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N-Perfluoro-tert-butyl (N-PFtB) secondary amines, harboring a unique *°F-reporting moiety linked directly
to nitrogen, are highly attractive due to their diverse potential applications. However, their mild and facile
synthesis remains a significant challenge. Herein, we present a safe and efficient strategy for the direct
synthesis of N-perfluoro-tert-butyl secondary amines from readily available N-trifluoromethyl secondary
amines. Experiments and theoretical calculations demonstrate that this novel protocol encompasses
three main processes: the elimination of hydrogen fluoride from the N-trifluoromethyl precursor,
consecutive addition—elimination conversion of difluoromethyl imine (R-N=CF,) to hexafluoropropyl
imine (R—=N=C(CF3),), and final addition of R—N=C(CF3), with the in situ generated fluoroform (HCFs).
Key advantages of this reaction include the utilization of a single trifluoromethyl source and the N-

iiiggfe%ggg?hsoegtzgneﬁezr;fjé‘ trifluoromethyl starting material itself as the hydrogen source. Notably, the elimination of hydrogen
fluoride, facilitated by CsF, is critical for the success of this approach. This method is compatible with

DOI: 10.1039/d4sc06335] a broad range of functional groups, including heterocyclic compounds. *°F MRI experiments suggest
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Introduction

Fluorine chemistry has seen significant advancements in recent
years, with applications emerging in biomedicine™ and mate-
rials science.*>* Synthetic methods for mono-, di-, and tri-
fluoromethylation are now well-established and highly
sophisticated.> Alongside these developments, short-chain
perfluoroalkylation methodologies have garnered increasing
attention due to the unique properties of perfluoroalkyl-
containing compounds,®*® which hold considerable promise
in therapeutic and diagnostic applications."*™* Perfluoro-tert-
butyl (PF¢B) is particularly valuable in this context, playing
a crucial role in °F-labeled NMR*** and MRI probes,** as well
as "F MRI contrast agents.'®® PFtB offers a distinct and
singular '°F signal, providing significant advantages in
imaging. Not only does '°F sensitivity rival that of 'H, but its
signal originates solely from the imaging agent, eliminating
interference from background signals. Evidently, the growing
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promising prospects for PFtB-labeled secondary amines as *°F MRI contrast agents.

demand for perfluorinated compounds in these fields under-
scores the importance of methodological studies for PF¢B group
synthesis.

Given the ubiquitous role of nitrogen in drug molecules,
compounds combining nitrogen with the PFtB group, particu-
larly N-PF¢B secondary amines, are highly attractive and hold
significant promise. However, the lack of a general synthesis
method has resulted in limited reports of such compounds to
date. The existing route developed by Petrov involves obtaining
R-NHC(CF;); from the hexafluoropropyl imine intermediate
(R-N=C(CF;),) following addition and hydrochloric acid
treatment.” This intermediate is typically derived from
conventional reactions involving gaseous hexafluoroacetone
with aromatic primary amines or isocyanates (Fig. 1A).>*?*
However, these procedures suffer from some drawbacks,
including the use of highly toxic gases, multiple steps, and
demanding operations,”> which significantly hinder the
exploration and application of these compounds. Therefore,
overcoming these challenges and developing a general strategy
for the safe and efficient construction of N-PFtB secondary
amines is critical.

To the best of our knowledge, the conversion from difluor-
omethyl imine (R-N=CF,) to hexafluoropropyl imine (R-N=
C(CF;),) remains unreported. We propose this conversion as
a significantly safer and more efficient approach for construct-
ing multi-CF; amines, eliminating the need for highly toxic
gases. Our strategy leverages a readily available N-CF; secondary
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A Typical methods for the synthesis of N-perfluoro-tert-butyl secondary amines
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Fig. 1 Previous work and reaction design. (A) Traditional approaches
to synthesizing N-PFtB secondary amines; (B) our designed strategy
for the construction of N-PFtB secondary amines.

amine as the starting material.”® This amine undergoes elimi-
nation of HF to generate the highly reactive difluoromethyl
imine. Subsequently, in the presence of a CF; source, this imine
undergoes two consecutive addition-elimination processes to
form hexafluoropropyl imine. Finally, the target N-PF:B
secondary amine is obtained through the addition reaction of
hexafluoropropyl imine with trifluoromethyl and hydrogen
(Fig. 1B). Experimental and theoretical calculations support the
notion that the eliminated HF reacts further with TMSCF;, in
situ producing HCF; which subsequently participates in the
addition reaction with hexafluoropropyl imine. The key advan-
tages of this novel strategy lie in its reliance on a single CF;
source and the starting material N-CF; secondary amine as the
hydrogen source, enabling a one-step reaction under mild
conditions.

Results and discussion

To evaluate the proposed reaction pathway, we employed 4-
cyanophenyl N-trifluoromethyl secondary amine as a model
substrate. The substrate was treated with 8.0 equivalents of
TMSCF; and 1.0 equivalent of KF initiator in THF at room
temperature for 6 hours. The desired product (compound 1) was
isolated in a 33% yield (Table 1, entry 1). Subsequent attempts
to improve the yield by individually or concurrently increasing
the amounts of TMSCF; or KF resulted in only modest
improvement. Similarly, the addition of CuCl exhibited a negli-
gible effect on the yield (entries 2-6). Notably, the absence of KF
or its substitution with NaF or TBAF (tetrabutylammonium
fluoride) completely ablated product formation (entries 7-9).
Further investigation revealed that cesium fluoride (CsF) was
crucial for this reaction system. When 8.0 equivalents of
TMSCF; were combined with 1.0 equivalent of CsF in the
presence of the substrate, the yield remarkably increased to
65% (entry 10). Employing 1.5 equivalents of CsF led to a further
enhancement in product yield (entry 11). However, increasing
the CsF amount to 3.0 equivalents resulted in an inhibitory
effect (increase in unknown by-products, entry 12). Likewise,
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Table 1 Survey of reaction conditions®

H H
U |

N.c-F TMSCF;, additive N g-CFs
£F &S
NC NC 3

solvent, rt, 6 h
1

Entry TMSCF; (equiv.)  Additive (equiv.) Solvent  Yield® (%)
1 8 KF (1) THF 33
2 8 KF (3) THF 38
3 8 KF (5), CuCl (1.0)  THF 54
4 8 KF (3), CuCl (1.0) THF 47
5 10 KF (5) THF 43
6 10 KF (3) THF 42
7 8 — THF 0
8 8 NaF (3.0) THF 0
9 8 TBAF (3.0) THF 0
10 8 CsF (1.0) THF 65
11 8 CsF (1.5) THF 73
12 8 CSF (3.0) THF 67
13 8 CsF (0.5) THF 60
14 8 CsF (1.5) DCM 23
15 8 CsF (1.5) MeCN 41
16 6 CsF (1.5) THF 76
17 10 CsF (3.0) THF 57

“ Reaction conditions: N-CF; secondary amine (0.8 mmol, 1.0 equiv.),
solvent (4.0 mL). ? Isolated yields.

decreasing the CsF quantity to 0.5 equivalents yielded a slightly
lower product formation (generation of a dimer, entry 13) (see
ESI, p. S41). These observations collectively suggest that the
liberated F~ anion, after being displaced by CF;~ during the
reaction, participates again by reacting with TMSCF; to release
another CF;. Among the tested solvents, THF provided the
most favorable outcome (entries 14-15). Finally, the optimal
reaction conditions were established by finetuning the ratio of
TMSCF; and CsF (entry 16).

To elucidate the reaction mechanism, we initially employed
the N-CH; analog of the starting substrate under standard
conditions (Fig. 2A). This experiment aimed to preliminarily
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! _— CSCF
F 3
NC NC CFs
N.D.
B H
N..F _TMSCF; (6.0 equiv), THF (4 mL) HCF5
/© L F CsF (1.5 equiv), t, 0.5 h 'SF NMR, -79.43
NC (d, J=79.5 Hz)
0.8 mmol
CF3 CF

Mw = 216.06 (GC-MS)
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T e
o} 3
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Mw = 336.00 (GC-MS)

Mw = 266.04 (GC-MS)

H
I:I\C/F TMSCF; (2.0 equiv)
el
D/ £ F CsF (0.2 equiv), THF, 1t, 6 h
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Fig. 2 Preliminary mechanistic investigations.
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determine the reaction pathway. Notably, no signal corre-
sponding to the anticipated product was detected by GC-MS or
"F NMR analysis. This observation suggests that the N-H bond
in the N-CF; secondary amine plays a critical role in the reac-
tion, and a simple conversion of the three C-F bonds to C-CF;
bonds is not the operative mechanism. Secondly, the presence
of a fluoroform (HCF3)*’ signal was identified in the '°F NMR
spectrum after 30 minutes of reaction time (Fig. 2B), although
a very small amount of HCF; is formed in the absence of
substrate (see ESI, p. S71). This finding implies the potential
involvement of HF elimination during the reaction. Finally, we
investigated the reaction under conditions employing a cata-
lytic amount of CsF (0.2 equivalents) and 2.0 equivalents of
TMSCF; (Fig. 2C). Using GC-MS analysis, we observed a mixture
of mono-, di-, and tri-substituted trifluoromethylated products
(see ESI, p. S97).

Density Functional Theory (DFT) calculations were employed
to investigate the reaction mechanism (detailed in the ESI, p.
S127). The mechanism can be broadly divided into three key
processes: firstly, CsF facilitates the removal of hydrogen fluo-
ride (HF), forming CsHF,; secondly, two sequential addition-
elimination processes occur, transforming C-F bonds into C-
CF; bonds; and finally, the resulting intermediate reacts with
the in situ generated fluoroform (HCF;) at the N=C double
bond, restoring the hydrogen atom to its original position. The
reaction energy barrier diagram is presented in Fig. 3. The DFT
calculations reveal that CsF promotes the initial HF elimination
process by forming intermediate IM-1 (—12.2 kcal mol ") with

9. I T
(7 Jonis
‘ 6 ‘ - £
CsoHF3
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\
*\‘/‘\(’ v (? . f,f\ S
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r " 7 e
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Fig. 3 DFT study on the reaction mechanism.
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a significantly lower energy barrier compared to direct HF
elimination (kinetic barrier AGIIM1 = 47.3 kcal mol ™, thermo-
dynamic barrier AGy,, = 5.9 kecal mol ™). Additionally, CsF
exhibits a more favorable free energy change
(AGyp = —12.2 kcal mol™)  for  intermediate  formation
compared to that of the generation of the intermediate IM-1 via
KF (AGyy = —11.4 kcal mol™), underscoring its superior
performance in the reaction. CsF reacts with TMSCF; to form
CsCF;, which then attacks IM-1 and undergoes an addition
reaction to form IM-2 (—51.8 kcal mol ). Subsequently, IM-2
undergoes -fluoride elimination, losing one molecule of CsF to
give IM-3 (—49.3 kcal mol '), introducing the first CF; group.
Double trifluoromethyl-substituted IM-5 (—82.8 kcal mol ™) is
formed after two consecutive processes. Notably, the CsHF,
formed during the generation of IM-1 reacts with TMSCF; to
afford HCF; (AGguoroform = —18-2 keal mol™), contributing to
the exothermic free energy change in the reaction. Finally, the
addition reaction of IM-5 with HCF; produces the target
product 1. Importantly, the calculations show that directly
eliminating one HF using two CsF equivalents is energetically
unfavorable.

We evaluated the applicability of this method to various
substrates under the optimized conditions (Table 2). The results
reveal a clear influence of the electronic nature of the aryl ring
on reaction efficiency. N-Trifluoromethyl secondary amines
bearing electron-withdrawing groups, similar to the template
substrate, yielded the corresponding trifluoromethylated prod-
ucts in good yields (e.g., trifluoromethyl (2), nitro (3), ester (4)).

/@/ (;:E +1 CsF | IM-1  + [CsHF,
NC E
4 :
/©/N\9:E v KF -11.4 M4+ | KHF,
NC F
5 :
F /@/N‘Q:E vioosF B M+ CsphHEy
p v HF NC F
-0.27

CsF + TMSCF4 TMSF + CsCFj

CsHF, + TMSCF; —182- HCF, + CsF + TMSF ||

Product |,

3 ‘ CFs N. .CF
A =g N _F Y ~~ell3
,»—,( C N=G, (-:jCF@
4 (-:FCF;, CF; CFs *

NC 3 NG NC
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Table 2 Scope of N-perfluoro-tert-butyl secondary amines®
B F  TMscF, CsF o CFs
QN—C‘—F — N-C-CF3
- THF, rt, 6 h CFs
" ! g !
|
~eSFs NogeCFs <CFs N.g<CFs N.ceCFs N.geCFs
O Eocs Q &cFs O & Q &xcs &SP Q &xCFs
FsC = = MeO,C & MeO'
1,76% 201 799% 3,85% 4,80% 5,31% 6, 35%
H H H ol
i |
Meo NgeCFs hll\c’CF’J E CF I E CF O e, .:;%"
i CF “CFs Nt ~geths [ CFy e
Cry? Cry' G cr, G cr, CFa i |
3 Ry CF; ° O p
OMe o
7,28% 8, 38% 9, 39% 10,61% 11, 39% CCDC 2256453
O H H H i i
|
N< ..CF; N...CF, N< .,CF3
N‘CZCF3 N‘(_Z:g? ‘ ’CF /@ (l;\CFj /©/ 9\ch /©/ (.:\CF,
Ceshe CF3 CFw E CFs cl CFs * Br e
12, 38% 13, 54% 14, 30% 150 539 16, 62% 17,57%
| H H
& 4 | | CFj
F -
CFs C MeO,S 2 ST coMe
18, 65% 19, 75% 20 55% 21, 49% 22, 49% 23,70%
P g ; i :
~c* ,CF LCF3 <~sCF: \
/ ca o Ns o ¢ B N CFe N N..CFs
o CF ,CF | &SP | ) ECFs ¢ &SP
N O N v oo s
24, 40% 25, 54% 26, 74% 271 31% 280, 35% 299, 28%
F3 C CF I}C CF; CF
o N-sCF3 FsC= C c CF; Fa c~ _N ,CFA ‘ <
N/ CF3 // \\
30, 25% 31, 20% 32, 15% 33,27%

“ Reaction conditions: N-CF; secondary amine gO .8 mmol, 1.0 equiv.), TMSCF; (4.8 mmol, 6.0 equiv.), CsF (1.2 mmol, 1.5 equlv) THF (4.0 mL), r.

6 h. Isolated yields are given. * Determined by

Conversely, electron-rich aromatic rings exhibited lower toler-
ance. Substrates with tert-butyl (5), methoxy (6, 7), methyl (8),
and isopropyl (9) groups afforded N-PF¢B secondary amines in
lower to moderate yields. Unexpectedly, the ortho-ethoxy-
substituted compound (10) produced the resulting product in
a 61% yield. The naphthalene ring was also compatible,
although o-naphthalene (12) displayed reactivity
compared to B-naphthalene (13), while tetrahydronaphthalene
(14) showed reactivity akin to that of a-naphthalene, possibly
due to steric hindrance from the PFtB group. Notably, the
presence of fluorine (15), chlorine (16), bromine (17), and
iodine (18) substituents on the benzene ring did not affect the
reaction. These halogens remained intact, as confirmed by the
absence of additional trifluoromethyl signals in GC-MS and "°F
NMR spectra. This compatibility is advantageous for down-
stream derivatization reactions. It's important to note that
highly fluorinated molecules have a nonpolar character and an
extremely low polarizability, inducing only weak intra- and
intermolecular interactions.”® Consequently, substrates 2 and
15, which contain fluorine and trifluoromethyl groups on the

lower

20174 | Chem. Sci, 2024, 15, 20171-20176

°F NMR spectroscopy using trlﬂuoromethoxybenzene as an internal standard. ¢ Yield of two steps

benzene ring, exhibit lower boiling points compared to the
other substrates, making it difficult to isolate compounds 2 and
15 under reduced pressure for extended periods. Moderate
yields were obtained for ketone substrates (20, 21) and the
sulfone substrate (22). Perfluoro-tert-butylation of thiophene
(23) and protected nitrogen compounds (24, 25) also proceeded
successfully. However, pyridine and thiazole starting materials
did not convert to PFtB amines under standard conditions,
potentially due to the instability of their N-CF; secondary amine
precursors in the solvent-free environment. Optimized condi-
tions were developed for a one-pot conversion of iso-
thiocyanates to N-PFtB pyridine derivatives (27, 28) in THF
(details in ESI, p. S277). Similarly, trifluoromethylated thiazole
(29) and isoquinoline (30) precursors, synthesized in MeCN but
THF instead of Et,O in the purification procedure, were
successfully transformed to corresponding compounds. The
synthesis of bis-NHC(CF;);-substituted substrates (31-33) yiel-
ded low product quantities. Notably, the standard protocol is
not suitable for aliphatic substrates. The structure of N-PF¢B
secondary amine 11 was confirmed by X-ray crystallographic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Late-stage applications”
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No ,CF(
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HoN

34, 75%

<CFs
{-CFs

Fe, NH4CI, 80°C
MeOH/H,0, 3 h

Q

NaOH, 80 °C
THF/H,0, 3 h

40, 89%

N »CFs
cF
/©/ CFs °

44, 90%

NgeCFs
o'
MeO,C

48, 70%

42, 95%

N _.CF3
S
BocoN 3

46, 66%

A
N.g-CFs
CF?F’
NC

47, 50%

PCOOH

EDC DCM, 1t, 12 h

FOH or ¢ \HNHZ

N o .CFs \ J U/
“CF3
EDC, DCM, t, 12 h
HooC CF3 ) o]

i
o N._.CF
| ~AP 3
N .CFs o O/ Ccr,
c? &pCFs
V>CF, N 3
o L\/ H
N.
S
o

36, 97%, from Ibuprofen 37, 81%, from Probenecid

N fCF%
SR Y(j S

O N

H
|

N_ C,g?
/\N/\/O CF3 s

38, 45%, Procaine derivative 39, 51%, Prucalopride derivative

Concentration (mM)

N, ..CF3
[
1 CF;3
CFs ~

49, 51%

“ Derivatization and applications of N-PF¢tB secondary amines. (A) Synthesis of drug-like molecules (for details, see ESI). (B) Amine (0.3 mmol, 1.0
equiv.), iodide (5.0 equiv.), NaH (10.0 equiv.), THF, r.t., 12 h. (C) MR imaging of '°F at ultra-high field.

analysis. Compound 1 exhibited stability under acidic (aqueous
HCI, pH 0, 36 hours) conditions, with no degradation observed
by "H NMR (phenyl region). However, minimal decomposition
was detected under basic conditions (aqueous NaOH, pH 14, 36
hours) (details in ESI, p. S42t). The predicted Log P value of
compound 1 (Log P = 4.85) is significantly higher than its N-tert-
butyl counterpart (LogP = 2.27), indicating a substantial
increase in lipophilicity due to the CF; groups.”

To assess the utility of this method for incorporating PF¢B
groups into drug-like molecules, we targeted ibuprofen
(antipyretic/analgesic) and probenecid (antigout). Since N-CF3
secondary amines bearing an unprotected NH, group were not
accessible using our previously reported method,* it is more
feasible to obtain such an active precursor (34) by reducing
a NO, group containing N-PF¢B secondary amine (3). Following
the reduction of compound 3 and subsequent condensation,
the PFtB group was successfully introduced into these drugs
with excellent yields (ibuprofen: 36, 97%; probenecid: 37, 81%).
Notably, the PF¢B group remained intact during ester depro-
tection. Furthermore, N-PF:B derivatives of procaine (local
anesthetic, 38) and prucalopride (constipation treatment, 39)
were obtained via smooth condensation with the amino or
hydroxyl groups (Table 3A). These examples demonstrate the
compatibility of N-PFtB secondary amines with various deriva-
tization reactions. Capitalizing on the stability of the N-H bond,
we achieved N-methylation under strong basic conditions (NaH)
using multiple substrates. Naphthalene (41), cyano (40), benzyl
(42), ester (43), halogen (44, 45), and Boc-protected amino (46)

© 2024 The Author(s). Published by the Royal Society of Chemistry

substituted N-PF¢B amines yielded the corresponding methyl-
ated products in high yields. Interestingly, allyl iodide reacted
with compounds 1 and 4 to afford products 47 and 48 (Table
3B), while iodoethane, iodopropane, and iodobutane were
unreactive. Additionally, the acylation (49) reaction of N-H
bond in N-PF¢B secondary amine was successfully performed.
Finally, we explored the potential of PF¢B-labeled molecules for
'F MRI applications using compound 36. Compared to nega-
tive (H,O) and positive (CF,) controls, compound 36 exhibited
clear imaging sensitivity at various concentrations (25, 50, 75,
100, and 125 mM). Notably, a concentration of 75 mM displayed
a high level of discrimination (Table 3C). These findings suggest
promising prospects for PF¢B-labeled secondary amines as '°F
MRI contrast agents.

Conclusions

In summary, this study describes a novel and efficient one-step
method for the synthesis of aromatic N-PFtB secondary amines
from readily available N-CF; secondary amine precursors. The
reaction involves the strategic elimination of HF from starting
materials, rapid conversion of C-F bonds to C-CF; groups, and
incorporation of the in situ generated fluoroform. This method
is compatible with a broad range of functional groups,
including complex compounds. Experimental results and DFT
calculations confirm the involvement of intermediates in the
reaction process. This approach not only offers new insights
into the reactivity of N-CF; secondary amines but also provides

Chem. Sci., 2024, 15, 20171-20176 | 20175
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a valuable pathway for the development of N-PFtB-containing
drugs, imaging probes, and contrast agents.
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