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Nucleophilic aromatic substitution (Scheme 1) is a major
reaction of electron-deficient aromatic compounds. s Com-
plexes are generally presumed to play the role of the
intermediate or the transition state in this reaction,[1,2] and it
is, therefore, important to understand the structures and
inherent stability of the s complexes.

Extensive studies have shown that nucleophilic aromatic
substitution reactions occur upon ionization of the gas-phase
clusters formed from halogen-substituted benzene and polar
solvent molecules.[3–10] In such systems, ionization causes the
aromatic compounds to become highly electron deficient,
thus ensuring the high reaction efficiencies. Recently, several
s-complex-type structures, such as H+C6H6, H

+C6H5F, (C6H6-
NH3)

+, and [CH3OC6H3(NO2)3]
� have been observed in the

gas phase by spectroscopy.[11–15] However, the elimination step
is unfavorable in these cases because of their poor leaving
group (X=H). As a result, the high yields of the s complexes
sacrificed their ability to act as reaction intermediates. Such
intermediate structures have not so far been reported for
systems in which the substitution reactions can actually occur.

Intracluster substitution reactions have only been observed in
the cases of halobenzenes. The cluster cations formed from
hexafluorobenzene (C6F6) and polar molecules are very
attractive targets to probe the intermediate structures in the
reaction because there are no ortho/meta/para isomers and
only one type of structure for the s complex is expected.

In this study, we report the first experimental observation
of a stable s complex for a system in which aromatic
substitution actually occurs. We employed the efficient
direct ionization of C6F6 by coherent vacuum ultraviolet
(VUV) light,[16] and confirmed the high substitution reactivity
of the C6F6

+/NH3 system to produce C6F5NH2
+. We also

measured the infrared spectrum of the (C6F6-NH3)
+ cluster

cation and showed that the cluster cation forms an inter-
mediate s complex.

Figure 1 shows the mass spectrum of the ions produced by
the one-photon ionization of the C6F6/NH3/He mixture by
VUV light. The most intense signal at m/z 186 corresponds to
C6F6

+. The signal at m/z 183 is uniquely assigned to the
substitution reaction product C6F5NH2

+. The intensity of this
signal is comparable to that of C6F6

+, and it clearly demon-
strates that, upon ionization, the reaction efficiently proceeds
in the C6F6/NH3 system with the elimination of HF.

The signal at m/z 203 is attributed to the (C6F6-NH3)
+

cluster cation. The IR spectrum of the cluster cation is shown
in Figure 2a. When this spectrum was measured, the mass
resolution of the second quadrupole mass spectrometer was
reduced to Dm� 10 to give sufficient fragment intensity, and
either or both the C6F6

+ and C6F5NH2
+ fragment ions were

monitored when recording the spectrum. Three bands are
seen in the NH stretching region of the IR spectrum, with the
two bands at the higher frequencies nearly degenerate. These
three bands clearly result from the symmetric and degener-

Scheme 1. General mechanism of the nucleophilic substitution reac-
tion. X= leaving group, Y=electron-withdrawing group, Nu=nucleo-
phile.

Figure 1. Mass spectrum of the ions produced by the one-photon
ionization of the C6F6/NH3 mixture with VUV light.
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ated asymmetric NH stretching bands of the ammonia moiety,
and the small splitting of the asymmetric bands suggests that
the effective symmetry of the ammonia moiety is lower than
C3 in the cluster cation.

To identify the geometrical structure of (C6F6-NH3)
+, we

carried out density functional theory calculations at the
B3LYP/6-311+G(2df,2pd) level. Four stable structures were
found after energy optimization, and simulation of their IR
spectra, on the basis of the harmonic frequencies scaled by a
factor of 0.953, are shown in Figure 2b–e. Structure I is a
s complex. The internuclear distance between the N atom of
the ammonia moiety and the C atom of the phenyl ring is only
1.57 @, and a covalent bond is clearly formed between these
two moieties. In addition, the C�F bond length of the leaving
position (1.38 @) is longer than the other C�F bonds (1.30–
1.33 @). Structures II to IV correspond to the minima in the
entrance and exit channels of the substitution reaction. In
structure II, the C···N distance is 2.46 @, and it can be
regarded as a cluster held together through charge–dipole
interactions. The substitution reaction has been completed in
structures III and IV, and the escaping HF fragment is
trapped by the charge–dipole interaction and/or the hydrogen
bond. As the substitution reaction is highly exothermic,
structure IV is the most stable isomer, as shown in the energy
diagram (Figure 3).

Comparison of the observed and simulated IR spectra
clearly demonstrates that only structure I reproduces the
observed IR spectra. As the new C�N covalent bond in
structure I is formed by the donation of the lone pair electrons
from the ammonia moiety to the hole in the p orbital, the NH
stretching frequencies show low-frequency shifts relative to
those of structure II. The greater intermolecular interaction
in structure I also clearly lifts the degeneracy in the asym-
metric NH stretching bands. The simulations of structures III
and IV show only two NH stretching bands because the
ammonia moiety is transformed into the amino group by
elimination of HF. From the IR simulations, the observed IR
spectrum clearly demonstrates that (C6F6-NH3)

+ is the
intermediate structure in the nucleophilic aromatic substitu-
tion reaction.

The energy diagram of the nucleophilic substitution
reaction calculated at the ROMP2/6-311+G(2df,2pd)//
B3LYP/6-311+G(2df,2pd) level is shown in Figure 3. Tran-
sition states TS1 and TS2 are the maxima in the relaxed
potential-energy surface (PES). TS1 lies just above structur-
e II, which shows that structure II is almost metastable.
Furthermore, structures III and IV are close to the exit of
the reaction channel, and therefore, their dissociation ener-
gies are much lower than the energy of the reaction
intermediate, structure I. Therefore, once the system goes
over the energy barrier from structure I to III or IV, the
system cannot be trapped at either structure III or IV, and
dissociates into the products. These are the reasons for the
absence of a contribution of structures II to IV to the
observed IR spectrum. The IR photon energy (typically
40 kJmol�1) is smaller than both the dissociation energy of
structure I (93.3 kJmol�1) and the height of the reaction
barrier (TS2, 92.5 kJmol�1). This fact means that a multi-
photon process or high internal energies are required to
observe the intermediate by photodissociation spectroscopy.

Figure 2. Observed and simulated infrared spectra of the (C6F6-NH3)
+

comple. a) Observed spectrum obtained by monitoring either the
C6F6

+ and/or C6F5NH2
+ fragments. b)–e) Simulated spectra obtained

with B3LYP/6-311+G(2df,2pd) and a scale factor of 0.953. The stick
spectra in the simulations were transformed into the continuous
spectra by using Lorentzian functions with a full-width at half-
maximum value of 10 cm�1.

Figure 3. Calculated energy diagram of the nucleophilic aromatic sub-
stitution reaction occurring in the (C6F6-NH3)

+ system. Calculations
were carried out at the ROMP2/6-311+G(2df,2pd)//B3LYP/6-311+G-
(2df,2pd) level. Zero-point corrections are included in the presented
energy values. Each of the transition states is the calculated maximum
in the relaxed potential-energy surface; see the Experimental Section
and Supporting Information.
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In conclusion, the experimental IR spectrum of (C6F6-
NH3)

+ demonstrates that the cluster cation forms a s com-
plex. This is the first identification of a stable intermediate in
a nucleophilic aromatic substitution reaction that occurs
efficiently in the cationic state.

Experimental Section
The experimental apparatus has been described elsewhere,[17,18] and
only a brief description is given here. Resonance-enhanced multi-
photon ionization is very inefficient for C6F6 because of its fast
internal conversion in its excited states.[19] Therefore, a coherent VUV
light (118 nm) was employed to ionize C6F6. The VUV light was
generated by tripling the third harmonics of a YAG laser output with
a Xe/Ar gaseous mixture. The C6F6/NH3/He mixture was jet-
expanded into a vacuum chamber, which was equipped with a
tandem-type quadrupole mass spectrometer connected by an octo-
pole ion guide. C6F6 was ionized by the light (wavelength 118 nm) in
the collisional region of the jet-expansion, and cluster ions of C6F6 and
NH3 were produced by collisional cooling. The 1:1 cluster cation was
uniquely mass-selected by the first quadrupole mass spectrometer,
and was irradiated by IR light in the 3 mm region with an optical
parametric oscillator. The dissociation fragment arising from the IR
vibrational excitation was mass-selected by the second mass spec-
trometer. The IR spectrum of the 1:1 cluster was measured by
scanning the IR wavelengths while monitoring the fragment intensity.

For a detailed analysis of the observed spectrum and cluster
structure, quantum chemical calculations were carried out. Geometry
optimizations were carried out by density functional theory calcu-
lations with the B3LYP functional and the 6-31+G(d) basis set for
the initial explorations, and with the larger 6-311+G(2df,2pd) basis
set for the final optimizations. These geometries were used for further
calculations. Harmonic frequencies and IR intensities were calculated
at the B3LYP/6-311+G(2df,2pd) level and the calculated frequencies
were scaled by a single factor of 0.953. The energy diagram in Figure 3
was obtained from the relaxed potential-energy surface (PES) scan.
One of the parameters, the C···N distance for the entrance channel or
the H···F distance for the exit channel, was scanned while optimizing
all the other parameters at the B3LYP/6-311+G(2df,2pd) level. The
stabilization energies at all the optimized points were recalculated at
the ROMP2/6-311+G(2df,2pd) level. The values in Figure 3 include
the zero-point energy (ZPE) corrections at the DFT calculations, in
which the ZPE correction terms were also scaled by the factor of
0.953. A plot of the PES is shown in the Supporting Information
(Figure S1). Further calculations, such as the intrinsic reaction
coordinate (IRC) calculation, have not been done because of the
limitation of the ROMP2 calculation. All the calculations in this study
were carried out using the Gaussian 03 program, and the cluster
structures are drawn with the MOLEKEL program.[20] Optimized

geometries and absolute energies of the four isomers are shown in the
Supporting Information.
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