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Abstract: The photochemistry of a gas-phase complex, Mg•+(2-fluoropyridine), has been studied in the
spectral range of ∼230-440 nm with a molecular beam coupled with a time-of-flight mass spectrometer.
Surprisingly rich chemistry has been observed. Aside from the evaporative photofragment, Mg•+, an abundant
photoproduct, C4H4

•+, is observed after the electronic excitation of Mg+. The formation of this photoproduct
is associated with the loss of a stable species, CN-Mg-F. Also identified in this work are reactive pathways
that occur with the elimination of HCN, HF, or MgF from the complex. The observed photoreactions have
been examined in detail using quantum mechanics methods. A distinct structural feature of the complex is
the direct attachment of Mg•+ to the N atom of fluoropyridine due to the strong electrostatic interaction.
The key to the rich photochemistry is the formation of the FMg+(C5H4N) intermediate, through facile fluorine
migration. Plausible photoreaction mechanisms have been proposed. These mechanisms account for the
evolution of the energized complex with the pre-defined structure en route to the target photoproducts that
we have detected.

Introduction

The binding of metal ions to proteins and nucleic acids is
crucial to numerous biological functions and dysfunctions of
organisms.1 However, the studies of metal-ligand interactions
in organisms are often complicated by the heterogeneity of the
system and by the fact that many biologically important metal
ions are spectroscopically silent.1,2 One powerful approach to
this problem is to study isolated complexes between metal ions
and small molecules that may mimic the binding sites of
interest.3-8 Molecular beam, mass spectrometry, and laser

spectroscopy provide important means to study such metal ion-
molecule complexes in the gas phase.9

During the past few years, we have utilized photodissociation
spectroscopy to study the complexes of M+ (M ) alkaline earth
metal) and various organic molecules.10 This has given us
important information about the binding modes of the metal
ions and dissociation pathways/dynamics of the complexes. For
example, Mg•+ tends to formπ-complexes with benzene and
mono-halogen-substituted benzene molecules, although it also
favorably attaches to the F atom in fluorobenzene.10g For multi-
fluoro-substituted benzenes, however, Mg•+ favors the associa-
tion with F atoms rather thanπ-coordination.10a Furthermore,
in a complex with pyridine, Mg•+ is exclusively linked to the
N atom.10f Photodissociation of theπ-complexes and Mg•+-
pyridine results mainly in the complex decomposition ac-
companied by the formation of minor charge-transfer (CT)
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decomposition products. However, starting with complexes
characterized by the Mg+-F linkage also gives rise to abundant
photoreaction products.

We emphasize that the photodissociation of the complexes
with well-defined structures is initiated by the optical excitation
of the unpaired electron in Mg•+. The excitation energies are
in the ultra-violet spectral range, which not only can cause the
decomposition of the complexes but also may activate vicinal
covalent bonds and open chemical reaction channels. It is
important to realize that such local deposition of electronic
energy in a pre-configured complex framework may result in
the preferential formation of certain photoproducts.9,10 In
addition to implications to the controlled synthesis of target
compounds,11 this strategy may also have analytical utility for
biological molecules by virtue of their characteristic photodis-
sociation patterns.12

In the work reported here, we extend the photodissociation
study of Mg•+(fluorobenzene) and Mg•+(pyridine)10f,g to the
complex of Mg•+(2-fluoropyridine). What separates2-fluoro-
pyridine from both fluorobenzene and pyridine is that it bears
both N and F binding sites in close proximity. This unique
molecular feature is likely to affect the binding of the metal
ion. More importantly, it may engender new photoreactions,
such as the formation of a pyridyl cation through MgF
elimination, which is isoelectronic too-benzyne,10a,13and ring-
opening reactions.

As a heterocycle, pyridine (C5H5N) is an important biological
molecule. It exists in enzymes found in the tissues of all plants
and animals14 and in pharmaceuticals with a wide range of
functionalities.15 Aromatic substitutions may represent a viable
strategy in chemotherapy by modifying the biological responses,
base-pairing, and ligand-receptor interactions. Indeed, F-
substituted pyrimidine such as fluorouracil has been used as a
potent drug for inhibiting tumor growth.16 Moreover, fluorinated
molecules, known as fluorometabolites, have been isolated from
plants and microorganisms, signaling new developments in
biology.17 Complexes of C5H5N with various metal ions have
been extensively studied by collision-induced dissociation
(CID),18,19 photolysis,20 and spectroscopy.21 However, less

attention has been directed to the binding of metal ions to
substituted pyridines.19 In our studies of Mg•+(2-fluoropyridine),
we combine photodissociation experiments (230-440 nm) and
comprehensive quantum mechanics calculations. Some unusual
photoreaction patterns of the complex have been identified and
rationalized by tracing the transition state structures and
intermediates.

Experiments and Computations

Photodissociation Experiments.Because the main cluster apparatus
has been described elsewhere,10 only a brief description relevant to the
present experiment is given here. A rotating magnesium rod (5 mm in
diameter and 5 cm in length) was mounted 15 mm downstream from
the exit of a pulsed valve (General Valve). The sample rod was rotated
and translated simultaneously by a step motor on each laser pulse to
expose fresh surfaces during the laser-ablation experiments. The pulsed
valve was employed to generate beams of2-fluoropyridine by
supersonic expansion of the vapor seeded in helium with a backing
pressure of∼40 psi through a 0.5 mm diameter orifice. The second
harmonic (532 nm) of a Nd:YAG laser (∼40 mJ/pulse) was weakly
focused on a∼1 mm diameter spot of the magnesium disk for the
generation of metal cations. The laser-produced species containing metal
ions and atoms traversed perpendicularly to the supersonic jet stream
20 mm from the ablation sample target, forming a series of metal cations
solvated by2-fluoropyridine. The nascent complexes and clusters then
traveled 14 cm downstream to the extraction region of the reflectron
time-of-flight mass spectrometer (RTOFMS).

The cation-molecule complexes were accelerated vertically by a
high voltage pulse in a two-stage extractor. After extraction, the cluster
cations were steered by a pair of horizontal plates and a pair of vertical
deflection plates. All of the cluster cations were reflected by the
reflectron and finally detected by a dual-plate microchannel plate
detector (MCP). In the photodissociation experiments, a two-plate mass
gate equipped with a high-voltage pulser was used to select the desired
cluster cations. The mass-selected cluster cations, once at the turn-
around region of the reflectron, were irradiated with a collimated beam
of a dye laser for photolysis. The parent and nascent daughter cations
were reaccelerated by the reflectron electric field and detected by the
MCP detector. The dye laser was pumped by a XeCl excimer laser
(Lambda-Physik LPX210i/LPD3002). The laser dyesp-terphenyl,
DMQ, BBQ, Stilbene 1, and Coumarin 440 were used to cover the
spectral region of 335-450 nm, while the second harmonic with
Coumarin 503 and Coumarin 480 spanned the spectral region of 230-
270 nm. The branching fractions of each fragment were obtained from
the corresponding photodissociation difference mass spectra at different
wavelengths. Assignments of mass spectra were accomplished by
careful least-squares fitting, which could distinguish one mass unit in
the mass range of our study.

Computational Details. Because the geometries of the photofrag-
ments in MS were unknown, abacktracking methodologywas
employed: (1) Various possible isomeric structures of each fragment
were searched and compared with the experimental conditions to
determine the most likely candidates; (2) reaction pathways were
designed for each isomeric structure and studied in detail.

Quantum mechanics calculations were performed by the GAUSSIAN
98 program.22 The observed photoreactions, although initiated by
electronic excitation, were assumed to occur on the ground-state surface
after internal conversion. All species were calculated with the density
functional theory B3LYP method23 using the 6-31+G** basis set. Each
stationary point was characterized by vibrational frequency analysis
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(minimum with zero; transition structure with one imaginary frequency).
To confirm the transition structures for some key reaction pathways,
intrinsic reaction coordinate (IRC) calculations were used to follow
the reaction pathways. All of the relative energies are reported with
the corrections of zero-point energy (ZPE). It should be cautioned that
the use of the DFT/B3LYP method often encounters problems in dealing
with radical cations.24 Higher-level calculations such as CCSD(T) would
be desirable to get more accurate results. However, we did not do this
because we are only interested in understanding the reaction pathways
based on the experimentally observed products.

The vertical excitation energies and corresponding oscillator strengths
of the Mg•+(2-F-pyridine) complex were calculated with the CIS/6-
31+G** method on the B3LYP/6-31+G** geometry.

Results and Discussion

A. Wavelength-Resolved Photodissociation at 230-440
nm. Figure 1 presents the photodissociation difference mass

spectra of Mg•+(2-F-C5H4N) at short (245 nm, 5.06 eV) and
long (344 nm, 3.60 eV) wavelengths. The disappearance of
Mg•+(2-F-pyridine) is coupled with the appearance of several
positively charged species. The main features are summarized
as follows: (1) At both photon energies, Mg•+ is the major
photofragment, which can be considered as the evaporation from
Mg•+(2-F-C5H4N) upon electronic excitation. (2) In both cases,
MgF+ and C5H4N+ appear as minor photoproducts. Each can
be regarded as being from one of the two fragmentation modes
of MgF+(C5H4N), that is, the elimination of MgF+ or MgF. It
is interesting that the two peaks are nearly identical in intensity
and that, athν ) 5.06 eV, the relative intensities of the two
peaks are slightly higher than those athν ) 3.60 eV. (3) The
second most abundant photoproduct cation has a mass unit of
52 at both photon energies. It can be designated C4H4

•+ which
is formed by CN-Mg-F elimination. Although this peak could
also be assigned to C3H2N+ partnered with C2H2 and MgF, it
would be difficult to posit a proper mechanism for its formation
according to our calculations (see below). (4) The peak atm/z
) 94 can be assigned to Mg+(C4H3F), which corresponds to
the elimination of HCN. The elimination of HCN is dominant
in the photodissociation of pyridine.25 Interestingly, the higher
yield of this photoproduct athν ) 3.60 eV seems to be
correlated with the reduced yield of C4H4

•+. (5) Two more minor
photoproducts are observed athν ) 3.60 eV: a very small peak
of CN-MgF+ and a moderate peak of Mg+(C5H3N). The
formation of the two photoproducts corresponds to the elimina-
tion of neutral C4H4 and HF, respectively.

It is noteworthy that the observed rich photoinduced reaction
patterns for Mg•+(2-F-C5H4N) are the direct result of fluorine
substitution. In the absence of F-substitution, only a weak CT
photoproduct was observed.10f CID experiments of Mg•+-
(pyridine) resulted in the only product of Mg•+.18 In another
photolysis study of M+(pyridine) (M ) Cu, Ag, and Au), the
charge-transfer product of pyridine•+ was observed exclusively.20

However, a single F-substitution next to N leads to extensive
photoinduced ring-opening reactions, most likely triggered by
the breakage of the C-F bond.

Shown in Figure 2a are action spectra of the photofragments
from Mg•+(2-F-C5H4N) in the wavelength ranges of∼230-
270 nm and∼330-440 nm. No spectral features have been
identified in the region of∼270-330 nm. Clearly, the electronic
transitions of Mg•+ (32P r 32S) have been split to a relatively
sharp peak at 242 nm and a broader peak at 356 nm with a
shoulder at 375 nm and a rather long tail at the red. The blue-
shifted features in the action spectra are attributed to the
promotion of thes electron of Mg•+ to the pz orbital, which
interacts repulsively with the lone pair electrons of the N atom.
The red-shifted peaks are due to the population of thepx andpy

orbitals of Mg•+. The action spectra of the complex are
consistent with the CIS calculations in both the peak position
and intensity (see Figure 2), which supports the complex
structure in which Mg•+ is linked to the N atom. There is a
long tail above 380 nm in the action spectra. This may be caused
by the excitation of the CT state, which is quenched by the
back CT, followed by the ground-state decomposition. It is
worth mentioning that the action spectra of the reactive
photoproducts are analogous to the action spectrum of Mg•+.
This indicates that the reactions are initiated by photoexcitation
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Figure 1. Photodissociation difference mass spectra of the complex Mg•+-
(2-fluoropyridine) at 344 nm (a) and at 245 nm (b).
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of the unpaired 3s electron of Mg+ rather than theπ f p*
transitions of the substituted pyridines.26

The branching fraction curves for the photodissociation of
Mg•+(2-F-C5H4N) in the wavelength ranges of∼230-270 nm
and ∼330-440 nm are plotted in Figure 2b. The branching
fraction of Mg•+ is in the range of∼0.5-0.8. The branching
fraction of C4H4

•+ increases gradually from∼0.1 at 440 nm to
∼0.4 at 240 nm and then drops down steadily to∼0.2 at 230
nm. It is interesting to note that the branching fraction curves
of C4H4

•+ and Mg•+ are anti-correlated, suggesting a competition
of the two branching pathways.

B. Structural and Energetic Analysis of the Parent
Complex and Photoproducts.As the first step of our theoreti-
cal study, possible structures of the Mg•+(2-F-C5H4N) (1)
complex and the corresponding photoproducts (P1-P7) were
searched in depth with full geometrical optimization at the
B3LYP/6-31+G** level. Although all calculated photoproducts
are given in Figure S1 of the Supporting Information (SI), Figure
3 summarizes the key calculation results.

Although Mg•+-π and Mg•+-F bindings are conceivable,
the most stable structure of the complex is characterized by the
linkage of Mg•+ to the N atom. Attempts made to locate the
stable Mg•+-π and Mg•+-F bindings complexes always
resulted in the energetically favorable Mg•+-N binding com-
plex. The binding is much the same as in Mg•+-pyridine except
that here Mg•+ interacts attractively with the neighboring F atom,

resulting in a 11.1° angular deviation (Figure 4) from the
symmetry axis of 2-F-C5H4N.10f,18-21,27The bond dissociation
energy (BDE) of Mg•+(2-F-C5H4N) (1) is calculated to be 1.91
eV (see Figure 3,P1). The calculated BDE is slightly smaller
than that of Mg•+(C5H5N) (2.08 eV)10f but still larger than the
BDEs of alkali metal ion-pyridine complexes (1.88, 1.31, and
0.94 eV for Li+, Na+, and K+, respectively).18 This indicates
that the Mg•+(2-F-C5H4N) complex has some covalent char-
acter in addition to the dominant electrostatic interaction, due
to (1) the reduced Pauli repulsion arising from the sp-
polarization of Mg•+ and (2) the conjugation of theπ-orbitals
of 2-F-C5H4N with the 3p orbital of Mg•+.

For the formation ofP2 and P3, calculations indicate that
the elimination of MgF+ and MgF from1 costs about 3.20 and
2.88 eV, respectively, suggesting that both processes can be
achieved with the photon energies used in the experiment. As
will be discussed later and shown in Table 1, the cyclic forms
of C5H4N+ and C5H4N shown in Figure 3 are more stable than
all the ring-opened isomers. Gozzo and Eberlin have studied
the o-pyridyl cation theoretically and experimentally28,29 and
found it to be very stable compared with them- andp- pyridyl
cations. Our calculations give similar results.

For the radical cation C4H4
•+ (P5), a total of five isomers

were studied. The three most stable structures are shown in
Figure 3. Although the methylene cyclopropene radical cation
(A) is the most stable, consistent with the prediction by Bally
et al. using a different method,30 the open form and cyclobuta-
diene radical cation are about 0.30-0.40 eV less stable. This
suggests that the pathways for the formation of these structures
should all be explored. We attribute them/z) 52 peak to C4H4

•+

rather than C3H2N+ on the basis of the energetic consideration.
It takes about 5.85 eV, which is higher than the photon energies
we used, to form the photoproduct of C3H2N+ associated with
the loss of C2H2 and MgF.

Two candidate structures of Mg+(C5H3N) (P7) resulting from
the loss of HF from Mg•+(2-F-C5H4N) were calculated. It
requires about 2.66 eV to generate the open formA,31 but the
cyclic structure (B) derived from direct elimination of HF from
1 requires an energy of 4.38 eV. Therefore, with the photon
energy of 3.60 eV, onlyA is formed.

(26) (a) Medhi, K. C.; Medhi, R. N.Spectrochim. Acta1990, 46, 1169. (b)
Medhi, K. C.; Medhi, R. N.Spectrochim. Acta1990, 46, 1333.

(27) Stockigt, D.J. Phys. Chem. A1997, 101, 3800.
(28) (a) Carvalho, M.; Gozzo, F. C.; Mendes, M. A. Sparrapan, R.; Kascheres,

C.; Eberlin, M. N.Chem. Eur. J.1998, 4, 1161. (b) Gozzo, F. C.; Eberlin,
M. N. J. Org. Chem.1999, 64, 2188.

(29) Kauffmann, T.Angew. Chem., Int. Ed. Engl.1965, 4, 543.
(30) Hrouda, V.; Roeselova, M. R.; Bally, T.J. Phys. Chem. A1997, 101, 3925.

Figure 2. (a) Action spectra of the complex Mg•+(2-fluoropyridine). The
vertical axis represents the relative yields of the photofragments. The dotted
line indicates the atomic transition of Mg•+ (32P r 32S) at 280 nm. The
dashed lines denote the calculated absorption spectra using the CIS method.
(b) Branching fraction curves of Mg•+(2-fluoropyridine).

Table 1. Calculated Relative Energies (eV) for the Formation of
P2 and P3 by Elimination of •MgF and +MgF from the
+MgF(C5H4N) Isomeric Intermediatesa

- +MgF - •MgFisomeric
intermediates BDE P2 BDE P3

I-1 0.13 3.07 3.20 2.75 2.88
I-2a 1.36 3.31 4.67 1.48 2.88b

I-2b 0.51 3.33 3.84 3.42 3.93
I-2c 1.66 3.13 4.79 2.27 3.93c

I-3a 0.34 3.07 3.41 3.28 3.62
I-3b 1.58 3.53 5.11 2.04 3.62d

I-3c 1.29 3.10 4.39 3.53 4.82

a The geometries of C5H4N• and C5H4N+ species are similar to those in
the corresponding+MgF(C5H4N) intermediates unless otherwise noted.
b Same as the product from I-1.c Same as the product from I-2b.d Same
as the product from I-3a.
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A total of 15 structures were examined for Mg+(C4H3F) (P6).
Shown in Figure 3 are six of the representative structures. The
other nine structures, which are given in the SI, are less stable.
The most stable structures are found to beA andB. We predict
that these two structures are energetically accessible with our
laser light sources. Other structures cannot be generated by the

3.60 eV photons and, therefore, the mechanisms for the
formation of those species were not explored in detail.

C. Isomerization of the MgF+(C5H4N) Intermediate. On
the basis of the above calculations, the likely reaction pathways
were designed for each observed photoproduct. The calculated
reaction pathways and potential energy profiles are shown in

Figure 3. Possible structures for the selected products from photodissociation of Mg•+(2-F-C5H4N). The calculated relative energies are at the B3LYP/
6-31+G** level.

Figure 4. Schematic energetic representation of the photoreaction channels leading toP1, P4-B, P5-B, andP7-A. Bond lengths are in angstroms and bond
angles are in degrees.
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Figures 4 and 5. The structural drawings were converted from
calculated three-dimensional geometries and selected geo-
metrical parameters are given. The calculated atomic charges
and atomic spin densities of the transition structures and
intermediates are provided in the SI (Figure S2). Some less likely
pathways that have been investigated are also presented in Figure
S3 of the SI.

As shown in Figure 4, although the dissociation of Mg+ from
1 is an easy process with an energy of about 1.91 eV, fluorine
migration to formI-1 is even easier, with a barrier of about
1.46 eV. Transition structureTS-1has a four-centered geometry
with the C-F bond (1.964 Å) considerably broken and the
Mg-F bond (1.877 Å) considerably formed. Because of the
ring constraint, the Mg atom has to deviate further from the
pyridine symmetry axis. The intermediateI-1 is calculated to
be only slightly (0.20 eV) less stable than1. The easy formation
of I-1, which bears a radical center at C2, is the key to the rich
photochemistry. For the Mg•+(C5H5N) complex, a similar
hydrogen migration would encounter a barrier of 2.66 eV,
leading to an unstable intermediate MgH+(C5H4N) (1.99 eV).

Our calculations indicate that with the energy provided by
photon absorption, the MgF+(C5H4N) I-1 can be converted into
various isomers through two pathways. In the first pathway, a
1,2-hydrogen shift reaction occurs. Because the positive charge
is located on Mg and the radical is on the ring, it is a hydrogen
atom shift. The hydrogen migrates from C2 to C3 in the pyridine
ring plane (TS-3a). The calculated activation energy, 3.02 eV,
is higher than that of proton shifts in a phenyl cation,32 but it is
similar to those in benzyne.33 The resulting intermediate,I-3a,
is only about 0.20 eV less stable thanI-1. I-3a can undergo

ring-opening throughTS-3b to form I-3b. I-3b, in which the
Mg atom tilts toward the terminal triple bond to gain some
stabilization, undergoes another hydrogen shift through transition
structure TS-3c to form intermediateI-3c. The calculated
activation energy for this 1,2-hydrogen shift is about 1.55 eV,
much lower than that forTS-3a. TS-3c is aπ-assisted hydrogen
shift transition structure, whereasTS-3a is a pureσ-hydrogen
shift transition structure.

The second pathway of isomerization, which is shown in
Figure 5, is the direct N1-C6 bond breaking inI-1 to form
intermediateI-2a. It is noted that the barriers forTS-2a and
TS-3b are quite similar, close to 2 eV.I-2a can also undergo
a facile 1,2-hydrogen shift to form a more stable intermediate
I-2b. This is becauseI-2a is a σ-radical, while the radical in
I-2b is stabilized by π-conjugation. I-2b can be further
converted into a cyclopropene intermediateI-2c, which can
undergo a 1,2-hydrogen shift to form intermediateI-2d.

D. Rationalization of the Photoproduct Formation. For-
mation of P2 (MgF+ and C5H4N) and P3 (MgF and C5H4N+).
In principle, P2 and P3 can be formed from each isomer of
MgF+(C5H4N). The calculated relative energies of these isomers
as well as the correspondingP2 and P3 derived from these
isomers with respect to1 are collected in Table 1. Examination
of Table 1 indicates thatI-1 is not only the most stable, but

(31) The trans-form is calculated to be about 1 kcal/mol more stable thanA,
which central double bond is in the cis form. However, the trans form is
difficult to achieve.

(32) (a) Schleyer, P. v. R.; Kos, A. J.; Raghavachari, K.J. Chem. Soc., Chem.
Commun. 1983, 1296. (b) Ignatyev, I. S.; Sundius, T.Chem. Phys. Lett.
2000, 326, 101.

(33) Diau, E. W.-G.; Casanova, J.; Roberts, J. D.; Zewail, A. H.Proc. Nat.
Aca. Sci. 2000, 97, 1376.

Figure 5. Schematic energetic representation of the reaction channels leading toP5-A, P5-C andP6-B. Bond lengths are in angstroms and bond angles in
degrees.
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also results in the most stable structures ofP2 andP3, which
are cyclic. In addition, except forI-1, the dissociation of either
MgF+ or MgF from each isomer requires a higher energy than
the immediate reaction shown in Figures 4 and 5. It can be
concluded thatP2 and P3 are formed mainly from direct
dissociation ofI-1. This is also in agreement with the experi-
mental observation that the yields of the two products are nearly
independent of the photon energies.

The energy needed for the formation of MgF+ with C5H4N•

is calculated to be 3.20 eV. MgF+ is only detectable at
wavelengths shorter than∼410 nm (3.02 eV) from the pho-
tolysis of Mg+(2-F-C5H4N) (see Figure 2b). This threshold
value can be regarded as the appearance potential (AP) of MgF+

from the parent complex, which agrees well with the calculated
value. The appearance potential for C5H4N+ with MgF (P3)
(see Figure 2) can be roughly determined to be∼420 nm (2.95
eV), which is also close to the calculated value of 2.88 eV.

Formation of P5 (C4H4
•+ and CN-Mg-F) and P-6 (Mg+-

(C4H3F) and HCN). There are three pathways for the formation
of C4H4

•+. The main pathway is the formation ofP5-A from
intermediateI-2c (Figure 5). The formations ofP5-B from I-3c
(Figure 4) and ofP5-C from I-2a (Figure 5) are less favorable
and are likely inaccessible with photons of 3.60 eV but
accessible forhν ) 5.06 eV.

The formation of Mg+(C4H3F) (P6-B) (Figure 5) shares the
same pathway as the formation ofP5-A, both being from
intermediateI-2c. The calculated energies ofTS-2d andTS-2f
are somewhat higher than the photon energy at 344 nm (3.60
eV) by about 2 kcal/mol. This is probably due to the inaccuracy
of the calculation method. Because all our effort to find another
pathway with a lower barrier for the formation ofP6 failed (See
Figure S3 of the SI), this pathway is probably most close to the
truth. The formation ofP5-A andP6-B is competitive and the
formation ofP5-A is energetically more favorable, which is in
agreement with the experimental observation that the yield of
C4H4

•+ is higher than that of Mg+(C4H3F) (Figure 1a) for 3.60
eV photons. In addition, when more energetic photons (5.06
eV) are used, the elevated energy would allow the formation
of P5-B andP5-C but no additional channel would be possible
for the formation ofP6. As a result, the yield ofP5 is expected
to increase, whereas the chance for the formation ofP6, which
competes with the formation ofP5, is reduced. This is in accord
with the experimental observation that, at photon energies of
5.06 eV, the yield of C4H4

•+ (P5) is increased while the yield
of Mg+(C4H3F) (P6) is reduced (Figure 1b).

Formation of P4 (CN-MgF+ and C4H4) and P7 (Mg+-
(C5H3N) and HF). The formation ofP4 can be achieved from
I-3c. This leads to the formation ofP4-Band requires an overall
energy of about 5.44 eV from1. The photon energy at 245 nm
(5.06 eV) is not enough. However, with two-photon excitation

at 344 nm (7.20 eV), the dissociation reaction can occur. This
is in agreement with the experimental observation that the
formation of CN-MgF+ is observed only at 344 nm, albeit with
a very low yield.34

It is also interesting to point out that F-CN-Mg+ (Figure
3, P4-A) is more stable than CN-MgF+ (P4-B) by about 0.70
eV. If P4-A were formed, it would have been observed at the
photon energy of 5.06 eV. However, our calculations indicate
that there is no accessible reaction channel for the formation of
this species, in agreement with the experimental result.

The calculations indicate that the formation of Mg+(C5H3N)
(P7) is energetically allowed at bothhν ) 3.60 eV andhν )
5.06 eV.35 Further loss of Mg•+ from P7 requires an overall
energy of 4.75 eV with respect to1. Therefore, athν ) 5.06
eV, calculations suggest that Mg+(C5H3N) should further
dissociate into Mg•+ and C5H3N. This is in agreement with the
experimental observation that Mg+(C5H3N) is observed only
at hν ) 3.60 eV.

Conclusion

In summary, the ultraviolet photochemistry of the complex
Mg•+(2-F-C5H4N) triggered by the electronic excitation of
Mg•+ has been found to be remarkably rich. The combination
of photodissociation spectroscopy and quantum mechanics
calculations has revealed the photoreaction pathways. The key
reason for the rich photochemistry is the facile formation of
the FMg+(C5H4N) intermediate,1, through fluorine migration,
which can be converted into various isomeric forms. The
primary driving force for the photoproduction of C4H4

•+, which
can be generated in several forms, is the formation of the energy-
sink molecule, CN-Mg-F. Some minor photoproducts such
as C5H4N+, Mg+(C4H3F), and Mg+(C5H3N) are also produced
by the loss of MgF, HCN, and HF molecules, respectively.
Several neutral photoproducts, such as C5H4N and C5H3N, which
correspond to the loss of MgF+, Mg•+ plus HF, are also possible.
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(34) In principle, a two-photon process at 245 nm (7.20 eV) would also lead to
the formation ofP4-B. However, the laser light intensity in our experiment
was much weaker at 245 nm than at 344 nm, which made the two-photon
process much less likely.

(35) As shown in the SI (Figure S3. (d)), HF elimination fromI-1 requires at
least 4.38 eV, which is unfavorable compared to that fromI-3b.
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