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reaction: explaining the Crivello’s reagent mechanism.
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ABSTRACT: The regioselective nitration of 9,9’-spirobifluorene under mild conditions is reported for the first time by

operating under Menke’'s and Crivello’s conditions.

The optimized protocol allows obtaining 2-nitro and

2,2’-dinitrospirobifluorene in yields of 79% and 95% and, for the first time, the 2,2’,7-trinitro-9,9’-spirobifluorene with
66% yield. Besides, the role of dinitrate salt in Crivello’s protocol has been now clarified, which opens novel scenarios

in the preparation of functional materials.

Nitration of aromatic compounds is one of the most
widely studied reactions and an immensely important
industrial process,’” due to the important role of
nitroarenes as precursors of industrial products and
functional materials.>® Several reagents are available,
the most common ones are mixtures of nitric and sulfuric
acid, nitronium tetrafluoroborate® and acetyl nitrate.’
However, nitrations are notoriously unselective, leading
mixture of isomers. Moreover, they require harsh
conditions, by means of an excess of highly corrosive
mineral acids at high temperatures. Afterwards, the
work-up with an aqueous washing step results in the
production of acidic effluent, which is environmentally
unfriendly and costly to treat.?

Crivello introduced the use of mixtures of ammonium
nitrate and trifluoroacetic anhydride (TFAA) to nitrate a
variety of aromatic compounds at room temperature in
good vyield.® Trifluoroacetyl nitrate seems to be the
effective reactive nitrating agent that gives rise the
nitronium ion upon heterolytic dissociation of the
oxygen-nitrogen bond.>'® Despite of its efficacy, the
method has been rarely applied to compounds with
extended aromaticity, whereas metal nitrate mediated
nitration of aromatic substrates is a current field of
research.” It is worth to emphasize that Crivello tested
several dinitrate salts as source of nitrating agent. The
reported procedure involves the use of 1 equiv of nitrate
salt regardless of the number of nitrate units, which
seems to not significantly affect the mechanism. Among



the dinitrate salts, copper(ll) nitrate results the best salt
in terms of reaction time and yield.

9,9’-Spirobifluorene (Scheme 1) is a three-dimensional
polyaromatic hydrocarbon compound receiving recently
growing scientific ~ and industrial  interest."
Spirobifluorene-based  functional materials  found
application in many technological fields, such as solar
cells,”® bioimaging,™ microporous polymers,’”® and
optoelectronics.'® Particularly, spirobifluorene derivatives
have been investigated as high energy host materials for
phosphorescent OLEDs." Moreover, the
9,9’-spirobifluorene can also be used as core of
compounds showing peculiar optical properties, such as
up-conversion™ and  chiroptics."®  Spirobifluorene
derivatives are generally synthesized by following two
approaches, i.e., either by modifying the precursors® or
by post modification of the spiro-core.'® Due to the two
fluorene units connected through a sp3-hybridized
carbon, the functionalization mainly occurs at the
2,2',7,7 positions through electrophilic aromatic
substitutions.?" Particularly, the nitration®? shows the
formation of 2,2’-dinitrospirobifluorene 2 in fair yield
(around 65%) under harsh conditions, with highly
environmentally unfriendly and costly to treat waste.
These conditions allow a very limited control of the
regioselectivity. Indeed, even working under carefully
controlled reaction conditions, the mono-substituted
2-nitrospirobifluorene 1 is recovered in very poor yield
(11%)? (Scheme 1). Noteworthy, the formation of side
products and the harsh conditions affect dramatically the
reproducibility, as underlined by different yields reported
in literature for 2 (from 39 to 65%).'%?? Additionally, the
2,2’ 7,7’-tetranitrospirobifluorene has been reported,?
while there are no reports concerning the
trinitro-derivative. Interestingly, alternative nitration
conditions on spirobifluorene have not been explored so
far, with the exception of the nitration of
spirosilabifluorene under Menke conditions.”* However,
this substrate results more reactive towards electrophilic
substitution.

Willing to improve the nitration of spirobifluorene in
terms of yields and environmental impact, we
investigated the electrophilic substitution under mild
conditions, i.e., by using Menke and Crivello conditions
(Table 1 and S1). The presence of two independent
fluorene units in one single compound contributed to a
novel understanding of the mechanism originally
described by Crivello.®

Menke’s protocol involves the formation of acetyl
nitrate as nitrating agent by reacting copper(ll) nitrate in
large excess of acetic anhydride (Ac,0) at 40 °C.” By
applying this procedure to 9,9-spirobifluorene using 1
equiv of Cu(NO;),-2.5H,0 (hemi-pentahydrate), after 3 h
we isolated the mono- and dinitro-derivatives 1 and 2 in
21 and 59% yields respectively, without full conversion of
the starting material (entry 1). Unexpectedly, by doubling
the amount of salt and Ac,0, the complete conversion of
the substrate increases 2 up to 71% and we isolated for
the first time the 2,2’,7-trinitrospirobifluorene 3 in a
significant 22% yield, without traces of compound 1

(entry 2). However, the high amount of Ac,0O employed is
far away from atom economy and environmentally
friendly concepts.

Crivello’s method fulfils these concepts. Nevertheless,
the nitration of 9,9-spirobifluorene using ammonium
nitrate was totally unsuccessful. After 3 h we observed
only a partial conversion of spirobifluorene together with
several multi-nitrated products, indicating the lack of
regioselectivity observed under Menke conditions
(entries 3-4). This was in contrast with the excellent yield
of the nitration of polyaromatic compounds (naphthalene
and biphenyl) reported by Crivello (> 88%).° Based on
these preliminary results and on the performance of
copper(ll) nitrate as source of nitrating agent reported by
Crivello in comparison with other divalent nitrate salts,
we carried out the reaction in chloroform at room
temperature by replacing NH,NO; with Cu(NO;),-2.5H,0,
combined with a TFAA excess, resulting in the
regioselective nitration of spirobifluorene (Scheme 1).
First attempts were performed by using a molar ratio of
1:1:7 for spirobifluorene, Cu(NO;),-2.5H,0 and TFAA,
respectively (entry 5). After 3 h the desired
2,2’-dinitrospirobifluorene 2 was isolated in very good
yield (79%) together with traces of 3 as side product
(4%), indicating higher regioselectivity than the Menke
approach. In accordance with Crivello, the reaction did
not proceed by using Ac,O instead of TFAA under the
same molar ratio (entry 6).

Scheme 1. Nitration of 9,9’-spirobifluorene.
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Nevertheless, the data were in contrast with Crivello’s
description. Indeed, Crivello used a constant of 1 equiv
of nitrate source regardless of the number of nitrate
groups of the salt to perform the mono-nitration. To



understand the mechanism of the nitration with cupric
nitrate, we studied different parameters, i.e., reaction
time, amounts of nitrate salt and TFAA, and solvent
volume. Higher dilution induced lower reaction rates, as
underlined by the reduced amount of 2 isolated after 3 h
(entries 7 and 16). The amount of TFAA plays a
fundamental role, as already mentioned by Crivello. A
large excess of TFAA had a negative effect on the
reaction in terms of time and yield (entry 8), whereas by
reducing TFAA below the stoichiometric amount needed
to remove all crystallization water from Cu(NO;),:2.5H,0,
the nitration did not occur or gave only 2% of 1 (entry 9).

By halving the amount of salt, 1 was isolated in good
yield, regardless of the amount of TFAA and reaction
time (entries 10-11). In contrast, increasing copper(ll)
nitrate affected the formation of dinitro and trinitro
derivatives. With 1 equiv of Cu(NO;),-2.5H,0 the full
conversion occurred already after 40 minutes with 72%
of 1 and only 14% of 2 (entry 12), while higher amounts

of 2 were obtained with 2-3 h (entries 13 and 5). A
further enhancement of nitrate salt content speeded up
the formation of 2, and the time became a fundamental
parameter (entries 15,17,18). Indeed, 2 equiv gave 2 in
good vyield already after 20 minutes with 26% of 1,
whereas longer reaction time increased the amount of 3
(entry 17). With a large excess of copper(ll) nitrate (4
equiv), the 2,2’,7-trinitrospirobifluorene 3 was isolated in
66% yield in 20 minutes (entry 18).

Interestingly, the formation of the tetranitro-derivative
was not observed under our mild experimental
conditions even in presence of large excess of cupric
nitrate in 3 h.

These data suggest that the nitration process is
regulated by i) the very different reactivity of the
substrates (the starting material and the two nitro
derivatives), and ii) the presence of at least two nitrating
species.

TABLE 1 Nitration of 9,9’-spirobifluorene (2 mmol) in chloroform at room temperature. (Isolated yields)

Entry . mol. mol.- Solvent
nitrate salt? Anhydride® mL
1 1 32° -d
2 2 64° -d
3 1° 3.5 5
4 1° 7 5
5 1 7 5
6 1 7° 5
7 1 7 10
8 1 14 5
9 1 1 5
10 0.5 7 5
11 0.5 3.5 5
12 1 7 5
13 1 7 5
14 1 7 5
15 2 7 5
16 2 7 10
17 1.5 7 5
18 4 7 5
19 0.5 7 5
20 0.5 7 5
21 1.25' 7 5
22 1.02 7 5

Time % Spiro % 1 % 2 % 3
3h 2 21 59 -
3h - - 71 22
5h Mixture
3h Mixture
3h - - 79 4
3h No reaction
3h - 28 70 -
3h - 1 55 -
3h 86 2 - -
3h - 74 5 -
5h - 79 4 -

40 min - 72 14 -
2h - 19 62 -
3h Mixture’

20 min - 25 70 -

20 min 7 80 6 -
3h - - 41 40

20 min - - 30 66
3h 79 92 -
3h 53" 40

25h - - 87 -
3h - - 95 -

a: Cu(NO,),-2.5H,0 if not otherwise specified. b: TFAA if not otherwise specified. ¢: Ac,0. d: at 40 °C. e: NH,NO,. f: substrate
added after 5 minutes. g: compound 1 as starting material. h: compound 2 as starting material. i: portioning addition.

Crivello indicated the ftrifluoroacetyl nitrate as the
nitrating agent (eq. 1)
(CF,C0),0 + MNO, 2CF,C(0)ONO, + CF,C(0)OM

(1)

However, the use of dinitrate salt such as Cu(NO,),
must also include the formation of a mixed salt, i.e.,
copper(ll) trifluoroacetyl nitrate (TFACuUNO;), which can
release a second nitronium ion upon further reaction with
another TFAA unit (eq. 2 and 3).



TFAA + Cu(NO,), 2CF,C(0)ONO, + TFACUNO, (2)
TFAA + TFACUNO 2CF C(0)ONO, + Cu(TFA), (3)

Nevertheless, we cannot exclude the disproportionation
of the mixed salt into cupric nitrate and cupric
trifluoroacetate (eq. 4), which restores the more reactive
Cu(NOs),.

TFACUNO 2Cu(NO,), + Cu(TFA), (4)

From our data, we hypothesized that the formation of
trifluoroacetyl nitrate should be faster on Cu(NO;), (eq.
2) and slower on TFACuUNO; (eq. 3), which could justify
the conversion of the starting material into 1 as the first
step, followed by the second nitration. In (2) and (3)
TFAA plays a crucial role, and large quantities of TFAA
speed up these equilibriums, increasing the nitration
rate.

Unfortunately, it was not possible to isolate the
intermediate species due to their high reactivity, as
observed by Crivello. Nevertheless, we performed
UV-Vis experiments to compare the absorption spectra
of the commercially available Cu(TFA), with the species
forming during the reaction through time dependent
absorption experiments (Figures S12-S13). Due to the
high extinction coefficient, the region below 300 nm is
saturated by the absorption of the organic ligand, while
the d-d absorption band typical of copper alkanoates? is
clearly visible in the red-NIR region. Cu(TFA), maximum
peak is at 780 nm, in good agreement with the
literature.?® Cu(NO;), shows no absorption in the infrared
region. Interestingly, by adding TFAA a new band with
maximum at 734 nm appears immediately, indicating the
presence of a copper complex that cannot be identified
as Cu(TFA), due to the large different absorption band.
Owing to the lack of other absorbing species in this
region of the spectrum and the results of time dependent
absorption experiments, we could assign the new
absorption band to the mixed salt. However, the
identification of this species is not sure, because change
on the absorption band of copper complexes can also
arise from modification of the coordination sphere.?

To understand the role of TFACuNO; and its evolution
through the equilibrium (2-4), we performed the nitration
firstly by mixing Cu(NO;), with TFAA to form the whole
amount of trifluoroacetyl nitrate (from both eq. 2 and 3),
followed by the addition of 9,9’-spirobifluorene (entry 14).
The obtained mixture of multi-nitrated products, like the
outcome reached with NH,NO;, supports the hypothesis
that the formation of TFACuUNO; is the key to regulate
the amount of nitronium ions in the mixture, thus
preserving the regioselectivity.

The second important parameter for regioselectivity is
the different reactivity of the substrates. The data
suggest that the starting spirobifluorene is more reactive
than 1, and the formation of 2 begins when a reasonable

quantity of 1 is formed. This was also confirmed by the
increased amount of 2 with longer reaction time (entries
12 and 13). The slowly increase of 2 also supports the
hypothesis that the second ftrifluoroacetyl nitrate
generated from TFACuUNO; (eq. 3) occurs at slower rates
than from Cu(NOs), (eq. 2). Even if the equilibrium (eq.
4) is active, the concentration of Cu(NO;), halves after
the reaction with TFAA as well as the reactive mixed salt,
and this does not justify the high chemoselectivity in
mononitration with %2 mole of Cu(NO;), (entries 10 and
11). In contrast, this underlines the higher reactivity of
spirobifluorene versus 1.

Additionally, reacting 1 with %2 mole of Cu(NO,), gave
the dinitro spirobifluorene 2 in high yield (92%, entry 19),
while the same reaction performed on 2 produced a
mixture of unreacted 2 (52%) and
trinitrate-spirobifluorene 3 (40%, entry 20).

The lack of traces of tetranitrate-spirobifluorene by
reacting 9,9’-spirobifluorene with an excess of Cu(NO,),
for 3 h indicates the decreasing reactivity of substrate
bearing larger number of nitro-groups. Furthermore, the
reaction of a mixture of 9,9'-spirobifluorene and 1 (0.5
equiv each) with a defect of cupric nitrate (0.25 equiv)
allowed recovering 1 as the main product with traces of
unreacted spirobifluorene and of 2 (see Supporting
Information), further confirming the scale of reactivity
9,9'-spirobifluorene » 1 > 2.

Noteworthy, further optimization of the conditions
allowed an enhancement of the yield of 2 up to 95%
(entries 21-22). This outstanding outcome was reached
with a slightly excess of nitrate salt (2%) and by
portioning the addition of salt in small quantities every 30
minutes. This protocol allows controlling the release of
nitronium ions and the complete conversion of
9,9’-spirobifluorene and 1 into 2.

Summarising, the observed regioselectivity is the result
of the following aspects in sequence: 1) generation of
anhydrous Cu(NO;), (2.5 equiv of TFAA consumed); 2)
fast generation of the first equivalent of trifluoroacetyl
nitrate (1 equiv of TFAA consumed and 1 equiv. of mixed
salt TFACuNO; formed), 3) higher reactivity of starting
spirobifluorene in comparison of
mono-nitrospirobifluorene; 4) slow generation of the
second equivalent of trifluoroacetyl nitrate from the
mixed salt and subsequent nitration of 1.

To expand the scope of our protocol, we performed the
nitration on other commercially available substrates,
such as 2,2-dibromo-9,9’-spirobifluorene and few
fluorene derivatives (Scheme 2), due to their great
importance in optoelectronics,?® biology?® and medicinal
chemistry.>° The
2,2’-dibromo-7,7’-dinitro-9,9’-spirobifluorene 4 was
isolated with excellent yield (89%) by using 1 equiv of
copper(ll) nitrate, indicating high efficiency also over
functionalized spirobifluorene. Starting from

4



9,9-dimethyl-9H-fluorene, the mononitrated
9,9-dimethyl-2-nitro-9H-fluorene 5 was obtained with an
excellent vyield (91%) by employing 0.5 equiv. of
Cu(NOs),, while the presence of one nitro group
deactivates the substrate resulting in lower yield for
9,9-dimethyl-2,7-dinitro-9H-fluorene 6 (80%). Using
2-bromo-9,9-dimethylfluorene as substrate, the nitration
proceeded more efficiently by giving the
2-bromo-9,9-dimethyl-7-nitro-9H-fluorene 7 in excellent
yield (94%). Noteworthy, the yields of the three fluorene
derivatives are higher than the values reported in
literature, i.e., 75%,* 30%,* 73%,* for 5, 6 and 7
respectively.

Scheme 2. Nitration of 2,2’-dibromo-9,9’-spirobifluorene,
9,9-dimethyl-9H-fluorene and 2-bromo-9,9-dimethylfluorene.
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In conclusion, we developed an effective protocol for
the nitration of spirobifluorene and fluorene at room
temperature with high regioselectivity and an outstanding
enhancement in vyields compared to literature data.
Although compounds 1-3 can be prepared under both
Menke and Crivello conditions, we showed that the latter
allows higher regioselectivity and yields. A possible
explanation lies on the different reactivity of the acetyl
nitrate and ftrifluoroacetyl nitrate as source of nitrating
agent. Indeed, by considering the scale of reactivity of
the involved substrates (9,9'-spirobifluorene »>1 > 2),
the amount of nitro derivatives recovered in 3 h is very
different. Moreover, the amount of nitrate salt used under
Menke conditions is definitively higher than under
Crivello conditions, suggesting a lower efficiency as
nitrating agent. The reported synthetic approach is
expected to have a tremendous impact on the
preparation of spirobifluorene- and fluorene-based
functional materials thanks to the lower amount of
nitrating agent compared to the classic nitration

procedures (15 times less for the preparation of 2.The
new 2,7,2-trinitrospirobifluorene paves the way to novel
materials, for example in the field of microporous
polyimides. Finally, the deepest understanding of the
mechanism of divalent nitrate salt in Crivello method
obtained by working on 9,9’-spirobifluorene will open
novel scenarios for the nitration of polyaromatic
hydrocarbon compounds.
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