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Despite the undisputed importance of organofluorine
compounds, for example, in biomedical applications, the
generation of fluorinated carbon stereocenters by C�F
bond-forming reactions remains rare and particularly chal-
lenging.[1, 2] Recently, the first catalytic, enantioselective
fluorination of �-ketoesters with F-TEDA (1-chloromethyl-
4-fluoro-1,4-diazoniabicyclo[2.2.2]octane; TEDA� triethyle-
nediamine) in the presence of 5% of [TiCl2(TADDOLato)]
(TADDOL��,�,��,��-tetraaryl-2,2-dimethyl-1,3-dioxolan-4,5-
dimethanol) catalysts was reported.[3, 4] We have shown that
the reaction proceeds smoothly in acetonitrile at room
temperature and the obtained enantioselectivity reaches
90% ee using a (R,R)-TADDOL bearing 1-naphthyl substi-
tuents.[4] We assume, as a first mechanistic hypothesis, that

mass spectrometer source with a syringe pump (Harvard type 551111:
Harvard Apparatus Inc., South Natick, MA, USA) with a flow rate of
4 �Lmin�1. Calibration was performed using protonated horse myoglobin.
Scanning was performed in the MCA (multichannel analyzer) mode, and
several scans were combined to obtain the final spectrum. Electrochemical
studies were made by cyclic voltammetry with a conventional three-
electrode system using a BAS CV-50 W voltammetric analyzer equipped
with a Pt microdisk or a HgKemula hanging electrode as working electrode
and a Ag wire counter electrode. Ferrocene (E1/2��0.65 V) or paraquat
(E1/2��0.23 and �0.60 V) were used as an internal standard with the Pt
and Hg electrodes, respectively. Solutions contained the electrode-active
substrate (ca. 5� 10�4 moldm�3) in deoxygenated and anhydrous DMF
containing tetra-N-butylammonium tetrafluoroborate (0.2 moldm�3) as
supporting electrolyte. The quoted half-wave potentials were reproducible
within 15 mV.
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the �-ketoester coordinates to the catalyst as an enolate
and substitutes one of the two chlorides and one of the
acetonitrile molecules (Scheme 1). Thus, the octahedral
monochloro Ti(enolato) complex 1 is the reactive species
and is fluorinated by F-TEDA in the crucial C�F bond-
forming step,[4] the mechanistic details of which are still poorly
appreciated.[5±8]
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Scheme 1. Simplified mechanistic hypothesis for the Ti-catalyzed asym-
metric fluorination reaction. The [N�F]� ion reagent used in the computa-
tional studies is also shown.

To understand the origin of enantioselectivity and to
elucidate the detailed mechanism of the actual fluorination
step, we performed density functional theory (DFT) based
mixed quantummechanical/molecular mechanical (QM/MM)
calculations on complex 1. Using the program ADF2000[9] in
combination with a suitably modified version of the classical
force-field AMBER95,[9±11] we found that the eight possible
stereoisomeric forms of complex 1 represent local minima on
the energy hypersurface. In particular, the four most stable
stereoisomers 1a ± d (Figure 1) have the chloride ligand in
axial position, the equatorial plane being defined by the Ti
center and the two coordinated TADDOL oxygen atoms.
Each of the corresponding equatorial counterparts, obtained
by exchanging the coordination positions of chloride and
acetonitrile, are 4 ± 6 kcalmol�1 less stable. The bonding
parameters[11] of the calculated structures 1a ± d are in
excellent agreement with those reported recently for an
analogous complex that contained a 1,3-diketonato ligand and
was characterized by X-ray crystallography.[12] For the species
1a and 1c the enolate fragment and one of the two face-on
oriented naphthyl groups are almost perfectly parallel (Fig-
ure 2). As a consequence, the Re-face of the enolate in 1a (the
Si-face in 1c, respectively) is completely shielded and a
fluorine atom can only be delivered from the opposite side.
For the other two isomers 1b and 1d similar considerations
apply to an edge-on oriented naphthyl group, but the effect

Figure 1. Structure and relative energies of the four most stable Ti(eno-
lato) complexes with the chloro ligand (green) in axial position with respect
to the plane of the Ti(TADDOLato) chelate. Hydrogen atoms are omitted
for clarity. The energies of the corresponding stereoisomers with an
equatorial chloride ligand are given in parenthesis. All the groups directly
bound to the titanium were treated at the DFT level and are represented as
balls and sticks. All other atoms are shown as sticks and were accounted for
by a classical force field.[10]

Figure 2. Schematic projections on enolate plane (red) for the calculated
structures 1a ± d showing the shielding of one of the enolate enantiofaces
by either a face-on or an edge-on naphthyl group (for a definition of face-
on and edge-on orientations of aryl groups in TADDOLs, see ref. [3]).

appears to be less pronounced. The shielding situation in the
most stable isomer 1a correctly predicts the observed
absolute configuration of the product.

There is a long-standing debate about the reaction mech-
anism for the electrophilic fluorination reaction with N ±F
reagents. In particular, it is controversial whether the reaction
proceeds by a single-electron transfer (SET) or is a simple
nucleophilic substitution (SN2) at the fluorine atom.[5±8] Two
experimental observations have oriented our investigation.
Firstly, a small amount (1 ± 4%) of chlorinated by-product is
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formed in the case of slow reacting substrates,[13] with the
source of chlorine being the catalyst. Secondly, the extent of
chlorination can be enhanced up to 12 ± 15% by the addition
of one equivalent of a chloride salt (NH4Cl or NaCl). The
enantioselective formation of the chlorinated product dem-
onstrates the involvement of the catalyst in the side reaction.
However, since F-TEDA is inert towards chloride,[14] the
origin of an electrophilic chlorinating agent under reaction
conditions is not clear.

To further investigate these points we carried out QM/MM
first-principles molecular dynamics[15] studies of the fluorina-
tion step in vacuo and in acetonitrile solution.[16] All the
simulations were performed for a temperature of 300 K. The
lowest energy complex 1a was taken as a starting point and
1-fluoro-1-azonium-[2.2.2]bicyclooctane ([N�F]� ion, which
models F-TEDA, see Scheme 1) was added to the system.

The in vacuo simulations were started at a distance dC�F of
3.5 ä between the C� atom of the �-ketoester and the fluorine
atom of the [N�F]� ion. After a few femtoseconds, one
electron is transferred from the Ti complex to the [N�F]� ion.
As a consequence, an antiferromagnetic diradical species is
formed that is stable throughout the investigated time scale of
a few picoseconds and no further spontaneous reaction is
observed. This result is an indication that in vacuo the
reaction proceeds by a SET involving the formation of a
[N�F] . radical, that however, does not automatically lead to
product formation.

For the studies in acetonitrile solution, constrained molec-
ular dynamics simulations were performed in which dC�F was
progressively reduced from 2.9 to 1.7 ä. This approach
allowed the evolution of the system to be followed during
the fluorination process and to eventually estimate the
reaction free energy associated with this reaction step. In
contrast to the in vacuo simulations, no spontaneous SET is
observed even at dC�F� 2.6 ä (Figure 3) as a result of the

Figure 3. Approximate reaction free-energy profile for the catalytic
electrophilic fluorination (red) as a function of the C�F distance [ä].
The integrated value of the absolute polarization spin density �pol�� ���(r�)� ��(r�) �dV is also indicated (blue). The total simulation time
was 4.8 ps. After the simulation at dC�F� 1.9 ä, the constraint was released
and the system was simulated for another 0.3 ps.

additional stabilization of the [N�F]� ion by the polar solvent.
Upon further reduction of the constraint distance, the free
energy increases and the average N�F distance elongates
from 1.53(3) ä at dC�F� 2.9 to 1.61(5) ä at dC�F� 2.2 ä. At

the latter distance, one electron is transferred from the Ti
complex to the [N�F]� ion. Simultaneously, the N�F bond is
broken and the force acting on the constraint changes its sign,
thus indicating the crossing of the transition-state (Figure 3).
Indeed, releasing the constraint at this point of the simulation
leads to product formation within a few femtoseconds.

The relative stability of cationic versus radical form of the
intermediate species depends crucially on the interaction with
the solvent. It is therefore conceivable that because of the
thermal fluctuations in the solvation shell, an alternative
reaction pathway could become available. The dipole ± charge
interaction of the [N�F]� ion with the solvent could even-
tually become small enough that, in analogy to the simulation
in vacuo, a SET occurs before the transition state for the
fluorine transfer is reached. In this case, an [N�F] . radical
would be formed. This radical could then react with the
chloride present in solution leading to the formation of the
relatively stable Cl . radical, which is ultimately responsible for
the formation of the chlorinated by-product. In this case, a
radical scavenger should be able to quench the chlorination,
while not affecting the fluorination reaction.

In fact, we have found that the addition of 2,2�,3,3�,4,4�,5,5�-
octamethyl-1,1�-bis(tert-butylthio)ferrocene[17] to the reaction
mixture has a drastic effect. The extent of ethyl 2-methyl-3-
oxo-3-phenylpropanoate chlorination is reduced to 10 ± 20%
of the normal yield, while the fluorination is unaffected. Thus,
by the addition of a one-electron donor it is possible to
discriminate between the two halogenation processes. This
result strongly supports the SET mechanism as a pathway for
halogen transfer in these reactions.
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