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The mixtures of HNO3 with trifluoroacetic anhydride (TFAA) 
were often employed for nitration and nitrolysis of organic com­
pounds,1,2 and trifluoroacetyl nitrate (TFAN) was supposed to 
be a nitrating agent [equation (1)]. There was also a supposition 
that N2O5 and TFAA were formed from these components.1 An 
analysis of the peak areas in the 19F NMR spectra of H2O–
HNO3–TFAA mixtures showed3 that 2 mol HNO3 and 1 mol 
TFAA produced N2O5 [equation (3)], while TFAN was formed 
under the stoichiometric ratio of these components [equation (1)]. 
This was confirmed by the fact of heat emission maximum in 
the HNO3 reaction with TFAA occurred at the component ratio 
2 : 1.4 As was alleged,5 the TFAN solutions could be prepared 
by  a reaction of any inorganic nitrate with excess TFAA, and 
the TFAN formation in the reaction of 15NH4

15NO3 with TFAA 
was later ascertained by 15N NMR spectroscopy [equation (4)].6 
Significantly, in contrast to acetyl nitrate, which was isolated 
as  a pure compound by distillation, individual TFAN was not 
still obtained (e.g., due to ‘extensive decomposition’5). No detailed 

investigations of TFAA reactions with nitric acid and its deriva­
tives have been undertaken so far.

Herein, identification of compounds prepared by these reactions 
was fulfilled using both literature7–9 and own experimental 14N, 
19F NMR and Raman spectra (Tables 1, 2, see also Online Sup­
plementary Materials). For comparison, AcONO2 was obtained 
by the reaction of Ac2O with N2O5 or HNO3 (see Online Supple­
mentary Materials). Note that standard frequencies in the Raman 
spectra of individual compounds tend to noticeably shift depending 
on polarity of the medium, intermolecular interactions and com­
plexing with other mixture components.
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Individual trifluoroacetyl nitrate (TFAN) was synthesized by 
the reaction of N2O5 with trifluoroacetic anhydride (TFAA) 
and was characterized by 13C, 14N, 15N, and 19F NMR and 
Raman spectroscopy. In the gas phase TFAN partially decom­
poses into N2O5 and TFAA, and in solutions the equilibrium 
is shifted to TFAN. Mono nitration of [2.2]paracyclophane 
with TFAN proceeds in good yields.

2 HNO3 + 2 CF3COOH+(CF3CO)2O N2O5

(1)HNO3 + CF3COOH+(CF3CO)2O CF3COONO2

(2)

+ (CF3CO)2O 2 CF3COONO2 (3)N2O5

MNO3 + M+CF3COO–+(CF3CO)2O CF3COONO2 (4)

Table  1  14N and 19F NMR spectra of the test compounds in different solvents at 22 °C.

Substance

14N NMR, d/ppm (Dn1/2 / Hz) 19F NMR, d/ppm

CDCl3 EtOAc TFAA TFA CDCl3 EtOAc TFAA TFA

TFA – – – – –76.6, –76.35,10 –77.0011 –78.3 –79.5 –79.5
TFAA – – – – –76.1, –75.69,10 –76.0511 –77.5 –79.2 –79.1
CF3COONH4 – –359 (m, J 49 Hz) – –363 (m, J 53 Hz) – –78.0 – –79.4a

HNO3 –45 (10) –40 (12) –47 (25),b –62 (32)c,12 –40 (16), –41 (17)12 – – – –
N2O5

d –60 (35) –60 (35) –62 (25),b –62 (24)12 –62 (25),b –59 (40)12 – – – –78.3a

AcONO2
e –70 (30) – – – – – – –

TFAN –79 (35) –80 (90) f –80 (35) –84 (35) –73.8 –76.6 –76.7 –78.2a

CF3COO15NO2 
g –77.2h – –77.5h – – – – –

N2O i – –144, –229 –145, –230 –146, –231 – – – –

a Averaged dF due to fast exchange. b Immediately after dissolution. c The literature dN value was ill-defined since a rapid interaction of HNO3 with TFAA was 
not considered. d In CCl4: dN –58 ppm (Dn1/2 13 Hz); lit.,13 –62 ppm. e Prepared from Ac2O and N2O5 (1 : 1) in CDCl3, 0.5 h, 20 °C. For AcONO2 prepared 
from HNO3–Ac2O (1 : 1) dN –66 ppm (Dn1/2 30 Hz), with MeNO2 as external standard; lit., dN –64 (neat),13 –68 ppm (in the HNO3–Ac2O mixture)14. f  The 
TFAN signal was broadened possibly due to the EtOAc nitrolysis. g 15N NMR in CDCl3–CD3CN (8 : 2) dN 294.1 ppm6 (–84.6 ppm, calc. from dN –378.7 ppm 
in recorded 14N NMR spectrum of NH3 in CDCl3 solution). h 15N NMR with Me15NO2 as external standard. i Lit., dN –147 and –231 ppm (MeCN),15 –140 
and –225 ppm,16 –146.1 and –229.8 ppm (CH2Cl2, calc. from dN NH3 

g).17
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Exothermal effect of the reaction between HNO3 (d20 = 
=  1.5  g cm–3) and TFAA was observed at 0 °C approximately 
5 min later [equation (1)]. Comparative kinetic NMR reaction 
monitoring showed that TFAA reacted with N2O5 [equation (3)] 
much slower (Tables S1, S3, Online Supplementary Materials), 
though the equilibrium shifted rightward and TFAN was syn­
thesized in both cases. A new signal at ca. –76.6 ppm appeared 
in the 19F NMR spectra of HNO3–TFAA (1 : 1.2) solutions in 
EtOAc or TFAA (–73.8 ppm in CDCl3), and the 14N NMR 
spectra of solutions exhibited the only signal at ca. –80 ppm that 
significantly differed from dN of HNO3 and N2O5 (Table 1).†

The most intensive lines of starting TFAA in the Raman 
spectrum of the stoichiometric TFAA–HNO3 mixture (Figure S9, 
Online Supplementary Materials) were lacking, whereas the 
spectrum clearly displayed the lines intrinsic to TFA (256, 403, 
416, 434, 813 and 1456 cm–1). It is evident that the equimolar 

mixture TFAN–TFA has been obtained, and thus a set of pro­
nounced Raman lines with frequencies 213, 314, 504, 599, 772, 
891, 1279, and 1339 cm–1 could be assigned to the TFAN spec­
trum. Importantly, a similar set of lines with close frequencies and 
intensities was also observed in the spectrum of mixtures of TFAN 
prepared from N2O5 with aprotic TFAA [equation (3), Figure S10] 
and some of the lines showed up in the CCl4 solution (Figure S11). 

Thus, we can regard this ‘ensemble’ of lines as characteristics 
of the TFAN Raman spectrum in liquid mixtures.‡ To confirm 
that the designated set of frequencies belong to TFAN vibra­
tions, a normal coordinate analysis (NCA, being the calculation 
of normal mode frequencies and eigenvectors as well as their 
intensities for an isolated TFAN molecule) was undertaken using 
the DFT method with different functionals and basis sets; a 
noticeable dependence of the resulting frequencies on the 
calculation level became apparent (Table S2, Figure S14).

It is worth noting that TFAN is a non-rigid molecule where 
the hindered internal rotation about ordinary bonds can take 
place, which could lead to conformational isomerism. According 
to earlier calculations26 of the geometry and energy of TFAN 
syn- and anti-conformers around the C–O bond with the flat 
C–C(O)–O–N backbone, and for an isolated molecule the syn-
conformer is more stable. As molecular conformations in gas 
and liquid phases, particularly in polar media, often disagree, we 
performed NCA calculations for both conformers. The geometry 
optimisation resulted in the NO2 group located outside of the 
C–C(O)–O–N plane and turned perpendicular to it (Figure S13). 
The calculated spectra of TFAN syn- and anti-conformers differed 
significantly, and syn-conformer frequencies and Raman intensities 
appeared closer to the experiment.

TFAN shifts (ca. –80 ppm) in the 14N NMR spectra were 
close to those for covalent acetyl nitrate and N2O5 (–70 and 
–62 ppm, respectively, Table 1) and differed significantly from 
the signal of nitronium salts (ca. –130 ppm27). It can be concluded 
that TFAN in organic solutions has a covalent structure. This 
was confirmed by the comparison of the Raman spectra of TFAN 
with those of other nitro compounds (Table 2). The single TFAN 
line n sNO2

 (1340 cm–1) was closer to respective frequencies of 
covalent nitro compounds (AcONO2, N2O5) and substantially 
different from the diagnostic line of NO2

+ (~1400 cm–1).28 The 
Raman spectra of TFAN in solvents (Table 2) did not reveal the 
presence of nitronium cation. Also, there was no NO2

+ signal 
present in the 14N NMR spectra of the TFAA–TFAN mixture 

Table  2  Line frequencies of the n sNO2
 modea in the Raman spectra of various 

nitro compounds and their solutions.

Substance
Solvent  
(molar ratio)

n sNO2  
/cm–1

Published data Experimental

HNO3 CCl4 (2 :1) – 1296 
Neatb 1297,18 1299,19 

13009
–

AcOH (4 : 1) – 1303 
TFA (1 : 2) – 1303
TFA (1 : 1–4 : 1) – 1306–1307
HNO3 (100%) 1294 (vs, HNO3), 

1400 (m, NO2
+)20 

–

AcONO2
c CCl4 (1 : 2) – 1308 

Neat 132021 1309

N2O5 CCl4 133522 1332
CHCl3 133523,24 –
POCl3 133722 –
Gas 133824 –
Solid 1397 (NO2

+)25 1395 (NO2
+)

TFANd CCl4 (3 : 1) – 1340
TFA (1 : 1–4 : 1)e – 1339–1340
MeNO2 (2 : 1) – 1343

a The designation n sNO2
 is conventional because, according to the results 

of  our NCA calculations, the eigenvectors of these normal modes and 
participation of the n sNO2

 coordinate in them substantially vary with a 
molecule (TFAN, HNO3 and N2O5), i.e. the so called n sNO2

 vibration is not 
well-localized and is not characteristic by form. For N2O5, in-phase sym­
metric vibration frequencies for two NO2 groups are given. b The H2O 
content in HNO3 was not established. c Prepared from Ac2O and N2O5 
(1 : 1, 1 day, 5 °C). d Prepared from TFAA and N2O5 (1.2 : 1, 1 day, 5 °C). 
e Equimolar mixture TFAN–TFA was prepared from HNO3 and TFAA 
(Figure S9). The spectra were recorded 0.5 h (0–5 °C) after dissolution.

†	 Trifluoroacetyl nitrate. Caution! TFAN is explosive! 
	 Method A. Ammonium nitrate (3.20 g, 40 mmol) was added to TFAA 
(6 ml) with stirring at 5 °C in a flask fitted with a Liebig condenser and 
condensate receiver containing a solvent (5 ml). The mixture was stirred 
and heated cautiously to 20–25 °C for ~0.5 h. The reaction proceeded 
exothermally. The liquid began to boil (bp 27–28 °C) and the reaction 
mass, at first, was thermostatted with a water bath (25–30 °C) and then 
heated, as may be required. Vapours were condensed and collected in a 
receiver cooled with ice. Distillation was terminated when the reaction 
mass temperature reached 45 °C. The mixture TFAN–TFAA (2.2 g, 3 : 2) 
in the organic solvent solution was obtained (yield 40%, calc. from the 
mass gain and from the TFAN–TFAA ratio in the 19F NMR spectra).
	 Method B. Dichloromethane (15 ml), TFAA (10 ml, 15 g, 71 mmol) 
and HNO3 (2.5 ml, 3.75 g, 60 mmol) were placed with stirring to a 50 ml 
flask fitted with a fractional column, Liebig condenser and condensate 
receiver with a calcium chloride tube. The mixture was heated gradually 

to 32–34 °C until boiling (bp 29 °C). The bath temperature was 46–48 °C. 
Vapours were condensed and collected in the receiver cooled with ice. 
After the distillation completion (~1.5 h, bp 34–35 °C), the prepared 
TFAN solution in CH2Cl2 was utilized or stored in a freezer. The solution 
(25.90 g) with the ratio TFAN : TFAA = 100 : 9 (19F NMR) was obtained. 
The TFAN concentration in solution (232 mg g–1) was determined against 
internal standard MeNO2 (in the 14N NMR spectrum of the weighed 
sample in CDCl3). TFAN yield was 6.01 g (64%).
	 Method C. The reaction was carried out under argon atmosphere. 
TFAA (1.37 g, 6.54 mmol) was added to N2O5 (0.70 g, 6.54 mmol), 
stirred at 0–5 °C until full dissolution and placed in a fridge for one week. 
TFAN concentration in the sample ³ 91 mol%, TFAA £ 9 mol%. TFAN 
is able to overcool up to ca. –90 °C, mp –(33–30) °C. 13C NMR (CDCl3) 
d: 154.90 (q, CO, J 45.5 Hz), 114.16 (q, CF3, J 287.2 Hz).
‡	 For safety reasons TFAN Raman spectra were recorded only in solu­
tions.

NO2

OF3C

O

syn

NO2

OF3C

O
anti
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obtained by careful distillation of the TFAA–NH4NO3 mixture. 
The spectra of TFA or EtOAc solutions of this mixture con­
tained the only signal at ca. –80 ppm of TFAN. These data give 
reason to consider that in organic solvents the ionic structure 
[NO2]+[CF3COO]– cannot arise from covalent TFAN, as supposed 
earlier.3,5,12

A clear TFAN signal at –84±2 ppm was observed in the 
14N NMR spectra of the solutions obtained by stirring of inorganic 
nitrates [KNO3, NaNO3, AgNO3, Ca(NO3)2·4H2O, Pb(NO3)2, 
Cu(NO3)2·3H2O, Zn(NO3)2·6H2O, Hg(NO3)2·0.5H2O, and 
NH4NO3] in excess TFAA at 15–20 °C for 0.5–1 h [equation (4)]. 
This means that nitrate ester could be generated in an excess 
TFAA actually from any inorganic nitrate,5 provided that the 
latter does not possess redox properties.§ Possibly, the reaction is 
an equilibrium because all anhydrous salts in TFAA changed their 
structures and were transformed into fine powders, whereas the 
concentration of TFAN in solutions was relatively low.

The synthesis of TFAN from the HNO3–TFA mixture in the 
presence of Na15NO3 was reported;29 however, this fact gave 
rise to doubt. In particular, the shift at 308.9 ppm¶ observed in 
the 15N NMR spectrum of the mixture was markedly different 
from the signal at 294.1 ppm of CF3COO15NO2 prepared from 
NH4

15NO3 and TFAA.6 It is evident that to break the N–OH 
bond of nitric acid it is necessary to bond the formed water, e.g. 
as a hydroxonium cation by an excess of strong acid [equation 
(5), see. refs. 20, 30–32]. This result could also be achieved with 
the assistance of a dehydrating agent (e.g. P2O5,33 TFAA34). 
Weak organic acids such as AcOH do not react with HNO3 as it 
was reported.30 That is why the synthetic route to CF3COO15NO2 
from HNO3 and TFA in the Na15NO3 presence29 should be 
verified.

With this in mind, we prepared the HNO3 solution in TFA 
with the NaNO3 additive using the reported29 ratio and with 
MeNO2 as a solvent. In the 14N NMR spectrum of the prepared 
solution, dN –45 ppm (Dn1/2 12 Hz) was only observed, which is 
typical of HNO3 solutions per se. In the Raman spectra of the 
HNO3 mixtures in TFA, n sNO2

 frequencies were found at 1303–
1307 cm–1 (Table 2), which was another evidence of the TFAN 
(1340 cm–1) absence. TFA (pKa = 0.23) is a weaker acid than 
HNO3 (pKa = –1.44) or other mineral acids, consequently, the 
equilibrium was shifted towards the starting compounds [equa­
tion (6)]. 

Nitration in aprotic medium is often used where nitro com­
pounds are sensitive to strong acids. TFAN is well suitable for 
such syntheses due to its strong nitration power and low medium 
acidity. As described above, a few methods exist to prepare the 
TFAN solution from TFAA.

A shortcoming of the TFAA–NH4NO3 mixture is by-produc­
tion of CF3COONH2

6 whose nitration consumes TFAN partially. 
We managed to obtain amide-free solutions containing TFAN 
by  careful distillation of reaction mixture. That was the path­
way to prepare TFAN–TFAA (~ 3 : 2, 19F NMR data) solutions 
(Table S1). Note that dinitrogen pentoxide is present in the CCl4 
solution (11 mol%, 14N NMR), but in polar solvents 14N NMR 
spectra contained only broadened signal of TFAN.

Quantum chemical calculations of the equilibrium constant 
of  the TFAN decomposition in the gas phase under normal 
conditions (298 K, 0.1 MPa) showed that it was close to 1 
[equation (7)]. Theoretically, up to 15 mol% of N2O5 could be 
found in vapours.

Meanwhile, NMR studies made it possible to establish that in 
solutions the equilibrium was shifted toward TFAN [equation (3)]. 
It is exactly a low rate of TFAN formation in the CCl4 solution, 
which enabled to detect N2O5 as result of the thermally induced 
partial decomposition of TFAN in the course of distillation.

Obviously, it is impossible to obtain a spectrum of individual 
TFAN as gas under normal conditions. For this reason, the 
assignment of the photoelectron spectrum obtained for gaseous 
products of the CF3COOAg reaction with NO2Cl to TFAN26 
seems unfounded.

Recently we have shown that the TFAA–HNO3 mixture 
together with strong acid could be a source of solid nitronium 
salt (e.g. NO2CF3SO3 yields 71–83%).34 Formed in this reaction 
TFA is distinguished by a good dissolving capacity. An additional 
inert solvent (CH2Cl2) to reduce nitronium salt solubility is 
needed. The TFA-free TFAN solution in CCl4 obtained from 
the TFAA–NH4NO3 mixture by distillation allowed us to obtain 
NO2CF3SO3 in quantitative yield.

TFAN is stable when stored in an inert aprotic media at 
£ 5 °C, whereas in the presence of acids it is decomposed to 
N2O4 (also see ref. 3). Main disadvantages of the TFAN prepara­
tion by distillation from TFAA–NH4NO3 mixture are low yield 
(40%) and explosion risk. The best method to prepare a TFA-free 
solution of TFAN is azeotropic distillation of the TFAN–CH2Cl2 
mixture from the TFAA–HNO3–CH2Cl2 composition with TFAN 
yield up to 64%. The most facile synthetic route to TFAN solu­
tions is stirring of inorganic nitrate with excess TFAA. The 
CF3COO15NO2 solution was prepared from K15NO3 in this 
manner. The concentration of TFAN obtained from KNO3 and 
TFAA was rather low though sufficient for successful nitration.

TFAN solutions have been often used for nitration.5,6,29,35 
Our  successful nitration of [2.2]paracyclophane 1 is a bright 
example of its application (Scheme 1). Up to now, mono nitration 
of compound 1 has been a challenge because, first, this molecule 
possesses several reaction sites and, second, its polycyclic system 
can be easily broken by acids. The previously used HNO3–AcOH 
mixtures lead to polysubstitution of this molecule, its partial 
decomposition and, as a consequence, to a low yield of 4-nitro- 
[2.2]paracyclophane 2 (23–49%).36,37 Nitration in the presence 
of H2SO4 was accompanied by significant resinification.37 An 
unusual nitration method was elaborated for the high-yield 
synthesis of compound 2, by ion-exchange resin impregnated with 
nitric acid.38 However, incorrect values of nNO2

 frequencies in 
the IR spectrum for the aromatic nitro group of the product 
(1196  and 1519 cm–1; lit.,36(a),(b),39 n as

NO2
 1340–1342 and n sNO2

 
1512–1515 cm–1), difference from the known 1H, 13C NMR 
data,36(c),40 and lacking melting point, 14N (15N) NMR and X-ray 
analysis data for this compound prevent from considering these 
results38 credible.

§	 Nitrates Mn(NO3)2·6H2O and CrO2(NO3)2 participated in redox reac­
tions; colour changes of solutions and TFAN signal absence were observed.
¶	 With 15NH3 as external standard.

HNO3 + 2 CF3COOH H3O+CF3COO–+

NO2 XHNO3 2 H
+X– H3O  X++

X– = NO3 , F  , HSO4 , CF3SO3 , ClO4

(5)

(6)CF3COONO2

+ (CF3CO)2O2 N2O5

gas
CF3COONO2 (7)

O2N

21

CF3COONO2

Scheme  1
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Nitration of compound 1 with TFAN in situ generated from 
anhydrous nitrate (KNO3, AgNO3) and TFAA made it possible 
to obtain nitro compound 2 under normal conditions (25–35 °C, 
2–3 h) in 62–77% yield.†† Where crystalline hydrates of nitrates 
were used, TFA generated from TFAA accelerated the occurrence 
of TFAN and subsequent nitration of compound 1; however, the 
increase in acidity led to the molecule skeleton destruction. For 
instance, 0.5 mol Hg(NO3)2·0.5H2O enabled accomplishing the 
synthesis within 10 min, though the yield of compound 2 dropped 
to 39%. With Zn(NO3)2·6H2O the resinification proceeded faster 
than nitration. The structure of compound 2 (block-shaped slightly 
yellow crystals) was established by a single-crystal X-ray diffrac­
tion analysis (Figure 1). The conformation, bond lengths and angles 
observed for the arene 2 moiety were typical of similar compounds. 
The nitro group rotated by 39.47(17)° relative to the average 
plane of four central carbon atoms of the substituted ring.‡‡

In conclusion, TFAN is a convenient reagent to prepare 
nitronium salts and nitro compounds, also it may be suitable for 
creating new organic nitrogen–oxygen systems.41
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††	For details of procedure and analytical data for compound 2, see Online 
Supplementary Materials.
‡‡	Crystallographic data for 2. Block-shaped slightly yellow crystals, 
monoclinic, space group Cc, at 120 K: a = 14.3470(3), b = 7.3942(2) and 
c = 11.5916(2) Å, b = 91.3430(10)°, V = 1229.35(5) Å3, Z = 4 (Z' = 1), 
dcalc = 1.369 g cm–3. Intensity data of 36041 reflections were collected on 
a Bruker APEX DUO diffractometer [ l(MoKa) = 0.71073 Å, 2q < 80.0°] 
and 7474 independent reflections (Rint = 0.0382) were used in the cal­
culations. The structure was solved by direct methods and refined by the 
full-matrix least-squares technique against F2 in the anisotropic approxi­
mation. Hydrogen atoms were placed in calculated positions and refined 
in the riding model. The refinement converged to R1 = 0.0446 [for 6484 
reflections with I > 2s(I)], wR2 = 0.1190 and GOF = 1.023. All calcula­
tions were performed with a SHELX software package.42

	 CCDC 1456828 contains the supplementary crystallographic data for 
this paper. These data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via http://www.ccdc.cam.ac.uk.
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Figure  1  Molecular structure of 4-nitro[2.2]paracyclophane 2.


