego(VI) oraz sposobu ogrzewania mieszaniny reakcyjnej. Metoda

28 7. Wang, Comprehensive Organic Name Reactions and Reagents, John Wiley & Sons, Inc., 2010

2, Schmitt, A. Panossian, J.-P. Vors, Ch. Funke, N. Lui, S. Pazenok, F. R. Leroux, Chem. Eur. J.,
2016, 22, 11239
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zostata rozszerzona o zastosowanie hydrazyn z uzytecznymi grupami
funkcyjnymi takich jak amid, tosyl, pirydyna.

R3
E I Nl,N OHF
F 3 O m
Fsco)ﬁ/ R a To R¢
L N e 8% NH, OCFs
12 » Tol O ’ 16
3
.| _ THF, MeCN , R
NHZR'| 78 °C -> temp. pok. 1) BF,.Et,0 R NN F
30 min HaN—-NH |
MeCN 2 OCH
R. 3
F R2  temp. pok. F f
NHRT T 15-60 min R? 16
F3CO @ + N P —— PN OCF | ——»
FO 2)R®%NHNH, | Ph.__NH~ NHR! R®
BF,  Ph MeCN, H,SO he '
» H2904 © N-N
13 14 temp. pok. BF,4 F,co. M /—R?
60 min A
F 15

Schemat 4. Wykorzystanie aminofluoroalkindw FARs w syntezie
perfluorowanych pirazoli.

Inny przyktad wykorzystania pochodnych
B-alkoksywinyloketonéw®® pokazano na Schemacie 5. Zastosowany
w podstawowym podejsciu 1,1,1-trifluoro-4-etoksy-3-buta-2-on (9) lub jego
cykliczny analog 17, reaguje regioselektywnie z fenylohydrazyng otwierajac
droge odpowiednio do 5-trifluorometylopirazolu 18 lub pochodnej 3-(pirazol-
4-ylo)propanolu typu 19. Zastosowanie fluorowanych hydrazyn prowadzito
do dihydropirazoli typu 20 i 21, podatnych na dehydratacje w obecnosci P,0s
lub w silnie kwasowym srodowisku reakcji (Schemat 5). Wspomniane
podejscie zostato zaimplementowane m.in. do syntezy nowej grupy pirazolo-
oksazolidynonow o potwierdzonych wtasciwosciach przeciwbakteryjnych.

30 3)L. Song, Q. Chu, S. Zhu, J. Fluor. Chem., 2001, 107, 107; b) N. S. Boltacheva, L. N. Dianova, P.
A. Slepukhin, V. I. Filyakova, V. A. Bakulev, V. N. Charushin, Russ. J. Org. Chem., 2014, 50, 767; c)
L. Yan, J. Wu, H. Chen, S. Zhang, Z. Wang, H. Wang, F. Wu, RSC Adv., 2015, 5, 73660

24



Ar = C6F5
Ar Ar
£ ~COCF3 0 N o
Ar = Ph N\’_/7/CF3 N\\_740F3
0 \ b
ArNHNH, u
2 18 TFA 20
lub
EtOH, ’Sr Ar
reflux - CF,4 N
COCF,4 ot godz. N N CFs
| \ [ OH
o) O, O,
17
1;3"' OH
21

Schemat 5. Wykorzystanie alkoksywinyloketondw w syntezie fluorowanych
pochodnych pirazolu.

Kolejny typ zwigzkdéw dikarbonylowych wykorzystanych w syntezie

312 jako kolejne

pirazoli stanowig pochodne posiadajgce fragment enaminy
po FARs azotowe odczynniki w tym zestawieniu. W celu uzyskania pozadanych
produktdbw w pierwszej kolejnosci autorzy wykorzystali odpowiedni
trifluorometylowany B-enaminodiketon 22 w reakcji z fenylohydrazyng
(Schemat 6). Reakcja prowadzita do mieszaniny regioizomeréw 23
i 24 w stosunku 42:58. Utworzenie takiej mieszaniny wynika z addycji atomu
azotu do wegla B, a nastepnie cyklokondensacji. Ze wzgledu na dwie mozliwe
pozycje drugiego ataku nukleofila, regiochemia tej reakcji nie moze byc¢
w petni kontrolowana. Aby uzyska¢ produkt 25 w sposéb catkowicie

regioselektywny zmodyfikowano wyjsciowg enamine, co sprzyjato addyc;ji-1,2

31 a) K. E. Pianoski, J. Poletto, M. J. V. da Silva, J. Nascimento, A. Camargo, A. P. Jacomin, D. S.
Gongalves, D. F. Back, S. Moura, F. A. Rosa, Org. Biomol. Chem., 2020, 18, 2524; b) D. L.
Obydennov, V. Y. Sosnovskikh, Chem. Heterocycl. Compd., 2015, 51, 503
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i nastepczej cyklizacji. Obecnos$¢ grupy CFs byta kluczowa do utworzenia
odpowiednich 4-iminometyloazoli, poniewaz unikatowe wtasciwosci fluoru

stabilizujg zasade Schiffa.

Zastosowanie substratow typu 26 wymaga protonowania do formy
A, dzieki ktoremu uwypukla sie elektrofilowy charakter pozycji C-2, co z kolei
umozliwia selektywny atak hydrazyny, prowadzagc do produktu 27

(w réwnowadze tautomerycznej ze zwigzkiem 28).

2 RZ
Ph Ph (O O} O (@] R2NHNH |
N A N cr, | NANA, NH,t-B BE,OE, NS AT
N’ - 3 2BU A CFy °T3YER2
v/ N\ / Ar)J\[u\Cﬁ . Ar | 3 S \
o o MeCN y-CHs  DCM NH MeCN  F.C %
reflux | temp. pok. lt B reflux N
FsC Ar 14 godz. 4 CHs 1 godz. U 7godz. “MBu
234258 24 22 25
H CF, H CF, Ph
N < N Nen N
@[ 1) H* @[@ I Fe N A A w7
N > . N= z
N\ 2) PANHNH," HCI = ,
H R T H S . | o 26:74
N= n-BuOH N= g
O reflux o4 Ph\ /H\ 28
®/NH 12 godz. ®/NH N-N" N
FschH
26 - -
A o)

Schemat 6. Synteza fluorowanych pirazoli z pochodnych enaminy.

Powyzej scharakteryzowano kilka wybranych metod syntezy
fluorowanych pirazoli wykorzystujgcych zwigzki dikarbonylowe Ilub ich
syntetyczne ekwiwalenty w reakcjach z pochodnymi hydrazyny. Inne
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interesujgce przyktady obejmujg wykorzystanie bardziej ztozonych

alkoksyenondéw?? i ynonéw?>:.

W uzyciu sq rowniez metody przebiegajagce w typie kondensacji
Claisena, wykazujace (dwu)etapowy charakter przemian®.
W zaprezentowanej metodzie wyjsciowy keton ulega kondensacji
z arylohydrazyng prowadzac do odpowiedniego hydrazonu 29, z ktérego pod
dziataniem nadmiaru n-Buli powstaje dianion typu A (Schemat 7).
Natychmiast po dodaniu karboksylanu 30 powstaje addukt B z nastepcza
cyklizacjag wymuszong atakiem na karbonylowy atom wegla prowadzac do
zwigzku C. Struktura produktu zalezna jest od rodzaju uzytego kwasu w etapie
dehydratacji; i tak dla R = COOEt w celu uzyskania pirazolu 31 stosowany jest
kwas trifluorooctowy, podczas gdy w syntezie pochodnej 32 zastosowano
kwas p-toluenosulfonowy. Metoda prowadzi do oczekiwanych produktow
niemal ilosciowo. Warto podkresli¢, ze uzyskane przez autoréw zwigzki sg
selektywnymi inhibitorami fosfatazy alkalicznej o niewielkim wptywie na h-
NPP1 i h-NPP3.

32 a) D. Bazhin,et. al, Eur. J. Org. Chem., 2015, 2015, 5236; b) A. F. M. Flores, J. L. Malavolta, L. M.
Frigo, M. Doneda, D. C. Flores, Synth. Commun., 2015, 45, 1198; c) M. Y. Bugera, K. V. Tarasenko,
I. S. Kondratoy, I. I. Gerus, B. V. Vashchenko, V. E. lvasyshyn, O. O. Grygorenko, Eur. J. Org. Chem.,
2020, 2020, 1069

333) M. T. Hsieh, S. C. Kuo, H. C. Lin, Adv. Synth. Catal., 2015, 357, 683; b) V. M. Muzalevskiy A. Y.
Rulev, A. R. Romanoy, E. V. Kondrshov, I. A. Ushakov, V. A. Chertkov, V. G. Nenajdenko, J. Org.
Chem., 2017, 82, 7200; c) B. A. Chalyk, et. al, J. Org. Chem., 2019, 84, 15212

34T.N. Ngo, S. A. Ejaz, T. Q. Hung, T. T. Dang, J. Igbal, J. Lecka, J. Sévigny, P. Langer, Org. Biomol.
Chem., 2015, 13, 8277
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Schemat 7. Fluorowane pirazole jako produkty kondensacji Claisena.

Reakcje wewnatrzczgsteczkowe

W 2014 roku zaprezentowano elegancka metode syntezy
3-trifluorometylowanych pirazoli oparta na cyklizacji hydrazonéw
sfunkcjonalizowanych ugrupowaniem acetylenowym. Jako kluczowe
substraty wykorzystano niefluorowane alkino-hydrazony typu 33, ktére
poddano reakcji z odczynnikiem Togniego (34), w srodowisku zasadowym,
skutecznie wprowadzajac grupe trifluorometylowg®. Sekwencja przemian
obejmujgca proces deprotonowania, cyklizacji i protonowania prowadzi
do finalnego produktu 35 (Schemat 8). Autorzy z powodzeniem uzyskali serie
14. pochodnych 1,5-diarylopirazolu, w tym leku przeciwzapalnego
Celekoksyb, wyizolowanego z 52% wydajnoscia.

3a. Ji, X. Wang, S. Zhang, Y. Xu, Y. Ye, M. Li, Y. Zhang, J. Wang, Chem. Commun., 2014, 50, 4361
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Schemat 8. Mechanizm tworzenia CFs-pirazoli z niefluorowanych
alkinohydrazonow 33.

30b,36' gdzie

Interesujgcy przyktad zostat opisany przez grupe Nenajdenko
wykazano, ze charakter uzytego rozpuszczalnika w reakcji hydrazyny
z CF3-ynonami determinuje miejsce ataku, a co za tym idzie, odmienng
strukture produktu reakcji. O ile w przypadku kondensacji z fenylohydrazyng
uzyskano selektywnie pirazole typu 35, tak zastosowanie pochodnych
z podstawnikami elektronoakceptorowymi (np. NOz, SO2NH2, CeFs),
prowadzito do mieszaniny produktéw 35 i 37 (Schemat 9a). Rozwigzaniem
tego problemu byto przeksztatcenie ynonu 36 w odpowiedni hydrazon 38.
Nastepcza cyklizacja pod wptywem mocnej zasady takiej jak NaOH, DBU lub
t-BuOK prowadzita do selektywnego utworzenia pirazolu typu 35. Rozwiniecie
tego watku obejmowato zastgpienie mocnej zasady odczynnikami
halogenujgcymi, co prowadzito do pochodnych 3-trifluorometylopirazolu
z jednoczesng funkcjonalizacjg pierscienia w pozycji C(4). Wedtug
zaproponowanego przez autorow mechanizmu, proces obejmuje cyklizacje

36\, M. Muzalevskiy, V. G. Nenajdenko, Org. Biomol. Chem., 2018, 16, 7935
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inicjowang dodatkiem elektrofila tworzgcego cykliczny kation haloniowy typu
A. Nastepczy atak atomu azotu i deprotonowanie prowadzi
do 4-halogenopirazolu typu 39 (Schemat 9b). Powstate produkty poddano
modelowym  transformacjom  uzyskujgc  tetrapodstawione analogi
Celekoksybu.

a) R2 R2
o} RZNHNH, . )

N
RI-—= - - N’ R ’ CF3
)J N

CF3 7°C->.

A R2 =
HFIP F3C R1 gdZIe R = Ph-EWG
36 temp. pok. 35 37
24 godz.
2 R
O  R*NHNH,*HCI N—NHR?2 N ]
R'—=— — R= _Zzasada_ N; ) R
CF; pmso CF4 DMSO
temp. pok. temp. pok. F3C
24 godz. 38 24 godz. 35

b) R?
2 2 I
:N‘NHR X* mHR d N 1
R1 / R1 / / Zasa a MR

CF3

A 39
X=Cl, Br, |

Schemat 9. a) Synteza izomerycznych pirazoli 35 i 37; b) mechanizm cyklizacji
prowadzqcej do 4-jodopirazoli.

Inny typ przemian, wykorzystujacy wewnatrzczasteczkowq reakcje
typu Appela, zostat z powodzeniem uzyty w syntezie pochodnych
policyklicznych. Jako substraty ulegajgce przeksztatceniu wykorzystano
B-aminoketony typu 40 (Schemat 10) . Pierwszy etap obejmuje diazowanie
prowadzace do struktury A, ktdra nastepnie reaguje z trifenylofosfing i CCla
dajgc B. W wyniku wewnatrzczgsteczkowej reakcji powstaje tricykliczny kation
C, ktory w wyniku przegrupowania i przytgczenia wodoru prowadzi

37N, Wang, Y. Qiao, Y. Du, H. Mei, J. Han, Org. Biomol. Chem., 2022, 20, 7467
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do pozadanego produktu. Procedura ta otwiera dostep do tricyklicznych
zwigzkoéw o réznym rozmiarze pierscienia i charakterze grup fluoroalkilowych.

0
R . _+2 R
NH, tiuc(c))ﬁo R n=1-3 N Rf= CFs CoFs
/ \N C3F7 CF20|, CFzBr
n=1-3R¢  CCly PPh; N’ ,
temp. pok. H 23 przyktady
12 godz. (30-97%)
40 41

R =1-3 Rf

t-BUONO W@

+ |- - N
PhsR*CI N
0 (0]
R N2 PPh3 R N2 / C
s, ‘ - PhyP=0
ccl, S

Schemat 10. Otrzymywanie tricyklicznych pochodnych pirazolu

AcOH

z wykorzystaniem reakcji Appela.

Fluorometylowanie pierscienia pirazolu

Modyfikacje w obrebie pierscienia to kolejny trend w syntezie
fluorowanych pirazoli. Procesy addycji oraz substytucji z uzyciem odpowiednio
sfunkcjonalizowanych pochodnych przebiegajg na ogét w analogiczny sposéb
jak w przypadku innych heterocykli; tu w pozycjach N(1), C(4) oraz C(5).
Wprowadzenie grup fluoroalkilowych do pierscienia pirazolu moze zachodzi¢
poprzez bezposrednie fluorowanie lub substytucje halogenu. Jako reagent
umozliwiajgcy wprowadzenie pozgdanego podstawnika w sposdb rodnikowy
stosuje sie m. in. jodotrifluorometan w obecnosci zelaza(ll), perhydrolu oraz
DMSO (Schemat 11)*®. W badaniach zaprezentowano, ze zaleznie od struktury

pirazolu, mozliwe jest wprowadzenie grupy CF3 w rdéine pozycje tego

387, Kino, Y. Nagase, Y. Ohtsuka, K. Yamamoto, D. Uraguchi, K. Tokuhisa, T. Yamakawa, J. Fluor.
Chem., 2010, 131, 98
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heterocykla. Autorzy pracy przetestowali pochodne pirazolu typu 42, ktére
to zostaty przeksztatcone w trifluorometylowane produkty zaleznie
od dostepnosci pozycji. Z eksperymentéw wynika, ze w przypadku
niepodstawionego pirazolu (X, Y = H) gtéwnym produktem byta pochodna
3-CFs (43), =z jednoczesnym  utworzeniem  Sladowych iloSci
4-trifluorometylopirazolu (44). Z kolei obecnos$é grupy metylowej w pozycji
C(4), prawdopodobnie ze wzgledu na elektronodonorowy charakter
umozliwia uzyskanie pochodnej 45 z nieco lepszg wydajnoscig. Obecnosé
podstawnika Me w pozycji C(3) skutkowata otrzymaniem mieszaniny
produktéw 4- i 5-trifluorometylopirazolu z nizszg wydajnoscia.

HisC.  CFs X Y CF, FsC
Z { - 7 A / { 7 )\
/ Y / '\ / '\ ¥ / N
N N N N
H H H H
45 (49%) 42 43 (25%) 44 (2%)

warunki: CF3l, CpyFe, HyO5
DMSO, H,;SO4, temp. pok.

N N’
H H
46 (15%) 47 (6%)

Schemat 11. Konkurencja trifluorometylowania pirazolu
w warunkach rodnikowych.

Inna metoda polegajgca na wprowadzeniu grupy trifluorometylowej
opiera sie na wykorzystaniu odczynnika Rupperta-Prakasha umozliwiajgcego
szereg transformacji obejmujacych formalny transfer anionu CFs °

Zastosowanie TMSCFs 48 w obecnosci kwasu Lewisa (KL), pozwalajacego

39 R. s. Bastos, Synlett, 2008, 9, 1425
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na bardziej kontrolowane uwalnianie anionu CF3, byto kluczowe

do otrzymania oczekiwanego pirazolu 49 z dobrg wydajnosécia (Schemat 12)*°

CF,TMS,
! B(OCHs3)s
N// \S fenantrollna / <
N Cul,KF, DMSO N
Bn 60 °C, 24 godz. cul
50 49 (60%) fenantrolina,
I-Py
F KL ©

TMS-CF; —» %F3 — KL-CF3

48 KL - Kwas Lewisa

Schemat 12. Odczynnik Rupperta-Prakasha w syntezie fluorowanych pirazoli.

W innej metodzie, jako Zrédlo grupy CFs3 wykorzystano
difluorokarben (:CF2), generujac ten reaktywny zwigzek posredni in situ,
z uzyciem CICF,CO2TMS (TCDA) i AgF*'. W pierwszym etapie TCDA reaguje
z fluorkiem srebra prowadzac do difluorokarbenu z jednoczesnym
utworzeniem AgCl, silnego wigzania krzem-fluor oraz CO2, co stanowi site
napedowa tej reakcji. Kolejny etap obejmuje reakcje karbenu z AgF prowadzac
do anionu CFs3, ktory ulega wymianie liganda z jodkiem miedzi tworzac
niezwykle reaktywny kompleks. Kolejno reakcja z jodkiem 50 prowadzi
do pozadanego produktu typu 10 (Schemat 13).

407, Gonda, S. Kovécs, C. Wéber, T. Gati, A. Mészaros, A. Kotschy, Z. Novdk, Org. Lett., 2014, 16,
4268

41X. Zhang, J. Wang, Z. Wan, Org. Lett.,, 2015, 17, 2086
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Schemat 13. Generowanie in situ odczynnika triluorometylujgcego
w reakcji z jodopirazolem 50.

W 2019 roku zostata opisana metoda umozliwiajgca otrzymanie
komercyjnie dostepnego herbicydu Fluksapyroksadu jak i jego analogdéw.
W tym celu autorzy wykorzystali pirazole typu 51 sfunkcjonalizowane grupg
nitrylowa*?> otrzymujac w pierwszym etapie odpowiednie aldehydy 52
(Schemat 14). W zaleznosci od struktury pozadanego produktu, pirazole 52
wykorzystano w reakcji z tréjfluorkiem (dietyloamino)siarki (DAST) lub
w redukcji do alkoholu i reakcji z DAST, uzyskujgc odpowiednio produkty typu
53i55.

a2y, Zhang, Z. Chen, J. Nie, F.-G. Zhang, J.-A. Ma, J. Org. Chem., 2019, 84, 7148
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Schemat 14. Synteza pochodnych difluorometylo i fluorometylopirazolu.

W minionym roku, w Science®®, opisana zostata metoda obejmujaca
elektrofotochemiczny transfer grupy CFs z wykorzystaniem komplekséw
srebra 56 stanowigcych superoksydacyjne katalizatory foto-redoks zdolne do
aktywacji trifluorooctanu poprzez homolityczny rozpad wigzania C-C
indukowany swiattem widzialnym. Utworzony rodnik trifluorometylowy zostat
wytapany w reakcji z pochodnymi arylowymi i hetarylowymi prowadzac
do spodziewanych produktéw, w do$é tagodnych warunkach (Schemat 15).
Wada wspomnianej metody jest brak selektywnosci, ktéra w przypadku
reakcji N-metylopirazolu prowadzita do mieszaniny trzech regioizomeréw.

43 Campbell, J. B. Gordon, E. R. Raguram, M. |. Gonzalez, K. G. Reynolds, M. Nava, D. G. Nocera,
Science, 2024, 383, 279
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Schemat 15. Elektrofotochemiczne wykorzystanie kompleksow srebra 56
w syntezie CF3-pirazoli.

Reakcje cykloaddycji

Ostatnim omawianym typem reakcji prowadzacych do fluorowanych
pirazoli sg procesy cykloaddycji. Charakteryzujg sie one wysoka
regioselektywnosdcig, stosunkowo tagodnymi warunkami oraz szerokim
spektrum fatwo dostepnych substratow, przez co stanowig atrakcyjng
alternatywe w syntezie nowych heterocykli.

Mowigc o reakcjach cykloaddycji w kontekscie syntezy fluorowanych
pirazoli nalezy podkresli¢ znaczenie (3+2)-cykloaddycji, czyli tzw. 1,3-
dipolarnej cykloaddycji (znanej réwniez jako reakcja Huisgena). Rozrdéznié
mozna dwa podejscia tj. z wykorzystaniem fluorowanych 1,3-dipoli (takich jak
diazoalkeny, vylidy, nitryloiminy) lub  odpowiednich  dipolarofili
sfunkcjonalizowanych grupa fluoroalkilowa (alkoksyalleny, enaminy,
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modyfikowane olefiny). Wybor strategii zalezy od pozgdanego umiejscowienia
grupy fluoroorganicznej.

Podejscie wykorzystujgce diazozwigzki jest szeroko stosowane
od wielu lat w syntezie heterocykli azotowych. Jeden z pierwszych przyktadow
obejmowat zbadanie reaktywnosci 1,1,1-trifluorodiazoetanu (59) z alkenami
i alkinami dajgc odpowiednio 3,5-bistrifluorometylo pirazoliny 60 i pirazole
typu 43 (Schemat 16)**. Co ciekawe, faworyzowany w tej reakcji izomer trans

powstawat w stosunku ponad 3:1.

H
H
FaC H/ H)\( CFs CF,
I\ N2 CFs ‘
PR s g
A CF3 F3C ~ F3C N/’

N tuba tuba N
H temp. pok. temp. pok.
43 (97%) 28 dni 59 24 godz. 60 (98%) 3.3:1

Schemat 16. Trifluorodiazoetan w reakcji z weglowodorami nienasyconymi.

Ze wzgledu na toksyczny charakter diazozwigzku 59, niezwykle
istotne byto opracowanie dogodnych Zrédet tego reagenta zapewniajgcych
bezpieczenstwo pracy. W 2015 roku zostata opisana synteza typu one-pot
wykorzystujaca chlorowodorek odpowiedniej aminy 61, azotan(lll) sodu oraz
alkiny (Schemat 17). Taki dobdér komponentéw umozliwit wygenerowanie
diazozwigzku 62 in situ, ktéry to nastepnie ulegat (3+2)-cykloaddycji
prowadzac do pirazoli typu 63 i 64. Warto podkreslié, ze opracowana
przemiana przebiegata wydajnie w mieszaninie dichlorometan/woda i nie
wymagata oczyszczania produktdw przy uzyciu chromatografii kolumnowej.
Jako ograniczenie tego podejscia nalezy wskazaé, ze reakcje zachodzity

44 1 H. Atherton, R. Fields, J. Chem. Soc. C, 1968, 1507
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wytgcznie w przypadku alkindw posiadajagcych w swojej strukturze
podstawniki elektronoakceptorowe®.

H
N
. EWG
NN N
N \
\EWG
CoFs 63
NH, ‘HCI /
2 NaNO, , (/Nz 12 przyktadow
CaFs CH,Cl,/H,0 C,Fs \ (38-99%)
20 °C, 72 godz. R H
61 AN NS EWG
EWG \
62
in situ CZFS R
64
7 przyktaddéw
(62-99%)

Schemat 17. Trojkomponentowa synteza perfluorowanych pirazoli.

Dogodng i wydajng metode umozliwiajgcg wykorzystanie acetylenéw
sfunkcjonalizowanych grupami o réznym charakterze elektronowym opisat
zesp6t Ma®®. W celu aktywacji alkinéw autorzy wykorzystali sole srebra
w tagodnych warunkach. Utworzony w pierwszym etapie acetylenek srebra 65
zostaje aktywowany kolejng porcjg Ag' i natychmiast ulega 1,3-dipolarnej
cykloaddycji z generowanym in situ fluorowanym diazoetanem 59 tworzac
przejsciowy 3H-pirazol typu B. W wyniku przeniesienia wodoru-1,3 i hydrolizy
uzyskano pozadany produkt 66 (Schemat 18). W pracy wykazano réwniez,
ze obecnosc¢ drugiego ekwiwalentu soli srebra(l) znaczgco podnosi wydajnos$é
reakcji.

45 p. K. Mykhailiuk, Beilstein J. Org. Chem., 2015, 11, 16
48 Li, J. Nie, L. Sun, Y. Zheng, J.-A. Ma, Angew. Chem., 2013, 125, 6375
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Schemat 18. Sole srebra jako kluczowy element cykloaddycji acetylenow
z diazozwiqzkami.

W kolejnej pracy autorzy opisali prosty i regioselektywng synteze
analogdéw pirolomycyny*’. Jako kluczowe substraty uzyto 3-formylochromony
typu 68 i prekursor diazozwigzku w obecnosci srebra(l) (Schemat 19). Aby
wykaza¢ uzyteczno$¢ metody autorzy z powodzeniem zaimplementowali
ja w syntezie pochodnej estronu o obiecujgcym dziataniu anty-estrogenowym.
Warto podkresli¢, ze niektdre z otrzymanych pochodnych wykazywaty réwniez
silne dziatanie przeciwbakteryjne.

47X. Peng, X. Zhang, S. Li, Y. Lu, L. Lan, C. Yang, Org. Chem. Front., 2019, 6, 1775
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Schemat 19. Wykorzystanie formylochromonu 68 w syntezie pirazoli 69.

Strategia TADG (Traceless Activating and Directing Group) zaktada
wykorzystanie grupy funkcyjnej jako kierujgcej katalizator metaliczny
wzgledem okreslnego wigzania w celu indukcji reakcji (aktywacja/kierowanie),
a nastepnie dochodzi do jej usuniecia badz przeksztatcenia, co pozwala
unikngé dodatkowych etapdéw, upraszcza synteze i poprawia ekonomie
atomowg w przypadku syntezy bardziej ztozonych struktur. Takg role moze
petnié¢ grupa nitrowa (-NQO3), stad nitroolefiny sprawdzajg sie jako uzyteczne
dipolarofile w reakcjach cykloaddycji, skutecznie zapewniajagc wysokg
regioselektywno$é. Uzycie roztworu trifluorodiazoetanu (59) w obecnosci
nitroolefin 70 w tagodnych warunkach umoizliwito otrzymanie
4-podstawionych fluorowanych pirazoli 71 (Schemat 20)*. Aby uzyskaé
pozgdany produkt niezbednym byto dodanie jonéw srebra(l). Synteza
prowadzona bez ich dodatku skutkowata powstawaniem pirazoliny 72, nie
dajacej sie przeksztatci¢é w oczekiwany pirazol. Ponadto, procedura jest
skuteczna do przygotowania pirazoli zawierajgcych grupy perfluorowane.

487 Chen, Y. Zheng, J.-A. Ma, Angew. Chem., 2017, 129, 16, 4640
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Schemat 20. Nitroolefiny 70 jako uzyteczne dipolarofile zgodne z strategiq
TADG.

Innym popularnym zrédtem diazoetanu jest N-triftosylohydrazon
trifluoroactaldehydu 73 (TFHZ-Tfs)*°. Jest to bezpieczny w uzyciu i niezwykle
skuteczny odczynnik, ktory znalazt zastosowanie m.in. w syntezie gem-
difluorowanych alkenéw®®. Omawiany reagent w $rodowisku zasadowym
ulega rozpadowi na pochodng kwasu tosylowego i diazoetanu 59. Jako
dipolarofile w reakcji z 59 zbadano terminalne acetyleny uzyskujgc pochodne
3-trifluorometylopirazolu 74, ktére izolowano z wydajnosciami 49-93%
(Schemat 21). Ponadto, opracowana metoda umozliwita uzyskanie
Celekoksybu w skali gramowej z dobrg catkowitg wydajnoscig wynoszacg 48%.

N7 CF, H
|
Q. NH KOH N R NS R
S SN Y T )\—T
O 1,4-dioksan| FsC 5 2
CF, 100 °C R FC R
73 10 godz. ' 59' 74
in situ 41 przyktadow
(49-93%)

R = Alk, (Het)Ar, Fc

Schemat 21. TFHZ-Tfs jako surogat diazoetanu w syntezie pirazoli.

49 H. Wang, Y. Ning, Y. Sun, P. Sivaguru, X. Bi, Org. Lett., 2020, 22, 2012
50y Ma, B. R. P. Reddy, X. Bi, Org. Lett., 2019, 21, 9860
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Ciekawa alternatywa jest tréjsktadnikowa synteza
3-trifluorometylopirazoli 66 z uzyciem aldehydu, tosylohydrazyny i 2-bromo-
3,3,3-trifluoropropenu (75)°'. W pierwszym etapie powstaje hydrazon 76,
z ktorego pod dziataniem zasady generuje sie odpowiedni 1,3-dipol. Dalej
na drodze (3+2)-cykloaddycji, eliminacji bromowodoru i podwdjnego
przeniesienia wodoru-1,3 powstaje pirazol 66 (Schemat 22).

NNHTS ﬁz
—_—
R) R)@\H %
DBU . R
76 . N
Toluen
TsNHNH,, J\ 60 °C  FsC
o Br CF, 6 godz. 66
J 75 52 przykfady
R (45-91%)

R = Alk, (Het)Ar

Schemat 22. Trojsktadnikowa procedura syntezy pirazoli typu 66.

Szczegotowe rozwazania dotyczgce reakcji cykloaddycji i nastepczego
przegrupowania sigmatropowego-[1,5] zostaly opisane przez Reissiga®.
W  badaniach wykorzystano pochodne diazoetanu oraz rdzinie
sfunkcjonalizowane acetyleny, co prowadzito do odmiennych produktéw.
W wiekszosci przypadkow autorzy odnotowali doskonaty regioselektywnosc
procesu, a przegrupowanie van Alphena-Hiittela prowadzito do produktéw
migracji grupy acylowej (Schemat 23).

5. Zhu, H. Zeng, C. Liu, Y. Cai, X. Fang, H. Jiang, Org. Lett., 2020, 22, 809
52 . Gladow, S. Doniz-Kettenmann, H.-U. Reissig, Helv. Chim. Acta, 2014, 97, 808
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Schemat 23. Zastosowanie pochodnych diazoetanu w syntezie pirazoli 78, 80
i81.

Kolejng interesujgcy klase zwigzkdw, jakg wykorzystuje sie w syntezie
fluorowanych pirazoli, stanowig hydrazony 82 (Schemat 24) i halogenki
hydrazonoilowe typu 83 (Schemat 26), ktére w odpowiednich warunkach
stanowig atrakcyjne fluorowane bloki budulcowe do syntezy pochodnych
pirazolu W przyktadowej pracy zespotu Tanaki, wykorzystano hydrazony 82
w reakcjach kondensacji z glioksalami 85. Reakcje przebiegaty wydajnie
w obecnosci siarczanu magnezu oraz kwasu octowego, dajgc dostep
do fluorowanych 4-hydroksypirazoli 86 (Schemat 25)°3. Ta sama grupa
badawcza studiowata reaktywno$é nitryloimin 84, dostepnych z halogenkéw
83 pod dziataniem zasady, ktérych reakcje z dipolarofilami®* takimi jak
acetyleny, kwas maleinowy i fumarowy, B-diketony, cyjanooctany, a takze
bicykliczne olefiny, opisano w kilku pracach z poczatku lat 80. ubiegtego wieku.

53g, Iwata, J. Namekata, K. Tanaka, K. Mitsuhashi, J. Heterocyclic Chem., 1991, 28, 1971

54 a) K. Tanaka, S. Maeno, K. Mitsuhashi, Chem. Lett., 1982, 11, 543; b) K. Tanaka, S. Maeno, K.
Mitsuhashi, J. Heterocyclic Chem., 1985, 22, 565; c) K. Tanaka, S. Maeno, K. Mitsuhashi, Bull.
Chem. Soc. Jpn., 1986, 59, 2631; d) K. Tanaka, T. Suzuki, S. Maeno, K. Mitsuhashi, J. Heterocyclic
Chem., 1986, 23, 1535; e) K. Tanaka, S. Maeno, K. Mitsuhashi, Bull. Chem. Soc. Jpn., 1986, 59,
3901
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Schemat 24. Synteza 4-hydroksypirazoli 86 z wykorzystaniem

arylohydrazonow i glioksali.

Wspomniany wczesniej 2-bromo-3,3,3-trifluoropropen (75, X = Br)
testowano rowniez w reakcjach cykloaddycji z generowanymi in situ
nitryloiminami 84 uzyskujac 3,5-bis(fluoroalkilo)pirazole 88 z bardzo dobrymi
wydajnosciami (Schemat 25). Zastosowanie analogéw 75 (X = CO.tBu, Ph)
prowadzito odpowiednio do pirazolin typu 87°°. Opisana metoda pozwala nie
tylko na wykorzystanie fatwo dostepnych i stabilnych substratéow ale réwniez
umozliwia uzyskanie produktéw w skali multigramowej w stosunkowo
prostym postepowaniu.

A A

Ar FsC~ X X~ “CF4 Ar
u_ X © 75 N
N,N 75 N_® \ CF,
\ CF3 - Ar” N N — o
1,4-dioksan R¢ 1,4-dioksan
Ry 25°C 25°C  R¢
; 84 ;
87 2 dni 2 dni 88
19 przyktadéw X = CO,tBu, Ph ﬂ K2COs X=Br 23 przyktady
(43-86%) LR (46-86%)
N. =
Ar” N/kBr
83

Schemat 25. Generowanie nitryloiminy 84 i reakcja z CF3-alkenami typu 75.

5SR. Wang, P. Jin, G. Yang, Y. Fan, Z. Bai, D. Huang, K. H. Wang, J. Wang, Y. Hu, Org. Biomol. Chem.,
2025, 23, 638
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Bromki hydrazonoilowe 83 zawierajgce grupe CF2H, podobnie jak
diazoetan, reagujg z pochodnymi acetylenu prowadzac do oczekiwanych 1H-
pirazoli. Stosujgc odpowiednie acetyleny zawierajgce fragment m.in. ynonu
lub ynamidu mozliwe jest otrzymanie tri- i tetra-podstawionych pirazoli typu
89-92 jako jedynych produktéw reakcji (Schemat 26)°°.

9 0
) =  OR /J\Ph O
N R! ~ Z N
N\ / OR? ~— > N\ / Ph
HF,C R HF2C
91 Na,COj3 NayCO3 89
11 przyktadéw MeCN | g CFH | MeCN 11 przyktadow
(56-89%) temp. pok. N PN temp. pok. (55-96%)
24 godz. Ar” °N" Br 24 godz.
Ao 5 Moo
N,N R? R1, Rz‘ R3 = N,N ,
\ N o Alk, (Het)Ar, o \ / R
HF,C  R' R /k R3 ester HF,C  R!
N~ 2
92 1 // 1 2 1/R 90
11 przykladéw R R R 18 przyktadow
(26-81%) (56-95%)

Schemat 26. Uzycie pochodnych acetylenu w reakcjach z bromkiem
hydrazonoilowym prowadzgcych do tri- i tetra-podstawionych pirazoli.

Odczynniki jonowe réwniez znalazty zastosowanie w reakcjach
cykloaddycji. W 2024 roku zaprezentowano wykorzystanie soli
winylosulfonowych jako dipolarofili prowadzgcych do CFs-i CF;H-pirazoli typu
93%’. Autorzy wykazali, ze zastosowanie soli sulfoniowych 94 w (3+2)-

cykloaddycji z nitryloiming prowadzito do 1,3,5-tripodstawionego pirazolu 93.

567, Han, K. H. Wang, M. Yang, P. Zhao, F. Wang, J. Wang, D. Huang, Y. Hu, J. Org. Chem., 2022, 87,
498

57 W-). Luo, X. Liang, M. Chen, K.-H. Wang, D. Huang, J. Wang, D.-P. Chen, Y. Hu, J. Org. Chem.,
2024, 89, 10066
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Z kolei, zastosowanie triflanu 95 prowadzi do pirazoliny, ktéra po eliminacji
siarczku difenylu przeksztatca sie w pirazol 96 (Schemat 27).

JLe o P
R" °s S
o Q Ph
Ar BPh, Br— CoTf Ar
N__Rf 94 /N? ® 95 N
N J AN N)\ J
K,CO4 Ry K2CO3
Ry aceton 84 ACN  HF,C
30 °C 30 °C
93 ﬂ cho3 96
36 przyktadéw 9 przyktadéw
(33-95%) bR (37-89%)
N. =
Ar” N)\Br
83

Schemat 27. Wykorzystanie jonowych odczynnikdw w cykloaddycji
prowadzgcej do fluorowanych pirazoli typu 93 i 96.

Podobny przebieg reakcji odnotowano dla zwigzkéw o charakterze
zwitterjonowym typu 97 w reakcjach z chlorkami hydrazonoilowymi 98°%.
W tym przypadku transformacja przebiega przez $ciezke ((3+3)-1), ktdra
obejmuje reakcje (3+3)-cyklizacji z utworzeniem tiadiazyny 99, a nastepnie
spontaniczng kontrakcje pierscienia w wyniku ekstruzji siarki, prowadzaca
do tetrapodstawionych pochodnych pirazolu 100 (Schemat 28).

8B Cheng, B. Bao, W. Xu, Y. Li, H. Li, X. Zhang, Y. Li, T. Wang, H. Zhai, Org. Biomol. Chem., 2020,18,
2949
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Schemat 28. Zastosowanie zwitterjonu 97 w syntezie pirazolu 100.

W literaturze zostaty opisane rowniez przyktady wykorzystania
zwigzkéw naturalnych jako dipolarofili w syntezie fluorowanych heterocykli
azotowych. Niedawno zaprezentowano uzyteczny charakter lewoglukosenonu
(101) w omawianej tematyce, dostarczajagcy poprzez reakcje z CFsz-
nitryloiminami 84 produkty sfunkcjonalizowane ugupowaniem
weglowodanowym. Reakcja okazata sie w petni chemo- i stereoselektywna,
prowadzac wytacznie do policyklicznych pirazolin - typu 102 jako
cykloadduktéw exo (Schemat 29)°°. Otrzymane pirazoliny zostaty nastepnie
utlenione do pirazoli 103 w tagodnych warunkach.

9a. Mloston, K. Urbaniak, M. Palusiak, Z.J. Witczak, E.U. Wiirthwein, Molecules, 2023, 28, 7348
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Schemat 29. Zastosowanie lewoglukozenonu w syntezie fluorowanych
pirazoli typu 103.

Zainteresowania naukowe zespotu M. Jasinskiego rdéwniez
zorientowane sg na wykorzystanie fluorowanych nitryloimin 84 w syntezie N-
, S- i O-heterocykli. Jedna z pierwszych prac z tego zakresu dotyczyta
wykorzystania alkoksyallenéw 104 w podwdjnej (3+2)-cykloaddycji
prowadzacej do spirobipirazolin typu 105%. Autorzy zaproponowali etapowy
mechanizm reakcji przebiegajacy z utworzeniem posredniego zwitterjonu
typu 106, ktéry w wyniku konkurencyjnych cyklizacji-1,5, prowadzi
do egzometylenowych pochodnych 107 i 108. Diastereoselektywna addycja
1,3-dipola do bardziej reaktywnego izomeru umozliwita uzyskanie anti-
spirobipirazoliny 105. Z kolei pochodna 107 ulegata przeksztatceniu
do pochodnych 109 (Schemat 30).

60 G. Utecht, G. Mloston, M. Jasiriski, Synlett, 2018, 29, 1753
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Schemat 30. Podwdjna (3+2)-cykloaddycja alkoksyallenow 104
i nitryloimin 84 prowadzgca do spirobicyklicznych pirazolin 105.

Kolejny przyktad opisany przez zespét z ULt obejmuje wykorzystanie
eteréow enoli 110 jako dipolarofili prowadzacych do pirazoli 111°! w sposdb
wysoce regioselektywny. W pierwszym etapie dochodzi do utworzenia
pirazoliny 112, ktéra pod wpltywem zasady eliminuje czgsteczke alkoholu,
umozliwiajgc aromatyzacje pierscienia pirazolu dajac produkt 111.
Co ciekawe, uzycie cyklicznych eteréw winylowych 113 prowadzito
do bicyklicznych pochodnych 115, ktdrych struktura zostata potwierdzona
za pomocg analizy rentgenograficznej. W wyniku izomeryzacji, indukowanej
wptywem kwasu Brgnsteda, uzyskano serie pirazoli typu 115 (Schemat 31).
Tak przygotowane pirazole zostaly poddane szeregowi modyfikacji
udowadniajgc uzyteczny charakter metody, ktéra z powodzeniem zostata
zastosowana w syntezie aktywnego biologicznie zwigzku z grupy koksybow
(SC-560).

61 G. Utecht, A. Fruziriski, M. Jasiriski, Org. Biomol. Chem., 2018, 16, 1252
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Schemat 31. Synteza 3-trifluorometylopirazoli z acyklicznych i cyklicznych

eterow enoli.

Dostep do policyklicznych pirazoli

wykorzystaniu pochodnych 1,4-naftochinonu 117 poprzez (3+2)-cykloaddycje
z nitryloiminami 84 i nastepcze spontaniczne utlenianie tlenem z powietrza®?.
Dla C(2)-podstawionego chinonu 118 reakcja przebiegata z jednoczesna
eliminacjg czasteczki alkoholu prowadzac do analogicznego produktu.
W przypadku tetrapodstawionego chinonu 119, reakcja prowadzita wytacznie
do cykloadduktu 120 z 53% wydajnoscig (Schemat 32). Uzyskane produkty

116 byt mozliwy dzieki

wykazujg zdolno$¢ do absorpcji promieniowania w zakresie 310-340 nm.

62 G. Utecht-Jarzynska, K. Nagta, G. Mloston, H. Heimgartner, M. Palusiak, M. Jasinski, Beilstein J.

Org. Chem., 2021, 17, 1509
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Schemat 32. Chinony w reakcjach cykloaddycji prowadzgcych do
fluorowanych pirazoli.

To nie jedyna praca naszego Zespotu traktujgca o bicyklicznych
pochodnych pirazolu. Wykorzystanie pochodnych maleimidu 121 jako
dipolarofili w wariancie mechanochemicznej (3+2)-cykloaddycji prowadzito
do serii produktéw z wydajnosciami 89-95%°°. To podejscie jest dobra
alternatywa dla transformacji prowadzonych klasycznie, w roztworze®,
i charakteryzuje sie krétszymi czasami reakcji oraz wyzszymi wydajnosciami.
Finalne pirolo[3,4-c]pirazole 122 powstawaty w sposéb w petni
stereoselektywny (syn-), a sam proces wykazat duzg tolerancje na charakter

83a. Utecht-Jarzyniska, S. Jarzynski, M. Jasinski, RSC Mechanochem., 2025, 2, 79

64y, Feng, B. Chang, Y. Ren, F. Zhao, K.-H. Wang, J. Wang, D. Huang, X. Lv, Y. Hu, Tetrahedron, 2023,
136, 133353
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elektronowy podstawnikéw obecnych obu w substratach 121 i 83 (Schemat
33).

N. =
Ar” "N Br
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121 :
_N_ ® 1
Ar N\\\ R'-N | N
CF3 & |i| \
84 cho3 0] Ar
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(89-95%)

Schemat 33. Bicykliczne pirolopirazole 122 otrzymywane na drodze
regioselektywnej (3+2)-cykoaddycji.

Wykorzystanie aryndw w cykloaddycji Huisgena stanowi niezwykle
interesujgcy temat badawczy®®. W tym nurcie zastosowano fluorowane
nitryloiminy 84 z jednoczesnie generowanymi in situ arynami typu 125
uzyskujac pochodne indazolu 124% (Schemat 34). Podwdjne zastosowanie
TBAFu w omawianym podejsciu postuzyto do wygenerowania benzynu
z odpowiedniego triflanu 123 jak i do dehydrohalogenowania bromku
hydrazonoilowego 83. Nastepcze utleniajgce dearylowanie i alkilowanie
atomu azotu N(1) otworzyto dostep m.in. do fluorowanego analogu
Lonidaminy.

55 M.A. Alam, K. Shimada, A. Jahan, D. Nasrin, M. K. E. Zahan, M. Shahabuddin, Am. J. Heterocycl.
Chem., 2017, 3,47
66 A. Kowalczyk, G. Utecht-Jarzynska, G. Mloston, M. Jasinski, J. Fluor. Chem., 2021, 241, 109691
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Schemat 34. Jednoczesne generowanie arynow 125 i nitryloimin 84
w syntezie indazoli 124.

Strategia TAGD znajduje rdwniez zastosowanie przy uzyciu
fluorowanych nitryloimin. Wykorzystanie pochodnych alkendéw z grupami
elektronoakceptorowymi takimi jak cyjano oraz nitro gwarantuje pozadany
regioselektywny przebieg reakcji.

Takie rozwigzanie zostato zaimplementowane w syntezie
5-fluoropirazoli 126. W tym celu Autorzy wykorzystali fluorowane nitroalkeny
oraz odpowiednie di- i trifluorometylowane chlorki hydrazonoilowe®’.
Opisana strategia umozliwia bezposrednie wprowadzenie atomoéw fluoru
i grup fluoroalkilowych do pierscienia pirazolu z wysokimi wydajnosciami oraz
doskonatg regioselektywnoscig. Otrzymana seria zostata rozszerzona
o dodatkowe przyktady stanowigce analogi koksybdw takich jak Mawakoksyb
i Derakoksyb (Schemat 35). Testy aktywnosci przeciwzapalnej wykazaty
obiecujgce dziatanie inhibicyjne wobec COX-2.

57 N. Zhang, H. Ma, C. W. Cheung, F.-G. Zhang, M. Jasinski, J.-A. Ma, J. Nie, Org. Biomol. Chem.,
2023, 21, 5040
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Schemat 35. 5-Fluoropirazole 126 jako analogi koksybow.

Ciekawy watek wykorzystania wigzania C=C w syntezie pirazoli opiera
sie na zastosowaniu chalkonéw w roli dipolarofili. W tym przypadku regio-
i diasteroselektywna (3+2)-cykloaddycja nitryloimin 84 do chalkonéw 128
prowadzita wytgcznie do trans-pirazolin 129, ktére zostaty nastepnie poddane
utlenieniu przy uzyciu tlenku manganu(lV) prowadzgc, w zaleznosci
od polarnoéci uzytego rozpuszczalnika, do dwoéch réinych produktéw®®
(Schemat 36). Gdy zastosowano niepolarny rozpuszczalnik (heksan)
otrzymano jedynie produkt deacylatywnego utleniania do pirazoli typu 130.
Zamiana na polarny rozpuszczalnik (DMSO) zmniejsza potencjat utleniania
MnO;, przez co dochodzi do trans eliminacji dwéch atoméw wodoru
z zachowaniem grupy acylowej i powstania pirazolu 131. Analogiczna reakcja
zostata wykonana z wykorzystaniem metody mechanochemicznej, ktéra
prowadzita do mieszaniny regioizomerycznych pirazolin. Utlenianie
wiekszosciowego izomeru pozwolito na otrzymanie 3-trifluorometylopirazoli
typu 130 juz po 90 minutach mielenia kulowego® Jako rozszerzenie badan
autorzy wykorzystali rowniez cykliczne enony umozliwiajgce otrzymanie serii
bicyklicznych pirazolin o réinym rozmiarze pierscienia, ktére poddano

nastepnie utlenianiu ’°

68 A. Kowalczyk, G. Utecht-Jarzyriska, G. Mloston, M. Jasiiski, Org. Lett., 2022, 24, 2499
89 G. Utecht-Jarzynska, A. Kowalczyk, M. Jasifski, Molecules, 2022, 27, 8446
70 A, Kowalczyk, G. Utecht-Jarzyriska, M. Jasifski, J. Fluor. Chem., 2023, 272, 110206
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Schemat 36. Utlenianie pirazolin 129 zalezne od polarnosci rozpuszczalnika.

W czesci literaturowej zarysowano znaczenie fluorowanych pirazoli
w medycynie, agrochemii, chemii koordynacyjnej i syntezie materiatéw
specjalnego zastosowania. Zilustrowano wraz z przyktadami gtdwne metody
otrzymywania tytutowych zwigzkéw. Warto zwréci¢ uwage réwniez na wady
omowionych procedur. Kondensacje zwigzkéw dikarbonylowych w wiekszosci
przypadkéw prowadzity do mieszaniny regioizomerdow o duzej trudnosci
w separacji. W przypadku wewnatrzczagsteczkowych cyklizacji obserwowano
reakcje konkurencyjne w zaleznosci od obecnych grup funkcyjnych. Z kolei,
bezposrednie wprowadzenie grup fluoroorganicznych do pierscienia pirazolu
wymaga kosztownych odczynnikdw i uzycia odpowiednich katalizatorow.
Rozwigzaniem wiekszosci tych problemdéw sg reakcje cykloaddycji, ktére
wykorzystujg szereg tatwo dostepnych odczynnikébw w  prostych
transformacjach, tworzgc pozgdane regioizomery z wysokimi wydajnosciami.
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Omowienie rezultatow badan wiasnych

W ramach przedfozonej rozprawy skupitem uwage na wykorzystaniu
fluorowanych nitryloimin 84, jako interesujgcej klasy 1,3-dipoli
otrzymywanych in situ w srodowisku reakcji z odpowiednich prekursoréw
typu 83. Uzycie ich jako kluczowych blokéw budulcowych prowadzito
do szerokiej gamy 5- i 6-cztonowych heterocykli azotowych zawierajacych
grupe CF3 w pierscieniu heterocyklicznym. Jako gtdwne cele mojej pracy
badawczej (Schemat 37) nalezy wskazac:

a) wykorzystanie CF3-nitryloimin w syntezie 4,5-
niepodstawionych 1-arylo-3-trifluorometylopirazoli 130 obejmujacej (3+3)-
annulacje z a-merkaptoacetaldehydem 131 jako dwufunkcyjnym surogatem
acetylenu;

b) opracowanie metod selektywnego jodowania pozycji C(4)
i C(5) pierscienia pirazolu prowadzgcego do odpowiednich jodkow 132 i 132,
a takze ich dalsze modyfikacje (pochodne 133 i 134);

c) opracowanie jednoetapowej metody wprowadzania grupy
azydkowej do pierscienia pirazolu z nastepcza cykloaddycjg prowadzaca
do hybryd triazolowo-pirazolowych typu 136.

56



N.
Ar” N Br Ar Ar

N Sprzegganie N

83 0 Selektywpe N’ N’
ﬂ /(/ jodowanie \ 77 VX

HS Ar / F:;;zmsz Fz§3/133 X=A
© ' ogual
AN @ 131 N 134/134' X = =—Ar
N \ J
One-pot

CF3
(3+3)-annulacja FsC \ C ACG
84 reakcja Eschenmosera Ny Y /N N 1
130 Jednoetapowe )_7/ )_7/ \)\R

azydkowanie

Schemat 37. Ogdlny zarys syntezy i funkcjonalizacji 1-arylo-3-
trifluorometylopirazoli 130.

W ramach przeprowadzonych badan opracowatem warunki
otrzymywania wyzej wskazanych pochodnych pirazolu korzystajac
z klasycznych metod syntezy organicznej. Procedury te stanowig alternatywe
do opisanych w literaturze lub stanowig nowatorskie podejscie do tej klasy
potaczen. Za niezwykle wazne osiggniecie uchodzi metoda one-pot
otrzymywania pirazoli typu 130 oraz jednoetapowy dostep do azydkéw 135.
Substrat ten postuzyt do syntezy szerokiej serii produktéw typu 136, branych
pod uwage jako nowa klasa inhibitoréw COX I/II.

Synteza prekursordw nitryloimin

Nitryloiminy 84 uwazane sg za niezwykle reaktywne 1,3-dipole
co przektada sie m.in.na ich zdolno$¢ do dimeryzacji, jak réwniez
do stopniowego rozktadu’'. Z tego powodu, aby zapobiec w/w procesom
ubocznym, istotny jest dobdr odpowiednio reaktywnego dipolarofila. Warto
podkresli¢ rowniez role zasady, ktéra ma za zadanie efektywnie wygenerowac

T ¢, Jamieson, K. Livingstone 2020, The Nitrile Imine 1,3-Dipole. Properties, Reactivity,
Applications Springer
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nitryloimine w warunkach reakcji z odpowiednich prekursoréw. W naszym
Zespole opracowano prostg i wydajng metode syntezy bromkéw
hydrazonoilowych typu 8372, ktére pod wptywem zasady ulegaja
dehydrohalogenowaniu, prowadzac do oczekiwanych imin
trifluoroacetonitrylu 84.

Zwigzki 83 uzyskuje sie w dwuetapowej reakcji, gdzie substratami
sg komercyjnie dostepne chlorowodorki arylohydrazyn 2 (Schemat 38).
W szczelnie zamknietej tubie, w obecnosci sSwiezo wyprazonych sit
molekularnych, zachodzi reakcja kondensacji hydrazyny z handlowo
dostepnym hydratem fluoralu 137, prowadzgca do hydrazonu 82 bedacego
w rownowadze tautomerycznej z formg azowg 82’. Nastepcze bromowanie
pozycji azometinowe] przy dziataniu N-bromosukcynimidu 138 pozwala
na uzyskanie w wydajny sposéb bromkéw 83. W badaniach przygotowatem
rowniez niefluorowane analogi tj. chlorki hydrazonoilowe 98, ktdrych
to synteza przebiega poprzez sole diazoniowe. Odpowiednio podstawione
aniliny 5 w standardowych warunkach przeprowadzatem w sole diazoniowe,
aby w kolejnym etapie poprzez reakcje Jappa-Klingemanna’® przeksztafci¢
w oczekiwane chlorki hydrazonoilowe 98 (Schemat 38). Warto zaznaczyg,
Ze wygenerowana in situ nitryloimina pozostaje w rownowadze z prekursorem
hydrazonoilowym, a jej lokalne stezenie zalezy od reaktywnosci dipolarofila,
jak i mocy uzytej zasady.

72, Wojciechowska, M. Jasinski, P. Kaszyniski, Tetrahedron, 2015, 71, 2349
3FER.Ja pp, F. Klingemann, Berichte der deutschen chemischen Gesellschaft., 1887, 20, 2942
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Schemat 38. Synteza prekursorow nitryloiminy 84.

Halogenki hydrazonoilowe 83 i 98 stosowane w dalszych pracach
przygotowywatem rutynowo osobiscie lub z pomocg cztonkéw Zespotu w skali
gramowej. W ramach badan koniecznym byto zastosowanie wyzej opisanych
procedur do otrzymania nowych prekursoréw zaréwno typu 83 i 98. Uzyskane
nowe zwigzki zostaty w petni scharakteryzowane i opisane w literaturze
fachowej.

(3+3)-annulacja i nastepcza ekstruzja siarki (praca P17%)

Powyisza praca stanowi logiczne rozwiniecie badan podjetych
w Zespole, gdzie wykorzystanie a-merkaptoacetaldehydu 131 lub kwaséw
a-merkaptokarboksylowych prowadzito do fluorowanych pochodnych 1,3,4-

74K, Swiatek, G. Utecht-Jarzyniska, M. Palusiak, J.-A. Ma, M. Jasinski, Org. Lett., 2023, 25, 4462
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tiadiazyn-5-olu  1397°. Zwigzki te przez obecnoé¢ grupy pseudo-
hemiaminalowej wykazujg stosunkowo duzg trwatos¢ jesli przechowywane
sg w temperaturach ujemnych, jednakze w temperaturze pokojowej powoli
ulegaja dehydratacji do 1,3,4-tiadiazyn 140. Te na skutek 6m-elektrocyklizacji
tworzg nietrwaty bicykliczny tiiran 141, ktéry poprzez reakcje Eschenmosera’®
usuwa atom siarki prowadzac do pirazolu 130 (Schemat 39). W tej reakgji
uzyty merkaptoacetaldehyd 131 formalnie petni funkcje zrédfa acetylenu,
zastepujac niebezpieczny i toksyczny gaz, stabilnym i statym odczynnikiem,
komercyjnie dostepnym jako dimer 131’. Odkrycie powyzszego efektu byto
kwestig intensywnie prowadzonych obserwacji, gdzie tiadiazynol 139
pozostawiony w laboratorium po pewnym czasie ulegt przeksztatceniu
do mieszaniny 130 i 140. Aby modc przyspieszy¢ i kontrolowaé przebieg
transformacji, przeprowadzono optymalizacje jej warunkdw i wykazano,
ze przeksztatcenie grupy hydroksylowej w lepszg grupe opuszczajacy,
w tagodnych warunkach, inicjuje nastepczy szereg przemian. Odkrycie tego
zjawiska, wyjasnienie jego przebiegu, optymalizacja ekstruzji oraz otrzymanie
kilku finalnych zwigzkdéw to gtéwnie praca dr Grety Utecht-Jarzyniskiej. Kolejno
osobiscie zajgtem sie opracowaniem warunkdw w wariancie one-pot, testujac
rézng stechiometrie uzytych odczynnikdéw, temperature i czas
przeprowadzania poszczegdlnych etapdw oraz metode izolowania produktéw
130. Najlepsze rezultaty uzyskatem stosujgc niewielki nadmiar bromku
hydrazonoilowego 83 (1.1 eq.) wzgledem dimeru 131’ oraz duzy nadmiar
zasady (40 eq).

7 G. Utecht-Jarzynska, A. Michalak, J. Banas, G. Mloston, M. Jasinski, J. Fluor. Chem., 2019, 222,
8
76 M. Roth, P. Dubs, E. Gétschi, A. Eschenmoser, Helv. Chim. Acta., 1971, 54, 710
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Schemat 39. (3+3)-Annulacja nitryloimin z a-merkaptoacetaldehydem

i kontrakcja pierscienia jako kluczowe etapy syntezy 1-arylopirazoli 130.

Zoptymalizowang metode z powodzeniem wykorzystatem w syntezie serii
pirazoli typu 130, sprawdzajagc wptyw charakteru elektronowego
podstawnikéw na przebieg reakcji. Warto podkreslié, ze tego typu pochodne
dotychczas zostaty opisane w niewielkim stopniu. W przypadku pochodnych
posiadajgcych podstawniki elektronodonorowe reakcja przebiegata zgodnie
z oczekiwaniem i po oczyszczaniu chromatograficznym wydzielitem jedynie
oczekiwane produkty (wydajnosci rzedu 54-96% dla dwuetapowej reakc;ji).
Obecnos¢ podstawnikéw elektronoakceptorowych skutkowata zwiekszeniem
trwatosci tiadiazyn i uzyskaniem mieszaniny produktow 130 i 140.
Rozwigzaniem tego problemu byto ogrzewanie mieszaniny, aby wspomaéc
termicznie proces ekstruzji siarki (wydajnos¢ 57-78% dla dwuetapowej
reakcji) (Schemat 40). W przypadku pochodnej SO2NH: dziatanie TsCl
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prowadzito do rozktadu zwigzku, dlatego zastosowatem termiczny wariant
ekstruzji siarki ogrzewajgc surowg mieszanine w gorgcym DMSO (165 °C).

HO—Q— >
131" |l etap
N\ b7
N)\Z

R N
Et3N N/
83 lub 98 Rozpuszczalnik \
= temp. pok. Z
y - Br. I 2-4 godz.
Z =CF3 Ph, Ac, 130a-y
CO,Et Warunki Il etapu

@ TsCl, DCM, Et3N, temp. pok., 16 godz.
b 1) TsCl, DCE, Et;N, temp. pok., 16 godz., I1) 80 °C, 2 godz.
1) TsCl, DCM, Et3N, temp. pok., 16 godz., II) DMSO, 100 °C, 2 godz.
4 DMSO, 165 °C, 2 godz.

niefluorowane

130a-n R = CH3 (93%)? F (76%)? pirazole R CH,
R OBn (96%)?  PhCO, (78%)?
OCHjs (94%)* CF3 (71%)° ! ,
H (91%)? COzMe (57%)° ! Ph FsC CHs !
i-Pr (82%)? CN (73%)P E N,N N,N/ N’N -
N CI(87%)°  SO,NH, (63%)% ! )\_y )\_7 )\J
N Br (73%)? NO, (71%)P ' Ph EtO,C A

1 130q (73%)? 130r-s R = CHj (46%)® 130t (84%)°

FsC ¢ 0, ! »
: R OCHs (60%)

N i 130u-y R = CHj (71%)?

N N,N ! OCHj3 (77%)P

Cl (68%)°

F.C ; N/N CO,Et (70%)°
FsC : \ NO, (51%)°
1300 (54%)P 130p (70%)° : AC

Schemat 40. Warunki prowadzenia syntezy i otrzymane pirazole 130.

Aby zbada¢ zakres stosowalnosci opracowanej procedury,
przetestowatem rowniez niefluorowane nitryloiminy 98 zawierajgce grupe
fenylowg, acetylowg lub etoksykarbonylowg. Rowniez w tym przypadku
uzyskatem pochodne pirazolu 130, przy czym zaobserwowatem analogiczny
efekt jak w przypadku fluorowanych pochodnych z podstawnikami EWG
(Schemat 41), tj. pochodna 140x okazata sie nad wyraz stabilna, co umozliwito
jednoznaczne  potwierdzenie jej struktury za pomocy badan
krystalograficznych  (Schemat 39), co w potaczeniu z danymi
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spektroskopowymi potwierdzito zaktadany, etapowy charakter przemian.

Co wiecej, w pdézniejszych etapach prac nad dysertacjg potrzebne pirazole

otrzymywatem w skali gramowej (do 10 gram dla pirazolu 130c R = OCHs)

obserwujgc niemal niezmienione wartosci wydajnosci. Stanowi to kolejng

zalete opracowanej przeze mnie procedury.

Warto podkresli¢, ze metoda otrzymywania pirazoli 130 znalazta

uznanie administratorow strony Organic Chemistry Portal, jako wartosciowa

metoda syntezy 1-arylopirazoli.”’
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One-Pot Synthesis of 1-Aryl-3-trifluoromethylpyrazoles Using Nitrile Imines
and Mercaptoacetaldehyde As a Surrogate of Acetylene
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Marcin Jasinski*
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Selektywne modyfikacje pierscienia pirazolu (praca P1i P278)

Omoéwiona praca jak i dalsze rezultaty wpisujg sie w nurt
funkcjonalizacji utworzonych heterocykli w procesie post-cyklizacyjnym.
Celem badan byto opracowanie prostej i wydajnej metody syntezy
umozliwiajgcej wytworzenie rdzenia pirazolowego, umozliwiajgcego
wykonanie dalszych przeksztatcen w pozycjach C(4) i C(5). Kolejno, nalezato
znalez¢ warunki, gdzie tylko wybrana pozycja selektywnie ulegnie modyfikacji.
Zwiekszona kwasowos$¢ atomu wodoru w pozycji C(5) pozwala na odtgczenie
go mocng zasada (np. n-Buli), wytworzenie zwigzku litoorganicznego, aby
w ostatnim etapie przereagowat z wybranymi elektrofilami. Zaplanowana
funkcjonalizacja przebiegta selektywnie, otwierajgc droge do serii
5-jodopirazoli 132 (Schemat 41). Jedynie w przypadku pochodnej
sfunkcjonalizowanej grupa SO:NH. wymagane byto zastosowanie innych
warunkéw. Problem ten rozwigzatem poprzez dodatek N,N,N’,N’-
tetrametyloetylenodiaminy (TMEDA), jako odczynnika depolimeryzacyjnego
n-BuLi zwiekszajac jego reaktywno$¢’®. Z kolei, pozycja C(4) jest podatna na
substytucje elektrofilowa, dlatego nalezato wytworzy¢ kation jodoniowy I*.
Uzyty do tego celu azotan cerowo-amonowy (CAN), okreslany jest jako
,Ztodziej jednego elektronu”, utlenia jod do pozgdanego kationu prowadzac
do 4-jodopirazoli 132’a-f%.

78 K. Swigtek, G. Utecht-Jarzyriska, M. Jasiriski, RSC Adv., 2025, 15, 9225
OH. W Gschwend, H. R. Rodriguez, Heteroatom-Facilitated Lithiations, Organic Reaction, 1979
80\, 1. Rodriguez-Franco, Tetrahedron Lett., 2001, 42, 863
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5-jodopirazole ‘ 1 4-jodopirazole
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! \ /Z
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Schemat 41. Selektywne jodowanie pirazolu 130 prowadzgce do
5-jodopirazoli 132 i 4-jodopirazoli 132’.

W przypadku pochodnych zawierajgcych podstawnik OCHs i SO2NH»
reakcje prowadzity do skomplikowanych mieszanin, w ktérych
zidentyfikowatem 2 gtéwne produkty 142 i 143 (Schemat 42). W obu z nich
doszto do podstawienia pierscienia pirazolu oraz fenylu jodem i/lub grupa
nitrowg. W celu ostabienia nukleofilowosci wspomnianych podstawnikéw
zastosowatem inne warunki reakcji tj. N-jodosukcynoimid jako Zrédto jodu
w obecnoéci mieszaniny kwasu octowego i trifluorooctowego®'. W przypadku
pirazolu 130h (R = SO:NH;) jodowanie przebiegto skutecznie, a produkt
wydzielitem z dobrg wydajnoscia 71%. Z kolei, pirazol zawierajacy
w pierscieniu fenylowym podstawnik R = OCHs3 ulegt oczekiwanemu
jodowaniu, lecz w mieszaninie zaobserwowatem takze produkt 144, co wynika
z konkurencyjnej reakcji tj. substytucji w pierscieniu 4-metoksyfenylowym.

81¢. Wiethan, W. C. Rosa, H. G. Bonacorso, M. Stradiotto, Org. Biomol. Chem., 2016, 14, 2352

65



Kolejno rozszerzytem badania o eksperyment majacy na celu zbadanie
wzglednej szybkosci reakcji (konkurencji), w ktérym uzytem réwnomolowa
mieszanine dwadch pirazoli posiadajacych podstawniki o wyraznie odmiennym
charakterze elektronowym tj. R = CHs i R = CN. Cato$¢ potraktowatem
niedostateczng iloscig Zzrédta jodu uzyskujgc produkty w stosunku okoto 10:1,
co pozwala wysnu¢ wniosek zgodny z oczekiwaniem, ze wprowadzenie jodu
do pierscienia pirazolu zachodzi zdecydowanie fatwiej dla substratow
wzbogaconych elektronowo.

Konkurencja

OCH; OCH3 OCHj; E jodowania 3
1 i 1
CAN, I, ! :
e, + : :
N CH4CN N N ! 1
N 3 N N | '
\ / 85 °C )\ /Z )\ /Z | | N !
FsC 12godz. gt FaC N /7 N\ P
130¢ 142 (30%) 143 (39%) CFyC 3

130a 1301

CH4CN

CAN, I, | 85°C
OCHj OCHj 12 godsz.

b4
=\
—

Z

12 godz.

OCHj,4

N_  AcOH, TFA N N

)J 85 °C )\_Z \ / E '
' /

F5;C ) (

130c 132'g (36%) 144(10%) ! F3C I F,C
1 132'a (79%)  132'f (8%) |

Schemat 42. Dodatkowe eksperymenty okreslajgce konkurencyjnosc
zachodzgcych reakgcji.

Tak przygotowane jodopirazole stanowig atrakcyjne bloki budulcowe
do dalszych modyfikacji. Chcgc wykazaé ich uzytecznos¢ przeprowadzitem
wybrane reakcje sprzegania Sonogashiry i Suzuki-Miyaury w standardowych
warunkach. Jako modelowe jodki w eksperymentach uzytem pochodnych
132a i 132’a, poddajac je odpowiednio reakcji z fenyloacetylenem 145a
i kwasem fenyloboronowym 146a (Schemat 43). W obu przypadkach
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wyizolowatem czyste produkty typu 133 i 134, ktdre stanowity gtowny

produkt. Pozycja jodu w pierscieniu pirazolu nie miata wptywu na przebieg

procesu, stad niemal identyczne wydajnosci dla obu typdw produktow.

Sprzeganie
I Sonogashiry:
¢t Ha ph i GHs |
BPh(OH), = ' !
146a 145a |
-~ —_— > Ph
N | N = '
! K2CO3 Cul i
F3C THF/H,0 FaC THE 1 FsC
reflux reflux
133a (52%) 132a 134a (92%)
CH
CHj CHs Ph ’
BPh(OH), =
146a 145a
-— [ N
N N | N /
N Pd(PPhs), N /Z Pd(PPh3), | .
>—Z K,CO3 Cul  FsC
FsC  Ph THFMH,0 F3C THF N\
reflux reflux | Ph
132'a

133'a (54%) 134'a (95%)

Schemat 43. Sprzeganie Suzuki-Miyaury i Sonogashiry z jodopirazolami 132a
i132°a.

Majac dostep do jodopirazoli 132,logicznym uzupetnieniem badan
nad zakresem stosowalnosci byto przetestowanie mozliwosci aplikacji
w syntezie wybranych koksybow. W tym celu przygotowane 5-jodopirazole
132g i 132h wykorzystatem w reakcjach z odpowiednio wyselekcjonowanymi
kwasami boronowymi 146b-d, co prowadzito do 1,5-diarylowych pochodnych
133b-d (Mawakoksyb, Celekoksyb, SC-560) (Schemat 44). Co ciekawe, préby
syntezy regioizomerycznych 1,4-diarylopirazoli, pochodnych koksybow, nie
przyniosty oczekiwanego rezultatu.
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Schemat 44. Synteza inhibitorow COX I/Il na drodze sprzegania Suzuki-
Miyaury.

Synteza hybryd pirazolowo-triazolowych (praca P3%?)

Ostatnim wyzwaniem naukowym w ramach przedtozonej dysertacji,
byto opracowanie metody umozliwiajgcej konstrukcje zwigzkéw hybrydowych
posiadajacych w swojej strukturze pierscien 3-CFs-pirazolu oraz 1,2,3-triazolu
uwazanych za obiecujgcy platforme do odkrywania nowych lekéw i srodkéw
agrochemicznych. Wynika to z udokumentowanych, intersujgcych wtasciwosci

82 a) K. Swiatek, G. Utecht-Jarzyriska, B. Olszewska, K. Gach-Janczak, M. Jasifiski, J. Org. Chem.
2026, 91, 3321; b) K. Swiatek, G. Utecht-Jarzyriska, M. Jasiriski, Sposéb wytwarzania 1-arylo-5-
azydo-3 trifluorometylopirazoli, Zgtoszenie nr WIPO ST 10/C PL453819

68



pirazoli posiadajgcych ugrupowanie takie jak (hetero)arylowe badZz amidowe

w pozycji C(5) (Rysunek 7).

OCH3 SO,NH, SO,NH,
0 S
N \ N \
N’ S N N
\ >\_/7/Q
F3C FsC F,C
lnh/bl?or kallikreiny Srodek przeciwzapalny, Srodek przeciwzapalny,
ludzkiego osocza, lek na astme lek na astme
COX I inhibitor
HsC,
N—‘CH3 NH2
N-O .
/
H,N . KFN CN
I e
HN N,N
N /e NH
\ /O <
FsC
F3C
Razaksaban Berotralstat
(antykoagulant) (inhibitor kallikreiny osocza)

Rysunek 7. Wybrane pochodne pirazolu o udokumentowanych
wtasciwosciach biologicznych.

Swojg uwage zwrocitem na dotychczas mato poznane pochodne
pirazolu potaczone z 1,2,3-triazolami®*. Warto podkresli¢, ze dotychczasowe

83 a) A. Scilimati, M. G. Perrone, P. Vitale, 2014, WO 2014/115020 A1; b) Biocryst Pharmaceuticals
inc., 2015, US 10 689 346 B2; c) G. D. Searle & Co., 2002, US 6 413 960 B1; d) G. D. Searle & Co.,
1999, EP 0 923 933 A1; e) Pfizer Inc., 2005, US 2005/0176796 A1; f) Pfizer Inc., 2006,
JP2006/517949 A; g) Bristol-Myers Squibb Co., 2007, US2007/60589 A1; h) Addex Therapeutics
SA, 2009, W02009/10871 A2; i) Vertex Pharmaceuticals, 2010, US2010/144798 A1

843) A. Bhardwaj, J. Kaur, M. Wuest, F. Wuest, Nat Commun, 2017, 8, 1; b) S. GraBle, L. Holzhauer,
N. Wippert, O. Fuhr, M. Nieger, N. Jung, S. Brase, Beilstein J. Org. Chem., 2024, 20, 1396; c) A.
Marialuce, D. F. Debora, A. Brizzi, M. Paolino, F. Corelli, C. Mugnaini, Arkivoc, 2023, VII,
202311966; d) M. Litchfield, M. Wuest, D. Glubrecht, F. Wuest, Mol. Pharmaceutics, 2020, 17,
251; e) V. Rajashakar, G. Babu, K. Naveen Kumar, M. Chinna Eswaraiah, WJPPS, 2018, 7, 3, 641
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metody wprowadzania grupy azydkowej do pierécienia pirazolu, obejmuja
substytucje halogendw lub wykorzystujg obecno$é grupy aminowe;.

W celu opracowania metody umozliwiajgcej bezposrednie
wprowadzenie grupy azydkowej wykorzystatem wczesniejszg procedure
obejmujgcg wygenerowanie zwigzku litoorganicznego, aby w kolejnym kroku
poddac go reakcji z azydkiem tosylu 147 (Schemat 45), analogicznie do znanej

metody funkcjonalizoacji imidazolu®®.

Uzyskana seria azydopirazoli 135 pozwala na wyciggniecie wniosku,
ze tego typu transformacje zdecydowanie skuteczniej zachodzg dla
pochodnych sfunkcjonalizowanych podstawnikami elektronodonorowym.
Niemal wszystkie produkty typu 135 charakteryzowaty sie wysoka trwatoscia,
wyjatkiem byt azydek 135g (R = CN), ktéry przy kolejnych prébach separacji
ulegat stopniowemu rozktadowi. Warto podkresli¢, ze opisana $ciezka syntezy
prowadzaca do 5-azydopirazoli zostata zabezpieczona zgtoszeniem
patentowym. Jako rozszerzenie badanego zagadnienia przygotowatem
4-azydopirazol 135a’. W tym przypadku do jego syntezy konieczne byto uzycie
opracowanego wczesniej 4-jodopirazolu 132'a.

CHy CHs

© T e ©
o:§:o ' CHs o:§:o CHj

R
N N
3 N,N Nj : | 3
147 M : L 147
N

F,C ! N ; N

. BuLi i ey . nBuli N
\ THF 135a-g R = CHs (77%) | | . THF \

FaC -78°C OCHj3 (93%) ' | FsC N L 78°C kG I
130 4 godz. i-Pr (80%)
CF5(80%) | 135'a (71%)
OBn (85%) |~ TTttootetooieeees ’
Cl (60%)
CN (37%)

Schemat 45. Synteza 4-/5-azydopirazoli 135.

851 Lindel, M. Hochgiirtel, J. Org. Chem., 2000, 65, 2806
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Kolejno otrzymane azydki 135 wykorzystatem wraz z alkinami 145
w katalizowanej miedzig cykloaddycji azydkowo-alkinowej (CUAAC). W tym
kontekscie warto podkresli¢, ze w 2022 roku laureatami Nagrody Nobla
za rozwoj chemii click i chemii bioortogonalnej, w tym za badania nad
katalizowang reakcjg azydkéw z alkinami, zostali Carolyn R. Bertozzi, Morten
Meldal i K. Barry Sharpless. Optymalizacje reakcji przeprowadzitem wraz
z dyplomantkg Barbarg Olszewska w oparciu o rozne uktady katalityczne,
stechiometrie reagentéw, typ rozpuszczalnika, temperature i czas. Warto
dodaé¢, ze opracowany sposdb obrdébki mieszaniny poreakcyjnej pozwolit
na wykluczenie zwykle realizowanego procesu ekstrakcji i umozliwiat izolacje
produktu 136 z wysoka wydajnoscig. Wykorzystujac zoptymalizowane
warunki reakcji otrzymatem serie oczekiwanych produktow 136a-g z bardzo
dobrymi wydajnosciami (Schemat 46). Jedynie w przypadku produktu 136g (R
= CN) posiadajgcego podstawnik silnie elektronoakceptorowy proces byt
mniej wydajny. W analogicznej reakcji wykorzystatem 4-azydopirazol 135,
otrzymujac odpowiedni regioizomer 136’a z 68% wydajnoscia.

5-pirazolotriazole

R

\ 4-pirazolotriazol |

i CH,
R Ph N=N @ Ph R
=z N ) N A~pp ! =z
\ '; N
145a )—7/ ¥ N . 145a
| FsC § \ :
NS Ng  CuSOs5H0 L FsC N-N | CuSOy5H,0 N
\ Askorbinian sodu | 1363-g R = CH3 (85%) 1. 'N ! Askorbinian sodu \
: OCHj (72%) " N
F.C CH3OH:H,0 (10:1)’! fn (ra%) | | CHyOH:H0 (10:1) g Yy,
135 55 °C, 4 godz. el Ph 1 55°C,4godz. \
: CF; (80%) ! ' 135

OBn (81%) !
Cl (85%) !
CN (67%) !

136'a (68%)

Schemat 46. Hybrydy pirazolo-triazolowe wykonane z réznych azydkow
135135’
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W celu szerszego sprawdzenia zakresu stosowalno$ci metody
wykorzystatem modelowy azydek 135b (R = OCHs3) i rdznorodnie
sfunkcjonalizowane alkiny 145h-ah. W pierwszej kolejnosci przetestowatem
szereg para-podstawionych fenyloacetylendw uzyskujac odpowiednie 1,2,3-
triazole m. in. z grupg aminowa, alkilowa oraz cyjanowg (Schemat 47).
Co wiecej, bardziej sterycznie wymagajacy alkin (2,4,6-trimetylo) jak
i o rozbudowanym m-systemie (naftyl) byty dobrze tolerowane. Dodatkowo
wykorzystatem ubogie w elektrony fluorowane acetyleny, ktére réwniez
prowadzity do pozgdanych produktéw z wysokimi wydajnosciami. Warto
pokresli¢, ze w przypadku zastosowania 1,4-dietynylobenzenu odpowiednia
stechiometria reakcji umozliwita jej kontrole i selektywne utworzenie
odpowiedniego mono- i bicykloadduktu. Co wiecej, metoda pozwolita réwniez
na otrzymanie pochodnych sfunkcjonalizowanych  podstawnikami
heteroarylowymi oraz metalocenowym (ferrocenyl). W swoich badaniach
sprawdzitem rowniez alkiny alifatyczne uzyskujgc odpowiednie produkty, przy
czym w przypadku zwigzku 136ac zawierajgcego labilng grupe acetalowa
odnotowatem nizszg wydajnos¢. Zastosowanie TMS-acetylenu otworzyto
droge do pozadanego hybrydowego zwigzku pozbawionego podstawnika
w pozycji C(4) pierScienia 1,2,3-triazolu. Opracowana metoda umozliwita
rowniez wprowadzenie grup funkcyjnych takich jak hydroksymetylowa,
dietoksymetylowa czy metoksykarbonylowa. T3 czes¢ badan wykonatem
z pomocg dyplomantki Barbary Olszewskiej.
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OCH,

OCHj;
145h-ah ©

_N N3 CUSO4 5H20

N

\ / Askorbinian sodu \ /

FaC CH30H:H20 (10:1) F, ¢
55°C, 4 godz.

135b g 136h-ah
| 136h-rR = Cl (62%) ' ' CHs R =
; CF5 (65%) | | : 5
! OCHj (82%) ! 5
! R CsHqq (90%) ' I HsC CH,4 ! 136y (87%)

NH, (61%) 136t (82%) 136u-vR = F(87% :

CHj (53%) o
Z ey || oCH, CF; (82%) i
CH,OH (74%) | ! OCH;
CN (64%) ' | '

OCF; (84%) 136z (73%)
136s (56%) CCH (83%) i E 136w (91%) 136X (86%)
| ppodstawiony feryl ii podstawiony fenyl!

E 136ad-ah R =H (43%) !
OO o I ~c : CO,CH3 (63%) |
OCHj, E CH,0H (61%) E
0 - 136ac (35%) : t-Bu (63%) |
136aa (60%) Q | alifatyczne CeH13 (79%) |

136ab (66%)

Schemat 47. Komercyjnie dostepne acetyleny 145 w syntezie triazoli 136.

Kolejny etap badan obejmowat  wykorzystanie  dwdch
wielofunkcyjnych blokow budulcowych tj. BMK-alkinu oraz
hydroksydiazirynoalkinu, ktére sg czesto stosowane jako sondy
do selektywnej modyfikacji celéw biologicznych (Schemat 48). W zwigzku
z tym otrzymano nowe pochodne 148a-b, odpowiednie do potencjalnego *°F-
znakowania bioczgsteczek. Aby lepiej oceni¢ potencjat syntetyczny
uzyskanych azydkéw wykorzystano szereg dobrze znanych produktéw
farmaceutycznych posiadajgcych terminalng grupe alkinowg. W tym celu
uzyto Pargiline i Rasagiline (inhibitory monoaminooksydazy), z ktérych
uzyskano produkty z bardzo dobrymi wydajnosciami. Co wazne, w przypadku
Rasagiliny otrzymano enancjomerycznie czysty produkt. Réwniez Erlotynib
stosowany w terapii przeciwnowotworowej oraz Gestrinon uzywany
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w leczeniu endometriozy zapewnity oczekiwane cykloaddukty z doskonata
wydajnoscig. Ten fragment badan realizowatem wspdlnie z dr Gretg Utecht-

Jarzynska.
OCHjg R OCH3
=z
145
! — \ N=N
. N CuS0,45H,0 . N
N 3 Z
)J Askorbinian sodu U \)\R
FaC CH3OH:HZ0 (10:1)
55 °C, 24-48 godz.
135b 148a-f
OCHj, OCHjs

FsC N=N 0] N=N
148a (41%) 148b (81%)
z BMK-alkinu z hydroksydiazirynoalkinu
OCHj OCHj

NN s NN ANy
)l\/)_N‘N:N FSCU\N\;]\J/\{;;\Q

148c (73%) 148d (68%)
z Rasagiliny z Pargiliny
N o OCH
OCH;, 7 > 0CH, 3

148e (84%) 148f (87%)
z Erlotynibu z Gestrinonu

______________________________________________________________________________________

-
4

Schemat 48. Synteza wielofunkcyjnych zwigzkow hybrydowych 152.

Otrzymane hybrydy pirazolo-triazolowe 136 zawierajg grupy
funkcyjne, ktére w prosty sposéb mozina przeksztatcic w inne, bardziej
atrakcyjne dla poszukiwania nowych zwigzkdédw aktywnych biologicznie lub
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materiatéw o specjalnych wtasciwosciach. W celu przeprowadzenia
wybranych modyfikacji strukturalnych wytypowatem zwigzki 1360 (R =
CH20H) i 136p (R = CN). Proste acylowanie grupy hydroksylowej prowadzito
do estru 151, podczas gdy utlenianie odczynnikiem Coreya-Suggsa dato
odpowiedni aldehyd 149 niemal z ilosciowg wydajnoscig. Z kolei, grupa
metoksykarbonylowa zostata efektywnie otrzymana poprzez utlenianie
za pomocg nadmanganianiu(VIl) potasu, a nastepnie estryfikacje Fischera
(Schemat 49)

e N OCH; A s \
utlenianie ; 1) KMnOy,, utlenianie
Na,COs estryfikacja

| | . MeCN, 80 °C ! 5
- PCC, Celite © 2godz. :
| | Ne s, :
. . DCM . | |
: CHO ! CO,CH3 !

N

w N Z I1) H,SO
' tomp. pok. )\_]/ @ %\/IeZOH‘t
; 3 godz. FoC CH,OH

‘ 80 °C :
149 (98%) | 3 12godz. | 150(93%)

Et;N,DCM
40 °C
1.5 godz.

\ (CH5C0),0

Schemat 49. Transformacje pochodnej 136o0.

Jak pokazano na Schemacie 50, pochodng posiadajgcg grupe
cyjanowg poddatem zasadowej hydrolizie indukowanej H202> prowadzacej
do amidu 152, ktory wydzielitem z wydajnoscia 94%. Kolejno,
zaobserwowatem catkowitg redukcje CN przebiegajacg poprzez redukcyjne
deaminowanie poczagtkowo utworzonej aminy 153 uzyskujac zwigzek 136m
niemal ilosSciowo. Pozgdang amine otrzymatem w tagodniejszych warunkach
katalitycznego uwodornienia z uzyciem niklu Raneya, ktdérg poddatem
acylowaniu uzyskujac odpowiedni amid 154. Powyzej opisane eksperymenty
dowodzg niezwyktej stabilnosci zaprojektowanego rdzenia pirazolo-
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triazolowego zaréwno w agresywnych warunkach redukujgcych jak
i utleniajgcych, stanowigc solidne bloki budulcowe do syntezy bardziej
ztozonych molekut.

Pd/C, H,
THF, 70 psi
5 godz. 136m (98%)
OCH;
I) Ni-Raney, H,
NH3aq
N N=N MeOH, temp. pok.
N AN~ 2 godz.
\ _ 9%
CN
Fs;C
136p NH,
H20; 153
Na,CO
Aczeton3 II) (CH3),CHCOCI
temp. pok. EtsN, THF
____________________ 25godz tomp. pok.
/\QY“”Z f /\©V i

' O i \[H\CHa
' hydroliza ! o
' zasadowa 152 (94%) ! 154 (74%)

Schemat 50. Modyfikacje grupy cyjanowej prowadzqgce do zwigzkéw 136m,
152 154.

Podsumowujac, opracowatem prostg i efektywng metode syntezy
trifluorometylowanych hybryd pirazolu i triazolu inspirowang strukturalnymi
motywami biologicznie istotnych 3-CFs-pirazoli. Uzyskatem szeroki zestaw
hybryd posiadajgcych rézne grupy funkcyjne, a takze przedstawitem
mozliwos¢ ich dalszych transformacji. Ocena wtasciwosci biologicznych
wybranych produktéw jest aktualnie prowadzona.
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Podsumowanie

Fluorowane pochodne pirazolu stanowig cenny element strukturalny
wykorzystywany w licznych dziedzinach przemystu chemicznego, zwtaszcza
w sektorze farmaceutycznym oraz agrochemicznym. Pomimo wieloletnich
i intensywnych badan nad tg klasg zwigzkow, nadal istnieje potrzeba
rozwijania nowych, operacyjnie prostych oraz wydajnych metod ich
otrzymywania. Obecnie stosowane strategie syntezy tych zwigzkéw obejmuja
m.in. reakcje kondensacji, cyklizacje, funkcjonalizacje pierscienia oraz reakcje
cykloaddycji. Moje badania koncentrowaty sie na wykorzystaniu
fluorowanych nitryloimin jako fatwo dostepnych i funkcjonalnych
prekursoréw o wysokim potencjale aplikacyjnym.

Kluczowym elementem prowadzonych badain w ramach niniejszej
rozprawy doktorskiej byto zastosowanie nitryloimin jako 1,3-dipoli w reakcji
(3+43)-annulacji z  a-merkaptoacetaldehydem, petnigcym  funkcje
bezpiecznego ekwiwalentu acetylenu. Opracowana strategia umozliwita
synteze 1-arylopirazoli, ktore nastepnie poddano dalszym modyfikacjom
chemicznym. W rezultacie otrzymatem biblioteke pochodnych wykazujgcych
potencjalng uzytecznos¢ w obszarze chemii medycznej.

Annulacja a-merkaptoacetaldehydu z nitryloiminami stanowita
pierwszy etap prowadzonych badan i prowadzita do powstania 5,6-dihydro-
5-hydroksy-4H-1,3,4-tiadiazyn.  Zwigzki te  wykazywaty tendencje
do dehydratacji z nastepczg kontrakcjg pierscienia, co umozliwiato
otrzymanie 4,5-niepodstawionych pirazoli. Dodatkowo, ocenitem wptyw
efektow elektronowych podstawnikdw na przebieg reakcji. Opracowana
strategia one-pot okazata sie uniwersalna i efektywna rowniez dla nitryloimin
pozbawionych podstawnikow fluoroalkilowych.

Kolejny etap prac obejmowat regioselektywng modyfikacje
pierscienia pirazolu w pozycjach C(4) i C(5). Jodowanie indukowane CAN
prowadzito selektywnie do funkcjonalizacji w pozycji C(4), natomiast
izomeryczne 5-jodopochodne otrzymatem wykorzystujgc zwiekszong
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kwasowos¢ atomu wodoru w pozycji C(5). Otrzymane jodki wykazywaty
poréwnywalng reaktywnos$¢é w reakcjach sprzegania Sonogashiry oraz Suzuki—
Miyaury. Opracowany protokoét zastosowatem z powodzeniem do syntezy
wybranych koksybow, takich jak Mawakoksyb, Celekoksyb oraz SC-560.

Ostatni etap badan dotyczyt opracowania nowej strategii syntezy 5-
azydopirazoli, ktore wykorzystano jako substraty w katalizowanej miedzig
cykloaddycji azydkowo-alkinowej (CuAAC), prowadzacej do nowej klasy
hybryd pirazolowo-triazolowych.  Zastosowanie szerokiego zakresu
acetylenéw alkilowych oraz (hetero)arylowych pozwolito na ocene potencjatu
aplikacyjnego metody, a wyjgtkowa trwatosc¢ rdzenia pirazolo-triazolowego,
takze na dalszag modyfikacje grup funkcyjnych obecnych w uzyskanych
produktach.
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ABSTRACT: A synthetically useful approach for one-pot
preparation of 1l-aryl-3-trifluoromethylpyrazoles using in situ
generated nitrile imines and mercaptoacetaldehyde applied as 1
equiv of acetylene is presented. This protocol comprises (3 + 3)-
annulation of the mentioned reagents to form $,6-dihydro-5-
hydroxy-4H-1,3,4-thiadiazine, followed by cascade dehydration/
ring contraction reactions with p-TsCl. In addition, representative nonfluorinated analogues functionalized with Ph, Ac, and CO,Et
groups at the C(3)-position of the pyrazole ring were also prepared by the devised method.

1-Aryl-3-trifluoromethylpyrazole has been identified as a
privileged structural motif for a number of bioactive
compounds applied as either pharmaceutics or crop protection
materials." For example, celecoxib is a well-known nonsteroidal
anti-inflammatory agent (COX-2 inhibitor),” whereas SC-560
exhibits anticancer activity (Figure 1).° More recently

:
H
L Q
— O
N NH

celecoxib; R = Me, R' = SO,NH,
(anti-inflammatory)
SC-560; R = Cl, R' = OMe
(anticancer)

berotralstat
(plasma kallikrein inhibitor)

Figure 1. Structures of selected therapeutics based on a I-aryl-3-
trifluoromethylpyrazole core.

introduced to the market, berotralstat acts as an effective
plasma kallikrein inhibitor, and it is used in long-term
prophylaxis to prevent hereditary angioedema (HAE) attacks.”
Furthermore, many l-aryl-3-trifluoromethylpyrazoles also
exhibit promising antibacterial® and anticancer® activity or
serve as a key building block for the preparation of more
advanced systems of interest in plant biology’ and material
sciences.® For these reasons, there is increasing interest in the
development of new synthetic protocols to access 3-
trifluoromethylpyrazoles of various substitution patterns,
starting with readily available, cheap, and easy to handle
building blocks.

Among the methods available to date, classical condensation
of trifluoromethylated 1,3-dicarbonyls or their equivalents with
hydrazines is the most often applied strategy to access 3-
trifluoromethylpyrazoles."” Also, (3 + 2)-cycloadditions of
fluorinated 1,3-dipoles such as 2,2,2-trifluorodiazoethane

© 2023 The Authors. Published by
American Chemical Society

WACS Publications

4462

Hs/vo EtN - high yields
pTsCI « one-pot protocol
* D—CE> « readily available starting materials
l;l A - mild reaction conditions
A N \N/ CF4 16 examples . wide tolerance of functional groups

up to 96% yield

(CF;CHN,) with appropriate dipolarophiles have been
shown to be a powerful approach.'” Importantly, rapid
progress in the chemistry of trifluoroacetonitrile imines 1
(Scheme 1), recognized as readily available building blocks for
the preparation of 3-CFj-pyrazoles, has been observed in
recent years." "' Notably, application of this 1,3-dipole, readily
accessible in situ via base-mediated dehydrohalogenation of
the respective hydrazonoyl halides 2, leads to N-functionalized
heterocycles and typically offers excellent control on regio- and
chemoselectivity of the cycloaddition step. For example, either
electron-rich (vinyl ethers, enamines, and benzynes)ll or
electron-deficient dipolarophiles (e.g, cyanoalkenes, nitro-
olefins, and enones)'> have been demonstrated as suitable
reaction partners to access polyfunctionalized products.

The traditional methods toward simple 1-aryl-3-trifluor-
omethylpyrazoles 3 are limited to (a) cyclocondensations of
appropriate trifluoromethylated carbonyl compounds™ with
hydrazines and (b) Cu-catalyzed N-arylations of 3-trifluor-
omethyl-1H-pyrazole (Scheme 1).'* In addition, trifluorome-
thylation of 3-iodo-1-phenyl-1H-pyrazole under flow con-
ditions is possible as reported by Buchwald (c)."> Nevertheless,
the mentioned methods either suffer from regioselectivity
issues or require harsh conditions and special equipment.
Thus, nitrile imines 1 are revealed as ideal candidates for the
preparation of such heterocyclic systems, e.g,, through (3 + 2)-
cycloaddition with acetylene'® or its surrogates.’

Here we report the one-pot synthesis of 1-aryl-3-
trifluoromethylpyrazoles by using 2,5-dihydroxy-1,4-dithiane-
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Scheme 1. General Strategies for the Synthesis of 1-Aryl-3-
trifluoromethylpyrazoles and the Method Reported Herein

previous work:
a) condensation of enones with arylhydrazine

RO _~ (0] A
V\I& +  ArNHNH, W\

CF;
b) N-arylation of 3-CF;-pyrazole
Ar’N/‘,\l_/>\CF3

. ¢ A
HN\N/ CFs

c) trifluoromethylation of 3-halopyrazoles

this work:
d) trapping of in situ generated CF3-nitrile imines

[Cu]

_—

Cul

base

H )X\ base —
P + _
ATTUNTYCF, T HSTYYT e ANy eR,
2(X=Cl,Br) 3
: N+ P E
: N, N :
PIATONS . = ATTNTCR |

2,5-diol as a convenient and safe material for the surrogate of
acetylene. The method comprises (3 + 3)-condensation of in
situ generated nitrile imine with mercaptoacetaldehyde,
followed by p-TsCl-mediated dehydration and spontaneous
or thermally induced Eschenmoser sulfide contraction'® of the
first formed 4H-1,3,4-thiadiazine derivative (Scheme 2). In

Scheme 2. Synthesis of 1-Tolyl-3-trifluoromethylpyrazole
(3a)

Br

e S._OH

LJ
Tol” "N CF,4 Ho s
4

2a
ﬂ base “ .
To NN ] + A0 ] Y s
[ 1a\\CF3 He ToI/N\N/)\CF3
5a

]

g
X

6a
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addition, a short series of nonfluorinated nitrile imines bearing
an aryl (Ph), acyl (Ac), or ester (CO,Et) group at the C
termini were checked to give the expected functionalized
pyrazoles. Furthermore, some trifluoromethylated products of
type 3 were applied for the preparation of three known drugs
of selective COX-1 (SC-560) and COX-2 (Celecoxib and
Mavacoxib) inhibitory activity.

For the first experiments, commercially available 2,5-
dihydroxy-1,4-dithiane-2,5-diol (4) as a precursor of mercap-
toacetaldehyde'” and N-tolyl bromide 2a as a precursor of
nitrile imine la were selected. Based on our previous
experience in reactions of nitrile imines 1 with S-containing
reaction partners,zo the reaction of 2a and 4 (1:1) was carried
out in dry dichloromethane, at room temperature, using Et;N
as a base for in situ generation of nitrile imine, and the
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expected $,6-dihydro-4H-1,3,4-thiadiazin-5-ol Sa was formed
solely under the applied conditions (Scheme 2).”° In order to
get more insight into the planned subsequent dehydration step,
the first formed (3 + 3)-annulation product 5a was isolated
(95%) and briefly examined in a series of experiments (Table
1). Attempted activation of a hemiaminal group in Sa with

Table 1. Synthesis of Pyrazole 3a: Optimization Study

entry substrate(s) additives solvent 3a (%)
1 Sa“ AcOH CH,CI, -
2 5a“ HCl(, CH,Cl, L
3 5a“ HCl(y,y) MeOH L
4 Sa* PPh, THF -
5 5a“ (coc), CH,CI, 26
6 5a” p-TsCl CH,Cl, 98
7 2a + 47 p-TsCl CH,Cl, 67
8 2a + 47 p-TsCI° CH,Cl, 94 (91)
9 2a + 47 p-TsCl° DCE 95
10 2a + 47 p-TsCI° THF 88
11 2a + 47 p-TsCI® toluene 81
12 2a + 4%¢ p-TsCI® CH,Cl, 95 (93)

“Reaction conditions: a solution of 5a (0.20 mmol) and additive (1.5,
3.0, or 10.0 equiv,, see the text) in corresponding solvent (3 mL) were
reacted overnight at room temperature; yields are estimated based on
'H NMR spectra of crude mixtures. “An ca. 4:1 mixture of starting Sa
and its S-chloro analogue was formed. “Reflux. “To a solution of 2a
(1.0 mmol) and 4 (0.55 mmol) in solvent (12 mL) was added Et;N
(10.0 mmol). After 2 h, a solution of p-TsCl (1.5 mmol) in the same
solvent (4 mL) was added dropwise, and the resulting mixture was
stirred overnight; yields are estimated based on 'H NMR spectra of
crude mixtures. “2.5 equiv of p-TsCl was used. /Isolated yield. $7.1
mmol scale (starting with 2.0 g of bromide 2a).

excess acetic acid (10 equiv) was in vain, and after standard
aqueous workup the unchanged starting material was
recovered (entry 1). In contrast, treatment of Sa with aq.
HCI (10 equiv, 18% aq) led to a mixture of starting material
contaminated with small amounts of its 5-chloro analogue (in a
ca. 4:1 ratio, respectively; entry 2). Similar results were noticed
for the reaction carried out in a methanolic solution saturated
with dry gaseous HCI (entry 3). Thus, substitution at C(5)
was favored over the desired elimination pathway under the
applied conditions. Also, treatment of Sa with PPh; (3.0 equiv)
showed no changes in the mixture, even after 16 h of refluxing
in THF (entry 4). Finally, activation of the OH group in Sa
with oxalyl chloride (1.5 equiv), in the presence of excess Et;N
(3.0 equiv), led to a complex mixture of unidentified products,
but the desired pyrazole 3a was found as a minor component
in 26% yield (entry 5). Gratifyingly, replacement of (COCI),
with p-TsCl suppressed the formation of side products and
provided the expected pyrazole 3a (98%), which formed as the
exclusive material (entry 6). Noteworthy, in the 'H NMR
spectrum of the crude reaction mixture, no signals attributed to
1,3,4-thiadiazine intermediate 6a could be detected, indicating
that the anticipated ring contraction in 6a proceeds smoothly
at room temperature.

Next, the reaction was carried out in a one-pot manner
starting with precursor 2a and a slight excess of dimer 4. After
the bromide was fully consumed, excess p-TsCl (1.5 equiv)
was added to the reaction mixture, and after 2 h the expected
1-tolyl-3-trifluoromethylpyrazole (3a, 67%) was detected in a
crude mixture, along with unconsumed Sa (entry 7). Further
increase of the amount of p-TsCl (2.5 equiv) assured almost
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complete conversion, leading to 3a, which was isolated in
excellent 91% vyield (entry 8), whereas the change of the
reaction medium to nonhalogenated solvents such as THF or
toluene slightly decreased conversion (entries 9—11). Finally,
the reaction was repeated on a larger scale; starting with 2.0 g
of bromide 2a the target pyrazole 3a (93%) was obtained in
comparable yield (entry 12).

With the optimized conditions in hand, a series of
trifluoromethylated hydrazonoyl bromides 2a—2p were in-
volved in the study. In all the cases the formation of the
expected 4,5-unsubstituted pyrazoles was observed in high
yields. Thus, alkyl (Me, i-Pr), alkoxy (OMe, OBn), and
fluoroalkyl (CF,) substituents; halogens (F, Cl, Br); as well as
functional groups such as cyano, nitro, sulfonamide, and ester
could efficiently be introduced on the phenyl ring (Scheme 3).

Scheme 3. One-Pot Synthesis of 3-Trifluoromethylated 1-
Arylpyrazoles 3a—3p: Scope of Nitrile Imines

S._OH EtN,
H /[ j/ DCM, 4h, rt N/:)\
— -
A Ho s then rmTN" TCFs
pTsCl, 16h
2a-2p 4 3a-3p
/O/N/_)\CH /®/N/_>\CF3 ®/ CF,
Me
3a (93%) 3b, R = Bn (96%) 3d (91%)
3c, R = Me (94%) o
N/\N_/>\0F3 = N/\_/>\CF
NQ\CFa v
3e (82%) X .
3i (54%)7
3f, X=Br (73%)
o = 3g, X=Cl (87%) —
g N/;;\CF3 3h, X=F (76%) Q/N/‘_;\CFs
Ph N
o] FaC
3j (78%) 3k (71%)?
MeOOC HoNO,S
31 (57%)? 3m (63%)°
/O/N/_>\(;F3 /®/N/10F3 \©/ CF,
NC
3n (73%)° 30 (71%)? 3p (70%)?

“DCE was used instead of DCM, and the resulting mixture was
additionally refluxed for 2 h.

Notably, in the case of 20 bearing the NO, group, the
respective 1,3,4-thiadiazine 60 was found in a crude reaction
mixture under the applied conditions. A small sample of this
intermediate was isolated by preparative TLC and fully
characterized by spectroscopic methods (Figure 2); however,
its gradual desulfurization both during the NMR measure-
ments (in CDCl,) and upon standing at room temperature was
observed. Thus, the reactions of mercaptoacetaldehyde with
strongly electron-deficient nitrile imines 1i and 1k—1p were
carried out in DCE solutions, and the resulting mixtures were
additionally heated under reflux to accelerate the final ring-
contracting step.

To briefly check the generality of the devised protocol, a
series of selected nonfluorinated nitrile imines bearing Ph,
CO,Et, or Ac groups at the C-termini of the 1,3-dipole were
also examined in reaction with mercaptoacetaldehyde to
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Figure 2. (a) Diagnostic chemical shifts in '"H NMR (600 MHg,
CDCl,) of the vinylene unit in 60 and 30 and (b) X-ray structure of
6x.

provide the expected l-arylpyrazoles 3q—3y (Scheme 4).
Introduction of both an electron-withdrawing acetyl group and

Scheme 4. Synthesis of Nonfluorinated 1-Arylpyrazoles 3q—
3y

Et,N,
e, G I
N. N,

ATUNT R Ho™ s then ArTZ TR

pTsCl, 16h
2qg-2y 3qg-3y
O Ot
3r, X=Me (46%)
3q (73%) 3s, X = OMe (60%)

3t X=Me (71%) 3w,X=CO.Et (70%) M Ve

3u,X=OMe (77%) 3x, X=NO, (51%)°

v, X=Cl (68%) 3y (84%)

“Crude mixture was heated at 100 °C, in DMSO.

the electron-deficient Ar substituent in chloride 2 (X = Cl,
CO,Et, NO,) provided remarkably stable intermediate 1,3,4-
thiadiazines 6, which in comparison to CF; analogues required
harsher conditions (e.g., heating the crude mixture at 100 °C,
either in DMSO or neat) to accomplish the final desulfuriza-
tion. The structure of representative derivative 6x, adopting
well-defined boat-like conformation at the 4H-1,3,4-thiadiazine
ring in the solid state (for details, see Supporting Information),
was unambiguously confirmed by X-ray analysis (Figure 2).
The possible mechanism of the studied ring contraction also
deserves a comment. Based on the observed trends in stability
of 6 and taking into account the noncatalyzed nature of the
desulfuration step (proceeds upon standing), we assume that
1,3,4-thiadiazine 6 could undergo spontaneous 6r-electro-
cyclization, leading to bicyclic thiirane intermediate A (Scheme
5). Subsequent extrusion of the sulfur atom afforded
aromatized pyrazole 3 as the final product.
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1. General information

Experimental procedures: All commercially available starting materials were used as received. If not
stated otherwise, reactions were carried out under inert atmosphere (argon), in flame-dried flasks;
subsequent manipulations were conducted in air. DCM was dried over CaH, and freshly distilled before
use; THF was dried over sodium/benzophenone and freshly distilled before use; other anhydrous solvents
(DCE, toluene) were purchased and used as received. Products were purified by filtration through short
silica gel plug (flash CC) or by standard column chromatography (CC) on silica gel (230-400 mesh) by using
freshly distilled solvents as eluents or by recrystallization from appropriate solvents. NMR spectra were
taken on a Bruker AVIII instrument (*H at 600 MHz, 13C at 151 MHz, and °F at 565 MHz); chemical shifts
are reported relative to solvent residual peaks [for CDCls: *H NMR: § = 7.26, 3C NMR: § = 77.16; for DMSO-
de: *H NMR: & = 2.50, *C NMR: & = 39.52]* or to CFCl; (**F NMR: & = 0.00) used as external standard.
Structural assignments were made with additional information from gCOSY, gHSQC, and gHMBC
experiments. The IR spectra were taken with an Agilent Cary 630 FTIR spectrometer, in neat. ESI-MS were
performed with a Varian 500-MS LC lon Trap; high resolution MS (ESI-TOF) measurements were
performed with a Synapt G2-Si mass spectrometer (Waters). Combustion analyses were obtained with a
Vario EL Ill (Elementar Analysensysteme GmbH) instrument. Melting points were determined in capillaries
with a MEL-TEMP apparatus (Laboratory Devices), and are uncorrected.

Starting materials: The starting trifluoromethylated nitrile imine precursors, i.e. hydrazonoyl bromides
2a-2p, were prepared according to general literature protocol, through NBS-mediated bromination of the
corresponding fluoral arylhydrazones, in dry DMF at room temperature.? The required hydrazones were
obtained by heating methanolic solution of aqueous fluoral hydrate (~¥75%, in H,0) with hydrazines, in a
closed ampoule at 75 °C, in the presence of molecular sieves 4A, as reported.> Non-fluorinated
hydrazonoyl chlorides 2g* and 2r-2y°> were prepared in analogy to the general literature protocols, by
chlorination of benzoyl phenylhydrazine with Ph3P-CCls or by coupling of a-chloromethinyl compounds
with arene-diazonium salts under basic conditions, respectively.
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2. Synthetic procedures and characterization data

General one-pot procedure for synthesis of pyrazoles 3a-3y: To a solution of the respective hydrazonoyl
halide 2 (1.0 mmol) and 2,5-dihydroxy-1,4-dithiane-2,5-diol (4, 0.55 mmol, 84 mg) in dry solvent (10 mL;
DCM for 2a-2h,2q-2u, and 2v-2y; DCE for 2i-2p) was added dropwise excess triethylamine (10 mmol, 1.4
mL) and the resulting mixture was stirred at room temperature until the nitrile imine precursor 2 was fully
consumed (TLC monitoring, typically 2-4 h). Then, a solution of p-toluenesulfonic chloride (2.5 mmol, 477
mg) in appropriate solvent (5 mL; DCM or DCE, respectively) was added dropwise and stirring was
continued for 16 h. Water (15 mL) was added, the mixture was extracted with DCM (3 x 10 mL), the
combined organic layers were dried over anhydrous Na,SQ,, filtered, and the solvents were roved under
reduced pressure. The crude product 3 was purified by column chromatography (CC) using silica gel as the
stationary phase and hexanes/DCM or hexanes/EtOAc mixtures as an eluent.

In the case of 2i-2p, the resulting mixture was additionally refluxed (oil bath) for 2 h prior aqueous workup.
In the case of 2v-2x, the solvent was removed in vacuo, the resulting was dissolved in DMSO and heated
at 100 °C (oil bath) for 2 h, followed by standard aqueous workup.

1-(4-Tolyl)-3-trifluoromethyl-1H-pyrazole (3a):

Me

3a CC (SiO,, hexanes/DCM 1:1); colorless solid, 210 mg (93%); mp 52-53 °C.
'H NMR (600 MHz, CDCl5) 6 7.90 (m,, 1H, 5-H), 7.59-7.56 (m, 2H), 7.29-7.26 (m, 2H), 6.70 (dsr, J ~ 2.5 Hz,
1H, 4-H), 2.40 (s, 3H). *C{*H} NMR (151 MHz, CDCls) 6 143.8 (q, *Jcr = 38.5 Hz, C-3), 137.9, 137.3, 130.2,
128.4 (C-5), 121.4 (q, Ycr = 268.6 Hz, CF3), 120.0, 105.9 (q, 3Jcr = 2.2 Hz, C-4), 21.1. F NMR (565 MHz,
CDCl3) § —62.01 (s, CFs). IR (neat) v 1510, 1387, 1275, 1126, 1059, 969 cm™. ESI-MS (m/z): 227.2 (100,
[M+H]). Anal. calcd for C11HoFsN; (226.2): C 58.41, H 4.01, N 12.38; found: C 58.32, H4.11, N 12.64.

1-(4-Benzyloxyphenyl)-3-trifluoromethyl-1H-pyrazole (3b):

BnO

3b CC (Si0,, hexanes/DCM 2:3); colorless solid, 305 mg (96%); mp 98-99 °C.
IH NMR (600 MHz, CDCls) & 7.84 (m¢, 1H, 5-H), 7.61-7.59 (m, 2H), 7.46-7.33 (m, 5H), 7.08-7.05 (m, 2H),
6.69 (dbr, J ~ 2.4 Hz, 1H, 4-H), 5.11 (s, 2H). 3C{*H} NMR (151 MHz, CDCl3) § 158.4, 143.7 (q, Ycs = 38.3 Hz,
C-3), 136.6, 133.4, 128.8, 128.5 (C-5), 128.3, 127.6, 121.8, 121.4 (q, Ycr = 268.6 Hz, CFs), 115.8, 105.8 (q,
3Jes = 2.0 Hz, C-4), 70.5. °F NMR (565 MHz, CDCl3) & —61.96 (s, CFs). IR (neat) v 1510, 1379, 1241, 1170,
1054, 1010 cm™. ESI-MS (m/z): 319.2 (100, [M+H]*). Anal. calcd for C17H13F3sN20 (318.1): C 64.15, H 4.12,
N 8.80; found: C64.17, H 4.19, N 8.91.

S3



1-(4-Methoxyphenyl)-3-trifluoromethyl-1H-pyrazole (3c):

MeO

3c CC (SiO,, hexanes/EtOAc 9:1); light orange oil, 227 mg (94%). *H NMR
(600 MHz, CDCls) & 7.84 (m¢, 1H, 5-H), 7.61-7.58 (m, 2H), 7.00-6.97 (m, 2H), 6.69 (dbr, J ~ 2.4 Hz, 1H, 4-H),
3.85 (s, 3H). *C{*H} NMR (151 MHz, CDCl3) 6 159.3, 143.7 (q, %Jcr = 38.4 Hz, C-3), 133.2, 128.5 (C-5), 121.8,
121.4 (q, Yer = 268.6 Hz, CF3), 114.8, 105.8 (q, 3Jc.r = 2.3 Hz, C-4), 55.7. F NMR (565 MHz, CDCl3) § —-61.96
(s, CF3). IR (neat) v 1510, 1387, 1249, 1170, 1126, 1055 cm™. ESI-MS (m/z): 243.2 (100, [M+H]*). Anal.
calcd for Ci11HgF3N,0 (242.1): C 54.55, H 3.75, N 11.57; found: C 54.56, H 3.90, N 11.37.

1-Phenyl-3-trifluoromethyl-1H-pyrazole® (3d):

o

3d CC (SiO,, hexanes/DCM 3:2); thick yellow oil, 193 mg (91%). *H NMR (600
MHz, CDCls) & 7.95 (¢, 1H, 5-H), 7.72-7.70 (m, 2H), 7.50-7.47 (m, 2H), 7.39-7.36 (m, 1H), 6.72 (dbr, J ~ 2.4
Hz, 1H, 4-H). C{*H} NMR (151 MHz, CDCls) & 144.1 (q, Jc.r = 38.4 Hz, C-3), 139.5, 129.7, 128.5 (C-5), 127.9,
121.4 (q, Yer = 268.8 Hz, CF3), 120.1, 106.1 (q, Jer = 1.9 Hz, C-4). °F NMR (565 MHz, CDCs) & —62.07 (s,
CF3). IR (neat) v 1513, 1358, 1250, 1126, 1094, 1021 cm™™, ESI-MS (m/z): 213.1 (100, [M+H]*).

1-(4-1sopropylphenyl)-3-trifluoromethyl-1H-pyrazole (3e):

Y@QXC“
3e CC (SiO,, hexanes/EtOAc 9:1); light orange solid, 208 mg (82%); mp 49-51

°C. 'H NMR (600 MHz, CDCls) & 7.90 (m, 1H, 5-H), 7.62-7.59 (m, 2H), 7.34-7.32 (m, 2H), 6.70 (do, J ~ 2.3
Hz, 1H, 4-H), 2.96 (hept, J = 6.9 Hz, 1H), 1.28 (d, J = 6.9 Hz, 6H). 3C{*H} NMR (151 MHz, CDCl;) 6 148.9,
143.9 (q, YJcr = 38.4 Hz, C-3), 137.6, 128.4 (C-5), 127.7, 121.4 (q, Ycr = 268.7 Hz, CF3), 120.2, 105.9 (q, Jcr
= 2.4 Hz, C-4), 33.9, 24.1. **F NMR (565 MHz, CDCl;) § —62.03 (s, CFs). IR (neat) v 1513, 1387, 1271, 1126,
1059 cm™. ESI-MS (m/z): 255.2 (100, [M+H]*). Anal. calcd for C13H13FsN; (254.1): C61.41, H 5.15, N 11.02;
found: C61.43, H 5.30, N 10.77.

1-(4-Bromophenyl)-3-trifluoromethyl-1H-pyrazole (3f):

Br

3t CC (SiO,, hexanes/DCM 9:1); thick yellow oil, 212 mg (73%). *H NMR (600
MHz, CDCls) 6 7.93 (mc, 1H, 5-H), 7.60 (sbr, 4H), 6.73 (dwr, J = 2.5 Hz, 1H, 4-H). *C{*H} NMR (151 MHz, CDCls)
6 1445 (q, YJcr = 38.6 Hz, C-3), 138.5, 132.8, 128.4 (C-5), 121.41, 121.38, 121.2 (q, Ycr = 268.9 Hz, CF3),
106.5 (g, *Jcr = 1.8 Hz, C-4). **F NMR (565 MHz, CDCl3) § —62.21 (s, CF3). IR (neat) v 1495, 1390, 1275, 1170,
1129, 1051 cm™. ESI-MS (m/z): 293.1 (99, [M{¥Br}+H]*), 291.1 (100, [M{”®Br}+H]*). Anal. calcd for
C10HeBrFsN; (291.1): C41.26, H 2.08, N 9.62; found: C41.19, H 2.24, N 9.68.
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1-(4-Chlorophenyl)-3-trifluoromethyl-1H-pyrazole (3g):

Cl

39 CC (SiO,, hexanes/DCM 3:2); colorless solid, 214 mg (87%); mp 52-53 °C.
'H NMR (600 MHz, CDCls) § 7.92 (m¢, 1H, 5-H), 7.67-7.64 (m, 2H), 7.46-7.44 (m, 2H), 6.73 (dbr, J = 2.5 Hz,
1H, 4-H). C{*H} NMR (151 MHz, CDCl3) & 144.4 (q, %Jcr = 38.6 Hz, C-3), 130.1, 133.6, 129.9, 128.4 (C-5),
121.2 (q, Ycr = 268.9 Hz, CF3), 121.1, 106.5 (q, ¥Jcr = 2.2 Hz, C-4). *F NMR (565 MHz, CDCl3) 6 —62.19 (s,
CFs). IR (neat) v 1495, 1387, 1275, 1178, 1122, 1096, 1055 cm™. ESI-MS (m/z): 249.3 (41, [M{Z'CI}+H]"),
247.3 (100, [M{*>CI}+H]*). Anal. calcd for Ci1oHsCIF3N, (246.6): C 48.70, H 2.45, N 11.36; found: C 48.53, H
2.61, N 11.41.

1-(4-Fluorophenyl)-3-trifluoromethyl-1H-pyrazole (3h):

F

3h CC (SiO,, hexanes/DCM 4:1); light orange solid, 175 mg (76%); mp 60-61
°C. 'H NMR (600 MHz, CDCls) & 7.89 (m, 1H, 5-H), 7.69-7.66 (m, 2H), 7.19-7.17 (m, 2H), 6.72 (dbr, J ~ 2.5
Hz, 1H, 4-H). 3C{*H} NMR (151 MHz, CDCl3) 6 162.0 (d, Ycr = 247.9 Hz), 144.3 (q, 2Jcr = 38.5 Hz, C-3), 135.9
(d, *Jcr = 3.1 Hz), 128.6 (C-5), 122.0 (d, 3Jcr = 8.6 Hz), 121.3 (g, Ycr = 268.8 Hz, CF3), 116.6 (d, 2Jcr = 23.3
Hz), 106.2 (q, 3Jcr = 2.2 Hz, C-4). *F NMR (565 MHz, CDCl3) 6 —62.13 (s, CF3), —113.82 (m, Ar-F). IR (neat)
v 1510, 1390, 1275, 120, 1170, 1118, 1062 cm™. ESI-MS (m/z): 231.2 (100, [M+H]*). Anal. calcd for
CioHsF4N; (230.2): C52.18, H 2.63, N 12.17; found: C 52.37, H 2.79, N 11.99.

1-(2,4-Dichlorophenyl)-3-trifluoromethyl-1H-pyrazole (3i):
cl

(¢]] .

3i CC (SiOy, hexanes/DCM 1:1); brown oil, 151 mg (54%). *H NMR (600 MHz,
CDCls) 6 7.89 (me, 1H, 5-H), 7.54-7.56 (m, 2H), 7.39 (dd, J = 2.3, 8.6 Hz, 1H), 6.73 (dbr, J = 2.5 Hz, 1H, 4-H).
BC{*H} NMR (151 MHz, CDCl5) 6 144.4 (g, %Jc.r = 38.6 Hz, C-3), 136.1, 135.6, 133.1 (C-5), 130.6, 129.5, 128.9,
128.3, 121.2 (q, Yer = 268.9 Hz, CF3), 105.5 (q, 3Jer = 2.2 Hz, C-4). 2°F NMR (565 MHz, CDCl3) 6 —62.13 (s,
CFs). IR (neat) v 1487, 1387, 1275, 1170, 1129, 1040, 950 cm™™. ESI-MS (m/z): 281.2 (100, [M+H]*), 283.2
(61). Anal. calcd for C1oHsCl2F3N; (281.1): C42.73, H 1.79, N 9.97; found: C42.78, H 2.07, N 9.98.

4-(3'-Trifluoromethyl-1'H-pyrazol-1’-yl)phenyl benzoate (3j):

o —
Ph/[(Q/@/N/\:/)\(:Fg,
3 CC (Si0O;, hexanes/DCM 2:3); light yellow solid, 259 mg (78%); mp

141-143 °C. 'H NMR (600 MHz, CDCls) & 8.23-8.21 (m, 2H), 7.95 (m¢, 1H, 5'-H), 7.78-7.76 (m, 2H), 7.68-
7.65 (m, 1H), 7.55-7.52 (m, 2H), 7.38-7.35 (m, 2H), 6.74 (dur, J ~ 2.3 Hz, 1H, 4’-H). 3C{*H} NMR (151 MHz,
CDCls) 6 165.1, 150.3, 144.3 (q, e = 38.5 Hz, C-3'), 137.2, 134.0, 130.4, 129.2, 128.8, 128.6, 123.1, 121.3
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(q, Ycr = 268.8 Hz, CF3), 121.2, 106.3 (q, ¥Jcr = 2.2 Hz, C-4’). 1°F NMR (565 MHz, CDCls) § —62.11 (s, CF3). IR
(neat) v 1722, 1513, 1387, 1267, 1204, 1118, 1059 cm™. ESI-MS (m/z): 371.3 (49, [M+K]*), 355.3 (100,
[M+Na]*). Anal. caled for Ci7H11FsN20; (332.3): C 61.45, H 3.34, N 8.43; found: C 61.58, H 3.36, N 8.37.

3-Trifluoromethyl-1-(4-trifluoromethylphenyl)-1H-pyrazole (3k):

FsC

3k CC (SiOy, hexanes/DCM 9:1); yellow oil, 199 mg (71%). *H NMR (600 MHz,
CDCls) 6 8.03 (m¢, 1H, 5-H), 7.88-7.85 (m, 2H), 7.77-7.75 (m, 2H), 6.77 (dbr, J = 2.5 Hz, 1H, 4-H). 3C{*H} NMR
(151 MHz, CDCl3) 6 145.0 (q, %Jcr = 38.7 Hz, C-3), 141.9, 129.8 (g, Jcr = 33.1 Hz, i-C), 128.5 (C-5), 127.1 (q,
3Jcr = 3.7 Hz, 2CH), 123.8 (q, Ycr = 272.1 Hz, CF3), 121.1 (q, Ycr = 268.9 Hz, 3-CF3), 119.8, 106.9 (q, 3Jcr =
2.4 Hz, C-4). F NMR (565 MHz, CDCl3) 6§ —62.47, —62.35 (2s, 2CF3). IR (neat) v 1394, 1323, 1275, 1122,
1051 cm™L. ESI-MS (m/z): 281.3 (100, [M+H]*). Anal. calcd for C11HsFsN> (280.2): C47.16, H 2.16, N 10.00;
found: C47.21,H 2.36, N 9.87.

1-(4-Methoxycarbonylphenyl)-3-trifluoromethyl-1H-pyrazole (3l):

MeOW/Q/NQ\CH

o 3 CC (SiO3, hexanes/EtOAc 4:1); orange solid, 154 mg (57%); mp 83-
84 °C. 'H NMR (600 MHz, CDCls) 6 8.18-8.16 (m, 2H), 8.04 (m¢, 1H, 5-H), 7.83-7.80 (m, 2H), 6.77 (dwr, J ~
2.5 Hz, 1H, 4-H), 3.95 (s, 3H). 3C{"H} NMR (151 MHz, CDCls) & 166.2, 144.9 (q, 2Jcs = 38.7 Hz, C-3), 142.6,
131.4,129.4, 128.5 (C-5), 121.1 (q, Ycr = 268.8 Hz, CF3), 119.3, 106.8 (q, 3Jcr = 1.6 Hz, C-4), 52.5. °F NMR
(565 MHz, CDCl3) § —62.32 (s, CFs). IR (neat) v 1711, 1607, 1394, 1275, 1152, 1107, 1051 cm™. ESI-MS
(m/z): 271.3 (100, [M+H]*). Anal. calcd for C12HsF3N,0; (270.2): C 53.34, H 3.36, N 10.37; found: C 53.53,

H 3.48, N 10.16.

4-(3'-Trifluoromethyl-1'H-pyrazol-1’-yl)benzenesulfonamide (3m):

H,NO,S

3m CC (SiO,, hexanes/EtOAc 1:1); brown solid, 183 mg (63%); mp
163-165 °C. 'H NMR (600 MHz, DMSO-ds) & 8.86 (m,, 1H, 5’-H), 8.12-8.09 (m, 2H), 7.99-7.97 (m, 2H), 7.50
(Sbr, 2H), 7.13 (dbr, J ~ 2.5 Hz, 1H, 4’-H). 3C{*H} NMR (151 MHz, DMSO-ds) 6 143.1 (q, 2Jcr = 37.8 Hz, C-3’),
143.0,140.8,131.2,127.4,121.2 (q, Ycr = 268.6 Hz, CF3), 119.5, 106.9 (q, 3Jc.r = 2.2 Hz, C-4’). *°F NMR (565
MHz, DMSO-ds) 6 —60.81 (s, CFs). IR (neat) v 3265, 1599, 1502, 1394, 1327, 1282, 1155, 1115, 1059 cm™.
ESI-MS (m/z): 314.2 (94, [M+Na]*), 292.2 (100, [M+H]*). Anal. calcd for CioHsF3N30,S (291.2): C 41.24, H
2.77,N 14.43,S 11.01; found: C 41.00, H 2.80, N 14.54,S 11.13.
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4-(3'-Trifluoromethyl-1’H-pyrazol-1’-yl)benzonitrile (3n):

NC

3n CC (SiO,, hexanes/DCM 3:2); colorless solid, 173 mg (73%); mp 112-113
°C. 'H NMR (600 MHz, CDCls) 6 8.04 (dq, J = 0.9, 2.7 Hz, 1H, 5’-H), 7.90-7.87 (m, 2H), 7.81-7.79 (m, 2H),
6.79 (dor, J 2.6 Hz, 1H, 4’-H). 3C{*H} NMR (151 MHz, CDCl3) 6 145.4 (q, %Jcr = 38.9 Hz, C-3’), 142.3, 134.0,
128.5 (C-5’), 121.0 (q, Ycr = 269.0 Hz, CF3), 119.9, 118.1, 111.4, 107.3 (q, 3Jc.r = 1.7 Hz, C-4’). 5F NMR (565
MHz, CDCl;) 6 —62.48 (s, CFs). IR (neat) v 2229, 1606, 1506, 1390, 1279, 1174, 1122, 1051 cm™. ESI-MS
(m/z): 238.3 (100, [M-+H]*). Anal. calcd for C11HgF3N3 (237.2): C 55.70, H 2.55, N 17.72; found: C 55.70, H
2.72,N 17.75.

1-(4-Nitrophenyl)-3-trifluoromethyl-1H-pyrazole (30):

02N

S0 CC (SiO,, hexanes/DCM 1:1); colorless solid, 183 mg (71%); mp 116-117
°C. *H NMR (600 MHz, CDCls3) & 8.40-8.37 (m, 2H), 8.09 (dq, J = 0.9, 2.6 Hz, 1H, 5-H), 7.96-7.92 (m, 2H),
6.82 (dbr, J = 2.6 Hz, 1H, 4-H). > C{*H} NMR (151 MHz, CDCl;) 6 146.6, 145.7 (q, %Jcr = 39.0 Hz, C-3), 143.6,
128.8 (C-5), 125.6, 120.9 (g, Yer = 269.2 Hz, CF3), 119.7, 107.5 (q, *Jcr = 2.1 Hz, C-4). F NMR (565 MHz,
CDCl3) 6 —62.51 (s, CF3). IR (neat) v 1599, 1521, 1342, 1275, 1170, 1133, 1048 cm™. ESI-MS (m/z): 258.2
(100, [M+H]*). Anal. calcd for CioHsF3N30, (257.2): C 46.70, H 2.35, N 16.34; found: C 46.76, H 2.62, N
16.32.

1-(3-Nitrophenyl)-3-trifluoromethyl-1H-pyrazole (3p):

NIt

3p CC (SiO,, hexanes/DCM 3:2); light yellow solid, 179 mg (70%); mp 87-89
°C.*H NMR (600 MHz, CDCl3) & 8.58 (t, J = 2.2 Hz, 1H), 8.24 (ddd, J = 0.9, 2.2, 8.3 Hz, 1H), 8.14 (ddd, J = 0.9,
2.3, 8.1 Hz, 1H), 8.08 (M¢, 1H, 5-H), 7.71 (tor, J ~ 8.2 Hz, 1H), 6.81 (dor, J ~ 2.6 Hz, 1H, 4-H). 3C{*H} NMR (151
MHz, CDCls) 6 149.1, 145.2 (q, Ycr = 38.9 Hz, C-3), 140.2, 130.9, 128.6 (C-5), 125.3, 122.3, 121.0 (q, Ycr =
269.1 Hz, CF3), 114.6, 107.2 (q, ¥Jcr = 2.2 Hz, C-4). F NMR (565 MHz, CDCls) § —62.41 (s, CFs). IR (neat) v
1536, 1476, 1349, 1305, 1271, 1193, 1133, 1055 cm™™. ESI-MS (m/z): 258.2 (100, [M+H]*). Anal. calcd for
Ci0HeF3N302 (257.2): C46.70, H 2.35, N 16.34; found: C 46.69, H 2.46, N 16.31.

1,3-Diphenyl-1H-pyrazole’ (3q):

Sula®
3q CC (SiO,, hexanes/DCM 3:2); pale yellow solid, 161 mg (73%); mp 81-82

°C (mp 80-82 °C)7. *H NMR (600 MHz, CDCls) & 7.96 (d, J = 2.5 Hz, 1H, 5-H), 7.94-7.91 (m, 2H), 7.80-7.77
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(m, 2H), 7.49-7.42 (m, 4H), 7.36-7.28 (m, 2H), 6.79 (d, J = 2.5 Hz, 1H, 4-H). 3C{*H} NMR (151 MHz, CDCls)
6153.1,140.4, 133.3,129.5, 128.8, 128.2, 128.1, 126.5, 126.0, 119.2. ESI-MS (m/z): 221.2 (100, [M+H]*).

3-Ethoxycarbonyl-1-(4-tolyl)-1H-pyrazole (3r):

Me

3r CC (SiO,, hexanes/EtOAc 4:1); thick orange oil, 106 mg (46%). 'H NMR
(600 MHz, CDCls) & 7.88 (d, J = 2.5 Hz, 1H, 5-H), 7.62-7.60 (m, 2H), 7.26-7.24 (m, 2H), 6.97 (d, J = 2.5 Hz,
1H, 4-H), 4.43 (q,J = 7.1 Hz, 2H), 2.38 (s, 3H), 1.41 (t, J = 7.1 Hz, 3H). *C{*H} NMR (151 MHz, CDCls) § 162.5,
145.1,137.7,137.5,130.1, 128.4,120.1, 110.3, 61.2, 21.1, 14.5. IR (neat) v 1718, 1510, 1379, 1260, 1174,
1059 cm™. ESI-MS (m/z): 269.3 (35, [M+K]*), 253.3 (88, [M+Na]*), 231.3 (100, [M+H]*). Anal. calcd for
C13H14N,0; (230.3): C67.81, H 6.13, N 12.17; found: C 67.83, H 6.14, N 11.96.

3-Ethoxycarbonyl-1-(4-methoxyphenyl)-1H-pyrazole® (3s):

MeO

3s CC (SiO,, DCM); thick orange oil, 148 mg (60%). 'H NMR (600 MHz, CDCls)
57.83 (d, J = 2.4 Hz, 1H, 5-H), 7.65-7.63 (m, 2H), 6.99-6.96 (m, 3H), 4.44 (q, J = 7.1 Hz, 2H), 3.85 (s, 3H),
1.42 (t, J = 7.1 Hz, 3H). *C{*H} NMR (151 MHz, CDCl5) 6 162.5, 159.2, 145.0, 133.5, 128.6, 121.9, 114.6,
110.3,61.2, 55.7, 14.5. ESI-MS (m/z): 247.2 (100, [M+H]*).

3-Acetyl-1-(4-tolyl)-1H-pyrazole (3t):

Me

3t CC (SiO,, hexanes/DCM 3:2); orange solid, 142 mg (71%); mp 47-48 °C. *H
NMR (600 MHz, CDCls) 6 7.89 (d, J = 2.5 Hz, 1H, 5-H), 7.63-7.61 (m, 2H), 7.30-7.27 (m, 2H), 6.96 (d, J= 2.5
Hz, 1H, 4-H), 2.67 (s, 3H), 2.41 (s, 3H). *C{*H} NMR (151 MHz, CDCls) § 194.3, 152.5, 137.7, 137.6, 130.3,
128.7,119.8, 108.0, 26.7, 21.1. IR (neat) v 1681, 1521, 1469, 1372, 1260, 1141, 1051 cm™. ESI-MS (m/z):
201.2 (100, [M+H]*). Anal. calcd for C12H12N,0 (200.2): C 71.98, H 6.04, N 13.99; found: C 71.79, H6.07, N
13.86.

3-Acetyl-1-(4-methoxyphenyl)-1H-pyrazole (3u):

MeO

3u CC (SiO,, hexanes/DCM 1:4); orange solid, 166 mg (77%); mp 66-68 °C. 'H
NMR (600 MHz, CDCls) & 7.83 (d, J = 2.4 Hz, 1H, 5-H), 7.66-7.63 (m, 2H), 7.02-6.99 (m, 2H), 6.95 (d, J = 2.5
Hz, 1H, 4-H), 3.86 (s, 3H), 2.66 (s, 3H). *C{*H} NMR (151 MHz, CDCl;) 6 194.3, 159.2, 152.4, 133.6, 128.8,
121.6, 114.8, 107.9, 55.8, 26.7. IR (neat) v 1674, 1521, 1469, 1435, 1372, 1245, 1178, 1137, 1074, 1033
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cm™. ESI-MS (m/z): 239.2 (14, [M+Na]*), 217.2 (100, [M+H]*). Anal. calcd for C12H12N20; (216.2): C 66.65,
H 5.59, N 12.96; found: C 66.58, H 5.66, N 12.97.

3-Acetyl-1-(4-chlorophenyl)-1H-pyrazole (3v):

Cl

3v CC (SiO,, hexanes/DCM 2:3); brown solid, 150 mg (68%); mp 97-99 °C. H
NMR (600 MHz, CDCls) 6 7.90 (d, J = 2.5 Hz, 1H, 5-H), 7.71-7.69 (m, 2H), 7.48-7.46 (m, 2H), 6.98 (d, J = 2.5
Hz, 1H, 4-H), 2.66 (s, 3H). *C{*H} NMR (151 MHz, CDCl5) 6 194.0, 152.9, 138.4, 133.4,129.9, 128.7, 121.0,
108.5, 26.7. IR (neat) v 1677, 1495, 1375, 1349, 1260, 1234, 1141, 1096, 1062 cm™. ESI-MS (m/z): 223.1
(32, [M{¥CI}+H]*), 221.1 (100, [M{*CI}+H]*). Anal. calcd for Ci1HoCIN,O (220.7): C 59.88, H 4.11, N 12.70;
found: C 60.06, H 4.00, N 12.73.

3-Acetyl-1-(4-ethoxycarbonylphenyl)-1H-pyrazole (3w):

Ot
Et0,C

3w CC (SiO,, hexanes/EtOAc 4:1); orange solid, 181 mg (70%); mp 123-124
°C. *H NMR (600 MHz, CDCls) & 8.19-8.17 (m, 2H), 8.01 (d, J = 2.6 Hz, 1H, 5-H), 7.85-7.83 (m, 2H), 7.00 (d,
J=2.6 Hz, 1H, 4-H), 4.42 (q, J = 7.1 Hz, 2H), 2.68 (s, 3H), 1.43 (t, J = 7.1 Hz, 3H). BC{*H} NMR (151 MHz,
CDCls) 6 194.0, 165.8, 153.3, 142.9, 131.4, 129.5, 128.8, 119.1, 108.7, 61.4, 26.7, 14.5. IR (neat) v 1703,
1681, 1607, 1469, 1379, 1349, 1260, 1178, 1126, 1111, 1059, 1018 cm™. ESI-MS (m/z): 281.2 (42,
[M+Na]*), 259.2 (100, [M+H]*). Anal. calcd for C14H14N,05 (258.3): C65.11, H 5.46, N 10.85; found: C 65.25,
H 5.35, N 10.91.

3-Acetyl-1-(4-nitrophenyl)-1H-pyrazole (3x):

O,N

3x CC (SiO, hexanes/DCM 1:4); orange solid, 118 mg (51%); mp >220 °C
(decomp.). *H NMR (600 MHz, CDCl;) & 8.40-8.37 (m, 2H), 8.05 (d, J = 2.6 Hz, 1H, 5-H), 7.98-7.95 (m, 2H),
7.05 (d,J = 2.6 Hz, 1H, 4-H), 2.69 (s, 3H). 3C{*H} NMR (151 MHz, CDCls) 6 193.7, 153.8, 146.5, 144.1, 129.0,
125.6, 119.6, 109.4, 26.7. IR (neat) v 1689, 1595, 1510, 1461, 1382, 1334, 1300, 1260, 1141, 1111, 1055
cm™ ESI-MS (m/z): 254.1 (100, [M+Na]*), 232.2 (19, [M+H]*). Anal. calcd for C1;HsN3O3 (231.2): C 57.14,
H3.92, N 18.17; found: C57.18, H 3.89, N 18.04.
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3-Acetyl-1-(2,4,6-trimethylphenyl)-1H-pyrazole (3y):

Me _
Me

Me 3y CC (SiO,, hexanes/EtOAc 4:1); orange solid, 191 mg (84%); mp 64-65 °C.
H NMR (600 MHz, CDCls) § 7.44 (d, J = 2.4 Hz, 1H, 5-H), 6.97 (sbr, 2H), 6.96 (d, J = 2.4 Hz, 1H, 4-H), 2.61 (s,
3H), 2.34 (2, 3H), 1.99 (s, 6H). C{*H} NMR (151 MHz, CDCls) 6 194.4, 152.4, 139.6, 136.6, 135.6, 133.1,
129.2, 106.7, 26.7, 21.2, 17.3. IR (neat) v 1685, 1469, 1353, 1245, 1126, 1044 cm™. ESI-MS (m/z): 229.3
(100, [M+H]*). Anal. calcd for C14H16N,0 (228.3): C 73.66, H 7.06, N 12.27; found: C 73.49, H 7.05, N 12.00.

Preparation of 1,3,4-thiadiazines 60 and 6x: Following the general protocol for synthesis of pyrazoles 3,
to a solution of hydrazonoyl halide 20 or 2x (1.0 mmol) and 2,5-dihydroxy-1,4-dithiane-2,5-diol (4, 0.55
mmol, 84 mg) in dry DCM (10 mL) was added dropwise triethylamine (10 mmol, 1.4 mL) and the resulting
mixture was stirred at room temperature for 4 h. After a solution of p-toluenesulfonic chloride (2.5 mmol,
477 mg) in DCM (5 mL) was added dropwise, the mixture was stirred overnight at room temperature.
Water (15 mL) was added, the mixture was extracted with DCM (3 x 10 mL), the combined organic layers
were dried over anhydrous Na,SOy, filtered, and the solvents were removed under reduced pressure. The
crude product 6 was purified by preparative thin layer chromatography (PTLC) using silica gel as stationary
phase.

4-(4-Nitrophenyl)-2-trifluoromethyl-4H-1,3,4-thiadiazine (60):

7 s
ot
O2N 6o PTLC (SiO2, hexanes/DCM 1:1); pale yellow solid, 95 mg (34%); mp 88-92
°C (decomp.). *H NMR (600 MHz, CDCls) & 8.29-8.25 (m, 2H), 7.42-7.39 (m, 2H), 6.55 and 5.42 (2dwr, J ~ 5.7
Hz, 1H each, 5-H and 6-H, respectively). *C{*H} NMR (151 MHz, CDCl;) § 148.7, 143.7,135.2 (q, ¥Jcr = 38.9
Hz, C-2), 129.1 (C-5), 125.7, 119.2 (q, Yer = 275.1 Hz, CF3), 114.7, 99.8 (C-6). °F NMR (565 MHz, CDCl5) &
—66.89 (ser, CF3). IR (neat) v 1587, 1517, 1338, 1264, 1178, 1137, 1111, 977 cm™. HRMS (ESI-TOF) m/z:
[M+H]* caled for Ci0H7F3N30,S 290.0209, found 290.0211.

CFsy

2-Acetyl-4-(4-nitrophenyl)-4H-1,3,4-thiadiazine (6x):
s

/©/ N \N/)\AC

6x PTLC (SiO,, hexanes/DCM 1:1); brown solid, 145 mg (55%); mp 148-153
°C (decomp.). *H NMR (600 MHz, CDCls) & 8.28-8.26 (m, 2H), 7.40-7.26 (m, 2H), 6.43 and 5.43 (2d, J= 6.4
Hz, 1H each, 5-H and 6-H, respectively), 2.60 (s, 3H). *C{*H} NMR (151 MHz, CDCls) § 192.2, 148.4, 143.5,
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143.4,126.2,125.7,114.3,103.4, 26.1. IR (neat) v 1689, 1588, 1558, 1498, 1320, 1245, 1208, 1182, 1096,
1032, 995 cm™t. HRMS (ESI-TOF) m/z: [M+H]* calcd for C11H1oN303S 264.0445, found 264.0443.

Crystals of 6x suitable for X-ray measurements were obtained from hexane solution by slow evaporation
of the solvent.

Synthesis of 5-iodo-3-trifluoromethylpyrazoles 7c and 7m

5-lodo-1-(4-methoxyphenyl)-3-trifluoromethyl-1H-pyrazole (7c):

Lithiated pyrazole was generated under inert atmosphere (dry argon) by treatment a solution of
pyrazole 3¢ (500 mg, 2.07 mmol) in dry THF (20 mL) with n-BuLi (2.5M in hexane, 0.83 mL, 2.07 mmol) at
—78 °C, under vigorous stirring. After 30 min, a solution of iodine (578 mg, 2.28 mmol) in THF (4 mL) was
added and the mixture was allowed to reach room temperature. Then, sat. ag. NH4Cl (5 mL) was added
and the resulting mixture was extracted with Et,0 (3 x 20 mL). Combined organic layers were washed with
sat. ag. Na;5,05 (10 mL), then with H,O (2 x 15 mL), dried over anh. Na,SQy, filtered, and the solvents were
removed in vacuo. Crude product was purified by flash column chromatography (SiO,, hexane/EtOAc 9:1)
to give iodopyrazole 7¢ (693 mg, 91%) as a colorless solid.

|
MeO
7c Mp 83-85 °C. 'H NMR (600 MHz, CDCls) § 7.42-7.40 (m, 2H), 7.01-6.98 (m,

2H), 6.71 (sor, 1H, 4-H), 3.88 (s, 3H). 3C{*H} NMR (151 MHz, CDCls) § 160.5, 145.4 (q, Jc.r = 38.9 Hz, C-3),
132.6, 128.0, 120.8 (q, Ycr = 269.3 Hz, CF3), 115.0 (q, ¥Jcr = 2.0 Hz, C-4), 114.3, 83.7 (C-5), 55.8. 1°F NMR
(565 MHz, CDCls) 6 —62.52 (s, CFs). IR (neat) v 1509, 1372, 1230, 1174, 1122, 1098, 1021, 980 cm™. ESI-
MS (m/z): 369.1 (100, [M+H]*). Anal. calcd for C1:HsF3IN2O (368.1): C35.89, H 2.19, N 7.61; found: C 36.03,
H 2.38, N 7.56.

4-(5’-lodo-3’-trifluoromethyl-1’H-pyrazol-1’-yl)benzenesulfonamide (7m):

Following a modified literature protocol,’ to a solution of pyrazole 3m (291 mg, 1.0 mmol) in dry
THF (20 mL), TMEDA (349 mg, 0.45 mL, 3.0 mmol) followed by n-BuLi (2.5M in hexane, 1.2 mL, 3.0 mmol)
were added dropwise at —78 °C under vigorous stirring. After 60 min, a solution of excess iodine (762 mg,
3.0 mmol) in dry THF (5 mL) was added and the resulting mixture was allowed to reach room temperature.
After 2 h, saturated aqueous solution of NH4Cl (10 mL) was added, the resulting mixture was extracted
with Et,0 (3 x 15 mL), combined organic layers were washed with 10% aqueous solution of Na,5,0;3 (20
mL), then with H,O (10 mL), and dried over anhydrous Na,SO, and filtered. After solvents were removed
under reduced pressure, the crude product was purified by column chromatography (SiO,, petroleum
ether/EtOAc 3:2) to give iodopyrazole 7m (250 mg, 60%) as a colorless solid.
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ot
H,NO,S
7m Mp 168-170 °C. *H NMR (600 MHz, DMSO-ds) & 8.03-8.01 (m, 2H), 7.85-

7.82 (m, 2H), 7.59 (sbr, 2H), 7.35 (Sor, 1H, 4’-H). 3C{tH} NMR (151 MHz, DMSO-ds) § 144.9, 144.3 (q, Ycs =
38.0 Hz, C-3’), 141.4, 127.2, 126.8, 120.8 (q, Ycr = 269.2 Hz, CF3), 115.6 (q, Jcr = 1.3 Hz, C-4’), 89.0 (C-5').
19F NMR (565 MHz, DMSO-dg) 6 —61.06 (s, CFs). IR (neat) v 3325, 3194, 1338, 1230, 1137, 1092 cm™. ESI-
MS (m/z): 440.2 (100, [M+Na]*), 418.3 (54, [M+H]*). Anal. calcd for C1oH,F3IN30,S (417.1): C 28.79, H 1.69,
N 10.07, S 7.69; found: C 28.74, H 1.96, N 10.01, S 7.74.

Synthesis of 1,5-diaryl-3-trifluoromethylpyrazoles 8-10: A solution of 5-iodopyrazole 7 (0.25 mmol),
K2COs3 (1.09 mmol) and arylboronic acid (0.32 mmol) in THF/H>0 (4:1 mixture, 10 mL) was degassed by a
repeated procedure of freeze-pump-thaw, and Pd(PPhs)s (95 mg, 30 mol% with respect to iodopyrazole)
was added. The mixture was refluxed for 2 days (oil bath), cooled to room temperature, H,O was added
and the resulting was extracted with DCM (3 x 5 mL). Combined organic layers were dried over anh.
Na,SO,, filtered, and the solvents were removed in vacuo. Crude product was purified by standard column
chromatography (CC).

5-(4-Chlorophenyl)-1-(4-methoxyphenyl)-3-trifluoromethyl-1H-pyrazole® (8, SC-560):
cl

MeO

8 CC (SiOy, hexanes/EtOAc 4:1); yellow oil, 76 mg (86%);. *H NMR (600 MHz,
CDCl3) 6 7.31-7.29 (m, 2H), 7.22-7.20 (m, 2H), 7.16-7.14 (m, 2H), 6.89-6.87 (m, 2H), 6.73 (spr, 1H, 4-H), 3.83
(s, 3H). 3C{*H} NMR (151 MHz, CDCl3) 6 159.8, 143.5, 143.1 (q, YJcr = 38.4 Hz), 135.2, 132.2, 130.1, 129.1,
127.8,127.0, 121.4 (q, Yer = 268.9 Hz, CF3), 114.5, 105.4 (q, Jcr = 2.1 Hz), 55.7. °F NMR (565 MHz, CDCls)
6 —62.18 (s, CF3). ESI-MS (m/z): 355.2 (33, [M{*’CI}+H]"), 353.3 (100, [M{>*CI}+H]").

4-[5'-(4”-Methylphenyl)-3’-trifluoromethyl-1’H-pyrazol-1’-yl)benzenesulfonamide®? (9):
Me

HoNOLS

9 CC (SiO,, hexanes/EtOAc 1:1); colorless solid, 81 mg (85%); mp 159-161
°C. *H NMR (600 MHz, DMSO-ds) 6 7.87 (dbr, J = 8.5 Hz, 2H), 7.55-7.52 (m, 4H), 7.23-7.19 (m, 5H), 2.31 (s,
3H). 3C{*H} NMR (151 MHz, DMSO-ds) 6 145.3, 144.0, 142.2 (q, ¥Jcr = 37.5 Hz, C-3’), 141.1, 139.1, 129.5,
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128.8, 126.8, 126.0, 125.4, 121.3 (g, Ycr = 268.7 Hz, CF3), 106.2 (br), 20.8. 1*F NMR (565 MHz, DMSO-ds)
5 —60.85 (s, CFs). ESI-MS (m/z): 382.3 (100, [M+H]*).

4-[5’-(4”-Fluorophenyl)-3’-trifluoromethyl-1’H-pyrazol-1’-yl)benzenesulfonamide!! (10):
F

10 CC (SiO,, hexanes/EtOAc 3:2); colorless solid, 89 mg (93%); mp 161-163
°C.*H NMR (600 MHz, CDCl5) 6 7.94-7.91 (m, 2H), 7.48-7.45 (m, 2H), 7.24-7.21 (m, 2H), 7.11-7.07 (m, 2H),
6.76 (Sbr, 1H), 4.91 (S6r, 2H). 3C{*H} NMR (151 MHz, CDCl3) 6 163.4 (d, Ycr = 251.3 Hz), 144.4 (q, ?Jcr = 38.6
Hz, C-3’), 144.2, 142.4,141.7,131.0 (d, 3Jcr = 8.4 Hz), 127.8, 125.7, 124.9 (d, “Jcr = 3.6 Hz), 121.1 (q, Ycr =
269.1 Hz, CF3), 116.5 (d, %Jer = 22.0 Hz), 106.8 (q, *Jcr = 1.7 Hz, C-4’). *F NMR (565 MHz, CDCl;) 6 —62.49
(s, CF3), =110.13 (m¢, Ar-F). ESI-MS (m/z): 408.2 (61, [M+Na]*), 386.3 (100, [M+H]*).

Synthesis of hydrazonoyl bromide 2m:

A mixture of 4-hydrazinylbenzenesulfonamide hydrochloride (1.12 g, 5.0 mmol), fluoral hydrate
(ca. 12.0 mmol), freshly dried and crushed molecular sieves 4A (2.0 g) in methanol (25 mL) was heated at
80 °C (oil bath) in a closed ampoule for 16 h. The mixture was cooled to room temperature, filtered
through Celite®, and the plug of Celite was washed with EtOAc (3 x 50 mL). The filtrate was washed with
water (100 mL), then with 5% ag. NaHCOs (30 mL), the organic layer was dried over Na,SO,, filtered, and
the solvents were removed in vacuo. The obtained crude product was flash chromatographed (SiO,,

petroleum ether/EtOAc 2:3) to give the respective hydrazone 11 (1.27 g, 95%) as pale yellow solid.
H

/@N‘NAC&

HoNO,S 11 Mp 145-147 °C. 'H NMR (600 MHz, DMSO-ds) 6 11.42 (ss,, 1H), 7.73-7.71
(m, 2H), 7.42 (q, Jur = 4.3 Hz, 1H), 7.18 (b, 2H), 7.15-7.12 (m, 2H). C{*H} NMR (151 MHz, DMSO-ds) &
146.1, 136.1, 127.6, 124.2 (q, 2Jcr = 37.3 Hz, =C-CFs), 121.5 (q, Ycr = 269.0 Hz, CF3), 112.3. °F NMR (565
MHz, DMSO-ds) 6 —64.05 (d, Jur = 4.3 Hz, CFs). IR (neat) v 1595, 1327, 1260, 1141, 1096 cm™™. ESI-MS (m/z):
290.2 (100, [M+Na]*), 268.1 (8, [M+H]*). Anal. calcd for CsHsFsN30,5 (267.2): C 35.96, H 3.02, N 15.72, S
12.00; found: C 35.97, H 2.94, N 15.78, S 12.25.

A solution of hydrazone 11 obtained in the previous step (534 mg, 2.0 mmol) in dry DMF (15 mL)
was cooled to 0 °C, solid NBS (428 mg, 2.4 mmol) was added portion-wise, and the resulting mixture was
stirred at room temperature overnight. Then H,O (20 mL) was added, the mixture was extracted with
EtOAc (3 x 30 mL), the organic layer was washed with brine (3 x 10 mL), dried over Na,SO,, filtered and
the solvents were removed under reduced pressure. Crude product was purified by column
chromatography (SiO,, petroleum ether/EtOAc 2:3) to give bromide 2m (484 mg, 70%) as a colorless solid.
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H
Josa.
H,NO,S

2m Mp 148-149 °C. 'H NMR (600 MHz, DMSO-ds) & 10.82 (ser, 1H), 7.77-7.75
(m, 2H), 7.43-7.40 (m, 2H), 7.24 (sbr, 2H). 2C{*H} NMR (151 MHz, DMSO-de) & 145.2, 137.5, 127.4, 118.7
(g, Ycr = 270.8 Hz, CF3), 114.1, 102.5 (q, YJcr = 41.8 Hz, =C-CF3). °F NMR (565 MHz, DMSO-ds) § —65.24 (s,
CF3). IR (neat) v 3273, 1595, 1513, 1323, 1245, 1133, 1089 cm™. ()-ESI-MS (m/z): 345.8 (100, [M{®'Br}—
HI), 343.9 (89, [M{7°Br}-H]"). Anal. calcd for CsH-BrFsNs0,S (346.1): C 27.76, H 2.04, N 12.14, S 9.26;
found: C27.81, H 2.14, N 11.96, S 9.19.

Synthesis of hydrazonoyl chlorides 2v-2y: A solution of 3-chloropentane-2,4-dione (1.34 g, 10 mmol) in
EtOH (40 mL) was placed in an ice bath, and solid NaOH (0.4 g, 10 mmol) was added upon vigorous stirring,
followed by portion-wise addition of the freshly prepared arene-diazonium salt [obtained by treatment
of aniline derivative (12 mmol) with aq. HCI (6M, 7.0 mL) at 0 °C, followed by dropwise addition of a
solution of NaNO, (0.83 g, 12 mmol) in H,0 (12 mL) at 0 °C for 20 min]. The stirring was continued for 3 h
at 0 °C, the crude product was filtered off, washed with H,O (3 x 30 mL), air dried and either recrystallized
from hexanes (2w and 2y) or used in the next step as received (2v and 2x).

1-Chloro-1-[(4-chlorophenyl)hydrazono]-2-propanone (2v):
cl

H
o
Cl

2v Yellow solid, 1.69 g (73%); mp 171-173 °C. *H NMR (600 MHz, CDCl5) &
8.43 (sur, 1H), 7.34-7.31 (m, 2H), 7.18-7.16 (m, 2H), 2.56 (s, 3H). *C{*H} NMR (151 MHz, CDCls) & 188.3,
140.2, 129.8, 128.7, 126.0, 115.8, 25.4. IR (neat) v 3232, 1674, 1536, 1484, 1219, 1167, 1084, 1018 cm™.
ESI-MS (m/z): 255.2 (63, [M{*’CI}+Na]*), 253.1 (100, [M{**CI}+Nal*). Anal. calcd for CoHsClN,O (232.1): C
46.78, H 3.49, N 12.12; found: C 46.79, H 3.47, N 12.07.

1-Chloro-1-[(4-ethoxycarbonylphenyl)hydrazono]-2-propanone (2w):
cl

H
N.
jotn
EtO,C

2w Yellow solid, 2.18 g (81%); mp 167-169 °C (hexanes). *H NMR (600 MHz,
CDCl3) 6 8.55 (sur, 1H), 8.08-8.05 (m, 2H), 7.27-7.24 (m, 2H), 4.38 (t,J = 7.1 Hz, 2H), 2.59 (s, 3H), 1.40 (t, J =
7.1 Hz, 3H). BC{*H} NMR (151 MHz, CDCls) 6 188.3, 166.2, 145.0, 131.7, 127.2, 125.6, 114.0, 61.1, 25.5,
14.5. IR (neat) v 3243, 1670, 1607, 1547, 1525, 1279, 1226, 1159, 1096, 1018 cm™. ESI-MS (m/z): 271.1
(28, [IM{P"CI}+H]*), 269.1 (100, [M{*Cl}+H]*). Anal. calcd for C1,H13CIN,05 (268.7): C53.64, H 4.88, N 10.43;
found: C 53.75, H 4.78, N 10.52.
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1-Chloro-1-[(4-nitrophenyl)hydrazono]-2-propanone (2x):
y O

/©/N\N/)\Ac
O=N 2x Orange solid, 1.26 g (52%); mp 219-223 °C (decomp). *H NMR (600 MHz, CDCl5) &
8.65 (sbr, 1H), 8.29-8.27 (m, 2H), 7.33-7.31 (m, 2H), 2.61 (s, 3H). 3C{*H} NMR (151 MHz, CDCls) 6 188.0,
146.5,143.4,128.9,126.2, 114.3, 25.6. IR (neat) v 3254, 1681, 1603, 1536, 1506, 1334, 1226, 1163, 1111,
1021 cm™. ESI-MS (m/z): 245.1 (28, [M{*’CI}+H]*), 243.1 (100, [M{3*CI}+H]*). Anal. calcd for CsHsCIN3O;
(241.6): C44.74,H 3.34, N 17.39; found: C44.78, H 3.24, N 17.28.

1-Chloro-1-[(2,4,6-trimethylphenyl)hydrazono]-2-propanone (2y):
Me cl

N A

N Ac

Me Me 2y Colorless solid, 1.46 g (61%); mp 80-82 °C (hexanes). *H NMR (600 MHz, CDCl;) &
8.13 (sbr, 1H), 6.91 (s, 2H), 2.46 (s, 3H), 2.34 (s, 6H), 2.29 (s, 3H). 3C{*H} NMR (151 MHz, CDCl;) 6 188.4,
135.6, 135.4, 130.1, 130.0, 124.1, 25.3, 20.9, 18.8. IR (neat) v 3288, 1685, 1528, 1443, 1219, 1098, 1018
cm™ ESI-MS (m/z): 241.2 (28, [M{*CI}+H]*), 239.2 (100, [M{*CI}+H]*). Anal. calcd for C1,H15CIN,O (238.7):
€60.38, H6.33, N 11.74; found: C 60.19, H 6.28, N 11.48.
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3. Copies of NMR spectra
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S16



s—

Nz
N
3b

N

BnO

E00T
E{0T

Los
507

=0T

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 25 5.0 4.5 4.0 39 3.0 2.5 2.0 105 1.0 0.5 0.0
f1 (ppm)

10.0

22501
64501
Tea0r
casor

9%STT
4811
5021 /
54721 /
62ECI~
L0%2T—
€921~
'8zl
hw.mﬂN
zg'8el
m.E%
o59eT
ZEEHT
15T
cgent

S0'pET

2Rt —

got-01010a

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

210

6T —

qut-01010a

-20 -30 -40 50 -60 70 -80 -0 -100 -110  -120  -130  -140  -150  -160
1 (ppm)

-10

20 10

30

Fig S2. ™H NMR (600 MHz, CDCl5), 3C NMR (151 MHz, CDCls) and *°F NMR (565 MHz, CDCl3) spectra for compound 3b.

S17



qut-01025 BUESSEC33ARARERARRSES 3
Lt e ol e ol e e e e (s I Yo R o o T o R s} i
s U R R
| [ ]
P
N‘N CF3
MeO
3c
!
i
1
l j
o ip il i BN
& o o & a
(=] o o (=} s
2 8 e '8 o
T T T T T T T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 20 1.5 1.0 0.5 0.0
f1 (ppm)
u-01025 8 EETHA AREALLLL RREL g <
8 Iess  HEANNREY E£4388 5 i
S NS e |
]
i Nin
: T T T : T T T T : T : T T T : T :
10 0

110 100 90 80 70 60 50 40 30 20

210 200 190 180 170 160 150 140 130 120
1 (ppm)
qut-01025 2
s
T T T T T T T T T T T T T T T T T T T T
30 20 10 0 -10 20 -30 -40 -50 -60 -70 -80 -90 -100  -110  -120  -130  -140  -150  -160
f1 (ppm)

Fig $3. 'H NMR (600 MHz, CDCl3), 13C NMR (151 MHz, CDCl;) and °F NMR (565 MHz, CDCls) spectra for compound 3c.

518



CF3

N
3d

Bzot
Azo
10T

FooT

0.0

9.5 9.0 8.5 8.0 %5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5
f1 (ppm)

10.0

gMLL—

0901
T1'90T
1901

b7 90T

e
50021 W
9 0eT —
peeer=
2ozt
wrei—
Sbael %
bLseT

b5 6ET

e
B5EHT

bCPET
Bb'bbT N

QuE-00801

200 190 180 170 160 150 140 130 120 1]}0( %DD 90 80 70 60 50 40 30 20 10
1 (ppm

210

LOTG—

Qut-00801

-20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160

-10

20 10

30

f1 (ppm)

Fig S4. 'H NMR (600 MHz, CDCls), 13C NMR (151 MHz, CDCls) and **F NMR (565 MHz, CDCls) spectra for compound 3d.

S19



ksw-082 aRAREE BA RR SEERAIE 88
RERAERE NS G Ry e
=V V Y e 4
/ j f { /
N\N/ CFs
3e
|
I
l 1
L T s f
T 5 9 8 8 b
— ol — - 0
T T T T T T T T T T T T T T T T T T
10.0 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5:5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)
ksw-082 FLRET 1B FUERILAX FBRD f % ]
FISEE R BLANNEE 5849 & &
S S SN e s | |
! |
]
| il 1
T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
1 (ppm)
ksw-082 a
T T T T T T T T T T T T T T T T T T T
30 20 10 -10 -20 -30 -40 -50 -80 -90 -100 -110  -120  -130 -140  -150  -160

-60 70
f1 (ppm)

Fig S5. 'H NMR (600 MHz, CDCl3), 13C NMR (151 MHz, CDCl;) and °F NMR (565 MHz, CDCls) spectra for compound 3e.

S20



ksw-137 RRE5E A4 re
Ll ~ O g
S | | Y
N. 2
J r Ly e
| Br
3f
]
A Jg P
T o
5 09 2
S 2
T T T T T T T T T T T T T T T T
100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 48 1.0 0.5 0.0
f1 (ppm)
ksw-137 BEHBT TREEIAAR HEIZ g
SESER NEGNNHRE  g88E £
S NSEs= S |
1
1 I
] ' LALLL L
T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ]
1 (ppm)
ksw-137 5
&
T T T T T T T T T T T T T T T T T T T T
30 20 10 0 -10 20 -30 -40 -50 -60 -70 -80 -90 -100 110 -120  -130  -140  -150  -160
f1 (ppm)

Fig S6. 'H NMR (600 MHz, CDCl;), 13C NMR (151 MHz, CDCls) and *°F NMR (565 MHz, CDCl3) spectra for compound 3f.

S21



qut-01011 HORNERES eI gRoe N, 2
L e e e N A T i el ol ol o o o o e \N CF3
B s S al
3g
‘ 1
. o
8 & & g
5 53 3
T T T T T T T T ; T T T T T T T T T T T T
10.0 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.0 3.5 3.0 2.5 2.0 15 10 0.5 0.0
f1 (ppm)
gut-01011 BEASBRGEABATHS cugy q
TESTHCAENAERE 8888 &
SN NS S |
|
1 it
i L
T T T T ; T T T T ; T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
1 (ppm)
qut-01011 9
i
0
30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100  -110  -120  -130  -140  -150  -160
1 (ppm)

Fig S7. 'H NMR (600 MHz, CDCl5), 3C NMR (151 MHz, CDCl3) and *°F NMR (565 MHz, CDCl3) spectra for compound 3g.

S22



—

CF3

N, 2
N
3h

Iw Foot

Faoe

\w Fsoz
)

= Feot

1.0 0.5 0.0

1.5

9.5 2.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
1 (ppm)

10.0

zz'aar
Lia=lol8
SZ'901

se'o0n
sgort
oorT
TR~
60T~
s6TeT

HommﬂN
Lrean
S6ECT
mmwu\.
E8'5ET
TESET v.

LBEPT
ETPPT
PPl

ek

6T TS~
g8 —

ksw-106

ol | 85

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

f1 (ppm)

PEETT-
EBETT-
CBETT-
TBETT-
TBETT-
O8'ETT-
BLETT-

e

ksw-106

-20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160

-10

20 10

30

1 (ppm)

Fig S8. H NMR (600 MHz, CDCl5), 3C NMR (151 MHz, CDCls) and *°F NMR (565 MHz, CDCl3) spectra for compound 3h.

S23



ksw-076 BRBBRARER g

Cl _
o
Cl
3i

L1 4
& 88 8
5 &3 8
T T T T T T T T T T T T T T T T T T
10.0 95 9.0 85 8.0 75 7.0 6.5 6.0 5.5 5.0 45 40 35 3.0 25 2.0 i5 1.0 0.5 0.0
f1 (ppm)
ksw-076 LRREYRBILBNI LR ARRY q
TITIREARAAKIAES 5588 &
i A e |
1
I
1 s 1
NN i L
T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ]
f1 (ppm)
ksw-076 "
el
0
T T T T T T T T T T T ; T T T ; T T T T
30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100  -110  -120  -130  -140  -150  -160
1 (ppm)

Fig S9. H NMR (600 MHz, CDCl5), 13C NMR (151 MHz, CDCls) and *°F NMR (565 MHz, CDCl3) spectra for compound 3i.

S24



ksw-109

2

7.95
7.95
7.95
7.95
—71%
6.74
6.74

PhCOO/O/

209-1
100

10.0 9.5 9.0 8.5 8.1

ksw-109 = ABTERNSANRERAURLYNARR "
3 B s unann
g A¥IIeEaadyNaNaN8Z8998 IS
| N NS Ve \

| |

T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
1 (ppm)

ksw-109 =
g
T T T T T T T T T T T T T T T T T T T
30 20 10 0 -10 -20 30 -40 -50 -60 -70 -80 -90 <00  -110  -120  -130 140 -150  -160
1 (ppm)

Fig $10. 'H NMR (600 MHz, CDCl;), 3C NMR (151 MHz, CDCl3) and 1°F NMR (565 MHz, CDCls) spectra for compound 3;j.

S25



)
[T
o

3k

F3C

19
a9 ===
xXL—

SEL:
hm.m.,/.

m=" =
£08 pe=——
mo.mw.

08

ksw-113

Foor

Eeot
bgpe

Fsot

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0
1 (ppm)

10.0

Z6'90T

£8'901
63'901
05'90T

Zh'aTT
al m:./.
DN,DNHW

CITTI~

z62TT)
LLETT)
LT
£5'927 4
02T
DL
or'£er ]
eraT ]
19821
15621
0671
56621
LT0ET
SBTHT
T9'bbT 4
15T

ma,mTH¢
BE'SHT

ksw-113

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

1 (ppm)

£b'29-
S£T9-

ksw-113

-20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160

-10

20 10

30

f1 (ppm)

Fig S11. 'H NMR (600 MHz, CDCl;), 3C NMR (151 MHz, CDCl3) and 1°F NMR (565 MHz, CDCls) spectra for compound 3k.

S26



ksw-108 VOTZLIHe & I &
PR RS RT R R ~ Rt o
B e | VY | N~
( ‘N CF3
MeOOC
3l
Jlf J
1
|
|
Wb B " i
o0 W (=) T
coo a b
~38 E B
T T T T T T T T T T T T T T T T T T T
100 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 40 35 3.0 25 2.0 15 1.0 0.5 0.0
f1 (ppm)
ksw-108 i ATRHE RROBUTIRY HaRR o
8 55555 RAEANRATR 8889 B
Y N Y
]
| | i‘
'8 Ll 3
T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 60 50 40 30 20 10 0
1 (ppm)
ksw-108 o
I
@
|
T T T T T T T T T T T T T ; T T T T T
30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 90 -100 <110 -120 -130  -140  -150 160
1 (ppm)

Fig S12. 'H NMR (600 MHz, CDCl3), 3C NMR (151 MHz, CDCls) and 1°F NMR (565 MHz, CDCl;) spectra for compound 3.

S27



gam-014 BBBB -9gR ] 49 g
0w W e o 0g P ~ N~ i
S N [
1
3
!
l A A l ok
I 1.y T T
3 58 5 8
3 A & =
T T T T T T T T T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)
gam-014 CREARR BIBPAMNTH RIK T
deeicl S =Ry B=Ro N Ww W o
LLLELE ORNNNoD  gegg
N R T e T ~
il \ X
T T T T T T T T T T T T T T T T T T T T T 1
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 (
1 (ppm)
gam-014 &
9
T T T T T T T T T T T T T T T T T T
30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100  -110 -120 130 -140  -150 -160
f1 (ppm)

Fig S13. 'H NMR (600 MHz), 3C NMR (151 MHz) and 1°F NMR (565 MHz) spectra for compound 3m (all taken in DMSO-dp).

528



Qut-00999 i -3 g -3
WWW®oon ~ 0O o -
W | v N P
‘N CF3
NC
J J 3n
‘ “ ‘ L 1 4
i i
889 8
EEE k=
T T T T T T T T T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0
f1 (ppm)
gut-00999 RUAZSHE L RIYTLZIBINAAA
PR R P Rt R po i B A
SEIET M NANNSE=og9g9g
S SR NS
|
1
[ |
i At : \ i
T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
1 (ppm)
gqut-00999 -4
g
|
T T T T T T T T T T T T T T T T T T . .
30 20 10 0 -10 20 -30 -40 -50 -60 -70 -80 -90 -100  -110 -120 -130 -140 -150 -160
f1 (ppm)

Fig S14. 'H NMR (600 MHz, CDCl;), 3C NMR (151 MHz, CDCl3) and 1°F NMR (565 MHz, CDCls) spectra for compound 3n.

S29



Qut-01000_ca RRARRLRBE3L38BRITARGE B
05 60 65 69 09 @ B W B B D B

1007 —

A
2 38
] 88
T T T T T T T T T T T T T T T T T T T T T
10.0 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0
f1 (ppm)
gut-01000ca POFAMNGE KL3BBIRN FRHR
gE¥555S  BESNEIE 5589

/
%
/
<
{

T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
1 (ppm)

gut-01000ca i

T T T T T T T T T T T T T T T T T T T T

30 20 10 0 -10 20 -30 -40 -50 -60 -70 -80 -90 -100 110 -120 -130 -140  -150 -160
1 (ppm)

Fig S15. 'H NMR (600 MHz, CDCl3), 3C NMR (151 MHz, CDCls) and °F NMR (565 MHz, CDCls) spectra for compound 3o0.

S30



gu-01000_ca

=
<>

T T T T T T T T T T T T T T T T T T T T T

8.8 8.7 86 85 84 83 82 81 8.0 79 78 7.7 76 7.5 74 73 7.2 71 7.0 6.9 6.8 6.7 6.6 6.5 6.4 6.3

f2 (ppm)
gut-01000_ca (hmgc)
0
o ©
T T T T T T T T T T T T T T T T T T T T T T T T T T T
90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64

f2 (ppm)

Fig S16. Diagnostic parts of 2D spectra (cosy, hmqc) for compound 3o.

S31

6.0

6.5

7.0

r7.5

8.0

~100

r105

110

115

120

125

130

135

140

f1 (ppm)

fl (ppm)



CF3

N_ 2~
N
3p

OoN

oot

EHOT

20T
107
=001

=60

0.0

05

1.0

1.5

9.5 9.0 85 8.0 75 7.0 6.5 6.0 5.5 5.0 a5 40 35 3.0 25 2.0
f1 (ppm)

10.0

S1°L0T
0gLor
TeLon

o
G~
ce8Tt

0021 W
SBTZIN"
ez —
wEzl %
sz,
o821

160617

2001 N

£8'pbT
60'ShT

SE'SHT
Toart N.

206kT <

ksw-075

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

210

ksw-075

-20 -30 -40 -50 -60 -70 -80 90 <100 -110  -120  -130  -140  -150  -160
f1 (ppm)

-10

10

20

30

Fig S17. 'H NMR (600 MHz, CDCl;), 3C NMR (151 MHz, CDCl3) and 1°F NMR (565 MHz, CDCls) spectra for compound 3p.

S32



ksw-143 RR 8RR
~o~ ~ w0
v [ v

U T
R i
gog 93 g
Gad < ]

T T T T T T T T T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 0.0
f1 (ppm)

ksw-143 2 g RIRAge8 8 9
g SEEEEEEEE e
I [ ~s=e |
|
I
} I L,
T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

Fig S18. 'H NMR (600 MHz, CDCl3) and 3C NMR (151 MHz, CDCls) spectra for compound 3q.
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4. Crystallographic analysis

Crystallographic analysis of 6x: X-ray diffraction data were collected on an XtaLAB Synergy, Dualflex,
HyPix diffractometer. Integration of the intensities and corrections for Lorentz effects, polarization
effects, and analytical absorption were performed with CrysAlis PRO.1? The structure was solved using
intrinsic phasing and refined using least squares minimization using Olex2,42.2® The hydrogen atoms of
aromatic rings were introduced in the calculated positions with an idealized geometry and constrained
using a rigid body model with isotropic displacement parameters equal to 1.2 of the equivalent
displacement parameters of their parent atoms. Atomic coordinates, displacement parameters, and
structure factors of the analyzed crystal structures are deposited with the Cambridge Crystallographic
Data Centre (CCDC 2248491).

Fig S41. Molecular graph of 6x in crystal state. The anisotropic displacement parameters of non-hydrogen atoms
are drawn as ellipsoids with a 50% probability level.

mean: C12 N8 09/9711

= e ’—g %ﬂﬁ

Fig S42. The geometry of heteroatomic ring in 6x. A boat conformation with two atoms located above the mean
plane defined with positions of other four atoms, as shown in graphics.
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Diffractometer XtaLAB Synergy, Dualflex, HyPix
Radiation Source Cu Ka(A=1.54184A)
Data Collection CrysAlisPro 1.171.42.80a (Rigaku OD, 2023)

Fig S43. Photo of the crystal of 6x used for experiment. A block of dark purple colour.

Table S1. Crystal data and structure refinement for 6x.

Identification code exp_1335_auto

Empirical formula C11H9N303S

Formula weight 263.27

Temperature/K 294.33(10)

Crystal system monoclinic

Space group P21/n

a/A 7.23835(9)

b/A 11.69731(13)

c/A 13.66884(17)

af° 90

B/° 96.6370(12)

v/° 90

Volume/A3 1149.57(2)

z 4

Pcaicmg/mm? 1.521

u/mm-? 2.573

F(000) 544.0

Crystal size/mm3 0.6 x0.4x0.4

20 range for data collection 9.982 to 152.942°

Index ranges -8<h<8,-14<k<14,-17<1<16
Reflections collected 25159

Independent reflections 2357[R(int) = 0.0320]
Data/restraints/parameters 2357/0/165
Goodness-of-fit on F2 1.068

Final R indexes [I>=20 (I)] R1=0.0378, wR2 =0.1091
Final R indexes [all data] R1=0.0398, wR2 =0.1107
Largest diff. peak/hole / e A3 0.27/-0.30

CCDC 2248491
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Table S2. Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters (A2x103) for 6x.
Ueq is defined as 1/3 of the trace of the orthogonalised Uy tensor.

Atom X y z U(eq)
S1 614.0(7) 2792.2(5) 2742.1(3) 66.60(19)
N4 1857.3(18) 854.9(11) 4174.4(9) 45.3(3)
N3 2113.2(18) 1948.0(11) 4530.6(9) 45.7(3)
C10 2326.7(19) -9.4(12) 4877.6(10) 41.2(3)
c11 2875(2) 265.9(13) 5856.2(11) 47.5(4)
018 4333(2) -2342.7(12) 7801.0(11) 75.6(4)
017 4196(3) -3560.1(12) 6628.2(13) 92.3(5)
08 1381(3) 4789.9(13) 3936.9(12) 90.6(5)
N16 3993(2) -2593.8(12) 6935.9(13) 58.5(4)
c12 3382(2) -580.9(13) 6535.9(11) 50.0(4)
C2 1645(2) 2806.7(14) 3978.0(12) 50.3(4)
c14 2727(2) -2000.7(13) 5268.7(13) 52.7(4)
C13 3353(2) -1709.1(13) 6227.5(12) 47.2(4)
C15 2189(2) -1156.0(14) 4593.6(12) 50.9(4)
cs 1890(3) 656.5(17) 3160.1(12) 58.5(4)
C6 1430(3) 1438.6(19) 2481.0(13) 67.7(5)
c7 1922(3) 3967.1(15) 4423.2(14) 62.1(5)
C9 2839(4) 4061.5(18) 5446.2(16) 85.4(7)

Table S3. Anisotropic Displacement Parameters (A2x103) for 6x. The Anisotropic displacement factor exponent
takes the form: -2m?[h2a*2U11+2hka*b*U1a+...].

Atom U1l u22 u33 u23 ui3 u12
s1 67.6(3) 75.4(3) 53.4(3) 20.9(2) 7.2(2) 3.2(2)
N4 51.5(7) 45.9(7) 37.3(6) -0.1(5) 0.6(5) -2.8(5)
N3 50.1(7) 44.2(7) 42.5(6) 3.6(5) 3.4(5) 0.2(5)
C10 40.0(7) 42.9(7) 40.2(7) -0.9(6) 2.8(5) -2.2(5)
c11 60.9(9) 36.6(7) 43.3(8) -3.0(6) -1.8(6) -2.1(6)
018 93.4(10) 64.6(8) 64.4(9) 17.0(7) -9.8(7) 3.2(7)
017 131.9(14) 42.7(7) 99.6(12) 6.0(7) 1.4(10) 16.5(8)
08 129.6(14) 56.4(8) 86.6(11) 25.2(8) 16.6(10) 19.4(8)
N16 61.8(9) 43.7(7) 69.6(10) 10.0(7) 5.3(7) 2.5(6)
c12 61.7(9) 43.1(8) 42.8(8) -0.3(6) -3.9(7) -2.6(7)
c2 49.2(8) 53.8(9) 48.0(8) 11.8(7) 6.2(7) 1.7(6)
C14 62.4(10) 38.8(8) 57.7(9) -7.5(7) 10.1(8) -2.5(7)
c13 48.1(8) 39.9(7) 53.5(9) 4.4(6) 5.3(6) 0.4(6)
c15 59.9(9) 48.2(8) 44.1(8) -9.1(6) 4.5(7) -6.5(7)
5 70.6(11) 62.4(10) 41.0(8) -4.1(7) -0.9(7) 0.1(8)
c6 79.1(12) 81.9(13) 39.3(8) 3.4(8) -4.5(8) -2.3(10)
c7 75.4(12) 48.6(9) 64.1(11) 12.7(8) 16.4(9) 5.6(8)
9 133(2) 50.3(11) 70.7(13) -4.5(9) 1.2(13) -0.9(12)
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Table S4. Bond Lengths for 6x.

Atom Atom Length/A Atom Atom Length/A
s1 c2 1.7662(17) 017 N16 1.221(2)
S1 Cé6 1.741(2) 08 c7 1.209(2)
N4 N3 1.3732(18) N16 C13 1.456(2)
N4 c10 1.4092(19) c12 c13 1.385(2)
N4 C5 1.409(2) Cc2 c7 1.492(3)
N3 c2 1.279(2) Cl4 c13 1.379(2)
C10 Cl1 1.388(2) Cl4 C15 1.377(2)
C10 C15 1.397(2) C5 C6 1.318(3)
c11 c12 1.379(2) c7 c9 1.481(3)
018 N16 1.216(2)
Table S5. Bond Angles for 6x.

Atom Atom Atom Angle/® Atom Atom Atom Angle/®
c6 s1 c2 95.11(8) N3 c2 s1 127.68(14)
N3 N4 C10 114.47(11) N3 Cc2 c7 117.38(15)
N3 N4 cs 119.05(13) c7 c2 s1 114.89(12)
cs N4 C10 121.53(13) 15 c14 c13 119.72(14)
C2 N3 N4 120.42(13) C12 C13 N16 118.85(15)
Cl11 C10 N4 120.68(13) Cl4 C13 N16 120.03(14)
Cl1 C10 C15 119.59(14) Cl4 C13 C12 121.12(15)
c15 c10 N4 119.71(13) c14 15 C10 119.81(14)
C12 Cl1 C10 120.46(14) C6 C5 N4 123.17(18)
018 N16 017 122.68(16) cs 6 s1 123.41(15)
018 N16 c13 119.23(15) 08 c7 c2 118.72(19)
017 N16 C13 118.08(16) 08 c7 c9 122.77(19)
c11 c12 c13 119.08(14) c9 c7 c2 118.51(15)

Table S6. Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A2x103) for 6x.

Atom X y z U(eq)
H11 2899.6 1026.79 6054.45 57
H12 3738.74 -397.01 7192.55 60
H14 2669.3 -2764.52 5078.89 63
H15 1735.41 -1348.57 3950.35 61
H5 2253.36 -60.87 2959.88 70
H6 1547.15 1257.97 1828.43 81
H9A 4066.33 3741.9 5484.41 128
H9B 2124.48 3652.01 5881.46 128
H9C 2919.09 4851.75 5635.87 128
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Introduction

During the last decades, fluoromethylated pyrazoles have been
recognized as privileged structural motifs for agrochemicals,
pharmaceuticals and organic materials; therefore, they are
highly attractive targets for organic synthesis." Among the
variety of protocols for the preparation of fluoromethylated
pyrazoles reported thus far," (3 + 2)-cycloaddition reactions of
CHF,- and CF;-functionalized nitrile imines, formally derived
from di- and tri-fluoroacetaldehyde, respectively, are highly
efficient methods.® For example, electron-rich dipolarophiles
such as enol ethers and arynes*®? as well as electron-deficient
olefins, e.g. nitro- and cyano-alkenes,* enones,**” and mal-
eimides* are suitable agents to trap in situ generated nitrile
imines 1, leading to functionalized pyrazoles and the related
fused systems. The approach presented in Scheme 1a (route A)
is documented in the literature and offers straightforward
access to target materials 2 of various substitution patterns;
however, it requires access to a library of properly functional-
ized reactive dipolarophiles. Moreover, there are limitations to
obtain regioselectivity for the reactions of 1 with non-activated
ethylenes and some acetylene derivatives.® An alternative route
towards C(4)-/C(5)-functionalized 3-CF3-pyrazole 2 with nitrile
imine 1 as a key substrate via post-cyclizative functionalization
of the pyrazole ring in 3 (Scheme 1, route B) has not been
thoroughly explored.® Hence, the development of general
protocols for the selective introduction of iodine at C(4) and
C(5) in 1-aryl-3-CF;-pyrazole 3 is of interest considering the
well-known utility of (hetero)aryl iodides in the synthesis of

University of Lodz, Faculty of Chemistry, Department of Organic and Applied
Chemistry, Tamka 12, 91-403 L6dZ, Poland. E-mail: mjasinski@uni.lodz.pl
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blocks for the preparation of more complex 3-trifluoromethylated pyrazoles through the model Suzuki—
Miyaura and Sonogashira reactions.

more complex systems available through -cross-coupling
reactions.’

In continuation of our study on fluorinated azoles,® herein,
we reported on the efficient functionalization of 1-aryl-3-CF;-
pyrazole 3 to produce 4-iodo and 5-iodo-analogues 4 and 5 in
a highly selective fashion (Scheme 1b). Exemplary Suzuki-
Miyaura and Sonogashira coupling reactions of model C(4)-/
C(5)-iodides are also presented.

Results and discussion

The key intermediate 3 is easily obtained by trapping in situ
generated nitrile imine 1 with suitable acetylene equivalents.

R
(a) functionalized
dipolarophile I :\
’—' S U N—
route A F3C N Ar
€] C ’
_N
_N" Ar
=~ C(4)/C(5)-
FsC 1 functionalization
generated in situ
acetylene f\
surrogate
FaC 3N A
route B
3
(b) this work
| 1
Fac/q{“\/*r = cm/g\”\/\r = Fsc/Z\_/\N\Af
5 3 4
Scheme 1 (a) General routes towards C(4)-/C(5)-substituted pyr-

azoles 2 with CFs-nitrile imine 1 as a key building block and (b)
structures of iodides 4 and 5 reported herein.
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Scheme 2 One-pot synthesis of 1-aryl-3-CFs-pyrazoles 3a—3h
starting with dimeric mercaptoacetaldehyde 6 and nitrile imine
precursors 7a=7h: (a) EtzsN, DCM, 4 h, rt; (b) pTsCl, 16 h.

For example, we previously disclosed a one-pot protocol based
on (3 + 3)-cycloaddition of 1,3-dipole 1 with mercaptoace-
taldehyde, followed by spontaneous Eschenmoser ring-
contraction of the first formed 1,3,4-thiadiazine.** More
recently, the Hu group disclosed an alternative method with (2-
bromoethyl)-diphenylsulfonium triflate applied as an acety-
lene surrogate.”” As shown in Scheme 2, we commenced our
study with 1-aryl-3-CF;-pyrazole 3 prepared following the
former general protocol. Starting with dimeric mercaptoace-
taldehyde (1,4-dithiane-2,5-diol, 6) and hydrazonoyl bromides
7a-7h as nitrile imine precursors, a series of eight compounds
3a-3h bearing selected para-substituted phenyl substituents at
N(1) (X = Me, 'Pr, H, Cl, CF;, CN, SO,NH, and OMe) was
prepared in 60-92% yield.

The general methods for direct iodination of structurally
diverse pyrazoles usually comprise the use of elemental iodine
under oxidative conditions.*® Also, the applications of common
inorganic salts such as Nal and KI-KIOj;, as well as organic
iodocompounds including NIS, Me,NI, 1,3-diiodo-5,5-
dimethylhydantoin (DIH), and aryliodine(m) diacetates as
iodine sources are known." More recently, Peglow and Nasci-
mento reported an elegant one-pot protocol using potassium
iodate (KIO3) and diphenyl diselenide (PhSe), as catalysts for
the selective iodination of in situ generated pyrazoles under
acidic conditions."# Despite remarkable progress in iodination
reactions of classical N-alkyl- and N-aryl-pyrazoles, synthetic
methods towards fluoromethylated iodopyrazole derivatives are
only reported to a limited extent.*

In the first part of this study, we followed the work by
Rodriguez-Franco on the regioselective iodination of pyrazoles
using I, in the presence of ceric ammonium nitrate (CAN) as
mild oxidant. The first experiment with model compound 3a
(1.0 mmol) was conducted using a slight excess of I, (0.6 mmol)
and CAN (0.6 mmol) in MeCN. Trace conversion of 3a was
observed after 24 h at room temperature, while increasing the
temperature (reflux) and using an excess of iodinating agents
(iodine: 1.3 equiv.; CAN: 1.1 equiv.) enabled complete
consumption of the starting pyrazole in a reasonable reaction
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time (overnight) (Scheme 3).% Analysis of the crude mixture by
'"H NMR spectroscopy indicated the formation of a single
product, and the presence of the diagnostic singlet absorption
at 6 = 7.97 attributed to C(5)-H suggested the exclusive intro-
duction of iodine at C(4) of the pyrazole ring. After standard
aqueous workup followed by simple filtration through a short
chromatography column (FCC), the expected product 4a was
isolated in 81% yield. **C and '°F NMR analyses of the obtained
material supplemented by MS measurements and combustion
analysis confirmed the structure of 4a as the desired 4-iodo-1-
tolyl-3-trifluoromethylpyrazole and its analytical purity. In **C
NMR spectra, the expected remarkable high-field shift (4 = 50)
is noteworthy for the signal attributed to C(4) from é = 105.9 (q,
}Jc.r = 2.2 Hz) in 3ato 6 = 55.7 (q, *Jcr = 1.6 Hz) in 4a.

I General procedure A for the synthesis of 4-iodopyrazoles 4a-4f: A solution of
1-aryl-3-trifluoromethylpyrazole 3 (1.0 mmol), CAN (603 mg, 1.1 mmol), and
elemental iodine (330 mg, 1.3 mmol) in MeCN (6 mL) was refluxed overnight.
After the solvent was removed in vacuo, the residue was dissolved in DCM (15
mL), the mixture was washed with sat. aq. Na,S,0; (5 mL), then with water
(10 mL), and the organic layer was dried over Na,SO,. The solvent was
evaporated and the crude product 4 was purified by filtration through a short
silica gel pad (FCC) or by standard column chromatography (CC).
4-Todo-1-(p-tolyl)-3-trifluoromethyl-1H-pyrazole (4a): FCC (SiO,, hexane/DCM
3:2); yellow oil, 285 mg (81%). "H NMR (600 MHz, CDCly) § 2.42 (s, 3H), 7.29-
7.31 (m, 2H), 7.53-7.55 (m, 2H), 7.97 (s, 1H, 5-H). *C{1H} NMR (151 MHz,
CDCLy) 6 21.1, 55.9 (q, Jer = 1.6 Hz), 119.7, 121.0 (q, Jer = 270.2 Hz),
130.3, 134.4, 136.7, 138.5, 144.9 (q, Ycr = 37.2 Hz). °F NMR (565 MHz,
CDCl,): 6 —61.72 (s, CF3). IR (neat) » 1521, 1470, 1394, 1230, 1163, 1129, 1066,
992, 813 cm . ESI-MS (m/z): 353.1 (100, [M + H]"). Anal. calcd. for C;;HgF;IN,
(352.1): C 37.52, H 2.29, N 7.96; found: C 37.45, H 2.33, N 7.85. General
Procedure B for the synthesis of 4-iodopyrazoles 4g and 4h: To a solution of
pyrazole 3 (1.0 mmol) in glacial acetic acid (1 mL) was added a solution of NIS
(338 mg, 1.5 mmol) in TFA (1 mL) and the resulting mixture was heated
overnight at 80 °C. The solution was cooled to room temperature, diluted with
DCM (60 mL), washed with sat. aq. Na,S,03 (2 x 5 mL), and then with sat. aq.
NaHCO; (3 x 5 mL). The organic layer was separated, dried over Na,SO,, and
solvents were removed in vacuo. The products were purified by column
chromatography. 4-(4-Iodo-3-trifluoromethyl-pyrazol-1-yl)-benzenosulfonamide
(4g): CC (SiO,, hexane/EtOAc 2 : 3); light yellow solid, 296 mg (71%); mp 166-
168 °C. 'H NMR (600 MHz, DMSO-dq) 6 7.48 (spr, 2H, NH,), 7.97-7.99 (m, 2H),
8.05-8.08 (m, 2H), 9.05 (s, 1H, 5-H). "*C{1H} NMR (151 MHz, DMSO-d¢) 6 59.7
(br), 119.4, 120.9 (q, Jer = 270.0 Hz), 127.4, 136.7, 140.2, 143.2, 144.1 (q, Jc_
¢ = 36.4 Hz). "F NMR (565 MHz, DMSO-dg): 6 —60.72 (s, CF3). IR (neat) »
3340, 3247, 1592, 1477, 1387, 1331, 1234, 1156, 1118, 1096, 992, 910,
835 cm~'. HRMS ((—)-ESI-TOF) m/z: [M-H]  caled. for CyoH,F3IN;0,S
415.9177, found 415.9178. General Procedure C for the synthesis of
5-iodopyrazoles 5a-5h: To a solution of 1-aryl-3-CF;-pyrazole 3 (1.0 mmol) in
dry THF (5 mL) was added n-BuLi (2.5 M in hexane, 0.52 mL, 1.3 mmol)
dropwise under vigorous stirring at —78 °C. After 10 min, a solution of iodine
(356 mg, 1.4 mmol) in dry THF (3 mL) was added and the mixture was
allowed to reach room temperature within 4 h. The resulting was diluted with
DCM (30 mL), washed with sat. aq. Na,S,03 (10 mL), then with water (5 mL).
The organic layer was dried over Na,SO,4 and the solvents were removed under
reduced pressure. Crude product was isolated by filtration through a short
silica gel pad (FCC). 5-Iodo-1-(p-tolyl)-3-trifluoromethyl-1H-pyrazole (5a): FCC
(SiO,, hexane/DCM 1:1); light orange solid, 303 mg (86%). '"H NMR (600
MHz, CDCl;) 6 2.44 (s, 3H), 6.86 (s, 1H, 4-H), 7.30-7.31 (m, 2H), 7.38-7.40 (m,
2H). *C{1H} NMR (151 MHz, CDCl;) § 21.3, 83.0, 115.1 (q, *Jor = 2.1 Hz),
120.8 (q, Yor = 269.3 Hz), 126.3, 129.7, 137.1, 139.9, 145.4 (q, Ycr = 38.8
Hz). '>F NMR (565 MHz, CDCl;): 6 —62.39 (s, CF3). IR (neat) » 1506, 1457,
1368, 1230, 1167, 1118, 1085, 980, 965, 824, 801 cm '. ESI-MS (m/z): 353.1
(100, [M + H]"). Anal. caled. for C,;HgF;IN, (352.1): C 37.52, H 2.29, N 7.96;
found: C 37.62, H 2.31, N 7.77.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthesis of 4- and 5-iodopyrazoles 4 and 5: (a) I (1.3
equiv.), CAN (1.1 equiv.), MeCN, reflux, 16 h; (b) NIS (1.5 equiv.), AcOH/
TFA(1:1), 85°C, 16 h; (c) n-BulLi (1.3 equiv.), =78 °C, THF, 10 min, then
I> (1.4 equiv.), =78 °C to rt, 4 h; (d) n-BulLi (3.0 equiv.), THF/TMEDA,
—78 °C, 10 min, then |, (3.2 equiv.), =78 °C to rt, 4 h.

With the established reaction conditions, the 'Pr-
functionalized derivative 3b was examined to afford the ex-
pected 4b as the sole material, which was isolated by FCC in
75% yield (Scheme 3). In this case, there was no competitive
iodination of the benzylic-like position in the 'Pr group or the N-
aromatic substituent. Notably, the reaction proceeded smoothly
even in the case of substrates bearing electron-deficient N-aryl
substituents (3d-3f), although the introduction of strong
electron-withdrawing groups X such as CF; and CN in 3e and 3f,
respectively, decreased the reaction rate according to TLC. In
addition, a competition experiment was conducted wherein
a mixture of equimolar amounts of 3a (0.1 mmol) and 3f (0.1
mmol) was treated with a deficient amount of iodine source (I,/
CAN; 0.05 mmol each) to produce a mixture of products 4a and
4f in a ca. 10:1 ratio after overnight heating (Scheme 4).

In contrast, the attempted iodination of sulfonamide-
functionalized pyrazole 3g under the applied conditions led to
a complex mixture in which no desired 4-iodopyrazole 4g was
detected. On the other hand, treatment of 3h (X = OMe) with
CAN/I, resulted in simultaneous iodination of the p-anisyl

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Competition experiment between 3a and 3f; @ conversion
of individual starting materials based on *H NMR of the reaction
mixture.

group to afford pyrazole 8 (30% yield), a minor component of
the mixture, along with nitro analogue 9 (39% yield), isolated as
the major product. The experiment revealed lesser-known
nitrating activity of ceric ammonium nitrate in MeCN solu-
tions, which is in accordance to previous reports on CAN-
mediated ortho-selective nitrations of some electron-rich are-
nes.”* Hence, the reaction was conducted under acidic condi-
tions using a 1:1 mixture of glacial acetic acid and TFA as
reaction media and employing N-iodosuccinimide (NIS) as
a source of iodide to suppress the nucleophilicity of functional
groups in 3g and 3h."? In this case, the desired sulphonamide-
functionalized product 4g was obtained in 71% yield. However,
in the case of 3h, the expected product 4h (36% yield) was ob-
tained along with small amounts of another monoiodinated
product, 1-(3-iodo-4-methoxyphenyl)-3-trifluoro-methylpyrazole
(10, 10%), formed via alternative attack of electrophilic iodine
onto the methoxyphenyl substituent.

In the synthesis of a second series of iodopyrazoles of type 5,
we benefited from the remarkable acidity of the C(5)-H in start-
ing 1-aryl-3-CF;-pyrazoles 3.>* As shown in Scheme 3, treatment of
3a with a slight excess of n-BuLi at —78 °C in dry THF smoothly
generated the corresponding lithium 5-pyrazolide,** which was
trapped by elemental iodine to produce the target 5-iodo deriv-
ative 5a (86% yield) after standard aqueous workup. Following
the devised protocol,} a set of isomeric iodides 5b-5h was ob-
tained in 65-89% yield. Notably, threefold excess n-BulLi in the
presence of TMEDA as the co-solvent enabled the efficient
iodination of sulphonamide 3g (65% yield).>

The spectroscopic properties of iodides 4 and 5 also deserve
a brief comment. Increasing the electron-withdrawing char-
acter of substituent X in starting pyrazoles 3 increases shield-
ing of 'F nuclei (Fig. 1). Analysis of chemical shifts
demonstrate that they non-linearly correlate with the Hammett

o 62,6
TS s 5/ppm
62,9

Fig.1 Correlation of 19F chemical shifts for a series of pyrazoles 3-5.
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THF/H,O, reflux, 2 d; (b) phenylacetylene (1.25 equiv.), Pd(PPhs),
(10 mol%), Cul (10 mol%), THF/EtzN, 80 °C, 24 h.

op parameter.’® The introduction of iodine at C(4) and C(5) of
the pyrazole ring (in 4 and 5, respectively) results in further up-
field shift, although slightly stronger shielding is caused by the
latter functionalization. The observed trends are according to
so-called “normal” fluorine chemical shifts that are typical for
trifluoromethylated benzene derivatives, which supplements
the understanding of normal and reverse fluorine NMR
chemical shifts.*®

Next, compounds 4a and 5a were examined in model cross-
coupling reactions to demonstrate practical utility of the
newly synthetized iodides in the synthesis of more complex
pyrazole analogues (Scheme 5). The expected 4-phenylpyrazole
11 was obtained in 56% yield following the treatment of 4a with
phenylboronic acid under classical Suzuki-Miyaura reaction
conditions using Pd(PPh;), as a catalyst. A similar result was
observed for 5a to afford 5-phenylated derivative 12 (62%).

Another pair of isomeric products 13 and 14 functionalized
with the phenylethynyl group was prepared via Sonogashira
coupling in >90% yield.

Conclusions

1-Aryl-3-CF;-pyrazoles were suitable building blocks for highly
selective iodination to provide access to C(4)- and C(5)-iodides.
The CAN-induced reaction with elemental iodine provided
products functionalized at C(4) of the pyrazole ring, while the
isomeric 5-iodo products were obtained by trapping of the
respective in situ generated lithium pyrazolide with I,. The title
products are valuable reagents for the synthesis of more
complex trifluoromethylated pyrazoles as exemplified by the
synthesis of phenyl- and phenylethynyl-functionalized deriva-
tives via Suzuki-Miyaura and Sonogashira cross-coupling reac-
tions, respectively.

Data availability

The data supporting this article have been included as part of
the ESI.t In addition, raw NMR data (FID) as well as pdf. copies
of the IR, MS and EA analyses conducted for all new compounds
are available from the corresponding author.
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1. General information

Common solvents and starting materials were purchased and used as received. If not stated
otherwise, reactions in solutions were carried out under inert atmosphere of argon, in flame-dried
flasks; subsequent manipulations were conducted in air. Products were purified either by filtration
through a short silica gel pad (FCC) or by standard column chromatography (CC), using freshly
distilled solvents as eluents; selected solid materials were recrystallized from appropriate solvents.
Melting points were determined in capillaries with a Stuart SMP30 apparatus with automatic
temperature monitoring, and are uncorrected. NMR experiments were performed with a Bruker
Avance Il or with a Bruker AvanceNeo instruments (*H at 600 MHz, *3C at 151 MHz, and °F at 565
MHz); chemical shifts are given relative to solvent residual peaks [for CDCl;: 'H NMR: & = 7.26, 3C
NMR: & = 77.16; for DMSO-ds: *H NMR: 6 = 2.50, 3C NMR: 6 = 39.52]* or to CFCl; (**F NMR: 6 = 0.00)
used as external standard. The IR spectra were measured with an Agilent Cary 630 FTIR
spectrometer, in neat. ESI-MS were performed with a Varian 500-MS LC lon Trap; high resolution MS
(ESI-TOF) measurements were taken with a Waters Synapt G2-Si mass spectrometer. Combustion
analyses were performed with a Vario EL Il (Elementar Analysensysteme GmbH) instrument. Starting
nitrile imine precursors i.e. hydrazonoyl bromides 7a-7h were prepared in analogy to general
literature protocol,? by NBS-mediated bromination of the respective fluoral arylhydrazones.?

2. Synthetic procedures and characterization data

General Procedure A for synthesis of 4-iodopyrazoles 4a-4f: A solution of 1-aryl-3-trifluoro-

methylpyrazole 3 (1.0 mmol), CAN (603 mg, 1.1 mmol), and elemental iodine (330 mg, 1.3 mmol) in
MeCN (6 mL) was refluxed overnight. After solvent was removed in vacuo, the residue was dissolved
in DCM (15 mL), the mixture was washed with sat. ag. Na,S,0; (5 mL), then with water (10 mL), and
the organic layer was dried over Na,SO,. The solvent was evaporated and the crude product 4 was
purified by filtration through a short silica gel pad (FCC) or by standard column chromatography (CC).

4-lodo-1-(p-tolyl)-3-trifluoromethylpyrazole (4a):

|
F3C/EN/\N\©\
Me
4a FCC (SiO,, hexane/DCM 3:2); yellow oil, 285 mg (81%). 'H NMR (600

MHz, CDCl3) § 2.42 (s, 3H), 7.29-7.31 (m, 2H), 7.53-7.55 (m, 2H), 7.97 (s, 1H, 5-H). 3C{1H} NMR (151
MHz, CDCl) 6 21.1, 55.9 (g, ¥cr = 1.6 Hz), 119.7, 121.0 (g, Yer = 270.2 Hz), 130.3, 134.4, 136.7, 138.5,
144.9 (g, Yer = 37.2 Hz). F NMR (565 MHz, CDCl3): § —-61.72 (s, CF). IR (neat) v 1521, 1470, 1394,
1230, 1163, 1129, 1066, 992, 813 cm™. ESI-MS (m/z): 353.1 (100, [M+H]). Anal. calcd for C;;HgF5IN,
(352.1): C37.52, H 2.29, N 7.96; found: C 37.45, H 2.33, N 7.85.
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4-lodo-1-(p-isopropylphenyl)-3-trifluoromethylpyrazole (4b):

FCC (SiO,, hexane/DCM 4:1); yellow oil, 285 mg (75%). *H NMR (600
MHz, CDCly) 5 1.29 (d, J = 7.0 Hz, 6H), 2.97 (hept, J = 7.0 Hz, 1H), 7.32-7.34 (m, 2H), 7.54-7.56 (m, 2H),
7.96 (s, 1H, 5-H). 3C{1H} NMR (151 MHz, CDCl;) & 23.9, 33.8, 55.8 (br, C-4), 119.8, 121.0 (q, Ycr =
270.0 Hz), 127.7, 134.4, 136.8, 144.8 (q, %Jcr = 37.3 Hz), 149.4. *F NMR (565 MHz, CDCl;): 6§ -61.58 (s,
CF;). IR (neat) v 1525, 1502, 1476, 1394, 1230, 1163, 1129, 1051, 992, 835 cm™L. ESI-MS (m/z): 381.2
(100, [M+H]*). Anal. calcd for C;3H45F5IN, (380.1): C 41.07, H 3.18, N 7.37; found: C 41.19, H 3.18, N
7.36.

4-lodo-1-phenyl-3-trifluoromethylpyrazole (4c):

[
F3C/Z\?/\N\©
4c FCC (SiO,, hexane); colorless oil, 297 mg (88%). 'H NMR (600 MHz,

CDCls) § 7.37-7.40 (m, 1H), 7.47-7.50 (m, 2H), 7.64-7.66 (m, 2H), 8.00 (s, 1H, 5-H). 3C{1H} NMR (151
MHz, CDCls) & 56.2 (q, ¥Jcs = 1.7 Hz), 119.8, 120.9 (q, Ycr = 270.2 Hz), 128.4, 129.8, 134.5, 138.9,
145.2 (g, 2Jcr = 37.1 Hz). °F NMR (565 MHz, CDCl5): 6 —61.78 (s, CFs). IR (neat) v 1599, 1476, 1394,
1230, 1163, 1126, 1066, 992, 757, 686 cm. ESI-MS (m/z): 339.2 (100, [M+H]*). Anal. calcd for
CioHeF3IN; (338.1): C35.53, H 1.79, N 8.29; found: C 35.57, H 1.81, N 8.32.

1-(p-Chlorophenyl)-4-iodo-3-trifluoromethylpyrazole (4d):

[
cl
4d FCC (SiO,, hexane/DCM 4:1); pale yellow solid, 290 mg (78%); mp 60-

62 °C. 'H NMR (600 MHz, CDCl;) § 7.43-7.46 (m, 2H), 7.58-7.61 (m, 2H), 7.97 (s, 1H, 5-H). 3C{1H}
NMR (151 MHz, CDCl3) & 56.6 (g, ¥Jer = 1.6 Hz), 120.7 (q, Yes = 270.3 Hz), 120.9, 130.0, 134.1, 134.4,
137.3, 145.5 (q, YJcs = 37.4 Hz). 1F NMR (565 MHz, CDCl3): 6 —61.86 (s, CF3). IR (neat) v 1476, 1387,
1230, 1156, 1111, 1059, 985, 958, 824 cm-L. ESI-MS (m/z): 375.1 (38, [M{F’CI}H]*), 373.1 (100,
[M{ZCIH-HT?). Anal. calcd for CoHsCIF5IN, (372.5): C 32.24, H 1.35, N 7.52; found: C 32.35, H 1.40, N
7.36.
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4-lodo-1-(p-trifluoromethylphenyl)-3-trifluoromethylpyrazole (4e):

4e FCC (SiO,, hexane/DCM 9:1); colorless solid, 300 mg (74%); mp 62-63
°C. 'H NMR (600 MHz, CDCls) & 7.75-7.77 (m, 2H), 7.80-7.82 (m, 2H), 8.08 (s, 1H, 5-H). 3C{1H} NMR
(151 MHz, CDCl5) 6 57.2 (br, C-4), 119.6 (br), 120.7 (q, Yes = 270.5 Hz, 3-CF3), 123.7 (q, Yer = 272.2
Hz), 127.2 (q, ¥Jcs = 3.8 Hz), 130.3 (g, Yer = 33.2 Hz), 134.5, 141.1, 146.0 (q, Ycr = 37.5 Hz). 1°F NMR
(565 MHz, CDCly): 6 —62.08, —62.59 (2s, 2CFs). IR (neat) v 1618, 1476, 1390, 1320, 1238, 1137, 1107,
1078, 1055, 992, 954, 842, 801 cm™1. ESI-MS (m/z): 407.1 (100, [M+H]*). Anal. calcd for Cy;HsFgIN,
(406.1): C32.54, H 1.24, N 6.90; found: C 32.52, H 1.38, N 6.88.

4-(4-lodo-3-trifluoromethylpyrazol-1-yl)benzonitrile (4f):

[
Fgc/Z\Z/\N\Q\
CN
af FCC (SiO,, hexane/DCM 1:1); colorless solid, 247 mg (68%); mp 149-

151 °C. 'H NMR (600 MHz, CDCl5) § 7.79-7.84 (m, 4H), 8.11 (s, 1H, 5-H). 3C{1H} NMR (151 MHz,
CDCls) 6 57.8 (br, C-4), 111.9, 117.9, 119.7, 120.5 (q, Ycr = 270.6 Hz), 134.0, 134.5, 141.5, 146.4 (q,
2Jc+ = 37.8 Hz). 1°F NMR (565 MHz, CDCls): & =62.20 (s, CFs). IR (neat) v 2229, 1607, 1506, 1476, 1390,
1279, 1170, 1115, 1051, 947, 764, 741 cm-1. (-)-ESI-MS (m/z): 361.8 (100, [M—H]"). Anal. calcd for
Cy1HsF5IN5 (363.1): €36.39, H 1.39, N 11.57; found: C 36.49, H 1.36, N 11.52.

Attempted synthesis of 4h by treatment of 1-(p-methoxyphenyl)-3-trifluoromethylpyrazole (3h) with
I,/CAN according to the General Procedure A provided a mixture of 4-iodopyrazole derivatives 8 and

9, which were isolated by standard column chromatography (CC).

4-lodo-1-(3-iodo-4-methoxyphenyl)-3-trifluoromethylpyrazole (8):

CC (SiO,, hexane/DCM 7:3, first eluted); colorless solid, 148 mg (30%);
mp 92-94 °C. *H NMR (600 MHz, CDCl3) ¢ 3.93 (s, 3H), 6.87 (d, J = 8.8 Hz, 1H), 7.60 (dd, J = 2.7, 8.8 Hz,
1H), 7.91 (s, 1H, 5-H), 8.06 (d, J = 2.7 Hz, 1H). 3C{1H} NMR (151 MHz, CDCl;) & 56.1 (q, s = 1.5 Hz),
56.9, 86.3, 110.9, 120.8 (q, Ycr = 270.3 Hz), 121.2, 131.1, 133.2, 134.5, 145.1 (q, Ycs = 37.3 Hz),
158.3. °F NMR (565 MHz, CDCl3): 6§ —-61.74 (s, CF3). IR (neat) v 1487, 1275, 1230, 1163, 1115, 1070,
1044, 988, 813 cm~'. ESI-MS (m/z): 495.0 (100, [M+H]*). Anal. calcd for Cy;H,F5I,N,O (494.0): C 26.75,
H 1.43, N 5.67; found: C 26.76, H 1.65, N 5.41.
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4-lodo-1-(4-methoxy-3-nitrophenyl)-3-trifluoromethylpyrazole (9):

Fgc/z_\ \@
CC (SiO,, hexane/DCM 7:3, second eluted); pale yellow solid, 193 mg

(39%); mp 131-133 °C. *H NMR (600 MHz, CDCl3) 6 4.03 (s, 3H), 7.22 (d, J = 9.1 Hz, 1H), 7.90 (dd, J =
2.8,9.1 Hz, 1H), 8.01 (s, 1H, 5-H), 8.16 (d, J = 2.8 Hz, 1H). 3C{1H} NMR (151 MHz, CDCls) & 56.6 (q, *Jcs
=~ 1.4 Hz), 57.2, 114.9, 117.3, 120.6 (g, Yer = 270.5 Hz), 125.3, 131.6, 134.4, 139.6, 145.7 (q, Ycr =
37.5 Hz), 152.6. °F NMR (565 MHz, CDCl3): & —-61.96 (s, CFs). IR (neat) v 1536, 1476, 1346, 1275,
1223, 1170, 1126, 1066, 992, 876, 816, 746 cm™. ESI-MS (m/z): 414.1 (100, [M-+H]*). HRMS (ESI-TOF)
m/z: [M+H]" calcd for C;;HgF5IN505 413.9562, found 413.9572.

Competition experiment: A solution of 3a (22.6 mg, 0.1 mmol), 3f (23.7 mg, 0.1 mmol), CAN (27.4
mg, 0.05 mmol), and elemental iodine (12.7 mg, 0.05 mmol) in MeCN (1 mL) was refluxed overnight.

After standard aqueous work-up according to General Procedure A the resulting mixture was

analyzed by 'H NMR spectroscopy, which evidenced the formation of the expected products 4a and
4f in ca. 10:1 ratio, along with unconsumed starting materials (conversion of 3a: 79%; conversion of
3f: 8%).

General Procedure B for synthesis of 4-iodopyrazoles 4g and 4h: To a solution of CF;-pyrazole

3g or 3h (1.0 mmol) in glacial acetic acid (1 mL) was added a solution of NIS (338 mg, 1.5 mmol) in
TFA (1 mL) and the resulting mixture was heated overnight at 80 °C. The solution was cooled to room
temperature, diluted with DCM (60 mL), washed with sat. ag. Na,S,0; (2 x 5 mL), and then with sat.
agq. NaHCO; (3 x 5 mL). The organic layer was separated, dried over Na,SO,, and solvents were
removed in vacuo. The products were purified by column chromatography (CC).

4-(4-lodo-3-trifluoromethylpyrazol-1-yl)-benzenosulfonamide (4g):

Fgc/Z\Z/\N\Q\
SO,NH
49 CC (SiO,, hexane/EtOAc 2:3); light yellow solid, 296 mg (71%); mp

166-168 °C. 'H NMR (600 MHz, DMSO-d) & 7.48 (sy,, 2H, NH,), 7.97-7.99 (m, 2H), 8.05-8.08 (m, 2H),
9.05 (s, 1H, 5-H). 3C{1H} NMR (151 MHz, DMSO-d¢) & 59.7 (br), 119.4, 120.9 (q, Ycr = 270.0 Hz),
127.4, 136.7, 140.2, 143.2, 144.1 (q, Ycr = 36.4 Hz). 1°F NMR (565 MHz, DMSO-dg): & —60.72 (s, CFs).
IR (neat) v 3340, 3247, 1592, 1477, 1387, 1331, 1234, 1156, 1118, 1096, 992, 910, 835 cm™'. HRMS ((-
)-ESI-TOF) m/z: [M—H]- calcd for C;oH;F5IN50,S 415.9177, found 415.9178.
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Following the General Procedure B the reaction of 3h (1.0 mmol) with NIS (1.5 mmol) in AcOH/TFA
provided, after standard work-up, a ca. 4:1 mixture of 4-iodopyrazole 4h and 3-iodo-4-

methoxyphenyl-functionalized pyrazole 10 identified as major products, which were separated by
standard column chromatography (CC).

4- Iodo 1-(p-methoxyphenyl)-3-trifluoromethylpyrazole (4h):

CC (SiO,, hexane/EtOAc 9:1, first eluted); yellow oil, 133 mg (36%). *H

NMR (600 MHz, CDCls) & 3.85 (s, 3H), 6.97-6.99 (m, 2H), 7.53-7.56 (m, 2H), 7.90 (s, 1H, 5-H). 3C{1H}
NMR (151 MHz, CDCl) & 55.6 (br, C-4), 55.8, 114.9, 121.0 (g, Ycr = 270.1 Hz), 121.6, 132.6, 134.6,
144.9 (g, Yer = 37.2 Hz), 159.7. 1F NMR (565 MHz, CDCl3): 6 —61.71 (s, CF3). IR (neat) v 1521, 1502,
1476, 1230, 1163, 1126, 1066, 1029, 992, 831 cm-l. HRMS (ESI-TOF) m/z: [M+H]* calcd for
C11HoF5IN,0, 368.9712, found 368.9712.

1-(3-lodo-4-methoxyphenyl)-3-trifluoromethylpyrazole (10):

— [
Fsoi\?wﬂ
OMe
10 CC (SiO,, hexane/EtOAc 9:1, second eluted); light orange oil, 37 mg

(10%). *H NMR (600 MHz, CDCl;) 6 3.93 (s, 3H), 6.70 (d, J = 2.0 Hz, 1H), 6.88 (d, J = 8.8 Hz, 1H), 7.64
(dd, J = 8.8, 2.7 Hz, 1H), 7.84 (m,, 1H), 8.11 (d, J = 2.7 Hz, 1H). 3C{1H} NMR (151 MHz, CDCl5) & 56.9,
86.2, 106.1 (q, 3Jcr = 2.2 Hz), 110.9, 121.3 (q, Yer = 268.7 Hz), 128.5, 131.3, 133.9, 144.0 (q, Hcf =
38.5 Hz), 158.0. °F NMR (565 MHz, CDCl5): 6 —62.06 (s, CFs). IR (neat) v 1495, 1383, 1275, 1167,
1129, 1051, 1018, 958, 805, 764 cm™. HRMS (ESI-TOF) m/z: [M+H]" calcd for Ci;HoF5IN,0 368.9712,
found 368.9720.
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General Procedure C for synthesis of 5-iodopyrazoles 5a-5h: To a solution of 1-aryl-3-CFs-
pyrazole 3 (1.0 mmol) in dry THF (5 mL) was added dropwise n-Buli (2.5M in hexane, 0.52 mL, 1.3
mmol) under vigorous stirring at —78 °C. After 10 min, a solution of iodine (356 mg, 1.4 mmol) in dry

THF (3 mL) was added and the mixture was allowed to reach room temperature within 4h. The
resulting was diluted with DCM (30 mL), washed with sat. aq. Na,5,0; (10 mL), then with water (5
mL), the organic layer was dried over Na,SO,, and the solvents were removed under reduced
pressure. Crude product was isolated by filtration through a short silica gel pad (FCC).

5-lodo-1-(p-tolyl)-3-trifluoromethyl-1H-pyrazole (5a):

Me

5a FCC (SiO,, hexane/DCM 1:1); light orange solid, 303 mg (86%). 'H

NMR (600 MHz, CDCl3) § 2.44 (s, 3H), 6.86 (s, 1H, 4-H), 7.30-7.31 (m, 2H), 7.38-7.40 (m, 2H). 3C{1H}
NMR (151 MHz, CDCl5) & 21.3, 83.0, 115.1 (g, 3 = 2.1 Hz), 120.8 (q, Ycr = 269.3 Hz), 126.3, 129.7,
137.1, 139.9, 145.4 (q, 2Jcs = 38.8 Hz). F NMR (565 MHz, CDCl3): 6 —62.39 (s, CFs). IR (neat) v 1506,
1457, 1368, 1230, 1167, 1118, 1085, 980, 965, 824, 801 cm™. ESI-MS (m/z): 353.1 (100, [M+H]*).
Anal. calcd for C4;HgF5IN, (352.1): C37.52, H 2.29, N 7.96; found: C 37.62, H 2.31, N 7.77.

5-lodo-1-(p-isopropylphenyl)-3-trifluoromethylpyrazole (5b):
[

FaC \N/N\Q\(
Sb FCC (SiO,, hexane/DCM 9:1); colorless oil, 296 mg (78%). *H NMR

(600 MHz, CDCls) & 1.30 (d, J = 7.0 Hz, 6H), 3.00 (hept, J = 7.0 Hz, 1H), 6.87 (s, 1H, 4-H), 7.35-7.37 (m,
2H), 7.42-7.44 (m, 2H). 3C{1H} NMR (151 MHz, CDCl;) & 24.0, 34.1, 82.9, 115.2 (q, ¥cs = 2.1 Hz, C-5),
120.8 (q, Yer = 269.3 Hz), 126.4, 127.2, 137.3, 145.4 (q, Ycr = 38.9 Hz), 150.7. 1°F NMR (565 MHz,
CDCls): 6 —62.47 (s, CFs). IR (neat) v 1506, 1457, 1372, 1230, 1170, 1133, 1100, 980, 835 cm~L. HRMS
(ESI-TOF) m/z: [M+H]* calcd for Cy3HisF;IN, 381.0076, found 381.0082.

5-lodo-1-phenyl-3-trifluoromethylpyrazole (5c):

Se FCC (SiO,, hexane/DCM 4:1); light orange oil, 284 mg (84%). 'H NMR
(600 MHz, CDCl3) § 6.89 (s, 1H, 4-H) 7.47-7.54 (m, 5H). 3C{1H} NMR (151 MHz, CDCl;) & 82.9, 115.4
(a, 3Jer = 2.1 Hz), 120.7 (q, Yer = 269.3 Hz), 126.5, 129.2, 129.7, 139.5, 145.6 (g, Ycr = 38.9 Hz). °F
NMR (565 MHz, CDCls): & =62.40 (s, CFs). IR (neat) v 1495, 1368, 1230, 1167, 1129, 1100, 980, 764,
696 cm~L. ESI-MS (m/z): 339.2 (100, [M+H]*). Anal. calcd for CioHeFsIN, (338.1): C 35.53, H 1.79, N
8.29; found: C 35.44, H 1.77, N 8.30.
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1-(p-Chlorophenyl)-5-iodo-3-trifluoromethylpyrazole (5d):
[

N\ N
FaC N~
Cl

5d FCC (SiO,, hexane/DCM 9:1); light orange solid, 286 mg (77%); mp
120-121 °C. 'H NMR (600 MHz, CDCl5) § 6.89 (s, 1H, 4-H), 7.47-7.51 (m, 4H). 3C{1H} NMR (151 MHz,
CDCl3) & 82.8, 115.7 (q, 3Jcr = 2.2 Hz), 120.6 (q, Yer = 269.3 Hz), 127.9, 129.5, 135.8, 138.0, 146.0 (q,
2J = 39.1 Hz). 1°F NMR (565 MHz, CDCl5): § —=62.66 (s, CFs). IR (neat) v 1487, 1364, 1226, 1178, 1126,
1088, 980, 828, 801, 738 cm-L. ESI-MS (m/z): 375.0 (31, [M{?’CI}+-H]*), 373.1 (100, [M{3CI}+H]*). Anal.
calcd for CyoHsCIF;IN, (372.5): € 32.24, H 1.35, N 7.52; found: C 32.37, H 1.61, N 7.54.

5-lodo-1-(p-trifluoromethylphenyl)-3-trifluoromethylpyrazole (5e):

Se FCC (SiO,, hexane/DCM 9:1); orange solid, 349 mg (86%); mp 101-103
°C. 'H NMR (600 MHz, CDCls) & 6.93 (s, 1H, 4-H), 7.70-7.73 (m, 2H), 7.78-7.81 (m, 2H). 3C{1H} NMR
(151 MHz, CDCl3) & 82.3, 116.3 (q, ¥Jer = 2.1 Hz) 120.6 (q, Yer = 269.5 Hz, 3-CF3), 123.7 (q, Yer = 272.5
Hz), 126.5 (q, ¥Jcs = 3.7 Hz), 126.9, 131.7 (q, Yes = 33.2 Hz), 142.2, 146.4 (q, Ycr = 39.2 Hz). 1°F NMR
(565 MHz, CDCl;): & -62.73, —62.74 (2s, 2CF3). IR (neat) v 1618, 1513, 1398, 1364, 1323, 1230, 1156,
1103, 1066, 980, 846, 813, 701 cm1. HRMS (ESI-TOF) m/z: [M+H]" calcd for CyiHsF5IN, 406.9480,
found 406.9478. Anal. calcd for Cy;HsFgIN, (406.1): C 32.54, H 1.24, N 6.90; found: C 32.56, H 1.46, N
7.05.

4-(5-lodo-3-trifluoromethylpyrazol-1-yl)benzonitrile (5f):
[

FsC \N/N
CN

S FCC (SiO,, hexane/DCM 4:1) followed by recrystallization from

hexane; light orange solid, 239 mg (66%); mp 116-117 °C. *H NMR (600 MHz, CDCl;) 6 6.94 (s, 1H, 4-
H), 7.74-7.76 (m, 2H), 7.82-7.84 (m, 2H). 3C{1H} NMR (151 MHz, CDCl;) & 82.0, 113.5, 116.7 (q, 3 =
2.0 Hz), 117.8, 120.4 (q, Yer = 269.5 Hz), 127.0, 133.2, 142.6, 146.7 (q, Ycr = 39.3 Hz). 1°F NMR (565
MHz, CDCl;): 6 -62.78 (s, CFs). IR (neat) v 2233, 1607, 1506, 1368, 1230, 1185, 1126, 1092, 980, 846,
813 cm™L. ESI-MS (m/z): 364.0 (100, [M+H]"). Anal. calcd for C;;HsF5IN5 (363.1): C 36.39, H 1.39, N
11.57; found: C 36.24, H 1.55, N 11.71.
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4-(5-lodo-3-trifluoromethylpyrazol-1-yl)-benzenosulfonamide (5g)3: Following our previous report,
4/5-unsubstituted pyrazole 3g (1.0 mmol) in a mixture of dry THF (5 mL) and TMEDA (0.45 mL) was
reacted with excess n-Buli (2.5M in hexane, 1.2 mL, 3.0 mmol), at -78 °C, and treated with a solution
of I, (812 mg, 3.2 mmol) in dry THF to give after standard work-up (performed according to General

Procedure C) crude product 5g which was purified by column chromatography (CC).
[

FsC \N/ N
SO,NH

59 CC (SiO,, hexane/EtOAc 3:1 gradient 3:2); colorless solid, 270 mg
(65%); mp 165-167 °C. *H NMR (600 MHz, DMSO-ds) & 7.34 (s, 1H, 4-H), 7.57 (sy,, 2H, NH,), 7.82-7.85
(m, 2H), 8.00-8.04 (m, 2H). 1*C{1H} NMR (151 MHz, DMSO-d) 6 89.0, 115.6 (br), 120.8 (q, Yc.r = 269.2
Hz), 126.8, 127.2, 141.4, 144.3 (q, Ycr = 38.0 Hz), 144.9. °F NMR (565 MHz, DMSO-d¢): 6 —61.08 (s,
CF;). NMR spectra of 5g in full accordance to the literature data.?

5-lodo-1-(p-methoxyphenyl)-3-trifluoromethylpyrazole (5h)3:

sh CC (SiO,, hexane/EtOAc 9:1); colorless solid, 327 mg (89%); mp 84-85
°C. 'H NMR (600 MHz, CDCl5) J 3.87 (s, 3H), 6.85 (s, 1H, 4-H), 6.98-7.01 (m, 2H), 7.39-7.42 (m, 2H).
B3C{1H} NMR (151 MHz, CDCl5) § 55.7, 83.7, 114.3, 114.9 (q, 3Jcs = 2.1 Hz), 120.8 (q, Yes = 269.2 Hz),
128.0, 132.6, 145.3 (q, Ycr = 38.9 Hz), 145.3. 1°F NMR (565 MHz, CDCl3): § —62.50 (s, CFs). NMR
spectra of 5h in full accordance to the literature data.?

Synthesis of diaryl 3-trifluoromethyl pyrazoles 11 and 12 through Suzuki-Myiaura cross-
coupling: A solution of 4a or 5a (88 mg, 0.25 mmol), solid K,CO3 (138 mg, 1.0 mmol) and
phenylboronic acid (46 mg, 0.38 mmol) in THF/H,0 (4:1 mixture, 10 mL) was degassed by a
repeated procedure of freeze-pump-thaw, and Pd(PPhs), (87 mg, 30 mol% with respect to
iodopyrazole) was added. The mixture was refluxed for 2 d, cooled to room temperature,
diluted with H,O (20 mL), and the resulting was extracted with DCM (3 x 5 mL). Combined
organics were dried over Na,SO,, filtered, and the solvents were removed under reduced
pressure. Crude product was purified by standard column chromatography (CC).

4-Phenyl-1-(p-tolyl)-3-trifluoromethylpyrazole (11):

CC (SiO,, hexane/DCM 9:1); colorless solid, 42 mg (56%); mp 69-71
°C. 'H NMR (600 MHz, CDCl5) & 2.42 (s, 3H), 7.28-7.31 (m, 2H), 7.36-7.39 (m, 1H), 7.42-7.44 (m, 2H),
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7.47-7.50 (m, 2H), 7.61-7.63 (m, 2H), 7.96 (s, 1H, 5-H). 3C{1H} NMR (151 MHz, CDCl;) & 21.1, 119.8,
121.8 (q, Yer = 269.7 Hz), 123.7 (br, C-4), 127.6, 128.0, 128.7, 128.8 (br, ortho-CH), 130.3, 130.5,
137.1, 137.9, 140.2 (q, Ycr = 36.7 Hz). °F NMR (565 MHz, CDCl3): & =59.40 (s, CFs). IR (neat) v 1521,
1476, 1402, 1293, 1223, 1156, 1118, 1070, 980, 816, 764, 693 cm-’. ESI-MS (m/z): 303.3 (100,
[M+H]"). Anal. caled for Ci7H1sFsN, (302.3): C 67.54, H 4.33, N 9.27; found: C 67.63, H 4.34, N 9.04.

5-Phenyl-1-(p-tolyl)-3-trifluoromethylpyrazole (12):

12 CC (SiO,, hexane/DCM 9:1); colorless solid, 47 mg (62%); mp 83-85
°C. 'H NMR (600 MHz, CDCls) 6 2.37 (s, 3H), 6.74 (s, 1H, 4-H), 7.14-7.16 (m, 2H), 7.18-7.20 (m, 2H),
7.21-7.24 (m, 2H), 7.31-7.36 (m, 3H). 3C{1H} NMR (151 MHz, CDCls) & 21.3, 105.5 (q, ¥Jcs = 2.1 Hz),
121.5 (g, Yer = 269.1 Hz), 125.5, 128.8, 128.9, 129.0, 129.5, 129.8, 137.0, 138.6, 143.1 (q, %Jc.r = 38.3
Hz), 144.7. °F NMR (565 MHz, CDCly): & —=62.15 (s, CF3). IR (neat) v 1506,1454, 1379, 1275, 1230,
1126, 1074, 969, 820, 764, 690 cm™. ESI-MS (m/z): 303.3 (100, [M+H]"). Anal. calcd for C;;H;5F5N,
(302.3): C67.54,H 4.33, N9.27; found: C67.57, H4.51, N 9.31.

Synthesis of tri-substituted pyrazoles 13 and 14 through Sonogashira cross-coupling: A
solution of iodopyrazole 4a or 5a (88 mg, 0.20 mmol), Pd(PPhs),; (23 mg, 0.02), and Cul (3.8
mg, 0.02 mmol) in a mixture of dry Et;N (1.5 mL) and dry THF (2.0 mL) was degassed by a
repeated procedure of freeze-pump-thaw. Meanwile, phenylacetylene (25.5 mg, 0.25 mmol)
was dissolved in dry THF (2.0 mL) in a separate flask, under argon, and theresulting mixture
was added dropwise to the first reaction flask. The mixture was heated at 80 °C for 24 h,
cooled to room temperature, diluted with H,0 (10 mL), and extracted with DCM (3 x 15 mL).
The combined organic layers were dried over Na,SQ,, filtered, the solvents were removed in
vacuo, and the resulting crude product was purified by column chromatography (CC).

4-Phenylethynyl-1-(p-tolyl)-3-trifluoromethylpyrazole (13):

CC (Si0,, hexane/DCM 4:1); colorless solid, 62 mg (95%); mp
104-106 °C. *H NMR (600 MHz, CDCls) 6 2.41 (s, 3H), 7.27-7.30 (m, 2H), 7.34-7.38 (m, 3H), 7.52-7.55
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(m, 2H), 7.56-7.58 (m, 2H), 8.07 (s, 1H, 5-H). 3C{1H} NMR (151 MHz, CDCl3) & 21.1, 77.1, 93.8, 104.2
(4, ¥er = 1.7 Hz), 119.9, 121.0 (q, Yer = 270.2 Hz), 122.9, 128.5, 128.8, 130.3, 130.9, 131.7, 136.8,
138.4, 144.1 (q, YJcs = 37.1 Hz). 1F NMR (565 MHz, CDCl3): 6 —62.00 (s, CF3). IR (neat) v 1521, 1484,
1405, 1305, 1230, 1170, 1118, 1055, 962, 816, 760, 690 cm-1. ESI-MS (m/z): 327.3 (100, [M+H]*).
Anal. calcd for CioHi3F3N; (326.3): C69.93, H 4.02, N 8.58; found: C 69.84, H 4.00, N 8.40.

5-Phenylethynyl-1-(p-tolyl)-3-trifluoromethylpyrazole (14):

CC (SiO,, hexane/DCM 9:1); colorless solid, 60 mg (92%); mp 74-76
°C. 'H NMR (600 MHz, CDCl5) & 2.44 (s, 3H), 6.91 (s, 1H, 4-H), 7.30-7.32 (m, 2H), 7.35-7.41 (m, 3H),
7.44-7.46 (m, 2H), 7.69-7.72 (m, 2H). 3C{1H} NMR (151 MHz, CDCl5) § 21.3, 77.3, 97.4, 110.0 (q, ¥cs =
2.2 Hz), 121.1 (q, Yer = 269.0 Hz), 121.6, 123.9, 126.6, 128.7, 129.6, 129.7, 131.6, 136.9, 138.9, 143.0
(9, Yer = 38.8 Hz). 1°F NMR (565 MHz, CDCls): § —62.28 (s, CFs). IR (neat) v 1498, 1375, 1282, 1230,
1185, 1163, 1111, 1036, 973, 820, 753, 690 cm=. ESI-MS (m/z): 327.3 (100, [M+H]*). Anal. calcd for
Ci9H13F3N, (326.3): C69.93, H 4.02, N 8.58; found: C 70.01, H 4.15, N 8.52.
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ABSTRACT: A concise three-step approach for the construction of trifluoromethylated pyrazole—1,2,3-triazole hybrids, considered
a promising platform for the discovery of new pharmaceuticals and agrochemicals, is described. The sequence involves (i) (3 + 3)-
cycloaddition of in situ-generated nitrile imines with mercaptoacetaldehyde followed by spontaneous ring contraction, (ii) a C(5)-
selective azide transfer, and (iii) a copper-catalyzed Huisgen—Meldal—Sharpless click cycloaddition. The devised protocol enables
the preparation of a broad array of target structures, including drug-inspired analogues and chiral representatives, obtained in
moderate to high overall yields. Subsequent functional group interconversions on the hybrids provide access to synthetically valuable
motifs such as aldehydes, amines, carboxylic acids, esters, and amide. The structure of a representative product was confirmed by X-
ray analysis.

R— 2>

H INTRODUCTION materials featuring herbicidal,™ parasiticidal,g’b insecticidal,*

. 3d . . . . 3e
Fluorinated and fluoroalkylated pyrazoles have attracted and nematicidal™ as well as antiproliferative™ and CARMI

. s 3f . .
remarkable attention as privileged scaffolds in the design of inhibitory™ properties have been described. Among these,

pharmaceutical agents, crop protection chemicals, and particular attention should be drawn to two marketed drugs:
advanced functional materials.' In this context, the 1-aryl-3- razaxaban,’® an orally active inhibitor of coagulation factor Xa,
trifluoromethylpyrazole core represents a particularly appealing and berotralstat,” a human plasma kallikrein inhibitor
structural motif for the discovery of new bioactive compounds employed for the prophylactic treatment of hereditary
(Figure 1).” Introduction of a (hetero)aryl substituent at C(5) angioedema (HAE).

has provided access to a broad spectrum of medicinally Prompted by the well-documented biological activity of both
relevant molecules, including anti-inflammatory agents (e.g, aforementioned subclasses of 1-aryl-3-trifluoromethylpyrazoles,
celecoxib),”* anticancer candidates (SC-560),” antibacterial*® and taking into account the established significance of the

and antifungal compounds,” and veterinary medicines
(mavacoxib).” Derivatives bearing a furan2-yl unit (e.g,
MPA14) exhibit pronounced COX-1 inhibitory activity,”
whereas analogues incorporating pyridine or thiophene rings
have been applied in the treatment of asthma.’® In addition,
more complex architectures featuring an additional azole ring,
such as 1,3,4-oxadiazole or pyrazole, located at C(5) have been
reported as promising coactivator-associated arginine methyl-

1,2,3-triazole motif in medicinal chemistry, frequently
employed as bioisosteric replacement for amide (peptide)
and related groups,* we envisaged that the structurally related
pyrazole—triazole hybrids of type 1 might represent a valuable
platform for the discovery of new bioactive molecules (Scheme

1).

transferase 1 (CARMI1) antagonists,z}1 and ATP-binding Received: December 12, 2025
cassette transporting modulators,” respectively. Revised:  January 26, 2026
On the other hand, installation of an amide functionality at Accepted:  February 6, 2026

C(S) of the 1-aryl-3-CF;-pyrazole framework has furnished a Published: February 16, 2026
diverse series of compounds with considerable potential in
both agrochemical and medicinal chemistry.” Accordingly,

© 2026 American Chemical Society https://doi.org/10.1021/acs.joc.5c03120
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Figure 1. Selected bioactive 1-aryl-3-CF;-pyrazoles.

Scheme 1. Known Trifluoromethylated Pyrazole—
[1,2,3]Triazoles and the Hybrids 1 Reported Herein
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A variety of non-fluorinated pyrazole-based compounds
bearing either a 1,2,3- or 1,24-triazole ring have been
extensively investigated in recent years.” The reported
promising activities encompass anticonvulsant,”® antimicro-
bial,*® antifungal,* anticancer,”®® and tyrosinase inhibitory
properties.”” An elegant approach to cyclooxygenase inhibitors
obtained via in situ click chemistry was demonstrated by
Woaest,’® in which the active site of the COX-2 isozyme served
as a reaction vessel, enabling the identification of two highly
potent and selective products. Because of their high nitrogen
content, several pyrazole—triazole hybrids functionalized with
amino, azo and/or nitro groups have also been described as
thermally stable energetic materials of potential relevance to
military, mining, and aerospace applications.’

In contrast, the corresponding fluoromethylated structural
motifs remain only sparsely explored.” In 2015, Atmakur et al.
reported the synthesis of a library of CF;-functionalized
pyrazoles linked to a 1,2,3-triazole ring through an acetamide-
derived spacer (Scheme 1).”* The designed products were
obtained via a five-step sequence using 4,4,4-trifluoro-1-
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phenylbutane-1,3-dione as the key fluorinated substrate.
Preliminary biological evaluation revealed several promising
lead compounds exhibiting an in vitro antimycobacterial
activity. Shortly thereafter, the same group disclosed a
multistep synthesis of cytotoxic tricyclic diazepine derivatives
comprising directly bonded pyrazole and 1,2,3-triazole units,
starting with 4,4,4-trifluoro-3-oxobutanoate (Scheme 1).7°
This ester was also employed by the Rajashakar group in the
synthesis of fully substituted S-(1,2,3-triazol-1-yl)-3-CF;-
pyrazole-4-carbaldehyde derivatives.”

However, a general protocol for the synthesis of
trifluoromethylated pyrazole—triazole hybrids of type 1, closely
resembling the well-established S-(hetero)aryl- and S-amino-
carbonyl-functionalized pyrazoles of practical significance, has
not been described. Moreover, CF;-functionalized hydrazonoyl
bromides 2 have emerged as a convenient alternative to the
classical 1,3-dicarbonyl substrates typically employed in
pyrazole synthesis.® Thus, in continuation of our study
aimed at development of useful synthetic methodologies for
fluorinated azoles,” here we report a rapid route to pyrazoles 1
via a three-step sequence comprising the formation of the 1-
aryl-3-CF;-pyrazole unit, its selective azidation, and a copper-
catalyzed azide—alkyne cycloaddition.

Bl RESULTS AND DISCUSSION

We commenced our study with 1-aryl-3-trifluoromethylpyr-
azoles 3, prepared according to the protocol recently
developed in our laboratory.”® The method relies on a one-
pot (3 + 3)-cycloaddition of mercaptoacetaldehyde with the
nitrile imine generated in situ via base-mediated dehydroha-
logenation of the corresponding bromides 2, followed by a
spontaneous Eschenmoser-type ring contraction of the first
formed 1,3,4-thiadiazine intermediate (Scheme 2). Thus,

Scheme 2. Synthesis of 5-Azido-3-CF;-pyrazoles Sa—5g

e
AN e,
2a-2g S._CF, CF3
@ | [T [\(
+ —_— _N — N —
N -s N
S._OH Ar Ar
J: j/ 3a-3g
HO s
4 CFs
a,X=Me (83%)
b X="Pr (80%) ﬂ
c,X=0Me (94%) ° N )
d, X =0Bn (85%) —
e X=Cl (60%)
f, X=CF; (80%)
9, X=CN (37%) X
5a-5g

(a) Et;N, DCM, 4 h, tt, then pTsCl, 16 h
(b) "BuLi, THF, —78 °C, then TsN; 1t, 4 h

starting from 1,4-dithiane-2,5-diol (4) (the dimer of
mercaptoacetaldehyde) and nitrile imine precursors 2a—2g,
we obtained a series of eight model pyrazoles 3a—3g bearing
selected para substituents, i.e., X = Me (96%), Pr (85%), OMe
(92%), OBn (97%), Cl (86%), CF, (70%), and CN (71%). All
products were isolated in high yield.

In the synthesis of the key azides S, we benefited from the
pronounced acidity of the C(5)—H in pyrazoles 3.” Selective

https://doi.org/10.1021/acs.joc.5c03120
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Scheme 3. Synthesis of Pyrazole—Triazole Hybrids laa—1dd via Click Azide—Alkyne (3 + 2)-Cycloaddition: Scope of
Substrates”
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“Yields refer to analytically pure samples obtained by chromatography, followed by recrystallization. Usmg 1.6 equiv of 1,4-diethynylbenzene.
“Using 2.5 equiv of azide Sc. 4TMS- acetylene was used as a reaction partner. “1.5 equiv of azide Sc, reaction time of 40 h. 715 equiv of azide Sc,
reaction time of 16 h.
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deprotonation with a slight excess of n-BuLi at —78 °C
furnished the corresponding lithium 5-pyrazolides, which upon
treatment with p-toluenesulfonyl azide as an Nj-transferring
reagent underwent smooth functionalization to afford the
desired series of S-azidopyrazoles Sa—S5g. No significant
influence of electronic effects on the reaction efficiency was
observed; pyrazoles with aryl residues bearing strongly
electron-donating (Sc; X = OMe) and strongly electron-
withdrawing (5f; X = CF;) substituents delivered the expected
azides in 94% and 80% yield, respectively. The chloro- and
cyano-substituted substrates also provided the desired azides
Se (60%) and S5g (37%) in somewhat lower yields, presumably
due to side reactions with n-BuLi (i.e., halogen—lithium
exchange and nucleophilic addition, respectively). In the latter
case, the formation of an unidentified byproduct was noted;
despite repeated attempts, it could not be removed by standard
chromatography or recrystallization due to limited stability of
Sg, and the material (ca. 90% purity) was therefore used in the
next step without further purification. The reaction proved to
be readily scalable, delivering Sc (X = OMe) in a comparable
90% yield when performed on a gram scale (1.9 g, 6.6 mmol).

For the initial click experiments, we employed azide Sa and
phenylacetylene (Scheme 3). A brief screening of literature-
reported conditions,”"° during which the solvent (DCM,
MeCN, aqueous MeOH) and the copper source (CuSO,,
(AcO),Cu, Cul/DIPEA) were evaluated, allowed us to identify
optimal reaction parameters. Thus, running the reaction with a
slight excess of the alkyne and a CuSO,/ascorbate catalytic
system, in a MeOH/H,0 (10:1 mixture) at 55 °C, ensured
complete consumption of the starting azide. The analytically
pure sample of the expected (3 + 2)-cycloadduct laa was
isolated in high 85% yield after simple filtration of the crude
product through a short plug of silica gel, followed by
recrystallization from hexanes. With these conditions in hand, a
first set of phenylacetylene-derived products laa—lag were
obtained in good yields (67—86%), regardless of the electronic
nature of the substituents or functional groups present in the
starting azides.

Next, we examined the scope with respect to the alkyne
reaction partners using 4-methoxyphenyl-substituted azide Sc
(Scheme 3). A series of para-substituted phenylacetylenes was
checked, affording the corresponding 1,2,3-triazoles bearing
primary amino (1ba), alkyl (1bc-1bd, Me, and n-Pent),
halogen (1be, Cl), or cyano (1bf) groups. Introduction of an
electron-rich OMe donor at the para, meta, or ortho position of
the aromatic ring exerted only a marginal influence on the
reaction efficiency, with the ortho-substituted product 1bg
isolated in 91% yield and an excellent 79% overall yield (for
three steps). The structure of para-functionalized isomer 1bb
was unambiguously confirmed by X-ray diffraction (CCDC
2425718).

Both increased substitution, as in 1bi (2,4,6-trimethyl), and
extension of the 7 system, as in naphthyl derivative 1bj, were
well-tolerated. Electron-deficient fluorinated phenylacetylenes
bearing one or two substituents, ie., fluorine atoms or
fluoroalkyl groups (CF;, OCF;), did not hamper the reaction,
consistently providing products 1bk—1bo in yields exceeding
80%. In the case of 1,4-diethynylbenzene, the applied
conditions furnished a mixture of two products, 1bt (53%)
and 1bu (15%). Fine-tuning of the reactant stoichiometry
provided excellent control over the reaction outcome, enabling
the selective formation of the corresponding monocycload-
ducts (using 1.6 equiv of alkyne) and biscycloadducts (using
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2.5 equiv of azide), which were isolated in 83% and 56%,
respectively. Incorporation of pyridyl and thienyl units, as
exemplary six- and five-membered heteroaryl substituents,
furnished 1br and 1bs in 73% and 87% yield, respectively.
Moreover, reaction of an acetylene bearing ferrocene moiety,
selected as a representative organometallic counterpart, also
proceeded smoothly to afford the expected cycloadduct (1bg,
66%).

Aliphatic alkynes were checked as well; the (3 + 2)-
cycloaddition reactions of 1l-octyne and tert-butylacetylene
delivered the expected products 1ca and 1cb, although in the
latter case, the sterically crowded product was obtained in
diminished yield. Trimethylsilylacetylene was used as a
surrogate for acetylene; due to spontaneous cleavage of the
C—Si bond during the aqueous workup, the desired hybrid
lcc, lacking a substituent at C(4) of the 1,2,3-triazole ring, was
isolated. Introduction of functional groups such as hydrox-
ymethyl, diethoxymethyl, and methoxycarbonyl was readily
accomplished by employing the respective acetylenes, although
product 1ce bearing a masked carbonyl group was accessed in
a markedly lower yield (35%) due to partial hydrolysis of the
acetal moiety. In addition, two multifunctional building blocks,
BMK-alkyne and hydroxyl-diazirine-alkyne, often used as
probes for selective modification of biological targets, were
checked in reactions with model azide Sc under the optimal
reaction conditions (CuSO,/sodium ascorbate, MeOH/H,0,
55 °C, 5 h). Accordingly, new derivatives lcg (41%) and 1ch
(81%) suitable for potential *F labeling of biomolecules were
obtained."!

To further assess the synthetic potential of S-azido-CFj;-
pyrazole Sc in the modification of more complex systems, a
series of well-known pharmaceuticals bearing terminal alkyne
functionality was involved in the study (Scheme 3). Two
monoamine oxidase inhibitors, pargyline and rasagiline,'**
featuring secondary and tertiary amine groups, respectively,
provided the expected cycloadducts 1da (68%) and 1dc
(77%). Notably, the optical purity of the latter substrate
remained unchanged during the (3 + 2)-cycloaddition step,
leading to an enantiopure pyrazole—triazole hybrid. Moreover,
erlotinib,"*" a tyrosine kinase inhibitor used as first-line therapy
for advanced nonsmall-cell lung cancer, as well as gestrino-
ne,'** a synthetic steroid hormone approved for the treatment
of endometriosis, provided the expected cycloadducts in
excellent yields of 84% (1db) and 87% (1dd).

The presence of hydroxyl and cyano functionalities in the
pyrazole—triazole hybrids 1bp and 1bf, respectively, offers
several opportunities for postcyclizative modifications of the
heterocyclic framework (Scheme 4). For example, straightfor-
ward acylation of the hydroxy group in 1bp with Ac,O
afforded ester 1bv in 91% yield, whereas oxidation with the
Corey—Suggs reagent furnished the corresponding aldehyde
1bw almost quantitatively. The methoxycarbonyl moiety in
1bx was introduced efficiently by permanganate-mediated
oxidation in wet MeCN, followed by Fischer esterification,
giving the product in an overall 93% yield.

For the transformation of the cyano group into the primary
amide, we employed classical conditions of the Radziszewski-
type reaction, relying on H,0,-induced hydrolysis under
basic conditions. Thus, treatment of 1bf with an excess of
hydrogen peroxide in the presence of Na,CO; at room
temperature furnished amide 1by in an excellent yield of 94%.

Exhaustive reduction of the cyano group, proceeding via
reductive deamination of the initially formed amine,”™ was
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Scheme 4. Functional Group Transformations in 1bp and

1bf
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observed upon catalytic hydrogenation at elevated pressure (70
psi) using palladium on charcoal as the catalyst. The
corresponding product bearing the p-tolyl substituent was
obtained quantitatively, and its identity with the original
sample 1bc, prepared independently through azide—alkyne (3
+ 2)-cycloaddition reaction (Scheme 3) was confirmed by
NMR analysis. The desired amine was accessible under milder
hydrogenation conditions (H,, slight positive pressure from
balloon) employing Raney-Ni as the catalyst; the first formed
product was subsequently acylated with isobutyryl chloride to
furnish the corresponding amide 1bz in a fair overall yield of
74%. These experiments clearly demonstrate the remarkable
stability of the designed 1-aryl-5-(1,2,3-triazol-1-yl)-3-CFs-
pyrazole core under both harsh reductive and oxidative
conditions and establish these pyrazole hybrids as robust
building blocks for construction of more elaborate molecular
architectures.

Finally, to check whether the isomeric hybrids bearing the
1,2,3-triazole moiety at C(4) of the pyrazole core could be
accessed, a plausible C(4)-iodination/lithiation/azide-transfer
sequence was investigated. As depicted in Scheme S, the
representative substrate 3a was converted in fully regioselective
fashion into the corresponding iodide 7 using a slight excess of
elemental iodine and ceric ammonium nitrate (CAN) as a mild
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Scheme S. Access to Isomeric Pyrazole—Triazole Hybrid 9
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“1, (1.3 equiv), CAN (1.1 equiv), MeCN, reflux, 16 h. b"BuLi, THF,
—78 °C, then TsNj rt, 4 h. “Ph—C=CH, CuSO,, sodium ascorbate,
MeOH/H,O (10:1), 55 °C, § h.

oxidant.”® To our delight, the subsequent iodine—lithium
exchange in 7 (X = I) proceeded smoothly, and after Nj
transfer the expected azide 8 (X = N;) was obtained, albeit in a
moderate yield of 42%. Cu-catalyzed (3 + 2)-cycloaddition of
8 with phenylacetylene, furnishing the 4-(1,2,3-triazol-1-
yl)pyrazole derivative 9 (68%), thus demonstrated the
feasibility of the designed approach.

B CONCLUSIONS

In summary, a method for the rapid assembly of trifluor-
omethylated pyrazole—triazole hybrids inspired by the
structural motifs of numerous biologically relevant 3-CF;-
pyrazole derivatives of practical significance is presented. By
employing a three-step sequence comprising a (3 + 3)-
cycloaddition/Eschenmoser-type ring contraction cascade
affording 1-arylpyrazoles, followed by C(5)-selective azidation
and Cu-catalyzed Huisgen cycloaddition, a broad set of
variously functionalized hybrids was obtained in high overall
yields. Sterically demanding substrates, including the synthetic
steroidal drug gestrinone, as well as more challenging alkynes
bearing additional (photo)labile functionalities or strongly
electron-deficient and -rich substituents, were generally well
tolerated. Moreover, selected functional group interconver-
sions performed under harsh reductive or oxidative conditions
demonstrated the remarkable stability of the bis-heterocyclic
core and highlighted its robustness. Thus, the developed
protocol can be recommended for the preparation of more
advanced analogues. Biological evaluation of selected hybrids is
currently underway in our laboratories and will be reported in
a separate study.

B EXPERIMENTAL SECTION

General

All commercially available reagents and solvents were used as
received. Products were purified by filtration through a short plug
of silica gel (FCC) or standard column chromatography (CC) (SiO,,
230—400 mesh) by using freshly distilled solvents and recrystallized
from appropriate solvents. NMR spectra were taken on a Bruker
AVIII instrument (*H at 600 MHz, "*C at 151 MHz, and "’F NMR at
565 MHz); chemical shifts are reported relative to the solvent residual
peaks [for CDCly: 'H NMR: § = 7.26, 3C NMR: § = 77.16; for
DMSO-dg: 'H NMR: § = 2.50, 3C NMR: § = 39.52] or to CFCl, (6
=0.00) used as an external standard. The IR spectra were taken with
an Agilent Cary 630 FTIR spectrometer, in neat. (ESI)-MS was
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performed with a Varian 500-MS LC ion trap; high-resolution MS
(ESI-TOF) measurements were performed with a Waters Synapt G2-
Si mass spectrometer. Combustion analyses were obtained with a
Vario EL III (Elementar Analysensysteme GmbH) instrument.
Optical rotations were determined with a PerkinElmer 241 polar-
imeter at the temperatures indicated. Melting points were determined
in capillaries with a MEL-TEMP apparatus (Laboratory Devices) or
with a polarizing optical microscope (POM) (Opta-Tech) and are
uncorrected. Single crystals of 1bb were measured on a XtaLAB
Synergy, Dualflex, Pilatus 300 K diffractometer using mirror-focused
Cu Ka radiation. Crystallographic data have been deposited at the
Cambridge Crystallographic Data Center as supplementary publica-
tion number CCDC 2425718. These data can be obtained free of
charge from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: + 44 (0) 1223 336 033; email: deposit@ccdc.cam.ac.uk (or via
http://www.ccdc.cam.ac.uk/conts/retrieving.html).

General Procedure for Synthesis of Pyrazole—Triazole
Hybrids 1. A mixture of S-azidopyrazole § (1.00 mmol), acetylene
(1.20 mmol), copper(1l) sulfate pentahydrate (38 mg, 0.15 mmol),
and sodium L-ascorbate (59.5 mg, 0.30 mmol) in MeOH/H,0 (10:1,
14 mL) was stirred at S5 °C (oil bath) until the starting pyrazole was
fully consumed (typically up to S h; TLC monitoring). The solvents
were then evaporated, and the crude reaction mixture was dissolved in
DCM (20 mL), dried over Na,SO,, and filtered through a Celite pad,
which was washed with additional portions of DCM (2 X 8 mL).
After the solvent was removed in vacuo, product 1 was purified by
flash column chromatography (FCC) and recrystallized.

4-Phenyl-1-(1-(p-tolyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-
1H-1,2,3-triazole (1aa). FCC (SiO,, hexane/EtOAc 4:1); colorless
solid, 314 mg (85%); mp 120—122 °C (hexane). 'H NMR (600
MHz, CDCl,) 6: 7.80—=7.79 (m, 2H), 7.75 (s, 1H), 7.45—7.43 (m,
2H), 7.39—7.36 (m, 1H), 7.20—7.17 (m, 4H), 7.00 (s, 1H), 2.35 (s,
3H). *C{'H} NMR (151 MHz, CDCl,) 6 148.5, 143.0 (q, Jc_p =
39.6 Hz), 140.2, 135.8, 134.5, 130.3, 129.4, 129.2, 129.1, 126.1, 124.3,
121.6, 1207 (q, Je_g = 269.6 Hz), 103.0 (q, ¥Jc_p = 2.2 Hz), 21.3.
YF NMR (565 MHz, CDCly) 6 —62.76 (s, CF;). IR (neat): v 3153,
2963, 1580, 1502, 1364, 1238, 1156, 1139, 1014 cm™. (+)-ESI-MS
(m/z): 370.4 (100, [M + H]"). Anal. Calcd for C;gH,,F;N; (369.4):
C, 61.79; H, 3.82; N, 18.96. Found: C, 61.70; H, 3.98; N, 19.07.

General Procedure for Synthesis of Azides 5. To a solution of
1-aryl-3-(trifluoromethyl)pyrazole 3 (1.00 mmol) in anhydrous THF
(10 mL), at —78 °C, under argon, was added n-BuLi (2.5 M in
hexane, 0.52 mL, 1.30 mmol). After S min, a solution of tosyl azide
(405 mg, 2.05 mmol) in dry THF (S mL) was added dropwise. The
reaction mixture was allowed to warm to room temperature and
stirred for 4 h. The reaction was quenched with 1 M NH,Cl(aq)
solution (15 mL) and extracted with DCM (3 X 20 mL). The
combined organic layers were washed with water (3 X 10 mL), dried
over Na,SO,, and filtered, and the solvents were removed in vacuo.
The crude product S was purified by standard column chromatog-
raphy on silica gel (CC).

5-Azido-1-(p-tolyl)-3-(trifluoromethyl)-1H-pyrazole (5a). CC
(SiO,, hexane/DCM 4:1); red solid, 222 mg (83%); mp 45—47 °C.
'H NMR (600 MHz, CDCl,) §: 7.48—7.45 (m, 2H), 7.29=7.27 (m,
2H), 6.45 (s, 1H), 2.41 (s, 3H). *C{'"H} NMR (151 MHz, CDCl,) §
142.9 (q, 2]C—F =38.7 Hz), 139.4, 139.0, 134.9, 129.8, 124.0, 120.9 (q,
Yep = 268.7 Hz), 94.1 (q, 3Jc_p = 2.5 Hz), 21.3. ’F NMR (565
MHz, CDCl;) § —63.02 (s, CF;). IR (neat): v 2922, 2136 (Nj,), 1517,
1472, 1282, 1233, 1162, 1107, 972, 816 cm™’. (+)-ESI-MS (m/z):
268.3 (100, [M + H]*); Anal. Calcd for C,HgF;N (267.2): C, 49.44;
H, 3.02; N, 26.21. Found: C, 49.40; H, 3.02; N, 26.19.
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1. General information

Experimental procedures: All commercially available reagents and solvents were used as received.
Products were purified by filtration through a short plug of silica gel (FCC) or standard column
chromatography (CC; SiO,, 230-400 mesh) by using freshly distilled solvents, and recrystallized from
appropriate solvents. NMR spectra were taken on a Bruker AVIII instrument (*H at 600 MHz, 13C at 151
MHz, and F NMR at 565 MHz); chemical shifts are reported relative to the solvent residual peaks [for
CDCl3: 'H NMR: 6 = 7.26, 3C NMR: & = 77.16; for DMSO-ds: 'H NMR: & = 2.50, 3C NMR: 6 = 39.52] or to
CFCl; (6 = 0.00) used as external standard. The IR spectra were taken with an Agilent Cary 630 FTIR
spectrometer, in neat. (ESI)-MS were performed with a Varian 500-MS LC lon Trap; high resolution MS
(ESI-TOF) measurements were performed with a Waters Synapt G2-Si mass spectrometer. Combustion
analyses were obtained with a Vario EL Il (Elementar Analysensysteme GmbH) instrument. Optical
rotations were determined with a Perkin-Elmer 241 polarimeter at the temperatures indicated. Melting
points were determined in capillaries with a MEL-TEMP apparatus (Laboratory Devices) or with a
polarizing optical microscope (POM, Opta-Tech) and are uncorrected. Single crystals of 1bb were
measured on a XtalLAB Synergy, Dualflex, Pilatus 300K diffractometer using mirror-focused Cu Ka
radiation. Crystallographic data have been deposited at the Cambridge Crystallographic Data Center as
supplementary publication number CCDC-2425718. These data can be obtained free of charge from the
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 (0) 1223 336 033; email: deposit@ccdc.cam.ac.uk
(or via http://www.ccdc.cam.ac.uk/conts/retrieving.html).

Starting materials: The hydrazonoyl bromides 2a-2g were prepared by NBS-mediated bromination of the
azomethine group of the corresponding fluoral arylhydrazones.? Key 1-aryl-3-trifluoromethylpyrazoles 3a-
3g were obtained following a general literature procedure via condensation of mercaptoacetaldehyde
(used in the form of its dimer, 1,4-thiane-2,5-diol) with nitrile imines generated in situ by base-mediated
dehydrohalogenation of the corresponding bromides 2, followed by spontaneous ring-contraction of the
initially formed 1,3,4-thiadiazines (Scheme S1).2 The desired pyrazoles were isolated in high yield: 3a (X =
Me; 96%), 3b (X = iPr; 85%), 3c (X = OMe; 92%), 3d (X = OBn; 97%), 3e (X = Cl; 86%), 3f (X = CF3; 70%), 3g
(X = CN; 71%). The NMR data of the products 3a-3g were in full agreement with those reported in the
literature.?

Cautionary note: Organic azides can be explosive and toxic, and they should be handled on small scale
according to safety protocols. Direct heating of organic azides as well as treatment with strong acids

LT
u

should be avoided.*

(0] —
o B EtsN No + Hs > HO S pTsCl (\S /_>\
A /N\N/)\CF _— Ar” N\\\ _— N /)\ —— _N. /)\ —_— AI'/N‘N/ CF3
r 3 CF, Ar” N CF, Ar”NT CFy | -S
2a-2g 3a-3g

Scheme S1. One-pot synthesis of key 3-CFs-pyrazoles 3a-3g.3
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2. Synthetic procedures and characterization data

General procedure for synthesis of pyrazole-triazole hybrids 1: A mixture of 5-azidopyrazole 1 (1.00
mmol), acetylene (1.20 mmol), copper(ll) sulfate pentahydrate (38 mg, 0.15 mmol) and sodium L-
ascorbate (59.5 mg, 0.30 mmol) in MeOH/H,0 (10:1, 14 mL) was stirred at 55 °C (oil bath) until the starting
pyrazole was fully consumed (typically up to 5 h; TLC monitoring). The solvents were then evaporated,
and the crude reaction mixture was dissolved in DCM (20 mL), dried over Na,SO4, and filtered through a
Celite pad, which was washed with an additional portions of DCM (2 x 8 mL). After removal of the solvent
in vacuo, product 1 was purified by flash column chromatography (FCC) and recrystallized from hexane.

4-Phenyl-1-(1-(p-tolyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazole (1aa):

CF4
@m@
N=N
1
P e FCC (SiO,, hexane/EtOAC 4:1); colourless solid, 314 mg (85%); mp 120-122 °C. ™H

NMR (600 MHz, CDCls) & 7.80-7.79 (m, 2H), 7.75 (s, 1H), 7.45-7.43 (m, 2H), 7.39-7.36 (m, 1H), 7.20-7.17
(m, 4H), 7.00 (s, 1H), 2.35 (s, 3H). *C{*H} NMR (151 MHz, CDCl;) 6 148.5, 143.0 (q, %Jc+ = 39.6 Hz), 140.2,
135.8, 134.5, 130.3, 129.4, 129.2, 129.1, 126.1, 124.3, 121.6, 120.7 (q, Ycr= 269.6 Hz), 103.0 (q, 3Jer= 2.2
Hz), 21.3. **F NMR (565 MHz, CDCls) 6 —-62.76 (s, CFs). IR (neat) v 3153, 2963, 1580, 1502, 1364, 1238,
1156, 1139, 1014 cm™. (+)-ESI-MS (m/z): 370.4 (100, [M+H]*). Anal. calcd. for C19H14F3Ns (369.4): C 61.79,
H 3.82, N 18.96; found: C 61.70, H 3.98, N 19.07.

1-(1-(4-Isopropylphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-4-phenyl-1H-1,2,3-triazole (1ab)
CF3

Q%Nﬂ

N
N=N

1ab
FCC (SiO,, hexane/EtOAc 4:1); colourless solid, 309 mg (78%); mp 89-91 °C. H

NMR (600 MHz, CDCls) & 7.80-7.78 (m, 3H), 7.45-7.42 (m, 2H), 7.39-7.36 (m, 1H), 7.25-7.21 (m, 4H), 6.99
(s, 1H), 2.91 (hept, J = 6.9 Hz, 1H), 1.22 (d, J= 6.9 Hz, 6H). 3C{*H} NMR (151 MHz, CDCls) § 150.9, 148.4,
142.9 (9, 2Jcr=39.5 Hz), 135.7,134.6,129.3,129.2,129.1,127.8,126.1, 124.3, 121.7,120.6 (q, Ycr = 269.2
Hz), 103.0 (q, 3Jcr = 2.2 Hz), 34.0, 23.9. °F NMR (565 MHz, CDCls): § —62.75 (s, CFs). IR (neat) v 3131, 2967,
2930, 1599, 1506, 1379, 1241, 1141, 1021, 969 cm't. (+)-ESI-MS (m/z): 398.3 (100, [M+H]*), 420.3 (69,
[M+Na]*). Anal. calcd. for C;1H1sF3Ns (397.4): C 63.47, H 4.57, N 17.62; found: C 63.42, H 4.47, N 17.68.
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1-(1-(4-Methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-4-phenyl-1H-1,2,3-triazole (1ac):

CF4
@%Nlj\“

N=N

1

o FCC (SiO,, hexane/EtOAC 4:1); colourless solid, 320 mg (83%); mp 100-102 °C. H

NMR (600 MHz, CDCls) 6 7.79-7.78 (m, 3H), 7.44-7.42 (m, 2H), 7.38-7.35 (m, 1H), 7.24-7.21 (m, 2H), 6.98
(s, 1H), 6.88-6.85 (m, 2H), 3.78 (s, 3H). 3C{*H} NMR (151 MHz, CDCls) 6 160.5, 148.4, 142.8 (q, Ycr = 39.5
Hz), 135.8, 129.7, 129.3, 129.14, 129.09, 126.1, 126.0, 121.6, 120.6 (q, Yc.r = 269.5 Hz), 114.8, 102.8 (q,
3Jcr = 2.7 Hz), 55.7. F NMR (565 MHz, CDCl;) § —62.71 (s, CF3). IR (neat) v 3124, 3075, 2968, 1584, 1502,
1238, 1156, 1126, 1021, 969 cm™™. (+)-ESI-MS (m/z): 386.3 (100, [M+H]*), 408.2 (30, [M+Na]*). Anal. calcd.
for C1gH14F3Ns0 (385.4): € 59.22, H 3.66, N 18.17; found: C59.17, H 3.57, N 18.09.

1-(1-(4-(Benzyloxy)phenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-4-phenyl-1H-1,2,3-triazole (1ad):

CFs
N=N ©
1ad
OBn FCC (SiO,, hexane/EtO Ac4:1); colourless solid, 373 mg (81%); mp 132-133 °C. H

NMR (600 MHz, CDCls) 6 7.80-7.79 (m, 2H), 7.76 (s, 1H), 7.46-7.43 (m, 2H), 7.40-7.35 (m, 5H), 7.33-7.31
(m, 1H), 7.25-7.23 (m, 2H), 6.99 (s, 1H), 6.97-6.94 (m, 2H), 5.05 (s, 2H). 3C{*H} NMR (151 MHz, CDCl3) &
159.7,148.4, 142.9 (q, Yer = 39.8 Hz), 136.2, 135.8, 129.9, 129.3,129.2, 129.1, 128.8, 128.4, 127.6, 126.1,
126.0, 121.6, 120.6 (q, Yes = 269.8 Hz), 115.8, 102.8 (g, *Jer = 2.2 Hz), 70.5. °F NMR (565 MHz, CDCl3) &
-62.74 (s, CFs). IR (neat): v 3096, 2941, 2887, 1580, 1521, 1502, 1390, 1238, 1141, 1100, 1006, 973 cm™™.
(+)-ESI-MS (m/z): 462.4 (100, [M+H]*). Anal. calcd. for CasH1sFsNsO (461.4): C 65.07, H 3.93, N 15.18; found:
€ 65.08, H 3.81, N 15.16.

1-(1-(4-Chlorophenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-4-phenyl-1H-1,2,3-triazole (1ae):
CF,

O L

N=N

g FCC (Si02, hexane/EtOAC 4:1); colourless solid, 335 mg (86%); mp 117-118 °C. ™H
NMR (600 MHz, CDCls) & 7.84 (s, 1H), 7.82-7.80 (m, 2H), 7.46-7.44 (m, 2H), 7.40-7.35 (m, 3H), 7.26-7.24
(m, 2H), 7.00 (s, 1H). 3C{*H} NMR (151 MHz, CDCls) & 148.7, 143.4 (q, YJcr = 39.8 Hz), 135.9, 135.7, 135.4,
130.0,129.3, 129.2, 129.0, 126.1, 125.5, 121.7, 120.5 (q, Yer = 269.2 Hz), 103.5 (q, *Jc-r = 2.7 Hz). *F NMR
(565 MHz, CDCls): 6 -62.87 (s, CFs). IR (neat) v 3124, 3083, 2975, 1595, 1491,1387, 1241, 1185, 1137, 1088,
1014, 969 cm™. (+)-ESI-MS (m/z): 390.3 (100, [M{®*CI}+H]*), 392.3 (25, [M{>’CI}+H]*). Anal. calcd. for
C1sH11CIF3Ns (389.8): C 55.47; H 2.84; N 17.97 found: C 55.38; H 2.69, N 17.94.
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4-Phenyl-1-(3-(trifluoromethyl)-1-(4-(trifluoromethyl)phenyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazole (1af):
CFs
@N@
N=N

1af

CF3 FCC (SiO,, hexane/EtOAc 4:1); colourless solid, 338 mg (80%); mp 136-138 °C. 'H
NMR (600 MHz, CDCls) 6 7.89 (s, 1H), 7.84-7.82 (m, 2H), 7.68-7.66 (m, 2H), 7.48-7.39 (m, 5H), 7.03 (s, 1H).
13C{*H} NMR (151 MHz, CDCl3) 6 148.9, 143.9 (q, Ycr = 40.1 Hz), 139.7, 135.8, 131.7 (q, YJcr = 33.2 Hz),
129.4,129.3, 128.9, 127.0 (q, *Jcr = 3.8 Hz), 126.1, 124.3, 123.5 (q, Ycr = 272.5 Hz), 121.8, 120.4 (q, Yer =
269.8 Hz), 104.0 (q, *Jcr = 2.7 Hz). °F NMR (565 MHz, CDCls) 6 —62.84, —-62.96 (2s, 2CFs). IR (neat) v 3142,
2972, 1580, 1506, 1480, 1390, 1323, 1249, 1159, 1126, 1066, 1018, 973 cm™. (+)-ESI-MS (m/z): 424.3 (100,
[M+H]*). Anal. calcd. for CioH11FeNs (423.3): C53.91, H 2.62, N 16.54; found: C 53.97, H 2.46, N 16.60.

4-(5-(4-Phenyl-1H-1,2,3-triazol-1-yl)-3-(trifluoromethyl)-1H-pyrazol-1-yl)benzonitrile (1ag):

CFs
Q@N@
N=N
1ag
CN FCC (SiO,, hexane/EtOAc 4:1); colourless solid, 255 mg (67%); mp 167-169 °C. H

NMR (600 MHz, CDCls) & 7.93 (s, 1H), 7.85-7.82 (m, 2H), 7.70-7.67 (m, 2H), 7.48-7.45 (m, 2H), 7.43-7.40
(m, 3H), 7.03 (s, 1H). 3C{*H} NMR (151 MHz, CDCls) & 149.0, 144.1 (q, ¥cr = 40.3 Hz), 140.2, 135.8, 133.7,
129.5, 129.3, 128.8, 126.1, 124.3, 121.8, 120.3 (q, Yer = 269.8 Hz), 117.5, 113.5, 104.2 (q, 3Jcr = 2.2 Ha).
19F NMR (565 MHz, CDCls) § -62.99 (s, CFs). IR (neat) v 3086, 3049, 2935, 2233 (CN), 1595, 1498, 1387,
1241, 1129, 1018, 969 cmL. (+)-ESI-MS (m/z): 381.3 (100, [M+H]*), 403.3 (29, [M+Nal*). Anal. calcd. for
CioH11F3Ns (380.3): C60.00, H 2.92, N 22.10; found: C 60.01, H 2.98, N 22.06.

4-(1-(1-(4-Methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazol-4-yl)aniline (1ba):

CF3

HZNQ@*@
N=N
1ba

OMe FCC (SiO,, washed with 5% EtsN in hexane prior to use; hexane/EtOAc
1:1); yellow solid, 245 mg (61%); mp 160-162 °C. *H NMR (600 MHz, CDCls) 6 7.61 (s, 1H), 7.57-7.56 (m,
2H), 7.23-7.21 (m, 2H), 6.95 (s, 1H), 6.87-6.85 (m, 2H), 6.71-6.69 (M, 2H), 3.82 (sur, 2H), 3.78 (s, 3H). 3C{*H}
NMR (151 MHz, CDCls) 6 160.4, 148.7, 147.4, 142.7 (q, Ycr = 39.5 Hz), 136.0, 129.8, 127.3, 125.9, 120.7
(9, Yer = 269.3 Hz), 120.1, 119.4, 115.3, 114.8, 102.6 (g, ¥Jc.r = 2.7 Hz), 55.7. F NMR (565 MHz, CDCl;) 6
-62.70 (s, CFs). IR (neat) v 3347, 3235, 3109, 2967, 2936, 1584, 1495, 1238, 1133, 1103, 1025, 977 cm™.
(+)-ESI-MS (m/z): 401.4 (100, [M+H]*). Anal. calcd. for C19H1sF3NeO (400.4): C57.00, H 3.78, N 20.99; found:
C56.90,H3.61, N 20.77.
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4-(4-Methoxyphenyl)-1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazole
(1bb):
CF,
N=N
1bb ©

OMe FCC (SiO,, hexane/EtOAc 4:1); colourless solid, 340 mg (82%); mp 103-
105 °C. *H NMR (600 MHz, CDCl3) § 7.72-7.70 (m, 2H), 7.66 (s, 1H), 7.25-7.23 (m, 2H), 6.97 (s, 1H), 6.97-
6.95 (m, 2H), 6.89-6.86 (m, 2H), 3.84 (s, 3H), 3.79 (s, 3H). *C{*H} NMR (151 MHz, CDCls) § 160.5, 160.4,
148.3,142.8 (q, Jcr = 39.5 Hz), 135.9, 129.8, 127.5, 126.0, 121.9, 120.7, 120.7 (q, Ycr = 269.8 Hz), 114.8,
114.6, 102.7 (q, 3Jcr = 2.2 Hz), 55.7, 55.5. °F NMR (565 MHz, CDCl3) 6 —62.74 (s, CFs). IR (neat) v 3070,
2956, 2941, 2840, 1599, 1498, 1297, 1238, 1148, 1085, 1025, 969 cm™. (+)-ESI-MS (m/z): 416.3 (100,
[M+H]*). Anal. calcd. for CyoH16F3NsO, (415.4): C 57.83, H 3.88, N 16.86; found: C 57.85, H 3.66, N 16.76.

Crystals of 1bb suitable for X-ray measurements were obtained from hexane solution by slow evaporation
of the solvent.

1-(1-(4-Methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-4-(p-tolyl)-1H-1,2,3-triazole (1bc):

CF3

MEO\@“@“
N=N
1bc ©

OMe FCC (SiO,, hexane/EtOAc 4:1); colourless solid, 291 mg (73%); mp 136-
138 °C. *H NMR (600 MHz, CDCl3) & 7.73 (s, 1H), 7.68-7.67 (m, 2H), 7.24-7.22 (m, 4H), 6.97 (s, 1H), 6.87-
6.85 (m, 2H), 3.78 (s, 3H), 2.38 (s, 3H). 3C{*H} NMR (151 MHz, CDCl5) 6 160.5, 148.4, 142.7 (9, Jcr = 39.8
Hz), 139.1, 135.9, 129.8, 129.7, 126.4, 126.0*, 121.2, 120.7 (q, Ycr = 269.2 Hz, CF3), 114.8, 102.7 (q, ¥Jcr =
2.7 Hz), 55.6, 21.4; *higher intensity. °F NMR (565 MHz, CDCl;) 6§ —62.71 (s, CFs). IR (neat) v 3135, 3086,
2945, 2908, 2855, 1580, 1498, 1301, 1241, 1126, 1103, 1025, 969 cm™. (+)-ESI-MS (m/z): 400.3 (100,
[M+H]%), 422.2 (70, [M+Na]*). Anal. calcd. for CyoH16F3sNsO (399.4): C60.15, H 4.04, N 17.54; found: C 60.24,
H 4.08, N 17.45.

1-(1-(4-Methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-4-(4-pentylphenyl)-1H-1,2,3-triazole (1bd):
CFs

V\/\QN”N@
N=N
1bd
OMe FCC (SiO, hexane/EtOAc 4:1); colourless solid, 410 mg (90%); mp 111-
113 °C. *H NMR (600 MHz, CDCls) & 7.73 (sbr, 1H), 7.71-7.69 (m, 2H), 7.26-7.23 (m, 4H), 6.98 (s, 1H), 6.88-
6.86 (m, 2H), 3.79 (s, 3H), 2.63 (t, J = 7.7 Hz, 2H), 1.63 (quint, J = 7.4 Hz, 2H), 1.37-1.30 (m, 4H), 0.90 (t, J =
7.0 Hz, 3H). 3C{*H} NMR (151 MHz, CDCl3) & 160.5, 148.5 (br), 144.2, 142.8 (q, Ycr = 39.6 Hz), 135.9, 129.7,
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129.2, 126.7, 126.00, 125.97, 121.3 (br), 120.7 (q, Ycs = 269.2 Hz), 114.8, 102.8 (q, 3Jcs = 2.2 Hz), 55.7,
35.9,31.6,31.2,22.7, 14.1. °F NMR (565 MHz, CDCls) 6 -62.73 (s, CF3). IR (neat) v 3086, 2930, 2855, 1603,
1502, 1461, 1375, 1234, 1156, 1126, 1100, 1018, 973 cm'%. (+)-ESI-MS (m/z): 456.4 (100, [M+H]*). Anal.
calcd. for CasHaaFsNsO (455.5): C 63.29, H 5.31, N 15.38; found: C 63.52, H 5.32, N 15.32.

4-(4-Chlorophenyl)-1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazole (1be):

CF3
C' e
/ \
N
\Q\(\,N N

N=N
1be

OMe FCC (SiO,, hexane/EtOAc 4:1); colourless solid, 260 mg (62%); mp 141-
143 °C. 'H NMR (600 MHz, CDCl3) 6 7.75 (s, 1H), 7.73-7.71 (m, 2H), 7.42-7.39 (m, 2H), 7.25-7.23 (m, 2H),
6.98 (s, 1H), 6.89-6.87 (m, 2H), 3.80 (s, 3H). **C{*H} NMR (151 MHz, CDCl3) 6 160.7, 147.4, 142.9 (q, “Jcs =
39.8 Hz), 135.7, 135.0, 129.7, 129.4, 127.8, 127.4, 126.1, 121.7, 120.7 (q, Yer = 269.2 Hz), 114.9, 102.8 (q,
3Jcr = 2.7 Hz), 55.7. **F NMR (565 MHz, CDCl3) § —62.78 (s, CF3). IR (neat) v 3127, 2967, 2932, 2844, 1580,
1498, 1465, 1387, 1238, 1178, 1129, 1100, 1021, 969 cm™. (+)-ESI-MS (m/z): 420.2 (100, [M{3>CI}+H]*),
422.3 (34, [M{P"CI}+H]*). Anal. calcd. for C19H13CIFsNsO (419.8): C 54.36, H 3.12, N 16.68; found: C 54.32, H

2.95, N 16.48.

4-(1-(1-(4-Methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazol-4-yl)benzonitrile (1bf):

CF3

N~
ﬂm@
N=N
1bf

OMe FCC (SiO,, hexane/DCM 1:4); colourless solid, 263 mg (64%); mp 162-164
°C. 'H NMR (600 MHz, CDCl3) 6 7.91-7.90 (m, 2H), 7.87 (s, 1H), 7.73-7.71 (m, 2H), 7.26-7.23 (m, 2H), 7.00
(s, 1H), 6.89-6.88 (m, 2H), 3.80 (s, 3H). *C{*H} NMR (151 MHz, CDCl;) 6 160.7, 146.5, 142.9 (q, *Jcr = 39.8
Hz), 135.4, 133.6, 133.0, 129.5, 126.5, 126.1, 122.8, 120.6 (q, Ycr = 269.2 Hz), 118.5, 114.9, 112.6, 102.9
(9, %Jcr=2.5Hz), 55.7. **F NMR (565 MHz, CDCl3) § —62.74 (s, CFs). IR (neat) v 3127, 2971, 2937, 2225 (CN),
1580, 1502, 1387, 1241, 1141, 1103, 1029, 969 cm™. (+)-ESI-MS (m/z): 411.4 (39, [M+H]*), 433.3 (100,

[M+Na]*). Anal. calcd. for CyH13F3N6O (410.4): C 58.54, H 3.19, N 20.48; found: C 58.57, H 3.14, N 20.45.
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4-(2-Methoxyphenyl)-1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazole
(1bg):

OMe /<_<CF3
]\
_N
@!“ N
N=N

1bg
OMe FCC (SiO,, hexane/EtOAc 4:1); yellow solid, 378 mg (91%); mp 98-100 °C. *H NMR

(600 MHz, CDCls) & 8.36-8.34 (m, 1H), 8.06 (s, 1H), 7.36-7.33 (m, 1H), 7.26-7.25 (m, 2H), 7.11-7.08 (m, 1H),
6.99 (sbr, 1H), 6.98-6.96 (m, 1H), 6.89-6.86 (m, 2H), 3.85 (s, 3H), 3.78 (s, 3H). *C{*H} NMR (151 MHz, CDCl5)
5160.4, 155.9, 143.7, 142.7 (q, Ycr = 39.8 Hz), 136.2, 129.9, 129.8, 127.9, 126.2, 125.0, 121.3, 120.7 (q,
Yer=269.2 Hz), 118.2,114.7, 111.0, 102.4 (g, *Jcr = 2.5 Hz), 55.7, 55.4. °F NMR (565 MHz, CDCls) 6 —62.71
(s, CF3). IR (neat) v 3161, 3127, 2937, 2840, 1580, 1502, 1454, 1360, 1238, 1159, 1126, 1021, 973 cm™. (+)-
ESI-MS (m/z): 416.3 (100, [M+H]*), 438.2 (48, [M+Na]*). Anal. calcd. for CaoH16FsNsO; (415.4): C 57.83, H
3.88, N 16.86; found: C 57.93, H 3.89, N 16.89.

4-(3-Methoxyphenyl)-1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazole
(1bh):

M
(33@\(\ .
g
_N
7 N N

N=N
1bh

OMe FCC (SiO,, hexane/EtOAc 4:1); colourless solid, 357 mg (86%); mp 123-125 °C. H
NMR (600 MHz, CDCl3) 6 7.75 (s, 1H), 7.41 (m¢, 1H), 7.34-7.29 (m, 2H), 7.25-7.22 (m, 2H), 6.98 (s, 1H), 6.93-
6.91 (m, 1H), 6.89-6.86 (m, 2H), 3.86 (s, 3H), 3.79 (s, 3H). *C{*H} NMR (151 MHz, CDCls) 6 160.5, 160.3,
148.2, 142.8 (q, Jcr = 39.8 Hz), 135.8, 130.5, 130.2, 129.7, 126.0, 121.8, 120.6 (q, Ycr = 269.2 Hz), 118.4,
115.0, 114.8, 111.4, 102.8 (q, ¥Jcr = 2.7 Hz), 55.7, 55.5. F NMR (565 MHz, CDCl3) 6 —62.73 (s, CFs3). IR
(neat) v 3159, 3004, 2959, 2930, 2840, 1580, 1521, 1484, 1357, 1312, 1252, 1156, 1129, 1021, 969 cm™™.
(+)-ESI-MS (m/z): 416.3 (100, [M+H]*), 438.2 (33, [M+Na]*). Anal. calcd. for CyH16F3NsO, (415.4): C 57.83,
H 3.88, N 16.86; found: C 57.69, H 3.87, N 16.96.

4-Mesityl-1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazole (1bi):
CF3;
N=N

1bi

OMe FCC (SiO,, hexane/EtOAc 4:1); colourless solid, 350 mg (82%); mp 126-
128 °C. *H NMR (600 MHz, CDCl3) 6 7.35 (s, 1H), 7.22-7.19 (m, 2H), 7.08 (s, 1H), 6.92 (s, 2H), 6.89-6.86
(m, 2H), 3.80 (s, 3H), 2.31 (s, 3H), 2.00 (s, 6H). 3C{*H} NMR (151 MHz, CDCls) 6 160.6, 146.2, 142.9 (q,
2Jor = 39.5 Hz), 139.0, 137.8, 136.1, 129.6, 128.6, 126.1, 125.7, 124.8, 120.7 (q, Ycr = 269.5 Hz), 114.9,
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102.6 (q, 3Jcr = 2.2 Hz), 55.8, 21.2, 20.7. °F NMR (565 MHz, CDCl3) § -62.75 (s, CFs). IR (neat) v 3135, 3101,
2982, 2937, 1580, 1502, 1364, 1301, 1241, 1137, 1100, 1025, 977 cm™. (+)-ESI-MS (m/z): 428.3 (100,
[M+H]), 450.3 (33, [M+Na]*). Anal. calcd. for C;2H20F3NsO (427.4): C61.82, H4.72, N 16.39; found: C61.88,
H 4.78, N 16.44.

4-(6-Methoxynaphthalen-2-yl)-1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-
triazole (1bj):

CFs
N=N

1bj
OMe FCC (SiO,, hexane/DCM 1:1); pale yellow solid, 278 mg (60%); mp 169-

171 °C. *H NMR (600 MHz, CDCls) 6 8.24 (s, 1H), 7.85-7.81 (m, 1H), 7.80-7.74 (m, 3H), 7.27-7.24 (m, 2H),
7.18-7.16 (m, 1H), 7.14-7.12 (m, 1H), 6.99 (s, 1H), 6.88-6.86 (m, 2H), 3.93 (s, 3H), 3.77 (s, 3H). *C{*H} NMR
(151 MHz, CDCl5) 6§ 160.5, 158.5, 148.6, 142.8 (q, *Jcr = 39.5 Hz), 135.9, 134.9, 129.9, 129.0, 127.7, 126.9,
126.0, 125.1, 124.4, 124.3, 121.4, 120.7 (9, Ycr = 269.2 Hz), 119.8, 114.8, 106.0, 102.8 (q, 3Jcr= 2.2 Hz),
55.7, 55.5. 19F NMR (565 MHz, CDCls) 6 —62.71 (s, CFs). IR (neat) v 3131, 2922, 2855, 1599, 1506, 1450,
1390, 1305, 1238, 1152, 1092, 1025 cm™. (+)-ESI-MS (m/z): 466.3 (40, [M+H]*), 488.3 (100, [M+Na]*).
HRMS (ESI-TOF) m/z calcd for Ca4H19F3NsO> ([M+H]*): 466.1491; found: 466.1490.

4-(4-Fluorophenyl)-1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazole (1bk):
CFs

FO\@N@
N=N
1bk ©
OMe FCC (SiO,, hexane/EtOAc 4:1); pale yellow solid, 355 mg (88%); mp 122-
123 °C. *H NMR (600 MHz, CDCls3) 6 7.77-7.75 (m, 2H), 7.73 (s, 1H), 7.25-7.22 (m, 2H), 7.13-7.10 (m, 2H),
6.98 (s, 1H), 6.89-6.86 (m, 2H), 3.79 (s, 3H). 3C{*H} NMR (151 MHz, CDCls) 6 163.2 (d, Yc.r = 249.0 Hz),
160.6, 147.5, 142.8 (q, %Jc-r = 39.5 Hz), 135.7, 129.7, 127.9 (d, ¥Jc.r = 8.2 Hz), 126.0, 125.5 (d, “Jc.r = 3.3 Hz),
121.4, 120.6 (q, Ycr = 269.8 Hz), 116.2 (d, 2Jcr = 21.8 Hz), 114.8, 102.8 (q, 3Jcr = 2.5 Hz), 55.7. °F NMR
(565 MHz, CDCl3) 6 -62.73 (s, CF3), —111.99 (m,, F). IR (neat) v 3079, 2968, 2929, 1584, 1495, 1390, 1238,
1148, 1122, 1088, 1025, 969 cm™. (+)-ESI-MS (m/z): 404.3 (100, [M+H]*). Anal. calcd. for CisH13F4sNsO
(403.3): C56.58, H 3.25, N 17.36; found: C 56.45, H 3.43, N 17.45.
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1-(1-(4-Methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-4-(4-(trifluoromethyl)phenyl)-1H-1,2,3-
triazole (1bl):

CF4
F30\©\(\ /4_\(
z N
NTON

N=N
1bl

OMe FCC (SiO, hexane/EtOAc 4:1); colourless solid, 367 mg (81%); mp 151-
153 °C. *H NMR (600 MHz, CDCls) 6 7.92-7.90 (m, 2H), 7.83 (s, 1H), 7.71-7.69 (m, 2H), 7.26-7.24 (m, 2H),
7.00 (s, 1H), 6.90-6.87 (m, 2H), 3.80 (s, 3H). *C{*H} NMR (151 MHz, CDCls) 6 160.6, 147.0, 142.9 (q, Jcr =
39.8 Hz), 135.5, 132.7, 131.0 (q, Ycr = 33.0Hz), 129.6, 126.3, 126.2 (q, 3Jcr = 4.1 Hz), 126.1, 124.0 (q, Ycr
=271.9 Hz), 122.4, 120.6 (q, YJc.r = 269.2 Hz), 114.9, 102.9 (q, ¥Jc.r = 2.7 Hz), 55.7. **F NMR (565 MHz, CDCls)
6 -62.81 (s, CF3), —62.84 (s, CF3). IR (neat) v 3105, 2971, 2919, 2848, 1580, 1498, 1327, 1238, 1156, 1103,
1066, 1014, 977 cm™™. (+)-ESI-MS (m/z): 454.2 (100, [M+H]*). Anal. calcd. for C0H13FsNsO (453.3): C 52.99,
H2.89, N 15.45; found: C 52.88, H 2.74, N 15.24.

1-(1-(4-Methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-4-(4-(trifluoromethoxy)phenyl)-1H-1,2,3-
triazole (1bm):

CF3
F3CO\©\(\ /4—\<
4 N
NTON
N=N

1bm

OMe FCC (SiO,, hexane/EtOAc 4:1); pale yellow solid, 394 mg (84%); mp 83-85
°C. 'H NMR (600 MHz, CDCl3) 6 7.83-7.80 (m, 2H), 7.77 (s, 1H), 7.29-7.27 (m, 2H), 7.25-7.22 (m, 2H), 6.99
(s, 1H), 6.89-6.86 (m, 2H), 3.79 (s, 3H). 3C{*H} NMR (151 MHz, CDCl3) 6 160.6, 149.7 (q, 3Jcr = 2.2 Hz),
147.1,142.9 (q, ¥cr=39.8 Hz), 135.6, 129.6, 128.0, 127.6, 126.0, 121.8, 121.7, 120.62 (q, Ycr = 269.2 Hz),
120.56 (q, Ycr = 257.8 Hz), 114.9, 102.8 (q, *Jcr = 2.7 Hz), 55.7. F NMR (565 MHz, CDCl;) & -57.85 (s,
OCFs), —62.76 (s, CF3). IR (neat) v 3146, 2940, 2908, 1580, 1525, 1498, 1241, 1203, 1156, 1129, 1014, 977
cmL. (+)-ESI-MS (m/z): 470.2 (100, [M+H]*), 492.2 (26.5, [M+Na]*). Anal. calcd. for CaoH13FsNsO; (469.3): C
51.18, H 2.79, N 14.92; found: C51.22, H 2.80, N 14.84.

4-(3,5-Difluorophenyl)-1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazole
(1bn):

F
CF,
A
F N=N

1bn
OMe FCC (SiO;, hexane/EtOAc 4:1); pale yellow solid, 366 mg (87%); mp 151-153 °C. H
NMR (600 MHz, CDCls) 6 7.77 (s, 1H), 7.33-7.30 (m, 2H), 7.25-7.22 (m, 2H), 6.99 (s, 1H), 6.90-6.87 (m, 2H),
6.83-6.80 (m, 1H), 3.80 (s, 3H). 3C{*H} NMR (151 MHz, CDCls) § 163.5 (dd, “3Jc¢ = 249.3, 12.8 Hz), 160.7,
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146.4 (t, *Jcr = 3.5 Hz), 142.9 (q, Ycr = 39.8 Hz), 135.4, 132.3 (t, 3Jcr = 10.6 Hz), 129.5, 126.1, 122.4, 120.6
(g, Yes = 269.5 Hz), 114.9, 109.0 (dd, 2*Jcr = 21.0, 5.7 Hz), 104.4 (t, Yer = 25.3 Hz), 102.9 (q, *Jer = 2.7 Hz),
55.7. 19F NMR (565 MHz, CDCls) 6 -62.76 (s, CF3), —108.47 - ~108.42 (m, 2F). IR (neat) v 3135, 3101, 3027,
2948, 2851, 1577, 1525, 1465, 1249, 1182, 1133, 1092, 1029, 973 cm™’. (+)-ESI-MS (m/z): 422.2 (100,
[M+H]*). Anal. calcd. for C1sH1,FsNsO (421.3): C 54.16, H 2.87, N 16.62; found: C 54.06, H 2.85, N 16.47.

4-(3,5-Bis(trifluoromethyl)phenyl)-1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-
triazole (1bo):
FsC oFy

/ N
F3C N=N

1bo
OMe FCC (SiO2, hexane/EtOAc 4:1); pale yellow solid, 427 mg (82%); mp 97-99

°C. *H NMR (600 MHz, CDCls) & 8.25 (m, 2H), 7.97 (s, 1H), 7.87 (m, 1H), 7.26-7.23 (m, 2H), 7.01 (s, 1H),
6.90-6.87 (m, 2H), 3.79 (s, 3H). *C{*H} NMR (151 MHz, CDCls) 6 160.7, 145.7, 142.9 (q, %Jcr = 39.8 Hz),
135.2, 132.7 (q, YJecr = 33.5 Hz, i-C), 131.5, 129.5, 126.1, 126.0 (m), 123.2 (q, Yer = 273.0 Hz), 122.9, 122.5
(m), 120.6 (q, Yer = 269.2 Hz), 114.9, 103.1 (q, *Jcr = 2.7 Hz), 55.7. **F NMR (565 MHz, CDCls) 6 —62.79 (s,
CFs3), —63.10 (s, 2CFs). IR (neat) v 3142, 2952, 2905, 1525, 1502, 1383, 1275, 1241, 1185, 1126, 1029, 969
cmL, (+)-ESI-MS (m/z): 522.3 (100, [M+H]*). Anal. calcd. for Co1H12FsNsO (521.3): C 48.38, H 2.32, N 13.43;
found: C48.51, H 2.29, N 13.37.

(4-(1-(1-(4-Methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazol-4-yl)phenyl)methanol
(1bp):

CF3
/\Q\/\N N
N=N

1bp
OMe FCC (SiO,, hexane/EtOAc 1:1); colourless solid, 307 mg (74%); mp 123-

125 °C. 'H NMR (600 MHz, CDCl3) & 7.78-7.75 (m, 3H), 7.43-7.41 (m, 2H), 7.24-7.22 (m, 2H), 6.98 (s, 1H),
6.88-6.85 (m, 2H), 4.72 (s, 2H), 3.78 (s, 3H), 1.92 (sbr, 1H). 2C{*H} NMR (151 MHz, CDCls) & 160.5, 148.1,
142.8 (g, Yes = 39.5 Hz), 141.9, 135.8, 129.7, 128.5, 127.6, 126.2, 126.0, 121.6, 120.6 (q, Yer = 269.2 Hz),
114.8,102.8 (q, *Jc.r = 2.2 Hz), 65.0, 55.7. °F NMR (565 MHz, CDCls) 6 —62.72 (s, CFs). IR (neat) v 3403 (OH),
3109, 2907, 1580, 1506, 1245, 1193, 1148, 1107, 1029, 977 cm™%. (+)-ESI-MS (m/z): 416.4 (100, [M+H]"),
438.3 (40, [M+Na]*). Anal. calcd. for CoH16FsNsO, (415.4): C57.83, H 3.88, N 16.86; found: C 57.78, H 3.83,
N 16.91.
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4-(Ferrocenyl)-1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazole (1bq):

CFs
\
%Nm
[SSRR Y
1bq
OMe FCC (SiO,, hexane/EtOAc 4:1); orange solid, 326 mg (66%); mp 155-157 °C. H

NMR (600 MHz, CDCls) & 7.40 (s, 1H), 7.24-7.22 (m, 2H), 6.99 (s, 1H), 6.91-6.88 (m, 2H), 4.69 (s, 2H), 4.32
(s, 2H), 4.01 (s, 5H), 3.77 (s, 3H). 3C{*H} NMR (151 MHz, CDCls) & 160.6, 148.0, 142.8 (q, Jcr = 39.8 Hz),
136.0, 129.7, 126.0, 120.7 (q, Yer = 269.8 Hz), 120.5, 114.8, 102.7 (q, *Jcr = 2.2 Hz), 73.6, 69.8, 69.3, 67.0,
55.7. F NMR (565 MHz, CDCls) 6 =62.73 (s, CF3). IR (neat) v 3131, 1588, 1521, 1498, 1465, 1375, 1308,
1238, 1163, 1133, 1092, 969, 820 cm’%. (+)-ESI-MS (m/z): 493.2 (70, [M]*), 494.2 (100, [M+H]*), 516.2 (60,
[M+Na]*). Anal. caled. for CosHisFsFeNsO (493.3): C 56.00, H 3.68, N 14.20; found: C 56.06, H 3.60, N 14.41.

2-(1-(1-(4-Methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazol-4-yl)pyridine (1br):

CF,
7 /N

N
Q\/\!“ N’

N=N
1br

OMe FCC (SiO,, hexane/EtOAc4:1); pale yellow solid, 282 mg (73%); mp 109-111 °C. *H
NMR (600 MHz, CDCl3) 6 8.55-8.54 (m, 1H), 8.19 (s, 1H), 8.18-8.16 (m, 1H), 7.80-7.78 (m, 1H), 7.27-7.22
(m, 3H), 6.97 (s, 1H), 6.87-6.84 (m, 2H), 3.77 (s, 3H). *C{*H} NMR (151 MHz, CDCl5) § 160.5, 149.7, 149.1,
148.9, 142.7 (q, Yecr = 39.8 Hz), 137.2, 135.7, 129.7, 126.0, 124.3, 123.7, 120.7, 120.6 (q, Ycr = 269.2 Hz),
114.8, 102.9 (q, *Jcr = 2.2 Hz), 55.6. **F NMR (565 MHz, CDCl3) § —62.70 (s, CFs). IR (neat) v 3094, 2972,
2949, 1595, 1506, 1469, 1428, 1375, 1238, 1163, 1133, 1098, 1025, 973 cm™. (+)-ESI-MS (m/z): 387.3 (100,
[M+H]*), 409.3 (75, [M+Na]*). Anal. calcd. for C1gH13F3sN6O (386.3): C 55.96, H 3.39, N 21.75; found: C 55.93,
H3.37,N 21.67.

1-(1-(4-Methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-4-(thiophen-3-yl)-1H-1,2,3-triazole (1bs):
CFs

G\WM—N'{‘
N=N
1bs

OMe FCC (SiO,, hexane/EtOAc 1:1); colourless solid, 341 mg (87%); mp 116-118 °C. *H
NMR (600 MHz, CDCl3) 6 7.72 (m¢, 1H), 7.66 (s, 1H), 7.40-7.39 (m, 2H), 7.25-7.22 (m, 2H), 6.97 (s, 1H), 6.89-
6.86 (m, 2H), 3.80 (s, 3H). 3C{*H} NMR (151 MHz, CDCls) & 160.5, 144.5, 142.8 (q, Ycr = 39.5 Hz), 135.7,
130.4, 129.7, 127.0, 126.0, 125.8, 122.5, 121.3, 120.6 (g, YJcr = 269.5 Hz), 114.9, 102.8 (q, *Jcr = 2.5 Hz),
55.7. F NMR (565 MHz, CDCls) 6 —-62.74 (s, CFs). IR (neat) v 3101, 2971, 2937, 2840, 1588, 1506, 1387,
1238, 1182, 1126, 1029, 973 cm™™. (+)-ESI-MS (m/z): 392.3 (100, [M+H]*), 414.3 (12, [M+Na]*). Anal. calcd.
for C17H12F3Ns0S (391.4): €52.17, H3.09, N 17.89, S 8.19; found: C52.17, H 3.12, N 17.77, S 8.18.
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4-(4-Ethynylphenyl)-1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazole (1bt):

- CF3
\\Q\%N@
N=N
1bt

OMe Following the general procedure, azide 5c (283 mg, 1.00 mmol) was
reacted with 1,4-diethynylbenzene (202 mg, 1.60 mmol). FCC (SiO,, hexane/EtOAc 4:1); pale yellow solid,
340 mg (83%); mp 143-145 °C. *H NMR (600 MHz, CDCls) & 7.77 (s, 1H), 7.76-7.74 (m, 2H), 7.56-7.54 (m,
2H), 7.25-7.22 (m, 2H), 6.98 (s, 1H), 6.89-6.87 (m, 2H), 3.79 (s, 3H), 3.15 (s, 1H). 3C{*H} NMR (151 MHz,
CDCls) 6 160.6, 147.6, 142.9 (q, %Jcr = 39.5 Hz), 135.7, 132.9, 129.64, 129.55, 126.0, 125.9, 122.8, 121.9,
120.6 (g, Yer = 269.2 Hz), 114.9, 102.8 (q, *Jcr = 2.2 Hz), 83.2, 78.7, 55.7. °F NMR (565 MHz, CDCls) 6 —
62.74 (s, CF3). IR (neat) v 3295, 3150, 2961, 2948, 1580, 1502, 1238, 1129, 1010, 977 cm™. (+)-ESI-MS
(m/z): 410.3 (60, [M+H]*), 432.2 (100, [M+Na]*). Anal. calcd. for C,1H14F3NsO (409.4): C 61.61, H 3.45, N
17.11; found: C 61.75, H 3.46, N 17.25.

1,4-Bis(1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazol-4-yl)benzene (1bu):
OMe

N N=N CF3
UN\/\Q\(\ /4_\<N
Z !\l N
FsC N=N

1bu

OMe Following the general procedure, azide 5¢ (708 mg, 2.50 mmol)
was reacted with 1,4-diethynylbenzene (126 mg, 1.00 mmol). Crude product 1bu was washed with
hexane; yellow solid, 388 mg (56%); mp 227 °C (decomp.). *H NMR (600 MHz, DMSO-d¢) 6 9.09 (s, 2H),
7.97 (s, 4H), 7.64 (s, 2H), 7.35-7.32 (m, 4H), 7.02-6.99 (m, 4H), 3.76 (s, 6H). *C{*H} NMR (151 MHz, DMSO-
ds) 6 159.9, 146.2, 140.9 (q, %Jcr = 38.4 Hz), 136.0, 129.43, 129.39, 126.2, 126.1, 124.9, 120.8 (q, Ycr =
268.7 Hz), 114.6, 103.6 (br), 55.5. °F NMR (565 MHz, CDCls) § —61.28 (s, CFs). IR (neat) v 3131, 2949, 1580,
1502, 1390, 1238, 1133, 1029, 969 cm™. (+)-ESI-MS (m/z): 693.3 (100, [M+H]*). Anal. calcd. for
C32H2FsN 1005 (692.6): C 55.50, H 3.20, N 20.22; found: C 55.54, H 3.12, N 20.19.

4-Hexy|-1-(1-(4-methoxypheny|)-3-(triﬂuoromethyl)-1H-pyrazol-5-y|)-1H-1,2,3-triazo|e (1ca):

MNﬁ

1ca

OMe FCC (SiO3, hexane/EtOAc4:1); pale yellow solid, 311 mg (79%); mp 66-68
°C. ™H NMR (600 MHz, CDCls) § 7.24 (s, 1H), 7.17-7.15 (m, 2H), 6.92 (s, 1H), 6.87-6.84 (m, 2H), 3.80 (s, 3H),
2.70 (t, 3Jun = 7.6 Hz, 2H), 1.65-1.60 (m, 2H), 1.30-1.24 (m, 6H), 0.89-0.85 (m, 3H). 3C{*H} NMR (151 MHz,
CDCl3) 6 160.4,149.1, 142.7 (q, ¥cr = 39.8 Hz), 136.1, 129.8, 125.9, 123.0, 120.7 (9, Ycr = 269.8 Hz), 114.7,
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102.6 (q, 3Jcr = 2.7 Hz), 55.7, 31.6, 29.1, 28.7, 25.4, 22.6, 14.1. **F NMR (565 MHz, CDCl5) § —62.78 (s, CF3).
IR (neat) v 2948, 2926, 2851, 1506, 1464, 1387, 1238, 1133, 1092, 1040, 973 cm™. (+)-ESI-MS (m/z): 394.3
(15, [M+H]%), 416.3 (100, [M+Na]*). Anal. calcd. for Ci9H22F3NsO (393.4): C 58.01, H 5.64, N 17.80; found:
C57.95,H5.66, N 17.78.

4-(Tert-butyl)-1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazole (1cb):
CFs
N=N

1cb

OMe FCC (SiO,, hexane/EtOAc 4:1); thick yellow oil, 230 mg (63%). *H NMR (600 MHz,
CDCl3) 6 7.22 (s, 1H), 7.17-7.15 (m, 2H), 6.92 (s, 1H), 6.87-6.85 (m, 2H), 3.80 (s, 3H), 1.31 (s, 9H). B3C{*H}
NMR (151 MHz, CDCls) § 160.4, 158.5, 142.7 (q, Ycr = 39.5 Hz), 136.2, 129.9, 125.8, 121.0, 120.7 (q, Ycr =
269.2 Hz), 114.6, 102.6 (q, *Jcr = 2.5 Hz), 55.7, 31.0, 30.2. *°F NMR (565 MHz, CDCl3) 6 —62.78 (s, CFs). IR
(neat) v 2967, 1580, 1502, 1461, 1364, 1245, 1170, 1139, 1093, 1029, 973 cm™. (+)-ESI-MS (m/z): 366.4
(100, [M+H]*). Anal. calcd. for Ci7H1sF3NsO (365.4): C 55.89, H 4.97, N 19.17; found: C 55.98, H 4.99, N
19.13.

1-(1-(4-Methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazole (1cc):
CFs

L

N=N

OMe

Tee Following the general procedure, azide 5¢ (283 mg, 1.00 mmol) was reacted with
TMS-acetylene (118 mg, 1.20 mmol). FCC (SiO,, hexane/EtOAc4:1); colourless solid, 164 mg (53%); mp
115-117 °C. 'H NMR (600 MHz, CDCls) & 7.76 (d, 3Ju.u = 0.9 Hz, 1H), 7.57 (d, 3/n.n = 0.9 Hz, 1H), 7.18-7.15
(m, 2H), 6.96 (s, 1H), 6.88-6.85 (m, 2H), 3.80 (s, 3H). *C{*H} NMR (151 MHz, CDCls) § 160.6, 142.8 (q, Jcr
=39.5 Hz), 135.8, 134.3, 129.6, 126.1, 126.0, 120.6 (g, Ycr = 269.5 Hz), 114.8, 102.8 (q, 3Jc.r = 2.5 Hz), 55.7.
19F NMR (565 MHz, CDCls) § —62.77 (s, CFs). IR (neat) v 3135, 1595, 1506, 1387, 1238, 1170, 1126, 1018,
969 cm®. (+)-ESI-MS (m/z): 310.2 (100, [M+H]*), 332.1 (40, [M+Na]*). HRMS (ESI-TOF) m/z calcd for
Ci13H11F3NsO ([M+H]*): 310.0916; found: 310.0915.
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(1-(1-(4-Methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazol-4-yl)methanol (1cd):

CF,
Ty
7 .
HO/\g_\N!\I N

led  OMe FCC (SiO,, hexane/EtOAc 3:7); colourless solid, 207 mg (61%); mp 73-75 °C. 'H
NMR (600 MHz, CDCls) § 7.54 (s, 1H), 7.21-7.18 (m, 2H), 6.93 (s, 1H), 6.89-6.86 (m, 2H), 4.80 (s, 2H), 3.81
(s, 3H), 2.17 (sur, 1H). 3C{*H} NMR (151 MHz, CDCls) & 160.6, 148.3, 142.8 (q, 2Jcr = 39.5 Hz), 135.8, 129.6,
126.1,124.1, 120.6 (q, Ycr = 269.8 Hz), 114.8, 102.7 (q, Jcr = 2.7 Hz), 56.4, 55.7. 2°F NMR (565 MHz, CDCls)
6-62.76 (s, CF3). IR (neat) v 3269, 3060, 2967, 2926, 1521, 1498, 1387, 1238, 1178, 1133, 1089, 1018, 973
cm™. (+)-ESI-MS (m/z): 340.2 (50, [M+H]*), 362.2 (100, [M+Nal*). Anal. calcd. for C1aH1,F3NsO; (339.3): C
49.56, H 3.57, N 20.64; found: C 49.70, H 3.60, N 20.49.

4-(Diethoxymethyl)-1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazole (1ce):
\_ CFs
)
)\fNﬂ

(o] N
- N=N

fce  OMe FCC (SiO,, hexane/EtOAc4:1); colourless solid, 144 mg (35%); mp 75-77 °C. H
NMR (600 MHz, CDCls) & 7.58 (s, 1H), 7.19-7.17 (m, 2H), 6.93 (s, 1H), 6.87-6.84 (m, 2H), 5.70 (s, 1H), 3.80
(s, 3H), 3.58 (m, 4H), 1.20 (t, *Ju = 7.1 Hz, 6H). 3C{*H} NMR (151 MHz, CDCls) & 160.6, 147.8, 142.8 (q, Jc.
r=39.8 Hz), 135.8,129.7, 126.1, 124.8, 120.6 (q, YJcr = 269.2 Hz), 114.7, 102.8 (q, 3Jc.r = 2.7 Hz), 96.3, 61.9,
55.7, 15.2. 9F NMR (565 MHz, CDCls) 6 —62.78 (s, CFs). IR (neat) v 2974, 2919, 1599, 1502, 1357, 1238,
1133, 1036, 1006, 969 cm™. (—)-ESI-MS (m/z): 410.4 (100, [M-H]’). Anal. calcd. for C1gH20F3sNsOs (411.4): C
52.55,H4.90, N 17.02; found: C 52.53, H4.81, N 17.09.

Methyl 1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazole-4-carboxylate
(1cf):

CFs
0 [(
o
z N
MeO)X\(\,N N
N=N

s

tef  OMe FCC (SiO,, hexane/EtOAc 4:1); colourless solid, 232 mg (63%); mp 124-126 °C. *H
NMR (600 MHz, CDCls) & 8.08 (s, 1H), 7.20-7.17 (m, 2H), 7.00 (s, 1H), 6.90-6.87 (m, 2H), 3.96 (s, 3H), 3.81
(s, 3H). 3C{*H} NMR (151 MHz, CDCl3) § 160.8, 160.3, 142.9 (q, Jcr = 39.8 Hz), 140.5, 134.8, 129.8, 129.1,
126.1, 120.5 (q, Yer = 269.2 Hz), 115.0, 103.2 (g, *Jer = 2.7 Hz), 55.7, 52.7. °F NMR (565 MHz, CDCls) 6 -
62.79 (s, CFs). IR (neat) v 3142, 2960, 1730 (C=0), 1506, 1439, 1338, 1238, 1129, 1033, 973 cm%. (+)-ESI-
MS (m/z): 390.2 (52, [M+Nal*), 406.2 (100, [M+K]*). Anal. calcd. for CisH12F3NsOs (367.3): C 49.05, H 3.29,
N 19.07; found: C49.00, H 3.14, N 18.92.
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1-Bromo-5-(1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazol-4-yl)pentan-2-
one (1cg):
CFs

Br N=N
(6]

1g  OMe FCC (SiO,, hexane/EtOAc1:1); colourless oil, 191 mg (41%). *H NMR (600

MHz, CDCls) 6 7.29 (s, 1H), 7.18-7.16 (m, 2H), 6.93 (s, 1H), 6.89-6.86 (m, 2H), 3.85 (s, 2H), 3.81 (s, 3H), 2.75
(t, 3Jun = 7.6 Hz, 2H), 2.69 (t, 3Juu = 7.1 Hz, 2H), 1.98 (quint, *Ju.n = 7.3 Hz, 2H). C{*H} NMR (151 MHz,
CDCl3) 6 201.6, 160.5, 147.8, 142.8 (q, YJcr = 39.8 Hz), 136.0, 129.7, 126.0, 123.3, 120.6 (q, Ycr = 269.2 Hz,
CFs3), 114.8,102.6 (q, 3Jcr = 2.2 Hz), 55.7, 38.6, 34.2, 24.4, 23.2. °F NMR (565 MHz, CDCl3) 6 —62.77 (s, CFs).
IR (neat) v 3228, 2937, 1730 (C=0), 1580, 1502, 1238, 1133, 1096, 1029, 973 cm™. HRMS (ESI-TOF) m/z
calcd for CigH1sFsNsO2Br ([M+H]*): 472.0596; found: 472.0594.

2-(3-(2-(1-(1-(4-Methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazol-4-yl)ethyl)-3H-
diazirin-3-yl)ethan-1-ol (1ch):

CF3
N=N /N
N
M,’“ N
HO N=N
1ch OMe

FCC (SiO,, hexane/EtOAc 1:1); thick colourless oil, 341 mg (81%). *H NMR
(600 MHz, CDCl3) 6 7.36 (s, 1H), 7.15-7.12 (m, 2H), 6.90 (s, 1H), 6.85-6.82 (m, 2H), 3.76 (s, 3H), 3.40 (t, 3/u.
n = 6.1Hz, 2H), 2.59 (sbr, 1H), 2.49 (t, 3Ju.n = 7.5Hz, 2H), 1.84 (t, 3y = 7.5Hz, 2H), 1.55 (t, 3/ = 6.1Hz, 2H).
BC{*H} NMR (151 MHz, CDCls) 6 160.4, 146.9, 142.6 (q, Ycr = 39.5 Hz, C-3), 135.8, 129.6, 125.9, 123.6,
120.6 (q, Ycr = 269.2 Hz, CF3), 114.7, 102.6 (q, 3Jcr = 2.7 Hz, C-4), 57.0, 55.6, 35.8, 32.3, 26.7, 19.7. *°F
NMR (565 MHz, CDCls) 6 —62.74 (s, CF3). IR (neat) v 3392 (OH), 3135, 2926, 2848, 1584, 1502, 1383, 1238,
1133, 1092, 973 cm™*. HRMS (ESI-TOF) m/z calcd for CigH1sF3sN7O, ([M+H]*): 422.1552; found: 422.1552.

N-Benzyl-1-(1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazol-4-yl)-N-
methylmethanamine (1da):

CFs,
ol

/N I
Ph \ N=N

a0 FCC (SiO,, hexane/EtOAc 1:1); thick light yellow oil, 301 mg (68%). *H NMR (600
MHz, CDCls) 6 7.46 (s, 1H), 7.31-7.28 (m, 2H), 7.26-7.21 (m, 3H), 7.18-7.15 (m, 2H), 6.96 (s, 1H), 6.84-6.81
(m, 2H), 3.72, (s, 2H), 3.70 (s, 3H), 3.46 (s, 2H), 2.19 (s, 3H). *C{*H} NMR (151 MHz, CDCl3) § 160.5, 146.3,
142.8 (q, Yer = 39.5 Hz, C-3), 138.6, 136.0, 129.7, 129.0, 128.5, 127.4, 125.9, 124.9, 120.7 (q, Ycr = 269.5
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Hz, CF3), 114.8, 102.7 (q, 3Jcr = 2.2 Hz, C-4), 61.3, 55.6, 51.8, 42.3. 5F NMR (565 MHz, CDCl3) 6 -62.76 (s,
CFs). IR (neat) v 3135, 2937, 2840, 2796, 1599, 1502, 1368, 1238, 1181, 1133, 1092, 1025, 973 cm™. HRMS
(ESI-TOF) m/z calcd for CyoH22F3NeO ([M+H]*): 443.1807; found: 443.1812.

6,7-Bis(2-methoxyethoxy)-N-(4-(1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-
triazol-4-yl)phenyl)quinazolin-4-amine (1db):
MeO
o0 N\j
A0 N N=N N

1db Following the general procedure, azide 5c (425 mg, 1.50 mmol)

was reacted with erlotinib (393 mg, 1.00 mmol). Reaction time: 40 h; FCC (SiO,, EtOAc/MeOH 9:1); yellow
solid, 568 mg (84%); mp 96-100 °C (decomp). *H NMR (600 MHz, CDCls) & 8.58 (sur, 1H), 8.15 (s, 1H), 7.83-
7.72 (m, 3H), 7.44-7.17 (m, 6H), 6.96 (s, 1H), 6.83-6.81 (m, 2H), 4.23-4.16 (m, 4H), 3.78-3.75 (m, 4H), 3.74
(s, 3H), 3.39 (s, 6H). 3C{*H} NMR (151 MHz, CDCl3) § 160.5, 156.4, 154.6, 153.4, 149.1, 148.0, 147.3, 142.7
(g, ¥cr=39.5 Hz, C-3),139.6, 135.7,129.9, 129.7,129.61, 129.57, 125.9, 122.3, 122.1, 121.4, 120.6 (q, Ye-
r=269.5 Hz, CF3), 119.2, 114.8, 109.4, 108.7, 102.8 (br), 71.0, 70.5, 69.2, 68.4, 59.33, 59.30, 55.6. F NMR
(565 MHz, CDCls) 6 —62.67 (s, CF3). IR (neat) v 2926, 1580, 1502, 1431, 1390, 1238, 1126, 1025, 973 cm™.
HRMS (ESI-TOF) m/z calcd for Cs3H3,F3sNgOs ([M+H]*): 677.2448; found: 677.2439.

(R)-N-((1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazol-4-yl)methyl)-2,3-
dihydro-1H-inden-1-amine (1dc):

CF3
N=N N

.

MeO
1de FCC (SiO,, hexane/EtOAc 1:2); thick light yellow oil, 349 mg (77%); [a]o®

= +1.20 (c = 0.37, CHCl3). *H NMR (600 MHz, CDCls) § 7.51 (s, 1H), 7.28-7.27 (m, 1H), 7.24-7.16 (m, 5H),
6.93 (s, 1H), 6.85-6.83 (m, 2H), 4.20 (t, *Ju.n = 6.5 Hz, 1H), 4.04 (d, Yy = 14.3 Hz, 1H), 4.01 (d, Yun = 14.3
Hz, 1H), 3.74 (s, 3H), 3.03-2.98 (m, 1H), 2.84-2.78 (m, 1H), 2.41-2.35 (m, 1H), 2.03 (Sur, 1H), 1.86-1.80 (m,
1H). B3C{*H} NMR (151 MHz, CDCls) 6 160.5, 148.2, 144.6, 143.7, 142.8 (q, %Jcr = 39.5 Hz), 136.0, 129.7,
127.8, 126.5, 126.1, 125.0, 124.22, 124.15, 120.7 (q, YJer = 269.2 Hz, CF3), 114.8, 102.6 (q, *Jcr = 2.7 Hz),
62.8, 55.6, 42.3,33.6,30.5. 9F NMR (565 MHz, CDCls) 6 -62.75 (s, CFs). IR (neat) v 2933, 2848, 1580, 1502,
1461, 1238, 1182, 1133, 1092, 1029, 973 cm™. HRMS (ESI-TOF) m/z calcd for CasH22FsNeO ([M+H]):
455.1807; found: 455.1811.
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(85,135,145,17S)-13-Ethyl-17-hydroxy-17-(1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-
1H-1,2,3-triazol-4-yl)-1,2,6,7,8,13,14,15,16,17-decahydro-3H-cyclopenta[a]phenanthren-3-one (1dd):

MeO

oH N=N,

LY
9

CF3

1dd Following the general procedure, azide 5¢ (425 mg, 1.5 mmol)
was reacted with gestrinone (308 mg,1.0 mmol). Reaction time: 16 h; FCC (SiO,, DCM/MeOQOH 95:5); yellow
solid, 514 mg (87%); mp 113-115 °C, [a]p®® = +41.35 (c = 0.23, CHCls). *H NMR (600 MHz, CDCls) 6 7.42 (s,
1H), 7.09-7.06 (m, 2H), 6.94 (s, 1H), 6.79-6.76 (m, 2H), 6.33 (d, 3/u.n = 10.1 Hz, 1H), 6.18 (d, */u.u = 10.1 Hz,
1H), 5.75 (s, 1H), 3.75 (s, 3H), 3.02 (sur, 1H), 2.83 (dtd, J = 15.4, 6.7, 1.8 Hz, 1H), 2.71 (dddd, J = 15.4, 9.0,
6.3, 2.3 Hz, 1H), 2.61-2.39 (m, 6H), 2.23 (ddd, J = 14.4, 11.1, 3.3 Hz, 1H), 1.91-1.81 (m, 2H), 1.77-1.73 (m,
1H), 1.63-1.55 (m, 3H), 1.19-1.12 (m, 1H), 1.08 (t, *Ju-u = 7.5 Hz, 3H). *C{*H} NMR (151 MHz, CDCl5) § 199.2,
160.6, 156.3, 154.6, 142.8 (q, %Jcr = 39.5 Hz), 141.2,139.5, 135.6, 129.6, 127.6, 125.6, 124.7,123.9, 123.2,
120.6 (q, Ycr = 269.2 Hz, CF3), 114.7, 102.7 (q, Jcr = 2.7 Hz), 81.5, 55.6, 51.2, 48.5, 38.2, 37.8, 36.7, 31.6,
27.0, 24.42, 24.36, 22.7, 11.4. *F NMR (565 MHz, CDCls) § —-62.73 (s, CFs3). IR (neat) v 3401 (OH), 2937,
1636 (C=0), 1569, 1502, 1238, 1137, 1096, 1029 cm.HRMS (ESI-TOF) m/z calcd for Cs,H33F3NsOs ([M+H]*):
592.2535; found: 592.2533.

Synthesis of 4-(1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazol-4-yl)-
benzyl acetate (1bv): To a solution of 1,2,3-triazole 1bp (100 mg, 0.24 mmol) in dry DCM (2.0 mL) were
added EtsN (0.25 mL), followed by acetic anhydride (0.25 mL), and the mixture was stirred at 40 °C (oil
bath). After 1.5 h, the reaction was quenched with water (10 mL) and extracted with DCM (3 x 10 mL).
The combined organic layers were dried over Na,SO;, filtered, and removed under reduced pressure. The

product 1bv was recrystallized from a mixture of DCM/hexane (1:1).
CF3

AcoAg%N @
N=N

1oV OMe Colourless solid, 100 mg (91%); mp 87-89 °C. *H NMR (600 MHz, CDCl3) &
7.80-7.78 (m, 2H), 7.76 (s, 1H), 7.44-7.41 (m, 2H), 7.25-7.22 (m, 2H), 6.99 (s, 1H), 6.89-6.86 (m, 2H), 5.13
(s, 2H), 3.79 (s, 3H), 2.11 (s, 3H). 3C{*H} NMR (151 MHz, CDCls) § 170.9, 160.6, 147.9, 142.8 (q, ZJcr = 39.5
Hz), 137.0, 135.7, 129.7, 129.2, 129.0, 126.3, 126.0, 121.7, 120.6 (q, Ycr = 269.5 Hz), 114.9, 102.8 (q, *Jcr
= 2.7 Hz), 65.9, 55.7, 21.1. *°F NMR (565 MHz, CDCls) § —62.75 (s, CFs). IR (neat) v 2933, 1737, 1580, 1525,
1502, 1364, 1241, 1185, 1133, 1014, 977 cm™™. (+)-ESI-MS (m/z): 458.3 (40, [M+H]"), 480.3 (100, [M+Na]").
Anal. calcd. for Cx;H1sF3NsO3 (457.4): C57.77,H 3.97, N 15.31; found: C 57.81, H 3.90, N 15.20.
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Synthesis of 4-(1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazol-4-yl)benz-
aldehyde (1bw): A mixture of 1,2,3-triazole 1bp (80 mg, 0.19 mmol), PCC (50 mg, 0.23 mmol), and Celite
(5 mg) in freshly dried DCM (3.0 mL) was stirred at room temperature for 3 h (TLC monitoring). The solvent
was then evaporated in vacuo. The crude product 1bw was purified by column chromatography.

CF3
04\©\%\N/Q{q

N=N
1ow OMe CC (SiO,, hexane/EtOAc 2:3); yellow solid, 77 mg (98%); mp 126-128 °C.
'H NMR (600 MHz, CDCls) & 10.03 (s, 1H), 7.98-7.94 (m, 4H), 7.89 (s, 1H), 7.26-7.24 (m, 2H), 7.00 (s, 1H),
6.90-6.87 (m, 2H), 3.79 (s, 3H). *C{*H} NMR (151 MHz, CDCls) § 191.6, 160.6, 147.1, 142.9 (q, ¥Jcr = 39.8
Hz), 136.6, 135.5, 134.9, 130.6, 129.6, 126.5, 126.1, 122.8, 120.6 (q, Ycr = 269.5 Hz), 114.9, 102.9 (q, *Jcr
=2.2 Hz), 55.7. *F NMR (565 MHz, CDCls) 6 —-62.74 (s, CFs). IR (neat) v 3123, 2960, 2922, 1700, 1610, 1502,
1394, 1238, 1156, 1118, 1099, 1025, 969 cm™. (+)-ESI-MS (m/z): 414.3 (100, [M+H]*). Anal. calcd. for
Ca0H14F3NsO; (413.4): € 58.11, H 3.41, N 16.94; found: C 58.04, H 3.69, N 16.80.

Synthesis of methyl 4-(1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazol-4-
yl)benzoate (1bx): To a solution of 1,2,3-triazole 1bp (100 mg, 0.24 mmol) in MeCN (4.0 mL) were added
solid Na,COs (38 mg, 0.36 mmol), followed by KMnOQ4(94 mg, 0.60 mmol), and the resulting mixture was
stirred at 80 °C (oil bath) for 2 h. The mixture was allowed to reach room temperature and then filtered
through a pad of Celite (washed with 10 mL of MeOH). The solvents were removed under reduced
pressure. The residue was dissolved in MeOH (3.0 mL), concentrated H,SO,4 (0.30 mL) was added, and the
mixture was heated at 80 °C for 12 h. The solvent was then evaporated, water (10 mL) was added, and
the mixture was extracted with DCM (3 x 10 mL). The combined organic layers were dried over Na,SO,,
filtered, and concentrated in vacuo. The crude product 1bx was purified by column chromatography.

o CF3
MeO ﬂ
)X\Q\@q B
N=N

1bx

OMe CC (SiOz, DCM/MeOH 9:1); yellow solid, 99 mg (93%); mp 155-157 °C. H
NMR (600 MHz, CDCls) 6 8.11-8.08 (m, 2H), 7.87-7.85 (m, 3H), 7.25-7.23 (m, 2H), 6.99 (s, 1H), 6.89-6.87
(m, 2H), 3.93 (s, 3H), 3.79 (s, 3H). *C{*H} NMR (151 MHz, CDCls) & 166.6, 160.6, 147.4, 142.9 (q, ZJcr = 39.5
Hz), 135.6, 133.5, 130.6, 130.5, 129.6, 126.1, 125.9, 122.5, 120.6 (q, Ycr = 269.2 Hz), 114.9, 102.9 (q, 3Jcr
=2.2 Hz), 55.7, 52.4. °F NMR (565 MHz, CDCls) 6 —62.74 (s, CFs). IR (neat) v 3112, 2952, 2922, 2848, 1707,
1502, 1439, 1286, 1241, 1178, 1129, 1103, 1014, 969 cm™™. (+)-ESI-MS (m/z): 444.2 (32, [M+H]*), 466.2
(100, [M+Nal*). Anal. calcd. for C31H16F3NsO3 (443.4): C 56.89, H 3.64, N 15.80; found: C 56.85, H 3.84, N
15.70.
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Synthesis of 4-(1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazol-4-yl)benz-
amide (1by): To a solution of 1,2,3-triazole 1bf (80 mg, 0.20 mmol) in acetone (2.0 mL) were added an
aqueous solution of Na,C0Os (3 M, 1.0 mL) and H,0; (30%, 1.0 mL), and the mixture was stirred at room
temperature. After 2 h, the precipitated 1by was filtered off and recrystallized from MeCN.

o CF3
HZN»\Q\@N@
N=N
el OMe Colourless solid, 81 mg (94%); mp 237-239 °C. *H NMR (600 MHz, DMSO-

ds) 6 9.14 (s, 1H), 8.04 (sur, 1H), 8.00-7.97 (m, 2H), 7.94-7.90 (m, 2H), 7.64 (s, 1H), 7.41 (sur, 1H), 7.35-7.30
(m, 2H), 7.02-6.98 (m, 2H), 3.76 (s, 3H). *C{*H} NMR (151 MHz, DMSO-d¢) & 167.3, 159.9, 146.0, 140.9 (q,
2Jcr = 38.4 Hz), 136.0, 134.2, 131.8, 129.4, 128.4, 126.3, 125.4, 125.1, 120.8 (q, Ycr = 269.2 Hz), 114.6,
103.7 (br), 55.5. 2°F NMR (565 MHz, DMSO-ds) § —61.28 (s, CF). IR (neat) v 3418 (N-H), 3135 (N-H), 2931,
1651 (C=0), 1617, 1502, 1390, 1241, 1156, 1126, 1103, 1021, 969 cm™. (=)-ESI-MS (m/z): 400 (92), 427.0
(100, [M=H]’). HRMS (ESI-TOF) m/z calcd for CyoH16F3sN6O; ([M+H]*): 429.1287; found: 429.1295.

Synthesis of 1-(1-(4-Methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-4-(p-tolyl)-1H-1,2,3-triazole
(1bc) by hydrogenation of pyrazole-triazole hybrid 1bf: To a solution of 1,2,3-triazole 1bf (80 mg, 0.2
mmol) in dry THF (5.0 mL) was added 10% Pd/C (200 mg), and the resulting mixture was hydrogenated
(H2, 70 psi) at room temperature for 5 h. The mixture was filtered through a short pad of Celite (washed
with 5.0 mL of EtOAc), and the solvents were removed under reduced pressure to give spectroscopically
pure 1bc (79 mg, 99%).

Synthesis of N-(4-(1-(1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl)-1H-1,2,3-triazol-4-yl)-
benzyl)isobutyramide (1bz): To 1,2,3-triazole 1bf (100 mg, 0.24 mmol) in MeOH (6.0 mL) were added
freshly prepared Raney-Ni (400 mg), followed by aqueous solution of NH3 (25%, 1.0 mL), and mixture was
hydrogenated (H,, positive pressure from a balloon) at room temperature for 2 h. The reaction mixture
was filtered through a pad of Celite (washed with 5 mL of MeOH), and the solvents were removed in
vacuo. The residue was dissolved in dry THF (4.0 mL), EtsN (0.10 mL) was added, and the mixture was
stirred at 0 °C for 10 min. Next, isobutyryl chloride (0.10 mL, 0.48 mmol) was added dropwise, and the
mixture was stirred at room temperature for 1 h. The reaction was quenched with water (20 mL) and
extracted with DCM (3 x 10 mL). The combined organic layers were dried over anhydrous Na,SQ,, filtered,
and concentrated in vacuo. The crude product 1bz was purified by column chromatography.

0 CF3
" ya
\eLH/\Q\(\,N v
N=N

1bz

OMe CC (SiO,, hexane/EtOAc 1:1); colourless solid, 86 mg (74%); mp 160-162
°C. 'H NMR (600 MHz, CDCls) § 7.76-7.73 (m, 3H), 7.34-7.32 (m, 2H), 7.24-7.21 (m, 2H), 6.98 (s, 1H), 6.88-
6.85 (m, 2H), 5.82 (t, 3Jn.n = 5.9 Hz, 1H), 4.46 (d, *Ju.n = 5.9 Hz, 1H), 3.79 (s, 3H), 2.40 (hept, 34y = 6.9 Hz,
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1H), 1.19 (d, J = 6.9 Hz, 6H). *C{*H} NMR (151 MHz, CDCl;) § 177.0, 160.6, 148.0, 142.8 (q, *Jc-r = 39.8 Hz),
139.7, 135.8, 129.7, 128.4*,126.4, 126.0, 121.5, 120.6 (q, Ycr = 269.8 Hz), 114.8, 102.8 (q, *Jcr = 2.7 Hz),
55.7, 43.2, 35.8, 19.8; *higher intensity. *°F NMR (565 MHz, CDCl3) § —62.74 (s, CFs). IR (neat) v 3351 (N-
H), 2967, 2933, 1644 (C=0), 1588, 1525, 1495, 1375, 1238, 1156, 1126, 1021, 973 cm™. (+)-ESI-MS (m/z):
485.3 (100, [M+H]*). Anal. calcd. for Co4H,3F3NsO; (484.5): C59.50, H 4.79, N 17.35; found: C 59.52, H 4.89,
N17.12.

General procedure for synthesis of azides 5: To a solution of 1-aryl-3-(trifluoromethyl)pyrazole 3 (1.00
mmol) in anhydrous THF (10 mL), at —78 °C, under argon, n-Buli (2.5M in hexane, 0.52 mL, 1.30 mmol)
was added. After 5 min, a solution of tosyl azide (405 mg, 2.05 mmol) in dry THF (5 mL) was added
dropwise. The reaction mixture was allowed to warm to room temperature and stirred for 4 h. The
reaction was quenched with 1M NH,4CI (15 mL) and extracted with DCM (3 x 20 mL). The combined organic
layers were washed with water (3 x 10 mL), dried over Na,SO,, filtered, and the solvents were removed
in vacuo. The crude product 5 was purified by standard column chromatography on silica gel (CC).

5-Azido-1-(p-tolyl)-3-(trifluoromethyl)-1H-pyrazole (5a):

Sa CC (SiO,, hexane/DCM 4:1); red solid, 222 mg (83%); mp 45-47 °C. 'H NMR (600 MHz,
CDCls) & 7.48-7.45 (m, 2H), 7.29-7.27 (m, 2H), 6.45 (s, 1H), 2.41 (s, 3H). 3C{*H} NMR (151 MHz, CDCl3) &
142.9 (q, ¥cr = 38.7 Hz), 139.4, 139.0, 134.9, 129.8, 124.0, 120.9 (q, Ycr = 268.7 Hz), 94.1 (q, *Jcr = 2.5 Hz),
21.3. F NMR (565 MHz, CDCl3) 6 —63.02 (s, CFs). IR (neat) v 2922, 2136 (Ns), 1517, 1472, 1282, 1233,
1162, 1107, 972, 816 cm™. (+)-ESI-MS (m/z): 268.3 (100, [M+H]*). Anal. calcd. for Ci1HgF3Ns (267.2): C
49.44, H 3.02, N 26.21; found: C 49.40, H 3.02, N 26.19.

5-Azido-1-(4-isopropylphenyl)-3-(trifluoromethyl)-1H-pyrazole (5b):

sb CC (Si0,, hexane/DCM 4:1), orange oil, 236 mg (80%). *H NMR (600 MHz, CDCls) § 7.52-
7.49 (m, 2H), 7.35-7.32 (m, 2H), 6.46 (s, 1H), 2.98 (hept, /i = 7.0 Hz, 1H), 1.29 (d, /uu = 7.0 Hz, 6H).
13C{*H} NMR (151 MHz, CDCl;) § 149.8, 142.8 (q, %Jcr = 39.2 Hz), 139.4, 135.1, 127.2, 124.0, 120.9 (q, Ycr
= 269.2Hz), 94.1 (q, *Jcr =2.2 Hz), 34.0, 24.0. **F NMR (565 MHz, CDCls) § —-63.02 (s, CFs). IR (neat) v 2963,
2132 (Ns), 1517, 1487, 1394, 1282, 1249, 1170, 1133, 973 cm™™. (+)-ESI-MS (m/z): 296.3 (100, [M+H]*),
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318.2 (65, [M+Na]*). Anal. calcd. for Ci13H1,F3Ns (295.3): C 52.88, H 4.10, N 23.72; found: C52.95, H 3.99,
N 23.80.

5-Azido-1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazole (5c):

OMe

Se CC (SiO,, hexane/DCM 4:1); orange solid, 266 mg (94%); mp 76-77 °C. *H NMR (600 MHz,
CDCls) 6 7.49-7.47 (m, 2H), 6.99-6.96 (m, 2H), 6.44 (s, 1H), 3.85 (s, 3H). 3C{*H} NMR (151 MHz, CDCl3) 6
159.9, 142.7 (q, ¥cr = 39.2 Hz), 139.4, 130.4, 125.7, 120.9 (q, YJcr = 269.2 Hz), 114.4, 94.0 (q, 3Jcr = 2.5 Hz),
55.7. F NMR (565 MHz, CDCl3) 6 —63.00 (s, CFs). IR (neat) v 2922, 2140 (Ns), 1513, 1469, 1223, 1170,
1118, 1092, 1021, 969 cm™. (+)-ESI-MS (m/z): 284.3 (100, [M+H]*). Anal. calcd. for C1;HsF3NsO (283.2): C
46.65, H 2.85, N 24.73; found: C 46.66, H 2.81, N 24.76.

5-Azido-1-(4-(benzyloxy)phenyl)-3-(trifluoromethyl)-1H-pyrazole (5d):

OBn

5d CC (SiO,, hexane/DCM 1:1); red solid, 305 mg (85%); mp 61-63 °C. 'H NMR (600 MHz,
CDCls) 6 7.52-7.48 (m, 2H), 7.47-7.45 (m, 2H), 7.43-7.40 (m, 2H), 7.38-7.35 (m, 1H), 7.08-7.05 (m, 2H), 6.45
(s, 1H), 5.12 (s, 2H). *C{*H} NMR (151 MHz, CDCls) § 159.0, 142.7 (q, %Jcr = 39.2 Hz), 139.4, 136.5, 130.6,
128.8,128.3,127.6, 125.6, 120.9 (q, Ycr =269.2 Hz), 115.3, 94.0 (q, 3Jc.r =2.2 Hz), 70.5. *°F NMR (565 MHz,
CDCls) 6 —62.96 (s, CFs). IR (neat) v 2928, 2132 (Ns), 1595, 1510, 1469, 1379, 1286, 1234, 1170, 1122, 998,
969 cm™. (+)-ESI-MS (m/z): 360.3 (100, [M+H]*), 382.2 (23, [M+Na]*). Anal. calcd. for C;7H1,F3NsO (359.3):
C56.83, H 3.37, N 19.49; found: C 56.82, H 3.31, N 19.49.

5-Azido-1-(4-chlorophenyl)-3-(trifluoromethyl)-1H-pyrazole (5e):

Cl

Se CC (SiOy, hexane/DCM 4:1); orange solid, 173 mg (60%); mp 45-47 °C. *H NMR (600 MHz,
CDCls) 6 7.60-7.57 (m, 2H), 7.46-7.43 (m, 2H), 6.47 (s, 1H). *C{*H} NMR (151 MHz, CDCls) & 143.3 (q, ¥cr
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=39.2 Hz), 139.7, 136.0, 134.5, 129.4, 125.0, 120.7 (q, Ycr = 269.2 Hz), 94.5 (q, *Jcr = 2.5 Hz). °F NMR
(565 MHz, CDCl3) 6 —63.18 (s, CFs). IR (neat) v 2925, 2136 (N3), 1469, 1394, 1279, 1245, 1174, 1133, 1092,
1006, 972 cm™L, (+)-ESI-MS (m/z): 288.2 (100, [M+H]*). Anal. calcd. for C1oHsCIFsNs (287.6): C41.76, H 1.75,
N 24.35; found: C41.97, H 1.88, N 24.40.

5-Azido-3-(trifluoromethyl)-1-(4-(trifluoromethyl)phenyl)-1H-pyrazole (5f):
CF3

s

CF3

5f CC (SiO,, hexane/DCM 3:2); orange solid, 257 mg (80%); mp 52-54 °C. 'H NMR (600 MHz,
CDCls) 6 7.84-7.81 (m, 2H), 7.75-7.72 (m, 2H), 6.50 (s, 1H). *C{*H} NMR (151 MHz, CDCls) 6 143.8 (q, Jc¢
=39.2Hz), 140.2, 140.1, 130.4 (q, ¥Jcr = 33.2 Hz), 126.5 (q, ¥Jcr = 3.5 Hz), 123.8 (q, Ycr = 272.5 Hz), 123.6,
120.6 (q, Yer = 269.2 Hz), 94.9 (q, 3Jcr = 2.5 Hz). F NMR (565 MHz, CDCl3) § -62.72 (s, CFs), —63.36 (s,
CFs). IR (neat) v 2932, 2132 (Ns), 1618, 1491, 1394, 1323, 1260, 1170, 1103, 1066, 969 cm™. (+)-ESI-MS
(m/z):322.2 (100, [M+H]*), 344.1 (19, [M+Na]*). Anal. calcd. for C11HsFgNs (321.0): C41.14,H 1.57, N 21.81;
found: C41.22,H 1.64, N 21.87.

4-(5-Azido-3-(trifluoromethyl)-1H-pyrazol-1-yl)benzonitrile (5g):

CN

59 CC (SiO,, hexane/DCM 4:1); red oil, 103 mg (37%, ca. 90% purity). *H NMR (600 MHz,
CDCl3) 6 7.89-7.86 (m, 2H), 7.78-7.75 (m, 2H), 6.51 (s, 1H). 3C{*H} NMR (151 MHz, CDCls) & 144.1 (q, Yer
=39.2 Hz), 140.8, 140.3, 133.3, 123.5, 122.3 (q, Ycr = 282.3 Hz), 118.0, 111.9, 95.2 (q, ¥Jcr = 2.7 Hz). °F
NMR (565 MHz, CDCls) § —63.39 (s, CFs). IR (neat) v 2950, 2933, 2229 (CN), 2140 (Ns), 1607, 1513, 1487,
1394, 1249, 1170, 1133, 1100 cm™™. HRMS (ESI-TOF) m/z calcd for Ci;HsFsNgNa ([M+Na]*): 301.0425;
found: 301.0417.
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Synthesis of 4-azido-1-(p-tolyl)-3-(trifluoromethyl)-1H-pyrazole (8): Following a general literature
protocol,® a solution of 1-aryl-3-CFs-pyrazole 3a (226 mg, 1.0 mmol), ceric ammonium nitrate (CAN, 603
mg, 1.1 mmol), and elemental iodine (330 mg, 1.3 mmol) in MeCN (6.0 mL) was refluxed (oil bath)
overnight. After removal of the solvent in vacuo, the residue was dissolved in DCM (15 mL). The resulting
solution was washed with sat. ag. Na,S,03 (5.0 mL), followed by water (10 mL), and the organic layer was
dried over Na,SOs. Evaporation of the solvent afforded a crude product, which was purified by filtration
through a short silica gel pad (SiO,, hexane/DCM 3:2) to give iodide 7 (306 mg, 87%) as a yellow oil (*H
NMR (600 MHz, CDCl5) 6 7.98 (s, 1H), 7.55-7.53 (m, 2H), 7.32-7.29 (m, 2H), 2.42 (s, 3H); data in accordance
with the literature®). To a solution of this material (7, 306 mg, 0.87 mmol) in anhydrous THF (10 mL), n-
BuLi (2.5M in hexane, 0.452 mL, 1.13 mmol) was added dropwise at —78 °C under an argon atmosphere.
After 5 min, a solution of tosyl azide (256 mg, 1.3 mmol) in dry THF (4 mL) was added. The reaction mixture
was allowed to reach room temperature, and stirring was continued for 4 h. The reaction was then
quenched with 1M NH4Cl (10 mL), and the mixture was extracted with DCM (3 x 15 mL). The combined
organic layers were washed with water (3 x 10 mL), dried over Na,SOy, filtered, and concentrated in vacuo.
The crude product 8 was purified by standard column chromatography.

N3
8 CC (SiO,, hexane/DCM 4:1); thick orange oil, 128 mg (42%). 'H NMR (600 MHz,
CDCls) 6 7.82 (s, 1H), 7.54-7.52 (m, 2H), 7.29-7.27 (m, 2H), 2.40 (s, 3H). *C{*H} NMR (151 MHz, CDCls) &
138.4,136.9, 134.7 (9, %Jcr = 38.4 Hz), 130.3, 123.1, 120.8 (g, Ycr = 269.5 Hz), 120.1, 119.6, 21.1. **F NMR
(565 MHz, CDCls) 6 —61.07 (s, CFs). IR (neat) v 2930, 2125 (Ns), 1513, 1402, 1301, 1238, 1167, 1126, 1051,
962 cmL. (+)-ESI-MS (m/z): 268.2 (100, [M+H]*); HRMS (ESI-TOF) m/z calcd. for CiiHsFsNs ([M+H]*):
268.0810; found: 268.0812.

Synthesis of 4-phenyl-1-(1-(p-tolyl)-3-(trifluoromethyl)-1H-pyrazol-4-yl)-1H-1,2,3-triazole (9): A mixture
of azide 8 (107 mg, 0.40 mmol), phenylacetylene (61 mg, 0.60 mmol), copper(ll) sulfate pentahydrate
(15.0 mg, 0.06 mmol), and (+)-sodium L-ascorbate (23.8 mg, 0.12 mmol) in MeOH/H,0 (10:1, 6 mL) was
stirred at 55 °C (oil bath) for 5 h. The solvents were evaporated, and the crude reaction mixture was
dissolved in DCM (8 mL), dried over Na,SQO,, and filtered through a Celite pad (washed with DCM). After
evaporation of the solvent, the product 9 was purified by standard column chromatography (SiO,,
hexane/AcOEt 9:1) and recrystallized from hexane.

N
N\/j/Ph
N

Me

o Yellow solid, 99 mg (68%); mp 117-119 °C. *H NMR (600 MHz, CDCls) & 7.78-7.80
(m, 2H), 7.77 (s, 1H), 7.45-7.42 (m, 2H), 7.39-7.36 (m, 1H), 7.19-7.17 (m, 4H), 6.99 (s, 1H), 2.35 (s, 3H).
B3C{*H} NMR (151 MHz, CDCls) & 148.4, 142.9 (q, 2cr = 39.8 Hz), 140.1, 135.7, 134.4, 130.3, 129.3, 129.2,
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129.1, 126.1, 124.2, 121.7, 120.6 (9, Ycr = 269.5 Hz), 103.0 (q, 3Jcr = 2.5 Hz), 21.3. F NMR (565 MHz,
CDCls) 6 -62.74 (s, CFs). IR (neat) v 3153, 2925, 1580, 1502, 1364, 1238, 1156, 1133, 1014, 977 cm™%. (+)-
ESI-MS (m/z): 370.2 (12, [M+H]"), 392.4 (100, [M+Na]*). HRMS (ESI-TOF) m/z calcd. for CigH1sF3Ns ([M+H]*):
370.1280; found: 370.1288.
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Fig S54. 'H NMR (600 MHz, CDCl3), 3C{*H} NMR (151 MHz, CDCls) and **F NMR (565 MHz, CDCls) spectra for compound 9.
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4. Crystallographic analysis

Crystallographic analysis of 1bb: Single crystals of 1bb (CyoH1sF3sNsO,) were measured. A suitable crystal
was selected and measured on a XtalLAB Synergy, Dualflex, Pilatus 300K diffractometer. The crystal was
mounted in inert oil on nylon loops and kept at 100.00(10) K during data collection. Measurements for
compound 1bb were performed using mirror-focused Cu-Ka radiation. Absorption corrections were
implemented on the basis of multi-scans.

Using Olex2,% the structure was solved with the SHELXT® structure solution program using Intrinsic
Phasing and refined with the XL’ refinement package using Least Squares minimization. Hydrogen atoms
were included using rigid methyl groups or a riding model starting from calculated positions.

Complete crystallographic data have been deposited at the Cambridge Crystallographic Data Center as
supplementary publication numbers CCDC-2425718. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/structures/

Fig S55. A view of the molecular structure of compound 1bb. Displacement ellipsoids are drawn at the 50%
probability level. X-ray data collected at the ambient temperature 100 K.
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Fig $56. A view of the molecular packing in the structure of compound 1bb.

Crystal structure determination of 1bb: Crystal Data for CoH16FsNsO, (M =415.38 g/mol): monoclinic,
space group P21/n (no. 14), a = 19.3507(3) A, b = 5.45900(10) A, c = 19.9061(3) A, 8 = 115.142(2)°, V =
1903.57(6) A%, Z= 4, T=100.00(10) K, p(Cu Ka) = 1.003 mm™, Dcalc = 1.449 g/cm?, 37202 reflections
measured (5.336° < 20 < 158.398°), 3961 unique (Rint = 0.0304, Rsigma = 0.0144) which were used in all
calculations. The final R; was 0.0318 (I > 20(1)) and wR; was 0.0832 (all data).

Refinement model description
Number of restraints - 0, number of constraints - unknown.

Details:
1. Fixed Uiso
At 1.2 times of:
All C(H) groups
At 1.5 times of:
All C(H,H,H) groups
2. Others
Sof(F9B)=Sof(F8B)=Sof(F7B)=1-FVAR(1)
Sof(F7A)=Sof(F8A)=Sof(FOA)=FVAR(1)
3.a Aromatic/amide H refined with riding coordinates:
C14(H14), C4(H4), C20(H20), C16(H16), C17(H17), C19(H19), C24(H24), C28(H28),
C27(H27), C25(H25)
3.b Idealised Me refined as rotating group:
C22(H22A,H22B,H22C), C30(H30A,H30B,H30C)
This report has been created with Olex2, compiled on 2024.02.14 svn.r2f8d729¢ for Rigaku Oxford Diffraction. Please let us know if there are
any errors or if you would like to have additional features.

Table S1. Crystal data and structure refinement for 1bb.

Identification code ksw_260_auto
Empirical formula C20H16F3Ns02
Formula weight 415.38
Temperature/K 100.00(10)
Crystal system monoclinic
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Space group
a/A

b/A

c/A

ao/°

B/

v/°
Volume/A3
z

Pealcg/cm’
p/mm
F(000)
Crystal size/mm?

Radiation

20 range for data collection/®

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?
Final R indexes [I>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3 0.29/-0.20

P21/n
19.3507(3)
5.45900(10)
19.9061(3)
90
115.142(2)
90
1903.57(6)
4

1.449

1.003

856.0

0.5 x0.06 x 0.06

Cu Ka (A =1.54184)

5.336 to 158.398

-24<h<24,-6<k<6,-25<1<25

37202

3961 [Rint = 0.0304, Rsigma = 0.0144]

3961/0/302
1.039

R1=0.0318, wR2 = 0.0810
R1=0.0343, wR2 = 0.0832

Table S2. Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters (A2x10%) for 1bb.
Ueq is defined as 1/3 of the trace of the orthogonalised Uy tensor.

Atom X y z U(eq)
0(21) 8554.2(4) 4238.6(15) 6811.6(5) 25.22(19)
0(29) 4666.3(5) 9717.2(18) 8928.6(4) 31.4(2)
F(7A) 1199(3) 1417(11) 5279(4) 48.4(11)
F(8A) 1885.5(18) -1406(5) 5148.5(16) 39.0(7)
F(9A) 1435(2) 1240(7) 4305.5(13) 47.5(8)
F(9B) 1224(6) 2230(40) 4414(7) 90(5)
F(8B) 1797(6) -1110(20) 4905(12) 96(4)
F(7B) 1278(9) 1140(30) 5398(11) 63(3)
N(10) 4240.8(5) 5174.4(16) 5835.1(5) 17.65(19)
N(1) 3244.8(5) 4709.9(17) 6255.2(5) 20.0(2)
N(11) 4385.1(5) 7618.0(17) 5900.6(5) 21.0(2)
N(12) 5103.0(5) 7876.5(17) 6026.2(5) 20.6(2)
N(2) 2556.3(5) 3645.3(18) 6054.7(5) 22.7(2)
C(15) 6237.8(6) 5325.0(19) 6220.4(5) 17.5(2)
C(14) 4869.5(6) 3880.5(19) 5917.4(5) 17.8(2)
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C(13) 5422.5(6) 5621.4(19) 6043.6(5) 17.5(2)

c(23) 3594.6(6) 6043(2) 6938.6(6) 20.5(2)
c(18) 7803.2(6) 4731(2) 6631.5(6) 19.5(2)
c4) 3014.9(6) 2824(2) 5195.4(6) 20.5(2)
C(20) 6510.5(6) 3244.5(19) 5998.0(6) 19.3(2)
C(16) 6761.8(6) 7086.2(19) 6645.5(6) 19.3(2)
c(5) 3527.1(6) 4255.2(19) 5746.5(6) 18.2(2)
c(17) 7542.1(6) 6809(2) 6855.0(6) 20.1(2)
c(19) 7284.5(6) 2957(2) 6199.4(6) 20.4(2)
c(3) 2425.2(6) 2510(2) 5419.1(6) 21.4(2)
c(24) 3198.2(6) 7893(2) 7094.1(6) 24.7(2)
c(28) 4331.8(6) 5438(2) 7441.0(6) 25.3(2)
c(27) 4673.7(6) 6724(2) 8099.1(6) 27.1(3)
C(6) 1719.2(7) 1025(2) 5039.9(7) 28.7(3)
C(26) 4276.8(6) 8585(2) 8264.5(6) 23.9(2)
(25) 3534.9(7) 9167(2) 7760.8(6) 26.6(2)
c(22) 9099.6(6) 6028(2) 7248.6(7) 27.7(3)
C(30) 4274.4(7) 11583(2) 9136.4(7) 30.3(3)

Table $3. Anisotropic Displacement Parameters (A2x103) for 1bb. The Anisotropic displacement factor exponent
takes the form: -2m?[h%a*2U11+2hka*b*U1a+...].

Atom U1l u22 u33 u23 u13 ui12
0(21)  19.2(4) 23.6(4) 32.1(4) -4.4(3) 10.2(3) -2.4(3)
0(29)  26.2(4) 41.4(5) 24.2(4) -11.7(4) 8.3(3) -0.2(4)
F(7A) 26.1(10) 48.8(14) 77(2) -30.2(15)  28.1(12) -12.3(10)
F(8A) 36.1(9) 19.6(9) 53.1(12) -0.9(11) 10.9(8) -9.1(6)
F(9A) 40.1(13) 65.0(15) 22.6(7) 4.8(8) -1.0(7) -29.3(10)
F(9B) 38(3) 133(9) 58(4) 49(5) -18(3) -37(4)
F(8B) 46(4) 98(6) 156(9) -103(5) 54(5) -33(4)
F(7B) 60(7) 78(6) 74(5) -27(4) 50(5) -46(5)
N(10)  19.1(4) 13.8(4) 19.2(4) -0.4(3) 7.3(3) -1.0(3)
N(1) 18.1(4) 21.5(5) 19.5(4) -0.5(4) 7.2(3) -0.4(4)
N(11)  22.1(4) 14.5(4) 24.3(4) -0.6(3) 7.9(4) -1.0(4)
N(12)  21.8(4) 15.6(4) 22.8(4) -0.3(3) 7.8(4) -0.7(4)
N(2) 18.7(4) 25.1(5) 23.0(4) 1.1(4) 7.7(4) -1.2(4)
C(15) 20.7(5) 16.1(5) 15.4(4) 1.9(4) 7.3(4) -1.4(4)
c(14) 20.7(5) 14.6(5) 17.9(5) -0.3(4) 8.0(4) 0.3(4)
c(13) 21.8(5) 14.5(5) 15.4(5) 0.1(4) 7.3(4) -0.3(4)
c(23) 21.3(5) 22.2(5) 18.4(5) -0.5(4) 8.9(4) -0.4(4)
c(18) 19.9(5) 20.0(5) 18.7(5) 2.5(4) 8.3(4) -1.2(4)
C(4) 22.5(5) 18.5(5) 19.9(5) -0.4(4) 8.4(4) -1.4(4)
C(20) 23.2(5) 15.9(5) 18.6(5) -1.6(4) 8.8(4) -4.1(4)
C(16) 23.8(5) 15.3(5) 18.5(5) -0.9(4) 8.7(4) -0.7(4)
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c(5) 19.1(5) 15.4(5) 20.0(5) 1.7(4) 8.1(4) 0.7(4)
C(17) 22.6(5) 17.3(5) 18.1(5) -1.2(4) 6.5(4) -4.6(4)
C(19) 25.3(5) 15.9(5) 22.2(5) -1.4(4) 12.1(4) -0.5(4)
c(3) 20.6(5) 20.8(5) 21.0(5) 1.9(4) 7.0(4) -0.7(4)
C(24) 19.6(5) 29.6(6) 23.1(5) -1.0(5) 7.4(4) 2.9(5)
c(28) 24.7(5) 27.3(6) 22.9(5) -0.6(4) 9.2(4) 6.8(5)
C(27) 21.1(5) 35.2(7) 20.9(5) -0.6(5) 5.2(4) 5.4(5)
C(e) 26.0(6) 34.1(7) 24.6(6) 0.6(5) 9.5(5) -7.0(5)
C(26) 23.6(5) 29.0(6) 20.1(5) -3.5(4) 10.3(4) -3.0(5)
C(25) 24.6(5) 29.1(6) 27.2(6) -4.8(5) 12.2(5) 3.3(5)
C(22) 19.7(5) 26.9(6) 33.1(6) -1.7(5) 7.9(5) -5.2(5)
C(30) 33.7(6) 31.6(6) 26.8(6) -8.8(5) 13.9(5) -2.6(5)
Table S4. Bond Lengths for 1bb.

Atom Atom Length/A Atom Atom Length/A
0(21) c(18) 1.3673(13) N(2) c(3) 1.3329(14)
0(21) C(22) 1.4300(14) C(15) C(13) 1.4722(14)
0(29) C(26) 1.3604(13) C(15) C(20) 1.4010(15)
0(29) C(30) 1.4318(15) C(15) C(16) 1.3926(15)
F(7A) C(6) 1.301(5) c(14) C(13) 1.3721(15)
F(8A) C(6) 1.361(3) C(23) c(24) 1.3804(16)
F(9A) C(6) 1.331(3) C(23) C(28) 1.3899(15)
F(9B) C(6) 1.374(8) c(18) c(17) 1.3899(15)
F(8B) C(6) 1.220(10) c(18) C(19) 1.3968(15)
F(7B) C(6) 1.325(14) C(4) C(5) 1.3682(15)
N(10) N(11) 1.3578(13) c(4) c(3) 1.4006(15)
N(10) C(14) 1.3553(13) C(20) C(19) 1.3851(15)
N(10) C(5) 1.4082(13) C(16) C(17) 1.3934(15)
N(1) N(2) 1.3490(13) C(3) C(6) 1.4891(16)
N(1) c(23) 1.4338(14) C(24) c(25) 1.3909(16)
N(1) C(5) 1.3623(14) C(28) C(27) 1.3819(16)
N(11) N(12) 1.3104(13) C(27) C(26) 1.3949(16)
N(12) C(13) 1.3714(14) C(26) c(25) 1.3942(16)

Table S5. Bond Angles for 1bb.

Atom Atom Atom Angle/® Atom Atom Atom Angle/®
C(18) 0(21) C(22) 116.92(9) N(1) C(5) N(10) 121.57(9)
C(26) 0(29) C(30) 117.46(9) N(1) c(s) c(4) 108.50(9)
N(11) N(10) C(5) 120.86(9) C(4) C(5) N(10) 129.92(10)
C(14) N(10) N(11) 111.28(8) C(18) C(17) C(16) 119.20(10)
c(14) N(10) C(s) 127.72(9) C(20) C(19) c(18) 120.37(10)
N(2) N(1) C(23) 120.55(8) N(2) C(3) C(4) 113.12(10)
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N(2) N(1) C(5) 111.04(9) N(2) C(3) C(6) 119.87(10)
C(5) N(1) C(23) 128.38(9) C(4) C(3) C(6) 126.98(10)
N(12) N(11) N(10) 106.40(8) C(23) C(24) C(25) 120.00(10)
N(11) N(12) C(13) 109.76(9) C(27) C(28) C(23) 119.55(11)
C(3) N(2) N(1) 104.30(9) C(28) C(27) C(26) 120.25(10)
C(20) C(15) C(13) 121.51(9) F(7A) c(6) F(8A) 105.7(3)
C(16) C(15) C(13) 119.94(9) F(7A) C(6) F(9A) 111.4(4)
C(16) C(15) C(20) 118.49(9) F(7A) c(6) c(3) 114.2(3)
N(10) C(14) C(13) 104.56(9) F(8A) C(6) C(3) 110.26(16)
N(12) C(13) C(15) 122.04(9) F(9A) c(6) F(8A) 102.7(2)
N(12) C(13) C(14) 108.00(9) F(9A) C(6) C(3) 111.74(14)
C(14) C(13) C(15) 129.85(10) F(9B) C(6) C(3) 109.6(4)
C(24) C(23) N(1) 120.04(9) F(8B) c(6) F(9B) 111.2(5)
C(24) C(23) C(28) 120.70(10) F(8B) C(6) F(7B) 109.4(9)
C(28) C(23) N(1) 119.26(10) F(8B) C(6) C(3) 117.3(5)
0(21) C(18) c(17) 124.53(10) F(7B) c(6) F(9B) 96.0(9)
0(21) C(18) C(19) 115.53(10) F(7B) C(6) C(3) 111.3(7)
C(17) C(18) C(19) 119.94(10) 0(29) C(26) c(27) 115.27(10)
c(5) c(4) c(3) 103.04(9) 0(29) C(26) C(25) 124.86(10)
C(19) C(20) C(15) 120.43(10) C(25) C(26) c(27) 119.87(10)
C(15) C(16) C(17) 121.58(10) C(24) C(25) C(26) 119.62(11)
Table S6. Torsion Angles for 1bb.
A B C D Angle/* A B C D Angle/*
0O(21) C(18) C(17) cC(16) -178.95(10) C(23) C(24) c(25) C(26) 0.85(18)
0O(21) C(18) C(19) C(20) 178.62(9) C(23) C(28) cC(27)  C(26) 1.19(18)
0(29) C(26) C(25) C(24) 179.35(11) C(4) C(3) C(6) F(7A) -167.3(4)
N(10) N(11) N(12) C(13) -0.10(11) C(4) C(3) C(6) F(8A) 73.9(2)
N(10) C(14) C(13) N(12) -0.45(11) C(4) C(3) C(6) F(9A) -39.7(3)
N(10) C(14) C(13) C(15) 175.69(10) c(4) c(3) c(s) F(9B) -74.6(12)
N(1) N(2) C(3) C(4) -0.38(12) C(4) C(3) C(6) F(8B) 53.3(12)
N(1) N(2) C(3) C(6) 177.55(10) C(4) C(3) C(6) F(7B) -179.6(9)
N(1)  C(23) C(24) C(25) 179.29(10) C(20) C(15) C(13)  N(12)  -157.72(10)
N(1) C(23) C(28) (C(27) 179.69(10) C(20) C(15) C(13) C(14) 26.61(16)
N(11) N(10) C(14) C(13) 0.41(11) C(20) C(15) cC(16) C(17) -0.48(15)
N(11) N(10) C(5) N(1)  -57.98(14) C(16) C(15) C(13)  N(12)  25.10(15)
N(11) N(10) C(5) C(4) 122.95(12) C(16) C(15) C(13) C(14) -150.57(11)
N(11) N(12) C(13) C(15) -176.15(9) c(16) C(15) cCc(20)  C(19) 0.09(15)
N(11) N(12) C(13) C(14) 0.36(12) C(5)  N(10) N(11)  N(12) 175.70(8)
N(2) N(1) C(23) C(24) -53.27(15) C(5) N(10) C(14) C(13) -175.14(9)
N(2) N(1) C(23) (C(28) 126.30(11) C(5) N(1) N(2) C(3) 0.62(12)
N(2)  N(1) C(5) N(10) -179.90(9) C(5) N(1) Cc(23)  C(24) 128.85(12)
N(2) N(1) C(5) C(4) -0.65(12) C(5) N(1) C(23) C(28) -51.59(16)
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N(2)
N(2)
N(2)
N(2)
N(2)
N(2)
C(15)
C(15)
C(14)
C(14)
C(14)
C(13)
c(13)
C(23)
C(23)
c(23)

C(3)
C(3)
c(3)
c(3)
c(3)
c(3)
C(20)
c(16)
N(10)
N(10)
N(10)
C(15)
C(15)
N(1)
N(1)
N(1)

C(e)
C(e)
c(6)
c(6)
c(6)
c(6)
C(19)
c(17)
N(11)
c(s)
c(s)
C(20)
c(16)
N(2)
c(s)
c(s)

F(7A)
F(8A)
F(9A)
F(9B)
F(8B)
F(7B)
C(18)
c(18)
N(12)
N(1)

c(4)

C(19)
c(17)
C(3)

N(10)
c(4)

15.0(4)
-103.74(18)
142.7(3)
107.7(12)
-124.3(12)
2.8(9)
0.49(16)
0.30(16)
-0.20(11)
117.18(12)
-61.89(16)
-177.13(9)
176.77(9)
-177.60(9)
-1.85(17)
177.39(10)

C(5)

C(5)

c(17)
c(19)
c(3)

C(3)

c(24)
c(28)
c(28)
C(28)
c(27)
c(22)
c(22)
C(30)
C(30)

C(4)

C(4)

c(18)
c(18)
C(4)

C(4)

C(23)
C(23)
c(27)
c(27)
C(26)
0(21)
0(21)
0(29)
0(29)

C(3)

C(3)

C(19)
c(17)
C(5)

C(5)

(28)
C(24)
C(26)
C(26)
C(25)
c(18)
C(18)
C(26)
C(26)

N(2)

C(6)

C(20)
C(16)
N(10)
N(1)

c(27)
C(25)
0(29)
C(25)
C(24)
c(17)
C(19)
c(27)
C(25)

0.00(13)
-177.75(11)
-0.67(16)
0.28(15)
179.54(11)
0.38(12)
-0.75(18)
-0.27(18)
179.60(11)
-0.61(18)
-0.41(18)
-1.24(15)
179.50(10)
-177.84(11)
2.39(17)

Table S7. Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A2x10°) for 1bb.

Atom X y z U(eq)

H(14) 4916.87 2154.31 5893.12 21

H(4) 3050.55 2197.18 4766.08 25

H(20) 6162.21 2022.79 5707.27 23

H(16) 6583 8510.49 6796.17 23

H(17) 7891.39 8026.35 71471 24

H(19) 7463.57 1546.24 6042.68 25

H(24) 2695.41 8295.49 6745.72 30

H(28) 4598.79 4150.2 7332.82 30

H(27) 5180.96 6338.36 8440.13 32

H(25) 3260.98 10425.58 7872.22 32

H(22A) 9613.63 5488.89 7335 42

H(22B) 9071.18 6224.15 7725.61 42

H(22C) 8987.67 7597.74 6984.7 42

H(30A) 4134.91 12922.73 8775.02 45

H(30B) 4608.56 12210.43 9629.76 45

H(30C) 3811.55 10892.08 9146.67 45

Table S8. Atomic Occupancy for 1bb.
Atom Occupancy Atom Occupancy Atom Occupancy
F(7A) 0.699(15) F(8A) 0.699(15) F(9A) 0.699(15)
F(9B) 0.301(15) F(8B) 0.301(15) F(7B) 0.301(15)
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