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ABSTRACT

Irradiation of a 7-piperazino-8-fluoroquinolone causes formal 1,2-fluorine migration, piperazine loss and reduction, or nucleophile addition in 8.
Product study, laser flash photolysis, and computational modeling support F� detachment to yield a triplet 8-quinolyl cation that either inserts
intramolecularly or is trapped by Cl�, Br�. However, iodide and pyrrole reduce it to the radical that continues the ‘redox tour’ (aryl cationf
radicalf radical anionf radical and then again radical or radical anion) leading to the rearranged products.

Themigration of iodine and bromine,1a�k aswell as, to a
limited extent, of chlorine,1l�o is frequently observed with
aromatic and heterocyclic compounds in various reac-
tions, from electrophilic substitution to the rearrangement
of metalated derivatives. Fluorine migration is much
less common, reasonably due to the strength of the

carbon�fluorine bond (>110 kcal/mol). The reported
cases occur in high-energy intermediates such as carboca-
tions (a process analoguous to the Wagner�Meerwein
hydrogen migration),2a�c carbenes,2d,e and radicals,2f�h

mostly in the gas phase, or as a secondary reaction after
photocleavage.2i�k Reactions occurring under conditions
closer to preparative application include intramolecular
abstraction from a CF3 group by phenyl cations formed
fromdiazoniumsalts (via a three-centered transition state)2a

and the rearrangement that accompanies the fluorination
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of C60 by elemental fluorine and leads to only two over
more than 107 potential C60F48 isomers at 240 �C.2l,m

We were thus surprised by the serendipitous finding of a
formal 1,2 migration of a fluorine with formal substitu-
tion of an amino substituent upon irradiation in solution
at rt. This puzzling result and the widespread interest
for (hetero)aromatic fluorides, largely used as drugs,3

prompted a mechanistic investigation based on an experi-
mental and computational study.
The finding originated from the systematic study

we are carrying out,4 along with other laboratories,5 on
the photochemistry of fluoroquinolones (fluorinated-7-
amino-4-quinolone-3-carboxylic acids, FQs), largely used
antibacterials exhibiting varied photochemistry. The pre-
sent investigation involved compound 1 (see Scheme 1),
bearing a single fluorine in position 8, differently from
previously considered FQs that were either 6-monofluoro
or 6,8-difluoro derivatives.4b�d This compound was pre-
pared through a variation of a known synthesis of FQs.6

The irradiation of 1 in water cleanly gave the pyrroloqui-
nolone 2 (see Scheme 1 and Table 1).

This is rationalized as involving heterolysis of the C�F
bond from triplet 31 that yields aryl cation 33þ, likewise in
the triplet state. It has been previously demonstrated that
quinolyl cations, just as simpler models such as phenyl
cations, have radical (one electron in the planar σ orbital)/
radical cation (the other unpaired electron delocalized on
the π system) character in the triplet state.4b This explains
the cation insertion into the accessible C�H bond of the
N-ethyl side chain rather than undergoing solvolysis.
Positive evidence for this intermediate was obtained from
nanosecond laser flash photolysis. The end-of-pulse ab-
sorption spectrum showeda peak at 350 nm (15 ns lifetime,
assigned to triplet 3

1) that evolved into a peak at 470 nm
(400ns lifetime; seeFigure 1), assigned to triplet cation 33þ,
similar in shape and lifetime to the corresponding cation
from 6,8-difluoroquinolone 10 (the drug lomefloxacin),
which selectively cleaves the fluorine in position 8.4b,d

Table 1. Products Formed by Preparative Photolysis of
Compound 1 in Aqueous Solution (see Schemes 1, 2)

products formed, %

additive

(0.1 M)

converted

1, % 2 6 4 5 7 8 9

none 96 66 13

NaHSO3 62 68

KCl 90 29 42 20

NaBr 82 8 14 78

KI 81 10 9 52 7 18

pyrrole 53 24 16 58

Scheme 1

Figure 1. Transient absorption spectra upon excitation at
355 nm of a 1.4 � 10�4 M aqueous solution of compound 1 of
pH 6.9 at 25 �C at various delays from pulse end. Inset:
absorption time profiles at 360 and 470 nm.
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The reaction was rather efficient, with a defluorination
quantum yieldΦ�F of 0.26 (for 10,Φ�F = 0.55).4b,d DFT
computationswere carried out and showed that heterolysis
of C8�F in the case of 1 involved a sizable barrier
(18.5 kcal/mol) in the gas phase, while with 10 barriers of
8.3 and 24 kcal/mol for the reactive C8�F and for the
nonreactive C6�F bond, respectively, were found.4b,d The
effect of various nucleophiles on the photochemistry of 1
was next investigated. Differently from water, charged
nucleophiles attacked the triplet aryl cation, reasonably
because of the Coulombic interaction. Thus, in the pre-
sence of 0.1 M chloride and bromide the respective 8-halo
derivatives were formed (compounds 4 and 5 in Scheme 1,
the former in a poor yield; see below). In the presence of
0.1 M sulfite, neat reductive dehalogenation gave com-
pound 6 (see Scheme 2, formed also by prolonged irradia-
tion with Cl�, through a secondary dechlorination of
primarily formed compound 4,7 as well as aminor product
in neat water; see Table 1).
In the presence of 0.1 M iodide a certain amount of

compounds 2 and 6 was formed, but the main products
obtained had a completely unexpected structure, 7�9.
These were positively identified by spectroscopic analysis
and by single crystal structure determination (see Support-
ing Information (SI)).
As shown in Scheme 2, in every case the piperazino

group had been eliminated and the fluorine atom had
migrated into position 7. In the presence of pyrrole, no
pyrrole-containing product was isolated, but a fluorine-
rearranged compound (9) was the main product.
Kinetics analysis on the μs time scale showed that sulfite

quenched cation 33þ while an absorption at 360 nm with
a tail in the visible grew in with a rate constant of 6.9 �
109 M�1 s�1, compatible with electron transfer (ET; see
Table 2 and Figures S1and S2). Analysis at 470 nm gave
poor results, due to the overlapping of further species,
reasonably including 1•�, previously found as a chemically
unproductive path for 10.4b,c,e Iodide andpyrrole quenched
similarly andgenerated the same360nmband (seeFigure 2),
which is thus confidently attributed to radical 3•. A clean
reaction occurred with I� indicating that formation of aryl
cation 33þ was the only photochemical process and was
followed by monoelectronic reduction to the radical. Ex-
amination at λ g 580 nm at longer times showed that in
turn3• decayed by first-order kineticswith a ca. 700 ns time
constant (see Figure S3).
This evidence explained the clean formation of 6 with

sulfite via further reduction of 3• to 3� and protonation,
but this was a minor process with I� and pyrrole.
Reasoning backward from the structure of products 7�9,

the only viable precursor appeared to be radical 10•. This
would undergo nucleophilic addition of either iodide or
fluoride yielding the corresponding radical anions and
products 8 and 9, respectively, from them (see Scheme 2)
or alternatively undergo intramolecular hydrogen abstrac-
tion from the N-ethyl group leading to radical 11• and to

product 7 from it. Apparently, pyrrole was a sufficiently
good donor for causing the ET step, but not a sufficient
nucleophile for the following reactions, so that only fluo-
ride acted in this role and the 7,8-difluoro derivative 9 was
the exclusive product through this path.8a

How radical 10• was produced remained to be clarified.
A conceivable way, supported by the first-order decay
kinetics of radical 3•, was by addition of fluoride
(reasonably remaining coupled to the ammonium group).
This would yield radical anion 13•� and 10• by loss of
neutral piperazine and protonation (Scheme 2). The via-
bility of such a mechanism was tested by means of DFT
calculations at the unrestricted B3LYP level of theorywith
Pople’s basis set 6-31þG(d,p) (see SI). Some trouble was
encountered because the fluoride anion tended to combine
with a proton from the ammonium group,8b but the path
available and the preferred alternative were reproduced.
The comparison with compound 10 was useful since

in the presence of iodide this gave a N-(β-iodoethyl)-
quinolone resulting from intramolecular H-abstraction
by intact radical 30• (to give radical 14•; see Scheme 3).4b

All the steps from 1, 10 to the radicals 3• and 30• could be
detected and proven to be identical (in particular flash
photolysis revealed the analogue of 3• from 10 with I�).

Figure 2. Transient absorption spectra upon excitation at
355 nm of a 1.4 � 10�4 M aqueous solution of 1 of pH 6.9 with
5 mM NaI at 25 �C at various delays from pulse end. Inset:
kinetics at 360 and 470 nm.

Table 2. Rate Constants, k, 109 M�1 s�1

I� 8.4 ( 0.2a 8.6 ( 0.4b

pyrrole 1.3 ( 0.1 �
HSO3

� 1.8 ( 0.1a 6.9 ( 0.4b

aMonitoring the decay of cation 33þ at 470 nm. bThe grow-in of the
absorption at 360 nm.

(7) At 30% conversion compound 4 was more abundant than
compound 6, but did not increase further.

(8) (a) Incorporation of pyrrole has been observed in the case of a
related fuoroquinolone, fleroxacin; see ref 4c. (b) This supports that F�

remained close to the ammonium site and its addition to 3 3 involved no
kinetic barrier.
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DFT analysis of the conformation of such radicals
offered a clue. Thus, in the case of 3• two low-lying con-
formers were located, the absolute minimum 3a•, with the
piperazino group tilted out of plane (see Figure S4), and a
roughly planar conformer 3b• only þ2 kcal/mol above it.
Fluoride insertion in 7was possible only for conformer 3b•,
althoughonly a rough estimateofΔG(3•f13

•�) asþ20( 5
kcal/mol was obtained due to the uncertainty of the
calculated solvation energy of F� (see Figure S5).
As forH-abstraction, this required first the rotationof the

N-ethyl group, which in both stable conformers pointed
away from C8 (12 kcal/mol for 3b•, a steeper rise for 3a•).
Thus, though we were unable to find a transition state for
H-transfer, the sumof the two steps reasonably exceeded the
energy for fluoride addition, in accord with experiments.
The ensuing detachment of the piperazine molecule was
markedly exergonic [ΔG(13•�f 10•) = �12 kcal/mol].
In contrast, the 6-F made tilted conformer 30a• the only

minimum in the case of radical 30• and H-abstraction the

sole available path, despite the marked barrier to rotation
mentioned above. Thus, a path leading to unusual prod-
ucts 7�9 and a conformation based justification for the
different path followed by 1 and 10 could be proposed.

In summary, we have individuated a peculiar fluorine
migration in the 8-fluoro quinolone 1 initiated by C�F
heterolysis, a photochemical process also known with
simple models, such as haloanilines, and favored with F
or Cl, but not with bromides or iodides (where homolysis
may rather occur).9 The triplet aryl cation exhibits the
reactivity of such species, including reduction to an aryl
radical. Addition of fluoride, substitution of the amino
group originally present, and reduction or introduction of
a halide at the starting position follow. Such a formal
fluorine migration under photochemical conditions in an
aqueous environment may be of interest for applications.
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