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ABSTRACT: Di-, tri-, and tetrafluorophenyl radicals each have
three regioisomers, several of which can form multiple distinct
radical structures. We present the photoelectron spectra of the di-,
tri-, and tetrafluorophenide regioisomer anions generated from
their associated fluorobenzene precursors. By comparing the
spectra to the results of density functional theory calculations,
we determine that in cases where more than one possible radical
isomer is possible for a given regioisomer (radicals formed from
1,2-difluorobenzene, 1,3-difluorobenzene, 1,2,3-trifluorobenzene,
and 1,2,4-trifluorobenzene) the most stable anion corresponds to
a less stable neutral, suggesting that the reactive C-center on these
fluorine-substituted phenyl groups can be controlled by charge
state. Full analyses of the spectra and computational results yield
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further insights into the differences between the electronic and molecular structures of the fluorophenyl radicals and their associated

anions.

1. INTRODUCTION

The structure and reactivity of the phenyl radical have been the
topics of numerous spectroscopic investigations.l_8 The
phenyl radical, formed from benzene via simple homolytic
C—H bond cleavage, conserves the aromaticity of benzene but
is nonetheless highly reactive. As an intermediate in
combustion of aromatic hydrocarbons, polycyclic aromatic
hydrocarbon formation, and soot formation,”' it has
implications in health and environmental concerns. The
phenyl radical is also an important reactant in astrochemis-
ry 11713

The reactivity'* and electronic structures' of aromatic rings
are known to be strongly influenced by substituents on the
ring. For example, a fluorine substituent on benzene
contributes a lone pair to resonance stabilization but is highly
electronegative. The inductive effect of fluorine is weakly
deactivating and leaves the C—H bond opposite to the C—F
bond the weakest.'"® In other words, the most stable
fluorophenyl radical has the radical center opposite the C—F.
There have been fewer studies on the impact of further —F
substitution on the phenyl radical. From a thermodynamic
standpoint, the lowest energy path to formation of
fluorophenyl radicals from any fluorobenzene (with the
obvious exception of hexafluorobenzene) would again involve
homolytic C—H dissociation as the C—F bond is ca. 0.7 eV
stronger than C—H bond."”

In a series of related studies on fluorine-substituted
benzenes'*™*° and fluorophenyl radicals,”" our group demon-
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strated how fluorination of benzene and the phenyl radical
affect how strongly these molecules bind electrons'”*" or
molecular anions'**° using anion photoelectron (PE) spec-
troscopy and supporting density functional theory (DFT)
calculations.”’ The fluorine-substituted phenyl radicals,
*C¢H;_,F, (1 < x < 4), in particular, showed a straightforward,
monotonic increase in EA. This effect is readily explained: The
excess charge resides in the in-plane sp® orbital that coincides
with the radical center in the neutral. Because the C4 ring
becomes increasingly positively charged with the number of
electron-withdrawing —F substituents, the “extra” electron
becomes more strongly bound to the Cq ring.

The specific regioisomers of the C¢Hy_,F, (2 < x < 4)
fluorobenzene molecule precursors used to generate the
radicals in the previous study”' were those with zero dipole
moments by symmetry (1,4-difluorobenzene, 1,3,5-trifluor-
obenzene, and 1,2,4,5-tetrafluorobenzene). The rationale
behind this selection of regioisomers was the avoidance of
dipoles introducing nonvalence-bound anions, which has been
observed in other systems.”” Of course, C¢HsF does have a
dipole moment, and it is also distinguished from the more
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fluorinated benzenes in the series in that the *C¢H,F radical
can assume three possible structures depending on whether the
radical center is ortho, meta, or para to the fluorinated C
center, which we will now simply refer to as “C—F.” In
contrast, the *CeH;_,F, (2 < x < 4) radicals, given the
regioisomers of the C;H_F, (2 < x < 4) precursors noted
above, have only one possible structure. An unanticipated
computational result was that the lowest energy structure of
the fluorophenide anion, in which the negative charge was
localized on the *C-center ortho to the C—F, did not coincide
with the most stable structure of the neutral radical, in which,
as noted above, the radical center is para to the C—F.

Fluorophenyl substituents play an important role in novel
antibiotic resistance and cancer therapy drugs,”*~*° in addition
to im_/proving ligand affinities compared to phenyl substitu-
ents.”””® These drugs have been shown to have different
efficacies when the fluorine is located at different positions on
the phenyl substituents.”* While the structures of fluorophenyl
radical reactants can be controlled with leaving groups at the
targeted radical position relative to the C—F positions,
carbanions may offer another tool in the synthetic toolbox,>
and our results suggest the potential utility of fluorophenide
anions in these syntheses.

In this report, we present the anion PE spectra of the
fluorophenide anions C4Hs_,F,” (2 < x < 4) generated from
all three different structural isomers of *C¢H,_,F, (2 < x < 4)
for each x. For fluorophenyl radicals that can form more than
one structure, the results show strong evidence that the most
stable isomers of the C4H;_,F,” (x = 2, 3) anions correspond
to less stable neutral radical structures. The reactive center on
the most stable neutral radical is therefore different from the
reactive center on the most stable anion in any case where
multiple structures are possible. This finding, again, raises the
possibility of a carbanion handle on structure control of
fluorophenyl groups through carbanion chemistry.

Anion PE spectroscopy is a technique that is particularly
well-suited for the study of neutral radicals, as is reflected in
the literature.”” ™" The PE spectra of C{Hs_,F,~ (2 < x < 4)
presented here are similar in profile, but all show distinct
electron affinities (EAs), suggesting that the position of the F-
centers on the C4 ring is preserved when the precursors
undergo homolytic C—H bond dissociation and form anions.
Combining the experimental and computational results, we
determine that the relative energies of the neutral *C;H;_,F,
radicals with a particular value of x fall in a fairly narrow
window of energy (<0.4 eV) while the relative energies of the
associated anions are more sensitive to the position of the —F
substituents as well as the position of the excess charge relative
to the —F substituents.

2. METHODS

2.1. Experimental Details. As descriptions of the apparatus®
and the photoemission ion source®” used for generating the anions of
interest in this study have been published previously, we provide just a
brief outline of the experimental details here. The experiments were
completed using an apparatus capable of anion generation, mass
selection, and photodetachment spectroscopy. To produce the
fluorophenide anions, C¢H;_,F,” (2 < x < 4), precursor
fluorobenzenes were heated in a high-pressure reservoir in line with
an ultrahigh purity helium gas line maintained at 80 psig. The
fluorobenzenes selected for this study include 1,2-difluorobenzene
(Thermo Scientific, 98% purity), 1,3-difluorobenzene (Santa Cruz
Biotechnology, 98% purity), 1,4-difluorobenzene (Aldrich, 99%
purity), 1,2,3-trifluorobenzene (AmBeed, 98.50% purity), 1,2,4-
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trifluorobenzene (Santa Cruz Biotechnology, 98% purity), 1,3,5-
trifluorobenzene (Sigma-Aldrich, 97% purity), 1,2,3,4-tetrafluoroben-
zene (AmBeed, 98% purity), 1,2,3,5-tetrafluorobenzene (AmBeed
99.60%), and 1,2,4,5-tetrafluorobenzene (Santa Cruz Biotechnology,
98% purity). The fluorobenzene/He gas mixture was introduced into
the ion source by using a pulsed molecular beam valve operating at 30
Hz. The source houses a Gd,Oj; target parallel with the direction of
the expansion. The attenuated second harmonic output (1 mJ/pulse
of 532 nm; hv = 2.330 eV) of a Nd/YAG laser, also operating at 30
Hz, was timed to hit the Gd,O; target while the gas was flowing over
the surface. Care was taken to purge the system when switching
between samples.

The resulting charged and neutral molecules were thermalized in a
10 mm long, 3 mm diameter channel before being expanded into the
vacuum chamber. The expansion was collimated with a 3 mm
skimmer, and the anions were then accelerated into a 0.94 m Bakker-
style time-of-flight mass spectrometer. The ions passed through a
mass defining slit into a detector region and collided with a dual
microchannel detector assembly at the end of the drift path.

Fifteen cm upstream of the ion detector, the mass-separated anions
of interest were selectively detached using a pulsed Nd/YAG laser.
Both the second (532 nm, 2.330 eV) and third (355 nm, 3.495 eV)
harmonic outputs were used in this study.

The PE kinetic energies are related to the photon energy (hv), the
neutral EA, and the initial anion (EZ°") and final neutral states
( Eir;e(utral via
_neutral + E_anion
int int

exg = hv — EA — E (1)
Assuming the anions are internally cold (EI*" = 0), the exy~
distribution largely reflects the energy levels of the neutral that are
accessed by one-electron transitions from the initial anion state. In
practice, incomplete vibrational and rotational cooling does result in
some congestion of spectroscopic features. In order to more easily
compare spectra obtained with different photon energies, the spectra
presented below are plotted as a function of electron binding energy

(eBEi)

epp = hv — exg (2)
which is independent of photon energy. The epz~ values equal the
energy difference between the final neutral and initial anion states.

The photodetachment takes place at the intersection of the ion
drift path and a velocity map imaging (VMI) setup.”** The resulting
PEs are projected onto a 70 mm dual microchannel plate/phosphor
screen, and the resulting PE images were captured with a charge-
coupled device( camera, with the images saved using NuACQ 0.9
developed by the Suits group.®® The three-dimensional velocity
distributions were extracted from the two-dimensional image using
the BASEX program,56 and the resulting speed distribution was
converted to electron kinetic energy (exs™) by calibration against the
well-known PE spectrum of O,~.°

In addition to determining the ep~ values from the PE spectra, the
images also show photoelectron angular distributions (PADs). The
PADs presented below were generated by integrating plots of slices of
the image cut at different angles relative to the electric field
polarization of the detachment laser.

The PE images were collected from over 108,000 to 1,063,800
shots. The number of laser shots for each image is included in the
Supporting Information. The resolution of the instrument is

dependent on eg;; A:fEE = 0.025.
KE

2.2. Computational Details. The molecular structures of the
intact fluorophenyl neutral and fluorophenide anions that would be
formed by a single C—H bond dissociation were optimized using
B3LYP/aug-cc-pVTZ, a computationally expedient approach that has
yielded good agreement with experiments in previous studies.”® The
atomic polar tensor (APT) resulting directly from the computations
was used to qualitatively compare charge distributions in the
molecules targeted in this study. All calculations were performed
using the Gaussian 16 suites for electronic structure calculations.>
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Radicals and associated anions formed from both 1,2-difluor-
obenzene and 1,2,3-trifluorobenzene can form two distinct structures, (@)

and radicals and anions formed from 1,3-difluorobenzene and 1,2,4-
trifluorobenzene can form three potential structures, and all were
taken into account computationally. We verified that the computed
structures were local minima by confirming that all vibrational
frequencies were nonimaginary.

To compare the computational results more directly with the
experimental anion PE spectra, the adiabatic EAs were calculated from
the difference between the zero-point corrected energies of the
optimized anions and neutrals. Further, the computed vertical
detachment energy (VDE), which corresponds to the electron
binding energy where the vibrational manifold of the detachment
transition is most intense (i.e.,, maximum Franck—Condon overlap),
was determined from the difference between the electronic energy of
the neutral radical confined to the optimized structure of the anion
and the electronic energy of the optimized anion.

While the experimental spectra presented below do not exhibit
vibrationally resolved features, the Supporting Information includes
spectral simulations based on computed structures, vibrational
coordinates, vibrational frequencies, and relative energies. These
simulations were generated using home-written Labview codes, which
have been described in detail previously.*

3. RESULTS AND DISCUSSION

3.1. PE Spectra. Figures 1—3 show the anion PE spectra of
the di-, tri-, and tetrafluorophenyl radicals generated from the
three regioisomers of di-, tri-, and tetrafluorobenzene
precursors, respectively. The blue traces are the spectra

’;Dw/\(\“w

(a)

(b)

Relative PE Yield (a.u.)

¢ BE (eV)

Figure 1. Anion PE spectra of the difluorophenide anions generated
from (a) 1,2-difluorobenzene, (b) 1,3-difluorobenzene, and (c) 1,4-
difluorobenzene obtained using 3.495 eV (blue traces) and 2.33 eV
(green traces). Band energies are summarized in Table 1. The black
and red arrows pointing to the ep;~ axis indicate computed adiabatic
EAs (see text in Section 3.1). Panel (c) adapted with permission from
ref 21. Copyright 2023 American Chemical Society.
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Relative PE Yield (a.u.)

Figure 2. Anion PE spectra of the trifluorophenide anions generated
from (a) 1,2,3-trifluorobenzene, (b) 1,2,4-trifluorobenzene, and (c)
1,3,5-trifluorobenzene obtained using 3.495 eV (blue traces) and 2.33
eV (green traces). Band energies are summarized in Table 2. The
black and red arrows pointing to the ep;~ axis indicate computed
adiabatic EAs (see text in Section 3.1). Panel (c) adapted with
permission from ref 21. Copyright 2023 American Chemical Society.

obtained using 3.495 eV photon energy, and the green traces
are the spectra obtained using 2.330 eV photon energy. The
raw and reconstructed images are included in the Supporting
Information. We note here that within each value of x, where x
indicates the number of fluorine substitutions, the order in
which the spectra and computed structures are presented will
be (1) all x F atoms situated on adjacent C atoms; (2) (x — 1)
F atoms on adjacent C atoms; and (3) F atoms maximally
separated. For the remainder of the manuscript, we will refer to
these as group 1, group 2, and group 3, respectively.

Plots of the PADs determined for each spectrum are shown
in Figure 4. In direct photodetachment of randomly oriented
anions with a linearly polarized laser, Zare developed the
expression to describe the PADs®'

do c

— = —1+ E(3c0529— 1)
dQ  4n 2

3)
In this expression, ¢ is the total photodetachment cross
section, :—; is the differential cross section with respect to the

solid angle (dQ = sin 6 d6), 8 is the angle between the ejected
electrons and the electric field vector of the laser, and f is an
exg -dependent anisotropy parameter that can have values
between —1 and 2. The value of § is governed by conservation
of angular momentum.”>** For example, in atomic systems,
detachment from s-orbitals (! = 0) results in PEs with [ = 1 (p-
wave), which would have f§ = 2, or parallel (cos® §) PADs. The
p values determined for each spectrum using the expression

https://doi.org/10.1021/jacs.4c00556
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Figure 3. Anion PE spectra of the tetrafluorophenide anions
generated from (a) 1,2,3,4-tetrafluorobenzene, (b) 1,2,3,5-tetrafluor-
obenzene, and (c) 1,2,4,5-tetrafluorobenzene obtained using 3.495 eV
(blue traces) and 2.33 eV (green traces). Band energies are
summarized in Table 3. The black and red arrows pointing to the
egs axis indicate computed adiabatic EAs (see text in Section 3.1).
Panel (c) adapted with permission from ref 21. Copyright 2023
American Chemical Society.

I, -1
p=1—-

i+ L @)
are included in Figure 4. The dotted lines shown in Figure 4b,c
are the fits of the PADs with the poorest signal-to-noise ratio
to confirm the validity of the  values determined using eq 4.

Mass spectra of anions generated from all nine precursors
are also included in the Supporting Information and show that
no anions of the intact fluorobenzene precursors are formed in
the ion source. Only the fluorophenide anions and other
molecular fragment anions are observed. The spectra will now
be described in more detail.

3.1.1. Difluorophenides. Figure 1 shows the PE spectra of
the anions formed from (a) 1,2-difluorobenzene, (b) 1,3-
difluorobenzene, and (c) 1,4-difluorobenzene, the latter of
which was published previously”' but included here for direct
comparison. The black and red arrows pointing to the epg™
axes indicate computed adiabatic EAs, which are described
below.

The three spectra are qualitatively similar in appearance,
each showing an intense, vibrationally broadened feature, X, in
the 2.0—3.0 eV window of energy. Two spectra also exhibit
distinct signal tailing to lower ep~ values, labeled x’, which, as
discussed in a previous study, changes in intensity with
deterioration of the gadolinia photoemitter and may be due to
a fulvenide or other structural isomer of the anion.”'
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Figure 4. Plots of the relative intensities of bands X with respect to
the angle relative to the laser polarization, or PADs, in the spectra of
the (a) difluorophenide anions (Figure 1), (b) trifluorophenide
anions (Figure 2), and (c) tetrafluorophenides (Figure 3). Raw and
reconstructed PE images from which the plots were generated are
included in the Supporting Information. The green traces correspond
to precursor C¢Hg_F, structures having all F atoms on adjacent C
atoms (group 1), blue traces correspond to precursor fluorobenzene
structures in which x — 1 F atoms are on adjacent C atoms (group 2),
and red traces correspond to maximally separated F atoms (group 3).
The solid red circles in (b,c) follow the curve generated by
substituting the f values for the associated spectra (e.g., 0.08 and
0.0, respectively) into eq 3.

Despite the qualitative similarities, bands X exhibit different
bandwidths and appear at different energies for the anions
generated from the three precursor regioisomers. Determining
the origin of broad transitions that do not exhibit resolved
vibrational features is inherently difficult, but for the sake of
consistency, we have selected the first distinct shoulder on the
rising e"BE edge of band X as the origin, based on the general
similarities between the phenide® and fluorophenide®" spectral
profiles. This energy also coincides with the position at which
the low-egy™ rising edge reaches approximately half of the
maximum intensity. Based on these origins, the EAs of the
*C4H;F, radicals generated from 1,2-difluorobenzene, 1,3-
difluorobenzene, and 1,4-difluorobenzene are 2.11 + 0.10, 2.45
eV + 0.10, and 2.07 + 0.15 eV, respectively. The uncertainty is
conservative, more so for the radical formed from 1,4-
difluorbenzene. The anion was formed only when higher
laser powers were used in the ion source, which likely resulted
in more vibrationally excited anions compared to the others.
The EAs and VDEs determined from each spectrum are
summarized in Table 1.

3.1.2. Trifluorophenides. Figure 2 shows the PE spectra of
the anions formed from (a) 1,2,3-trifluorobenzene, (b) 1,2,4-
trifluorobenzene, and (c) 1,3,5-trifluorobenzene, the latter of
which was published previously”' but again included here for
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Table 1. Summary of Computed Zero-Point Corrected Energies Relative to the 2,6-Difluorophenide Anion (the Lowest Anion
of All Difluorophenides), Shown Graphically in Figure S, in Addition to Adiabatic Detachment Energies, and Vertical
Detachment Energies, for the Anionic Difluorophenides and Corresponding Neutral Radicals®

molecule
1,2-difluorobenzene precursor 2,3-difluorophenyl radical
3,4-difluorophenyl radical
3,4-difluorophenide
2,3-difluorophenide
1,3-difluorophenide precursor 2,6-difluorophenyl radical
2,4-difluorophenyl radical
3,5-difluorophenyl radical
3,5-difluorophenide
2,4-difluorophenide
2,6-difluorophenide
2,5-difluorophenyl radical
2,5-difluorophenide

1,4-difluorophenide precursor

electronic term

ZAr
ZA/
lA/
lA/
ZAI
ZA/

relative E (eV) ADE/VDE (eV) Exp ADE/VDE

2.45 2.03/2.34 2.11 + 0.10/2.38 + 0.05
2.39 1.56/2.35

0.83

0.42

2.40 2.40/2.75 2.49 + 0.10/2.69 + 0.05
2.32 1.95/2.68

2.20 1.65/2.60

0.55

0.37

0.00

2.32 2.00/2.35 2.07 + 0.15/2.48 + 0.05
0.32

“Computed energies for 2,5-difluorophenyl and 2,5-difluorophenide were also reported in ref 21 and included here with permission from ref 21.

Copyright 2023 American Chemical Society.

Table 2. Summary of Computed Zero-Point Corrected Energies Relative to the 2,4,6-Trifluorophenide Anion (the Lowest
Anion of All Trifluorophenides), Shown Graphically in Figure 6, in Addition to Adiabatic Detachment Energies, and Vertical
Detachment Energies, for the Anionic Trifluorophenides and Corresponding Neutral Radicals®

molecule

1,2,3-trifluorobenzeneprecursor 2,3,4-trifluorophenyl radical
3,4,5-trifluorophenyl radical
3,4,5-trifluorophenide
2,3,4-trifluorophenide
1,2,4-trifluorophenide precursor 2,3,6-trifluorophenyl radical
2,4,5-trifluorophenyl radical
2,3,5-trifluorophenyl radical
2,3,5-trifluorophenide
2,4,5-trifluorophenide
2,3,6-trifluorophenide
1,3,5-trifluorophenide precursor 2,4,6-trifluorophenyl radical

2,4,6-trifluorophenide

electronic term

ZA/
?.A1
lA1
lA/
ZAr

relative E (eV)  ADE/VDE (eV) Exp ADE/VDE

2.83 2.23/2.55 2.30 + 0.10/2.52 + 0.05
2.74 1.92/2.35

0.90

0.60

2.78 2.70/3.03 2.71 + 0.10/2.98 + 0.05
2.70 2.21/2.56

2.67 2.32/2.65

0.35

0.49

0.08

2.63 2.63/2.99 2.69 + 0.10/2.98 + 0.05
0.00

“Computed energies for 2,4,6-trifluorophenyl and 2,4,6-trifluorophenide were also reported in ref 21 and included here with permission from ref

21. Copyright 2023 American Chemical Society.

direct comparison. The spectra are qualitatively similar to each
other as well as to the spectra of the anions generated from the
difluorobenzene precursors, including the presence of the
predominant, vibrationally broadened but unresolved band X,
and the presence of the lower-intensity band x’, appearing at
lower egg”. Using the convention noted above, the EAs of the
*C4H,F; radicals generated from 1,2,3-trifluorobenzene, 1,2,4-
trifluorobenzene, and 1,3,5-trifluorobenzene are 2.30 + 0.10,
2.71 eV + 0.10, and 2.69 =+ 0.10 eV, respectively. These values
along with the VDEs are summarized in Table 2.

3.1.3. Tetrafluorophenides. Figure 3 shows the PE spectra
of the anions formed from (a) 1,2,3,4-tetrafluorobenzene, (b)
1,2,3,5-tetrafluorobenzene, and (c) 1,2,4,5-tetrafluorobenzene,
the latter of which was published previously”' but again
included here for direct comparison. The increase in the EAs
of the neutral radicals relative to those reflected in Figures 1
and 2 is more in evidence in Figure 3b,c, as band X is partially
truncated at the high egz” end of the spectra. Using the
convention noted above, the EAs of the *C(HF, radicals
generated from 1,2,3,4-tetrafluorobenzene, 1,2,3,5-tetrafluor-
obenzene, and 1,2,4,5-tetrafluorobenzene are 2.63 + 0.10 €V,
2.97 eV + 0.10 eV, and 3.11 =+ 0.10 eV, respectively.

7067

3.1.4. PADs. Figure 4 shows the plots of the PADs of the
three PE spectra obtained for (a) difluorophenides, (b)
trifluorophenides, and (c) tetrafluorophenides. Figure 4a
shows that the PADs of all three difluorophenide structures
are nearly identical, with all being modestly parallel. The values
of ff range from 0.15 to 0.17. In contrast, the PADs determined
for the tri- and tetrafluorophenide spectra range from nearly
isotropic for the maximally spaced F~ atom structures (group
3) to over 0.3.

Based on previous studies,
pairs with the radical center and is localized in an in-plane sp*
orbital, which would be consistent with a PAD that is
intermediate between parallel and isotropic.°*®° In an attempt
to better understand the differences in the PADs, as well as the
differences in EAs among the different structures, we consider
the computational results on the structures and energies of the
radicals and their associated anions.

3.2. Computational Results. 3.2.1. Relative Energies of
Anions and Radicals. Figures S— 7 summarize the relative
energies of all the radicals and associated anions that could be
formed via homolytic C—H bond dissociation of the three
regioisomers of di-, tri-, and tetrafluorobenzene. The results for

21,30—37,48—50
’ ’ the excess electron

https://doi.org/10.1021/jacs.4c00556
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Figure 5. Computed relative energies of the neutral radicals and associated anions generated from homolytic C—H bond dissociation for (a) 1,2-
difluorobenzene (group 1), (b) 1,3-difluorobenzene (group 2), and (c) 1,4-difluorobenzene (group 3). The arrows connecting the anions to the
associated neutral radicals are labeled with the computed adiabatic EAs, which are additionally indicated by arrows on the experimental spectra

shown in Figure 1.

the species formed from 1,4-difluorobenzene, 1,3,5-trifluor-
obenzene, and 1,2,4,5-tetrafluorobenzene (the zero-dipole
precursors) were presented in a previous study’' and are
included here for direct comparison. In the same previous
study,”’ we also considered structures that had undergone
significant structural rearrangement, the possibility of which is
supported by the appearance of numerous fragment anions in
the mass spectra. What was determined previously is that band
X in the spectra was most consistent with an intact Cg4 ring,
with the original positioning of the —F substituents conserved.
The computational results reported here reinforce the previous
finding.

Figure 5 shows the computed relative energies of the
difluorophenyl and difluorophenide species, again in the order
of all-adjacent (group 1) to maximally spaced F atoms (group
3). The structures are shown on a relative energy scale, with
the zero corresponding to the most stable difluorophenide
anion determined computationally, 2,6-difluorophenide. The
arrows connecting the anions and neutrals are labeled with the
computed adiabatic EA. The relative energies of all species
shown in Figure 5, along with the computed EAs and VDEs,
are included in Table 1.

The 1,2-difluorobenzene precursor can form radicals with
two different structures (group 1), one in which the radical
center is adjacent to the fluorinated C center (2,3-
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difluorophenyl) and one that is meta with respect to a
fluorinated C center (3,4-difluorophenyl), as shown in the top
portion of Figure 5. The former is computed to be 0.06 eV
higher in energy than the latter. The energy ordering is
opposite in the anions, with the 2,3-fluorophenide being 0.41
eV lower in energy than the 3,4-fluorophenide structure. As a
consequence, the difference in the computed EA for the two
structures is 0.47 eV.

There are three possible structures in group 2 formed from
1,3-difluorobenzene, as shown in Figure 5. The least stable
neutral radical structure of the three has a radical center
between the two fluorinated C atoms (2,6-difluorophenyl) and
corresponds to the most stable difluorophenide anion. The
most stable radical is the one in which the radical center is
furthest from the C—F sites (3,5-difluorophenide), which also
corresponds to the least stable anion formed from this
precursor structure. The three neutral radicals in this group
are computed to be in a 0.25 eV window of energy, while the
associated anions are in a 0.55 eV window of energy.

Finally, only one possible radical structure can be formed
from the 1,4-difluorobenzene precursor, the computational
results for which were previously published.”’ The neutral
radical (2,5-difluorophenyl) and the associated anion lie within
the windows of energy in which the neutrals and anions of the
species formed from the 1,3-difluorobenzene precursor lie.

https://doi.org/10.1021/jacs.4c00556
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Figure 6. Computed relative energies of the neutral radicals and associated anions generated from homolytic C—H bond dissociation for (a) 1,2,3-
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shown in Figure 2.

The relative energies of the anions in groups 1, 2, and 3
correlate with the computed proton affinities reported by Kato
et al:°° the more stable anions have lower proton affinities;
that is, the least amount of energy is required to deprotonate at
the site that results in the most stable anion.

The computed adiabatic EAs of the neutral radicals
associated with the lowest energy anions formed from the
three different difluorobenzene precursors, 2,3-difluorophe-
nide, 2,6-difluorophenide, and 2,5-difluorophenide, are in-
dicated on the experimental spectra shown in Figure 1 as black
arrows. The EAs of the radicals with higher-lying anion
structures are shown with red arrows, with the dashed red
arrow being associated with the highest-lying anion isomer for
the three structures in group 2 (Figures 1b and S]. The
computed EAs for the radicals associated with the lower energy
anions are modestly lower than but in very good agreement
with the origins of band X in all three spectra. The other
structures have computed EAs that are lower than the observed
EA by approximately 0.5 eV.

The pattern of the most stable neutral radical having the
least stable anion is almost entirely repeated in the
trifluorophenyl series, as shown in Figure 6. All energies are
relative to the most stable trifluorophenide anion identified
computationally, 2,4,6-trifluorophenide. All six possible radical
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neutrals (two formed from 1,2,3-trifluorobenzene, three
formed from 1,2,4-trifluorobenzene, and one from 1,3,5-
trifluorobenzene) lie within a 0.2 €V window of energy, as
summarized in Table 2. The relative energies of the anions
span a wider 0.9 eV window of energy. The fact that the most
stable radical structures correspond to less stable anions again
leads to lower EAs for the most stable neutrals and higher EAs
for the less stable neutrals. The computed adiabatic EAs are
again indicated on the vertical arrows connecting the anions to
their respective neutrals. These values along with the
computed VDEs are included in Table 2, and the EAs are
indicated on the experimental spectra in Figure 2. The black
arrows again correspond to the lowest energy anionic
structures, and solid red arrows correspond to the higher-
lying anions, with the dashed red arrow in Figure 2b
corresponding to the highest of three structural isomers in
group 2. As with the difluorophenide series, the computed EAs
associated with the most stable anions (least stable neutrals)
are in good agreement with the experimental values, while
those of the higher-lying anions are ca. 0.4 eV lower in energy
than what is observed.

Figure 7 summarizes the relative energies of the three
tetrafluorophenyl radicals and their respective anions. For each
of the three precursor tetrafluorobenzene isomers, only one

https://doi.org/10.1021/jacs.4c00556
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radical structure is possible. The three neutral radicals are
computed to lie within a narrow 0.05 eV window of energy,
while the anions span a 0.54 eV energy range. The computed
adiabatic EAs are indicated on the arrows connecting the
anions to the neutrals and are included in Table 3, along with
the computed VDE values.

The computed EA values are also indicated in the
experimental spectra shown in Figure 3. Note that the

agreement between the computed EA of the sole isomer
possible for each of the three precursor molecules (in order, as
above, 1,2,3,4-tetrafluorobenzene, 1,2,3,5-tetrafluorobenzene,
and 1,2,4,5-tetrafluorobenzene) is in good agreement with the
observed spectra, and further reinforce the inferences above
that the lowest energy anions of the less fluorinated phenides
are the most abundant in the ion beam despite their associated
radicals being less stable on the neutral surface. This result will
be addressed in more detail in Section 4.

3.2.2. Molecular Structures. Details of the bond lengths and
angles determined for anion ground states and the associated
neutrals for all species are included in the Supporting
Information. In brief, the structures of all anions and radical
neutrals are predicted to be planar. The C—F bond lengths in
the anions are predicted to be 0.05 to 0.06 A longer than the
neutral C—F bond lengths. The C—(C™)—C bond angle in the
anion is generally smaller than the C—(*C)—C bond angle in
the neutral by ca. 12°. As a result, the detachment transition
bands are predicted to exhibit extended vibrational pro-
gressions and combination bands associated with C—F stretch
modes, Cg ring distortion modes, and in-plane —F and —H
wagging modes. Neither the C—C nor the C—H bond lengths
change significantly upon anion detachment.

PE spectral simulations based on the computed spectro-
scopic parameters for the four most active vibrational modes
(EA, vibrational frequencies, and normal coordinate displace-
ments) along with tables summarizing all anion and neutral
vibrational frequencies and normal coordinate displacements
are also included in the Supporting Information. While the
simulated progressions are systematically less congested than
the experimental spectra, which can be attributed to the limited
number of modes included in the spectra (4 out of 27 total
modes) and the limited appropriateness of the harmonic
oscillator and parallel mode approximations, they are in
qualitative agreement. The computed VDEs, and, more
importantly, the difference between the computed VDE and
EA (which reflects the predicted breadth of the vibrational
manifold), are in better agreement with the observed spectra
than the simulations.

3.2.3. Electronic Structures. Figures 8—10 show the frontier
orbitals and their computed relative energies of the lowest
energy anions formed for the three precursor regioisomers of
difluorobenzene (Figure 8), trifluorobenzene (Figure 9), and
tetrafluorobenzene (Figure 10). The in-plane orbital energies
are indicated by red lines, and the out-of-plane & orbital
energies are indicated by blue lines. The Supporting
Information includes the orbital energies of the neutral
radicals. The HOMO for each anion is the doubly occupied

Table 3. Summary of Computed Zero-Point Corrected Energies Relative to the 2,3,5,6-Tetrafluorophenide Anion (the Lowest
Anion of All Tetrafluorophenides), Shown Graphically in Figure 7, in Addition to Adiabatic Detachment Energies, and Vertical
Detachment Energies, for the Anionic Tetrafluorophenides and Corresponding Neutral Radicals®

molecule

1,2,3,4-tetrafluorobenzeneprecursor 2,3,4,5-tetrafluorophenyl radical
2,3,4,5-tetrafluorophenide
1,2,3,5-tetrafluorophenide precursor 2,3,4,6-tetrafluorophenyl radical
2,3,4,6-tetrafluorophenide
2,3,5,6-tetrafluorophenyl radical

2,3,5,6-tetrafluorophenide

1,2,4,5-tetrafluorophenide precursor

electronic term  relative E (eV) ADE/VDE (eV) Exp ADE/VDE
A/ 3.05 2.52/2.84 2.63 + 0.10/2.89 + 0.05
A 0.54
A’ 3.01 2.90/3.24 2.97 + 0.10/3.23 + 0.05
A 0.11
ZAI 3.00 3.00/3.33 3.11 + 0.10/3.41 + 0.05
1A 0.00

“Computed energies for 2,3,5,6-tetrafluorophenyl and 2,3,5,6-tetrafluorophenide were also reported in ref 21 and included here with permission

from ref 21. Copyright 2023 American Chemical Society.
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Figure 8. Depictions of valence orbitals (isovalue = 0.02) for the
lowest energy structures computed for the difluorophenide anions in
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three different species are included in parentheses.

« »

sp> nonbonding o orbital (labeled “n”) on the C-center
coinciding with the radical center in the associated neutral.
While the HOMOs for all nine species are modestly
delocalized over the Cg ring, the s—p hybridization is
consistent with a PAD that is intermediate between isotropic
and parallel, as was observed experimentally (Figure 4).%%%

We first consider the electronic structures of the
difluorophene anions shown in Figure 8. All three have
qualitatively similar orbital occupancies. Lying below the
HOMO are the close-lying 7 orbitals, which are labeled 7, and
7y (which correlate to the 7, and 7; orbitals in the phenyl
radical and the degenerate e, orbitals of benzene), which are
C—C bonding and C—F antibonding. As described by Fuhrer
et al,%” the 7 orbitals that are C—F bonding lie much lower in
energy, and every F substitution is accompanied by an
additional doubly occupied 7 orbital. Strictly speaking, the
orbitals labeled 7, and 75 in Figure 8 are actually x, and 75, but
for the sake of a simple comparison between the di-, tri-, and
tetrafluorophenide anions, we will adhere to labeling the
frontier orbitals as shown. The 7, orbital (C—F antibonding,
fully C—C bonding) and an in-plane 6¢_c/mc_p* orbital are
close in energy.

From a survey of the three regioisomers of the
difluorophenide anions, the relative energies of the frontier
orbitals do not differ significantly. However, the most stable
anion, 2,6-difluorophenide (Figure 8b), has the excess charge
in the HOMO situated between two C—F centers, both of
which are electron deficient (APT charges are tabulated in the
Supporting Information). By virtue of the molecular symmetry
(C,,), the nodal plane of the 7, orbital bisects the HOMO,
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Figure 9. Depictions of valence orbitals (isovalue = 0.02) for the
lowest energy structures computed for the trifluorophenide anions in
(a) group 1, (b) group 2, and (c) group 3. Relative energies of the
three different species are included in parentheses.

which, as will be noted below, further stabilizes the excess
charge but to a lesser extent than being located between two
C—F centers.

The frontier orbitals of the most stable trifluorophenide
anions shown in Figure 9 can be described in very similar
terms, though with the additional —F substitution, the o¢_¢/
7o_g™ orbitals are stabilized more relative to the 7; orbital. The
7, nodal plane cuts through the HOMO in both 2,34-
trifluorophenide (Figure 9a) and 2,4,6-trifluorophenide
(Figure 9¢), but the former is much higher in energy than
the latter, with the latter being stabilized because the excess
charge in the HOMO is situated between two electron-
deficient C—F centers. The excess charge in the 2,3,6-
trifluorophenide anion (Figure 9b) is also between two C—F
centers but is predicted to be 0.08 eV less stable than 2,4,6-
trifluorophenide, which gives an estimate of the stabilizing
effect of the &, nodal plane coinciding with the position of the
excess charge.

The trends continue with the tetrafluorophenide anion
frontier orbitals (Figure 10). The 6¢_c/7c_p* orbitals are
further stabilized more relative to the 7, orbital. The stability
bonus from the charge being situated between two F-
substituted C-centers is ca. 0.5 eV, and the additional stability
from the symmetry-allowed nodal plane bisecting the HOMO
is ca. 0.1 eV.

The frontier orbitals of the neutral radicals are included in
the Supporting Information. The isosurfaces of the orbitals
appear very similar to those of the associated anions. However,
the relative energy of the singly occupied molecular orbital
(SOMO), which correlates to the HOMO of the anion, lies
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4. DISCUSSION X

The previous section reported and analyzed a range of
experimental results on relative energies, electronic structures,
and molecular structures, along with a comparison of the
electronic and molecular structures of the radicals and their
associated anions. Below, we attempt to connect the evidence
above with the earlier assertion that the anions of fluorophenyl
radicals could provide a tool for regioisomeric control.

4.1. Radical Structure versus EA. The relationship
between the various radical structures and EA is intuitive
within the following framework. Radical centers are electron
deficient, whereas the same center upon anion formation is
electron rich. The C—F centers (the fluorine-substituted C
atoms) are also electron deficient, which is consistent with the
lowest energy radical structures maximizing distance between
C—F centers and °C centers, whereas the electron-rich —C
center in the anion favors closer proximity to the C—F centers.

Figure 11 shows plots of the EA as a function of x. In Figure
11a, the computed EAs of the radicals correlated to the most
stable anions are shown as open circles. There are a total of
nine values associated with x = 2, 3, and 4 for groups 1 (blue),
2 (green), and 3 (red). In addition, for x = 2 and 3, groups 1
and 2 have additional possible structures, and the computed
EA of the radical associated with the second lowest energy
structures is shown as smaller squares (there is only one radical
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Figure 11. (a) Plot of the computed EAs of radicals associated with
the most stable anions (large open circles), the second-most stable
anions, where applicable (smaller square symbols) for *C,H;_.F,
regioisomers in group 1 (blue), group 2 (green), and group 3 (red) as
a function of x. Experimental values are included as small, solid circles.
(b) Plot of experimental EAs for *C¢H;_,F, regioisomers with the
radical center situated between two F-substituted C-centers (blue)
and those with the radical center adjacent to only one F-substituted
C-center (red) as a function of x.

structure possible for the three tetrafluorophenyl re-
gioisomers). The experimental EAs are shown as solid, small
circles with the same color coding for groups 1, 2, and 3. This
plot shows that the experimental values systematically track
with the computed EAs for radicals associated with the lowest
energy anions rather than the lowest energy radicals. The EAs
computed for the more stable radicals (associated with the less
stable anions) are systematically lower than the experimental
values by approximately 0.5 eV.

A plot of the experimental EAs is shown in Figure 11b. For
this plot, we assumed that the experimentally generated anions
are consistent with the computed lowest energy structures and
assigned red circles to structures in which the excess charge for
the anion (radical center for the neutral) was adjacent to only
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one C—F (group 1 for x = 2, 3, and 4; group 3 for x = 2) and
blue circles for structures in which the excess charge for the
anion (radical center for the neutral) is situated between two
C—Fs. Separating the structures out in this matter results in
two different trend lines, both with EAs increasing with x.
From the plot, the EAs of radicals in which the radical center is
between two C—Fs are over 0.3 eV higher than those with the
radical center adjacent to one C—F.

The increase in experimental and computational EA with x,
which experimentally is 0.27 + 0.10 eV per x, has been shown
in a previous study on a narrower set of fluorophenyl radicals™*
and correlates with the computed electron deficiency of the Cg4
ring. The APT charges for the radicals (and anions) included
in this study are in the Supporting Information; while the
different regioisomers of each *C¢H;_,F, have slightly different
total APT charges on the Cq ring for a given «, the difference is
small compared to the variation in EA among the regioisomers
(a plot of computed EA versus the sum of APT charge on the
C centers is also included in the Supporting Information). The
current study shows how structure impacts the EA on a scale
comparable to that of the degree of fluorination!

4.2. Conservation of C—F Bonding during lon
Production and the Reliably Predictable Position of
the Reactive Center on the Anion. The fact that the
different radical structures associated with a single fluoroben-
zene precursor (see Figures Sab and 6a,b) are energetically
within a 0.20 eV window reflects that for the neutral the C—H
bond dissociation energies are not sensitive to the proximity to
the C—F bond. While the mechanism(s) of the anion
production in the source used in this study is not fully
understood, the conditions under which the ions are formed
are sufficiently energetic to produce a wide range of fragment
anions (mass spectra are included in the Supporting
Information). It is therefore possible that the higher-lying
structures of the anions are being formed. For example, if the
mechanism involves radical formation followed by electron
attachment, it is entirely possible that, initially, 3,4-difluor-
ophenide anions are being produced alongside 2,3-difluor-
ophenide anions from the 1,2-difluorobenzene precursor (see
Figure Sa). However, the clear tracking of the experimental
EAs with the computed EAs of radicals that correlate to the
lowest energy structures of anions with the original precursor
C—F arrangement suggests that less stable anions can undergo
a H-shift but not a F-shift. The length of time between ion
production and detection is ca. 300 s, which is well over the
half-life of radical ring 1,2-H migration in radicals.® Once H-
shifting results in the lowest energy structure of the anion, any
subsequent shifting would involve barriers higher than those
leading to the most stable structure.

Of course, by symmetry, five of the nine anions included in
this study have only one possible position of the excess charge,
so the reactive centers of the anion and the associated neutral
radical are identical. For the remaining four groups (groups 1
and 2 of the di- and trifluorophenides), the reactive center of
the anion is both predictable and different from the most stable
associate neutral radical.

5. CONCLUSIONS

The PE spectra of the CsH;_F,” (2 < x < 4) fluorophenide
anions generated from the three regioisomers of C¢Hy_,F, (2
<x <4)are presented and compared to DFT calculations on
the anions and associated neutral radicals. For the sake of
clarity, we categorized the regioisomers as group 1 (all x F
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atoms on adjacent C atoms), group 2 (x — 1 F atoms on
adjacent C atoms), and group 3 (F atoms maximally
separated). The key findings are as follows:

1 Within group 1 and group 2 of di- and trifluorophenyl
radicals, the most stable anions do not correspond to the
most stable neutral radical. Therefore, the reactive center
on the anion is different from the radical’s reactive
center, offering a charge-state based structural handle on
syntheses involving fluorophenyl addition reactions.

The anions formed from the precursor fluorobenzene

regioisomers appear to conserve the F-arrangements of

the precursor. There is no evidence that rearrangement
of F atoms on the Cq ring is occurring in the ion source.

3 From the computational results, the multiple radicals
formed for any given x lie in a narrow window of energy
compared to the anions. The energy of the anions is
more sensitive to the position of the excess charge
relative to the F substituents.

4 As determined both experimentally and computationally,
the EA of the neutral radicals in this study depends
linearly on x, but the EAs of radicals in which the radical
center is situated between two F-substituted C-center is
ca. 0.35 eV higher than radicals in which the radical
center is adjacent to one F-substituted C-center.
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