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The gas-phase structures of two halide-bound phenylalanine anions (PheX", X = CI” or Br") and six
fluorinated derivatives have been identified using infrared multiple photon dissociation (IRMPD)
spectroscopy. The addition of electron-withdrawing groups to the aromatic ring creates a m-acidic system
that additionally stabilizes the halide above the ring face. Detailed ion structures were determined by
comparing the IRMPD spectra with harmonic and anharmonic infrared spectra computed using B3LYP/6-
311++G(d,p) as well as with 298 K enthalpies and Gibbs energies determined by the MP2(full)/6-
311++G(2d,2p)//B3LYP/6-31+G(d,p) and MP2(full)/aug-cc-pVTZ//B3LYP/6-31+G(d,p) methods. PheX"
structures were found to be dependent on both the nature of the anion and the extent of ring fluorination.
Canonical isomers were established to be the dominant structures in every case, but halide addition
significantly narrowed the energy gap with zwitterionic potential energy surfaces. This enabled
zwitterions to appear as minor contributors to the gas-phase populations of Phe35F,Cl" and PheFsBr.
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1. Introduction =-333 x 10*° C-m?) inverts when the ring is fully substituted

with fluorine (@cgr = 31.7 x 10*° C-m?). This creates a n-acidic
so area at the center of the ring that will influence the relative
stabilities of potential halide binding sites." Nucleophilic anions,
for example, usually form Meisenheimer oc-complexes, but
establish themselves above the center of m-acidic arenes or over
their peripheries in anion-donor m-acceptor configurations
(Scheme 1). Charge-diffuse anions are also less likely to form o-
complexes. In the gas phase, fluoride-bound 1,3,5-trinitrobenzene
is a Meisenheimer complex whereas the chloride-bound analogue
places the anion further above the ring edge.?

Non-covalent interactions substantially affect the structures of
biomolecules.' Prominent examples include DNA base pairing,
which originates from hydrogen bonding,® as well as protein
folding and molecular recognition, which are controlled by n-n
stacking and cation-m effects.® Perhaps counterintuitively, it is
also possible to stabilize molecules through anion-r interactions;
either between the anion and the edge of an aromatic ring, or by
s using electron withdrawing groups to promote interactions
directly with the ring face.” The stabilizing effect of this contact,
20-70 kJ/mol, is similar to cation-m interactions or hydrogen
bonds and supports expectations that anion-n interactions may be
fundamentally involved in ion transport, structural control, and FE i E F E X F F
30 anion recognition.'®!! % 3 N =5y
Anionic interactions may also stabilize isolated amino acid E O F F £
zwitterions.'>'* These naturally adopt canonical isomers in the F
gas phase,"'> but oxalate and malonate are computationally F
predicted to cluster with zwitterionic glycine,'® and halide-bound 0
ArgX™ zwitterions have been confirmed by infrared multiple Scheme 1
photon dissociation (IRMPD) spectroscopy.'” The current work
similarly uses IRMPD spectroscopy to identify the structures of
PheX" complexes (X = CI' and Br) and five fluorinated
derivatives (3- and 4-fluoro, 2,5- and 3,5-difluoro, and
pentafluoro). Phenylalanine is apt for further scrutiny because its
nonpolar side chain and aromatic ring make it an archetype for
interactions. It therefore represents the simplest case where
anion-nt effects could influence the formation of gas-phase
zwitterions.'®
s Fluorinating the ring of phenylalanine makes it possible to
gauge the influence of electron withdrawing groups on anion-n
interactions. The negative quadrupole moment of benzene (@cgpe
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Few gas-phase anion-m interactions have been reported, but
thousands exist in condensed media.?' Many of these compete
with hydrogen bonds to stabilize the anion.”> Benzamide, for
example, binds tetrabutylammonium bromide above the ring
where it is pulled off center by a hydrogen bond with the amide
moiety.” In protonated pentafluoroaniline, by contrast, hydrogen
bonding causes chloride to attach near the ring edge, but
exchanging the ammonium group for amidinium results in
chloride forming an anion-m interaction with the ring face
instead.* Anion-m interactions can also stabilize systems
governed by cation-m effects. A hemicryptophane has been

6:

o

4

S

K

=]

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1



Physical Chemistry Chemical Physics

w

S

S

&

=

developed to encapsulate zwitterions in a hydrophobic
environment by using cation-t and anion-m interactions to
stabilize the carboxylate and ammonium groups, respectively, of
four non-proteinogenic amino acids.® Binding constants for this
encapsulation were reported to be three times larger with anion-nt
interactions present than without.

The interplay between anion-m interactions and other non-
covalent effects necessitates a determination of their influence on
amino acid terminal groups. Since available information comes
from condensed-phase experiments, a gas-phase technique
capable of determining structural information in the absence of
solvent effects is required. IRMPD spectroscopy has been
extensively used to identify zwitterions stabilized by cations,?**
and has recently confirmed nonzwitterionic isomers for GluX,
HisX, and ProCI".!”*” This method, which is used here, involves
irradiating an ion over a range of energies and monitoring its
dissociation as a function of the impinging radiation frequency.
Any observed vibrational modes are then assigned to specific
functional groups of the molecule, and these conclusions are
supported by comparing IRMPD spectra with computational
spectra determined from electronic structure calculations. In this
way, detailed ion structures can be inferred spectroscopically.

2. Methods
2.1. IRMPD Spectroscopy

Halide-bound phenylalanine anions and their derivatives were
produced in the gas phase from 1:1 water/methanol solutions
containing approximately 0.1 mM Phe (> 97%, SynQuest
Laboratories Inc.) and 0.1 mM NaCl or NaBr (= 99%, Sigma
Aldrich). Each solution was continuously injected at 100 pL/h
into an esquire3000 plus quadrupole ion trap mass spectrometer
(Bruker Daltonics) using an electrospray ionization source
(Agilent) in negative ion mode. The gas-phase ions were isolated
using resonance ejection, and IRMPD spectra were acquired by
irradiating the trapped ions with the infrared free electron laser
(IR-FEL) at the Centre Laser Infrarouge d’Orsay (CLIO) for 400
ms at 5 cm’ intervals between 900-2300 cm™.*® 10 mass spectra
were averaged per step. The reported spectra correspond to the
IRMPD efficiency of the parent ion (-In(Iyarent/(Iparent + 2 Ifragments))
as a function of the photon wavenumber. To increase overlap
with the IR-FEL radiation, the kinetic energy of the ions was
damped by collisions with 102 mbar of helium gas. This
contracted their trajectories towards the center of the ion trap.

The CLIO IR-FEL beam was created from light emitted by a
44.4 MeV electron beam passed through an undulator within the
optical cavity. Adjusting the gap between the periodic dipole
magnets of the undulator enabled photon energies to be scanned
over the mid-infrared region. The IR-FEL output was delivered to
the trapped ions as a series of 9 us macropulses emitted at 25 Hz
with each macropulse comprising 600 picoscale micropulses.
These pulses were then synchronized with the irradiation of the
trapped ions using a fast electromechanical shutter. The average
IR power for these experiments varied quadratically as a function
of photon wavenumber between 800-1200 mW, reaching a
maximum near the midpoint of the spectra. The laser spectral
width was less than 0.5% of the selected wavenumber throughout
the experimental range, and the wavelength profile was

a

monitored during spectral acquisitions using a monochromator
coupled with a pyroelectric detector array.

2.2. Computations

Stable isomers of PheX™ and its derivatives were identified by a
two-step process using Gaussian 09 (Revision C.01).* Energy
minima were initially determined from candidate structures using
B3LYP/6-311++G(d,p) density functional theory,” and single-
point energy calculations were then performed on the optimized
B3LYP geometries using MP2(full)/6-311++G(2d,2p) and
MP2(full)/aug-cc-pVTZ.*"** This low-cost method efficiently
retains the accuracy of the MP2 level of theory by exploiting the
reliability and speed of B3LYP/6-311++G(d,p) structural
optimizations for small gas-phase ions.***’ 43-144 unique
isomers were considered for each complex that varied according
to the halide binding site and the amino acid backbone
configuration. Particular care was taken to include Phe ion
geometries similar to those previously observed or predicted in
the gas phase.>*%*

The relative 298 K enthalpies and Gibbs energies of the PheX"
isomers were determined at both levels of theory by performing
harmonic frequency calculations on the optimized B3LYP
structures. MP2 thermochemistry was determined by adding
B3LYP thermal correction factors to the MP2 single-point
energies and is reported as MP2(full)/6-311++G(2d,2p)//
B3LYP/6-311++G(d,p) or MP2(full)/aug-cc-pVTZ//B3LYP/6-
311++G(d,p). As anharmonicity causes the fundamental
frequencies of gas-phase amino acid complexes to be
overestimated by up to 5%,’**! anharmonic frequencies were also
determined using B3LYP/6-311++G(d,p). This method increased
the computational cost of our frequency analyses tenfold, and was
therefore only performed on the subset of lowest energy isomers
reported here. The B3LYP-derived harmonic and anharmonic
frequencies were compared with the IRMPD spectra to assist
with structural identifications and vibrational mode assignments.
The presented harmonic frequencies are scaled by a factor of
0.978 to account for anharmonic effects. This value was
determined by comparing the average difference between
harmonic and anharmonic peak positions, and agrees with scaling
factors used for similar work. '

3. Results and Discussion

3.1. IRMPD Spectra of PheCl' and the Fluorinated
Complexes

The IRMPD spectrum of PheCl™ in the 950-1900 cm™ region is
compared with the spectra of five fluorinated derivatives (3- and
4-fluoro, 2,5- and 3,5-difluoro, and pentafluoro) in Figure 1. Each
band stems from the loss of HCI during the IRMPD process. For
PheF;CI, this was uniquely followed by HF loss around 1504 cm
! PheFsBr, which is also compared in Figure 1, loses
pentafluorophenylalanine upon absorption. PheBr was not
produced with sufficient intensity to perform IRMPD.

The chloride-containing spectra are distinct, but two bands are
common to each complex: a broad absorption centered between
1360-1385 cm™ and a sharper peak at 1710-1740 cm’'. The latter

1o is the v(CO) stretching mode, which is red-shifted relative to the

IR spectrum of gaseous phenylalanine (1779 cm™) but similar to
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Fig. 1 IRMPD spectra of PheCl and six fluorinated PheX" derivatives in
the 950-1900 cm™' region.

the v(CO) absorptions of [CsPhe]" (1748 cm’™), [KPhe]" (1745
scm’), and [AgPhe]” (1729 ecm™).?*°%* [KPhe]" and [AgPhe]”
bind the metal over the aromatic ring and between the nitrogen
and carbonyl oxygen of a charge-solvated amino acid.
Considering their similar structures, the difference in v(CO)
stretching frequencies likely arises from the change in effective
10 ionic radii between K (138 pm) and Ag" (115 pm);*® the smaller
ion participates in a stronger Coulombic interaction with the
carbonyl oxygen and induces a greater red shift. [CsPhe]®
primarily exists as a mixture of bidentate isomers, and its v(CO)
mode cannot, therefore, be directly compared with the K™ or Ag"
15 complexes. In any case, CI" (181 pm) is larger than both Cs" (167
pm) and K, but the v(CO) stretching frequency of PheCl (1710
em') implies a stronger ion-ligand interaction energy than
[AgPhe]" and may indicate that PheCl adopts a different
structure from those listed above. This is supported by the
20 location of the second common band in the PheCl' IRMPD
spectrum (1360 cm™), which is assigned as the carboxylic
hydrogen 8(COH) in-plane bending mode. This absorption
appears near 1400 cm’ in the IRMPD spectra of [CsPhe]",
[KPhe]" and [AgPhe]" and its red-shifted position relative to
2s these complexes infers an interaction between Cl° and the
carboxylic acid. This is consistent with the observed HCI loss,
which would be facilitated by this proximity.
There are several isomers other than the “ring” configurations
of [KPhe]" and [AgPhe]" that could be adopted by PheCl and its
30 derivatives. These include charge-solvated structures where
chloride binds to the amino acid terminal groups; “plane”
configurations where a terminal-bound chloride interacts with the
positive edge of the aromatic ring; and zwitterionic analogues of
both the ring and terminal structures. As PheCl is unlikely to
35 form a ring structure based on its negative quadrupole moment
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and v(CO) stretching frequency, it is expected to adopt a plane or
terminal structure. The latter can occur either between the
carboxyl oxygens as in the case of [CsPhe]’, or the carbonyl
oxygen and amine nitrogen.

The change in m-acidity of the fluorinated complexes may
enable them to stabilize any of the isomers in Scheme 2. Their
IRMPD spectra have one to four more bands than PheCl. The
simplest pattern belongs to PheFsCl, which in addition to the
v(CO) and 3(COH) modes exhibits a sharp band at 1504 cm’
with a possible shoulder at 1495 cm™. These are assigned to in-
plane vibrations of the phenyl ring and designated v,9, and viop,
respectively, as per Wilson’s notation (Scheme 3).”° wviq
absorptions are diagnostic tools for identifying fluorinated
benzenes.”” ™ They are degenerate e;, fundamental lines (1530
em’™) in the vapour- and solid-phase C¢Fg IR spectra,®®®' but the
loss of symmetry in C¢H.nF, molecules creates a doublet
between 1430-1540 cm™. The C¢FsCH; vyo4 and vjop stretching
modes, for example, appear at 1525 and 1510 cm'l’(’z’(’3 and are
similar for m-fluorotolune (1492 and 1460 cm™)* and p-
fluorotoluene (1513 and 1435 cm™).% For this reason, the
Phe3FCI modes at 1504 and 1465 cm™! are also attributed to vyga
and vyop absorptions. The separation of the vio peaks in the
Phed4FCI" IRMPD spectrum (1521 and 1509 cm'l), by contrast,
likely represents separate vi94 modes, indicating the presence of
at least two isomers. The absence of related PhedFCI v,op
absorptions is consistent with the IR spectra of m- and
particularly p-fluorotolune, where a negligible cross-section for
Viog is also reported.“‘67

The v;9 bands of Phe25F,Cl” and Phe35F,Cl" are more difficult

*
These have been alternatively described as v, modes and vice versa, a
distinction that is somewhat arbitrary given their similar motion and lack

of Dg, symmetry.
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to assign. The IRMPD spectrum of the former has a broad vygs
peak at 1504 cm™, whereas the latter presents a very weak vjou
absorbance at 1514 cm™ as well as a distinct shoulder on the
3(COH) band at 1450 cm™ attributed to a viop mode.®® The
difference between the two spectra is striking; a possible
explanation comes from the v bands of m-difluorobenzene
(1490 and 1449 cm™) and p-difluorobenzene (1511 and 1437 cm’
1.6485 These are in similar positions to the peaks observed here,
but, as was the case for the monofluorinated derivatives, the
intensity of the lower energy absorption is significantly stronger
in the m-difluorobenzene IR spectrum.>

Aromatic modes between 1560-1650 cm” are in-plane
tangential C-C vg vibrations that correspond to degenerate e,y
lines in the C¢F¢ (1655 cm™) and C4Hg (1606 cm™) IR spectra. It
has been reported that breaking Dy, symmetry causes the relative
frequencies of vg pairs to change with the aromatic substitution
pattern.””* The calculations reported here, however, always
predict vgy modes to have the higher frequency. A vg pair is
distinguishable in the IRMPD spectrum of Phe3FCI™ (1631 and
1604 cm’™), but remains unresolved for Phe4FCl™ (1570-1640 cm’
") and Phe25F,CI" (1580-1630 cm™). The Phe35F,CI” spectrum
exhibits three absorptions (1617, 1595, and 1580 cm™) that likely
obscure two overlapping vg doublets, confirming at least two
isomers exist simultaneously. It should be noted that the broad v
bands of Phe4FCl and Phe25F,Cl” may also indicate the presence
of more than one isomer. vg separation increases as symmetry is
broken; the vg pair of 2,5-difluorotoluene (1627 and 1597 em™),%
for example, is more widely separated than those of p-
fluorotoluene and both m- and p-difluorobenzene ***%> This is
consistent with the two v;9, modes identified for PhedFCI’, as
well as the broad vjg peak exhibited by Phe25F,CI".

Phe3FCI” and Phe4FCI display sharp peaks at 1268 and 1228
em’' that are typical of monofluorinated benzenes.’®*’ These
match fluorine-sensitive vi; modes of m-fluorotoluene (1251 cm’

s
o

)
P

") and p-fluorotoluene (1214 cm™) and are best described as in-
plane C-F stretching vibrations coupled with radial skeletal
vibrations of the aromatic ring.”">"*** The higher energy of the
Phe3FCI vibration results from the greater inductive effect of the
alkyl chain on the relevant carbon atom. Phe25F,CI also exhibits
a vi; mode at 1225 cm! that is similar to the analogous vibration
of 2,5-difluorotoluene (1195 cm™),®’ but the assignment of a vi3
band for Phe35F,CI is less obvious. v3 absorptions have been
identified up to 1350 cm™ in aromatic rings substituted at the
1,3,5-positions by “light” (alkyl or fluoride) groups,”’ and the vi5
mode of m-C¢HuF, suggests that the analogous Phe35F,CI”
absorption should appear near 1300 cm™.** There is indeed a
transition at 1310 cm™' that could be the v;; mode, but it may also
arise due to in-plane bending (v;) or Kekulé (v;4) absorptions.
Since neither was identified in the other spectra, however, we
favour assignment of the 1310 cm™ peak to a v;3 mode.

The IRMPD spectrum of Phe35F,Cl™ also contains a sharp,
medium intensity peak at 1109 cm™. This band is ambiguous; it
likely results from in-plane bending of the aromatic ring but
contributions from C-F bonds broaden the observed range of
potential modes to such a degree that none are typically used for
the identification of fluorinated benzenes. The band could be a
consequence of vog Or vigg absorptions that appear at 1157 and
1120 em™, respectively, for m-difluorobenzene.® Of the two, vigs
is the most intense. The same mode, however, is weaker than vgg
for 2,5-difluorotoluene. This is consistent with the non-
observation of an analogous peak in the IRMPD spectrum of
Phe25F,CI', and so the 1109 cm™ peak is assigned as a visp
mode.”’

PheFsBr  is best compared to PheFsCI. Their IRMPD
intensities are noticeably different, but their peak positions are
similar. The v(CO) and 8(COH) modes of PheFsBr are centered
at 1766 cm™ and 1390 cm™ as compared to 1709 cm™ and 1365
cm’! for PheFsCl. This shift can be attributed to the weaker
Coulombic interaction formed by bromide (ionic radius = 196
pm). The asymmetry in the 3(COH) mode is interesting in that it
suggests the presence of multiple isomers. This is supported by
the observation of three distinct peaks in the v(CO)/v,(COy)
region at 1776, 1766, and 1756 cm’!, as well as the viq region,
which exhibits a high intensity absorption at 1534 cm™ as well as
lower energy shoulders at 1553, 1543, and 1518 cm™. Since this
latter absorption is expected to arise from the v,y doublet, the
complexity of this peak indicates more than one isomer is
contributing to the gas-phase population.

The lack of comparative data makes the remaining modes
more difficult to assign. The peak at 1144 cm™ is ~45 cm™ higher
in energy than the v gg band of Phe35F,CI’, but cannot originate
from v, or v modes because both absorb below ~350 cm™ in
hexasubstituted benzenes.® Our calculations, however, indicate
that it arises from a v;g absorption; an observation that is
validated by the appearance of a v;53 mode at 1153 cm™ in the
vapour-phase IR spectrum of C¢FsCH;.** Using the same data, as

*

Aromatic C-C-H bending modes (voa and visas) also absorb in the
1060-1200 cm™ region, so the assigned modes originate in part from in-
plane hydrogen wagging on the ring. This is consistent with the DFT
results presented below.

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 4 of 11



Page 5 of 11

Physical Chemistry Chemical Physics
T T T 1717 T T T T 1"
1l
Q) Q)
(@) (@)
0— 3 3
3 s F PheF,CI =3
= ® = @
Q0 o o Q
2 1 T g 5
i 1 3 W Jrerminal 3
a) 7] a) ,. %)
o -1— < o <
z = B =~
o 3 =" 3
Trerminal 3 3
Zin{terié)n 8 0 o ‘Z\w'itié'ribn —0
L L L L L
1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
Wavenumber / cm™ Wavenumber / cm’
,.".J ‘& - s Jo 2 9
Relative Energy (kJ/mol) ﬁ‘J " Plane @ ’ga Terminal @ ‘\ > Zwitterion
AHga1vp (AGg3iyvp) 2P0 0(0) - 5.4 (4.6) & 10.2 (10.3)
AHWZ;AGWZ) ) e P 0(0) 299 9° 115(107) 299 9° 135(13.6)
AHypz-au6 (AGipz-auc 0 (0 12.4(11.6 DD, 124(124
,9o po 9, (0) ,9 ? 9, ( ) . :p 9 ( )
J 9
QQJ @ J.‘J. Q’
? i Terminal ‘ Ring Ring 2 4 Zwitterion
' @ (0) d‘.;z S 179004 %82 63058 ®¥? 173070
2,9 0 00 L5 9 , 16(41) o @ o 121(116) o @ I 136(134)
33 o T¥ 27 a4n0 : : 0005 3 3 109(108)
Fan” 2 729, 9 Fan" aa¥)
J J J J

Fig. 2 The PheClI (left) and PheF;sCI (right) IRMPD spectra (black) compared with harmonic (opaque lines) and anharmonic (transparent lines) computed
IR spectra. The computed spectra are determined from the B3LYP/6-311++G(d,p) optimized structures. 298 K relative enthalpies and Gibbs energies (in
parentheses) are provided at the B3LYP/6-311++G(d,p) (top), MP2(full)/6-311++G(2d,2p)//B3LYP/6-311++G(d,p) (black and italicized), and
MP2(full)/aug-cc-pVTZ//B3LYP/6-311++G(d,p) (blue and italicized) levels of theory.

well as the knowledge that multiple isomers exist together, the

absorptions at 1060 and 1040 cm™ are assigned to rocking

motions of the phenylalanine backbone, and the peaks at 1000
s and 987 cm™! are attributed to distinct vy, modes.

3.2. PheCI’

The most stable predicted structures of PheCl are canonical
(Figure 2). The lowest energy isomer places the chloride anion
in-plane with the aromatic ring where it is stabilized through
10 interactions with the carboxylic acid and an aromatic hydrogen.
This “plane” structure is 11.6 kJ/mol lower in energy than the
second canonical isomer, which binds chloride between the
amine and carboxyl moieties in a “terminal” configuration. The

most stable zwitterion is 12.4 kJ/mol less favourable than the
1s plane structure, but demonstrates that chloride stabilizes
phenylalanine zwitterion formation by ~80-90 kJ/mol.**

Figure 2 also compares the computed harmonic and
anharmonic IR spectra of these isomers with the PheCl" IRMPD
spectrum to identify the spectral carrier. The harmonic

20 calculations suggest PheCl  is canonical; the v(CO) modes of the
plane and terminal isomers (1714 and 1715 cm™) agree very well
with the IRMPD spectrum. On the other hand, the predicted
zwitterionic v,(CO,") mode is outside the range of the 1710 cm’!
peak, and the NH; umbrella mode expected at 1433 cm™ cannot

25 explain the absorption centered at 1360 cm™', which, in agreement
with our previous assignment, is a better match for the plane and

This journal is © The Royal Society of Chemistry [year]
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2247.8 (197.0)

45

“ring” isomers must be considered. The most stable PheFsCl ring
structure has chloride bound above the center of the ring and

J"" © " 2515 (200.7) between the carboxyl and amine groups (Figure 2). This structure

? J"“‘ 2 v dalane is 1.0 kJ/mol less stable than the global minimum, which is a

> terminal isomer, and 9.6 kJ/mol more favourable than the lowest

5 - s so energy zwitterion. No plane structures were identified. This is

9
9
?:4 143.2 (102.2)
292 92150.5 (109.5)

attributed to the presence of fluorine at the 2 and 6 ring positions.
The IRMPD spectrum of PheFsCl™ is compared to the
computed IR spectra of the predicted isomers in Figure 2. This

s%e? comparison indicates that two, possibly three, isomers coexist. Of

.J;i § """" ss these, the ring and terminal structures dominate and, based on

o B their respective Gibbs energies, would have a 3:2 population ratio

:‘; .0 at 298 K. Their coexistence is supported by the enthalpic stability

. I . 2 Ring flj »’ of the ring isomer, which is 1.4 kJ/mol more favourable than the

d;, ® 1;2 Eﬁg;ﬂ . f—*) " terminal structure. There are also grounds for assigning the

a‘?,“ 1.4 (1.0) 131.6 (89.4) @ o0 reproducible shoulder at 1682 cm™ to the v,(CO,") mode of the

re L34, 101.5) | & 9 zwitterionic structure, which is the most stable matching isomer.

499 Terminal A, 709 (-63) The proposed v(CO) and v,i(CO,") modes are separated by 27 cm’
S949, 0(0) 72.6 (-4.5) | e proposec as(2 e sep y

d 0(0) 78.1 (0.9) , well outside the experimental bandwidth. Furthermore, the

0(0) % relative Gibbs energy of the zwitterion infers its intensity should

I o 494.6 (437.5) os be less than 2% of the v(CO) absorption. This is comparable to

15 i 520.8 (463.6) the relative IRMPD intensity of the v,(CO,") mode, which is

N aw"f" o el ad 8.6% as strong as the v(CO) peak. A zwitterionic structure cannot

-3 be unambiguously confirmed, however, because the predicted

v absorption near 1286-1295 cm™ is either non-existent or too weak

2@ 70 to be observed. A possible reason for non-observation could

o a j - s1mply be that this pe?tk, “.,hwh arises in part from hydrogen

, 99 - motion between the amine nitrogen and carbonyl oxygen, results

" 2 o oD 9 ‘%J in a diffuse band due to intramolecular hydrogen bonding; a

:} 2 3 9 prospect that may also explain why the canonical analogue of the

& 181.0 (114.0) 75 zwitterion (ring 2) is not observed despite being 1.1 kJ/mol more

e A o 194.5(127.5) stable. Although it is not possible to confirm or eliminate the

T e Terminal 139.9 (98.6) WeLiand zwitterionic structure, it forms at most only a small part of the

.;’ ; Zn(lrg; 1549 (11 3 5) 298. K populatiqn of PheFsCl', which clearly exists as a mixture

‘¥e, > 158.2 (116.9) of ring and terminal isomers.

* :J' "124(11.6 so  The PheFsCl" IRMPD data is distinct from the other chloride-

s o @’ i bound fluorinated derivatives in that HF dissociation was

-2 f“ Oa(‘g)e observed after the loss of HCI. This sequential dissociation

0(0) (Figure 2, in gray) contributes about nine-tenths of the vio

0(0) intensity. We interpret this to mean that C-F bond activation

Fig. 3 The potential energy surface for the sequential loss of HCl and HF
from PheFsCl” compared with the energy required to remove HCl and H,
30 from PheClI'. 298 K relative enthalpies and Gibbs energies are reported as

per Fig. 2 and include relevant contributions from HCl, HF, and H,. These

are listed in Table S1 of the Supporting Information.

enables a fluoride to interact with a nearby proton. Since this
must involve a benzylic or amine hydrogen the likely product
should be a carbene or indolecarboxylate. The latter is not
unusual,®® and our calculations show it to be 130.0 kJ/mol more
stable than the most stable carbene (Figure S2, Supporting
Information) and nearly isoenergetic with the global minimum

Page 6 of 11

terminal 5(COH) modes predicted between 1339-1397 cm™. The

anharmonic spectra of the PheCl™ isomers are essentially the same
35 as their harmonic counterparts with the notable exception that the

terminal isomer provides a better fit for the (COH) absorption

than the plane structure. For this reason, we assign it as the most

probable structure, although the lower energy of the plane isomer,

as well as its predicted harmonic spectrum, indicate that gas-
40 phase PheCl” may exist as a mixture of canonical isomers.

3.3. PheFsCI

PheF;CI structure (Figure 3, top). HF dissociation from (PheFs-
H) is therefore exergonic with an energy barrier of 102.7 kJ/mol
for the ring isomer and 110.5 kJ/mol for the terminal isomer. The
analogous loss of H, from (Phe-H) (Figure 3, bottom), by
os contrast, is endergonic by 10.2 kJ/mol and has a reaction barrier
of 358.7 kJ/mol. This demonstrates that the continued
dissociation of PheFs results from fluorine ortho-substitution.

3.4. Mono- and Difluorinated Derivatives

The predicted structures of both monofluorinated phenylalanine
100 derivatives are shown in Figure 4. In each case, the plane isomers
have the lowest energy. For Phe3FCIl™ and Phe4FCI, these are
11.6 and 13.8 kJ/mol more stable than their respective terminal

Fully fluorinating the aromatic ring of phenylalanine inverts its
quadrupole moment and stabilizes anions in the m-acidic region
above the ring face. For this reason, the viability of PheFsCI

6 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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Fig. 4 The Phe3FCI (left) and Phe4FCI (right) IRMPD spectra (black) compared with harmonic (opaque lines) and anharmonic (transparent lines)
computed IR spectra. The computed spectra are determined from the B3LYP/6-311++G(d,p) optimized structures. 298 K relative enthalpies and Gibbs
energies (in parentheses) are provided at the B3LYP/6-311++G(d,p) (top), MP2(full)/6-311++G(2d,2p)//B3LYP/6-311++G(d,p) (black and italicized),
and MP2(full)/aug-cc-pVTZ//B3LYP/6-311++G(d,p) (blue and italicized) levels of theory

isomers, 14.3 and 15.1 kJ/mol more favourable than the lowest
energy zwitterions, and 20.0 kJ/mol more stable than both ring
structures. This trend is more like the PheCl™ rather than the
PheF;sCI case in that the relative energies of the zwitterions are
lower than those of the ring structures. This result is reasonable;
since less electron density is withdrawn from the ring it becomes
more difficult to stabilize chloride above it.

Figure 4 also compares the harmonic and anharmonic IR
spectra of the computed structures with their corresponding
IRMPD spectra. For Phe3FCI, the intense bands at 1738 cm™ and
1385 cm’™ indicate that plane and terminal isomers dominate the
spectrum. Zwitterionic or ring structures cannot be eliminated,

25 significantly different around 1500 cm™.

however, because the v(CO) band is broader than in the PheCl

2 spectrum and has a shoulder at 1699 cm™. The §(COH) mode is

also asymmetric around 1320 cm’!, a feature that, according to
our calculations, can only arise from these higher energy isomers.
The presence of multiple isomers is clearer in the case of
Phed4FCI. The Phe3FCl' and Phe4FClI" IRMPD spectra are
! In the former, the
doublet at 1504 and 1465 cm’' originates from vig4 and vjop
stretching modes, but the peak at 1509 and shoulder at 1521 cm™
in the Phe4FCI spectrum are distinct vig, absorptions, indicating
at least two isomers are present. The most probable gas-phase

30 Phe4FCl isomers are the plane and terminal canonical structures.

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 The Phe25F,CI (left) and Phe35F,Cl (right) IRMPD spectra (black) compared with harmonic (opaque lines) and anharmonic (transparent lines)
computed IR spectra. The computed spectra are determined from the B3LYP/6-311++G(d,p) optimized structures. 298 K relative enthalpies and Gibbs

s energies (in parentheses) are provided at the B3LYP/6-311++G(d,p) (top), MP2(full)/6-311++G(2d,2p)//B3LYP/6-311++G(d,p) (black and italicized),
and MP2(full)/aug-cc-pVTZ//B3LYP/6-311++G(d,p) (blue and italicized) levels of theory.

The 6(COH) absorption profile, however, has a shoulder centered
at 1279 cm’' that may infer additional minor contributions from
zwitterionic or ring structures. Chloride-bound monofluorinated
10 phenylalanine derivatives do not, therefore, have unique
structures in the gas phase, but canonical plane or terminal
isomers plainly overshadow the rest.
The computed structures of Phe25F,Cl" and Phe35F,Cl" are
shown in Figure 5. The most stable structure for both derivatives
15 is the plane isomer; these are 4.9 and 9.4 kJ/mol more stable than
their respective terminal isomers. The relative energies of the
zwitterionic and ring structures, however, follow opposing trends.
The lowest energy ring and zwitterionic Phe25F,Cl™ isomers are
11.7 and 14.8 kJ/mol higher in energy than the global minimum
20 structure, but the same isomers for Phe35F,CI™ differ from the
most stable structure by 27.0 and 15.3 kJ/mol; a change that can
only be attributed to the fluorine substitution pattern. This is

supported by natural bond order analyses (Figure S3 in the
Supporting Information),”® which demonstrate that the aromatic

25 carbons nearest to the chloride are more positive for Phe25F,CI”

than for Phe35F,CI".

The IRMPD spectra of the difluorinated complexes are
compared with the predicted harmonic and anharmonic IR spectra
of these isomers in Figure 5. No Phe25F,Cl structures can be

s ruled out spectroscopically, but based on energetics the most

probable structures are canonical. Contributors to the Phe35F,CI”
spectrum, however, are easier to distinguish. The band centered at
1715 cm™ comprises two intense blended v(CO) modes at 1719
and 1702 cm’', and a v,i(CO,") shoulder at 1688 cm™'. Based on

35 anharmonic band positions the strong v(CO) absorptions can be

attributed to the plane (1727 cm™) and terminal (1709 cm™)
isomers, respectively, while the shoulder at 1688 cm’! may
account for the v(CO) absorption of the ring isomer (1698 cm™)

8 | Journal Name, [year], [vol], 00—00
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or the zwitterionic v,(CO,) mode (1684 cm™). Further evidence
for the existence of multiple isomers comes from the vg and
8(COH) regions. The former should be a doublet, so the presence
of at least three separate absorptions confirms the presence of
more than one isomer. The latter has several distinct peaks that,
according to the calculated harmonic and anharmonic spectra,
arise from a mixture of plane, terminal, ring and zwitterionic
structures. The best match comes from the predicted spectra of
the terminal isomer, but the peaks at 1403 and 1450 cm™ agree
very well with the anharmonic spectrum of the plane isomer,
while the peak at 1310 cm’, earlier assigned to a vi3 mode, could
originate from either the Kekulé v;; mode of the ring isomer
(1313 cm™) or the v;; mode of the zwitterionic structure (1298
em’™); the latter being more likely due to its lower energy and
better spectral overlap with the peak at 1688 cm™.

3.5. PheFsBr~

The relative energies of the PheFsCl" and PheFsBr isomers
(Figure 6) are different, indicating that the structure of PheFsX
complexes is anion-dependent. For PheFsBr, the most stable
isomer is a ring structure that is 1.0 kJ/mol lower in Gibbs energy
than the terminal structure; the opposite is true for PheFsCl". This
may indicate that Br’, which is more charge diffuse than CI,
stabilizes the n6 m-interaction. It should be noted, however, that
B3LYP/6-311++G(d,p) and  MP2(full)/6-311++G(2d,2p)//
B3LYP/6-31+G(d,p) calculations each predict the terminal
isomer to be the most stable, and so it is probable that both exist
in the gas phase in similar numbers. Zwitterionic and plane
structures were also identified for PheFsBr; these are 10.8 and
13.0 kJ/mol, respectively, higher in energy than the ring structure.

35

60

The predicted harmonic and anharmonic IR spectra of these
isomers are compared with the PheFsBr IRMPD spectrum in
Figure 6. The best matches according to both sets of calculated
spectra come from the ring and terminal structures, although it
should be noted that anharmonic effects appear to be
overestimated in this case. Our spectral data suggests no scaling
is necessary, but Figure 6 retains the 0.978 factor for consistency
with the other presented spectra. Thermochemistry predicts that
the ring and terminal isomers exist in a 3:2 ratio at 298 K and
dominate nearly the whole of the gas-phase population. Anion-nt
interactions, therefore, can be stabilized in the gas phase using
electron withdrawing groups. The IRMPD spectrum also contains
evidence of a second ring structure that is 5.1 kJ/mol higher in
Gibbs energy than the most stable isomer. A zwitterionic version
of this structure is only 5.7 kJ/mol less stable, and evidence for
both configurations can be seen in the spectrum. There are, for
example, three distinct v(CO)/v,(CO,) absorptions at 1776,
1766, and 1756 cm™" as well as a weak absorption at 1726 cm™.
The first of these is best fit by the second ring structure, while the
weakest mode may belong to its zwitterionic analogue. The
calculated anharmonic spectra of the zwitterionic structure also
fits the lowest and highest energy 8(COH) regions, indicating that
part of this absorption originates from an umbrella S(NH;")
moiety. A small part of the gas-phase PheFsBr population can
therefore be attributed to zwitterionic isomers.

3.6. Anion-7t stabilization of zwitterionic structures

Gas-phase PheX™ derivatives are primarily canonical. Terminal
isomers are generally the most probable structure under m-basic

This journal is © The Royal Society of Chemistry [year]
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conditions, while ring configurations contribute significantly to n-
acidic derivatives, such as PheFsCl" and PheFsBr. The same
trend holds for zwitterionic isomers (Table 1). The most stable
zwitterionic isomers of PheFs;Cl" and PheFsBr are anion-m
stabilized and are 15.4 and 17.6 kJ/mol more favourable than the
lowest energy zwitterionic structures without this interaction.
This latter configuration, however, is favoured by the more 7-
basic derivatives; the anion-x stabilized “ring-zwitterion” isomers
of Phe25F,CI" and Phe35F,Cl" are 12.4 and 15.0 kJ/mol less
stable than zwitterionic isomers without this interaction, and no
ring-zwitterions were identified for the most n-basic ions: PheCl’,
Phe3FCIl™ and Phe4FCl. Anion-nt interactions therefore stabilize
zwitterions in a similar manner to canonical isomers, but this
stabilization is not sufficient to replace the canonical structures as
the dominant contributors to the spectra.

Table 1 Anion-r stabilization of zwitterionic structures

Complex Isomer Energy(kJ/mol)®
Zwitterion Ring-Zwitterion
PheCl 12.4 -
Phe3FCI’ 14.3 -
Phe4FCI" 15.1 -
Phe25F,CI 14.8 27.2
Phe35F,CI 15.3 30.3
PheF;sCI’ 26.0 10.6
PheFsBr 28.4 10.8

“ Gibbs energy relative to the most stable structure determined using
MP2(full)/aug-cc-pVTZ//B3LYP/6-311++G(d,p)

4. Conclusions

Interrogating the gas-phase structures of PheCl” and six
fluorinated PheX" derivatives by IRMPD spectroscopy identified
multiple isomers for each complex. In every case, these mixtures
are dominated by canonical isomers, but zwitterions appear as
minor contributors to the spectra of Phe35F,Cl” and PheFsBr’, and
cannot be ruled out for the rest. PheCl’, Phe3FCI’, Phe4FCI,
Phe25F,CI" and Phe35F,Cl” are best described as mixtures of
plane and terminal isomers; PheFsCl and PheFsBr” comprise both
terminal and ring structures. These isomers cannot always be
separated spectroscopically, but their relative stabilities are
significantly influenced by the extent of ring fluorination. Plane
isomers, for example, produce the lowest energy structures for
PheCI as well as both the mono- and difluorinated derivatives,
but were not identified for PheFsCl™ and were the least stable for
PheFsBr. Ring isomers, by contrast, become more stable with
increasing fluorination and are expected to make significant
contributions to the gas-phase populations of PheFsCl" and
PheF;Br.

These trends reveal that gas-phase anion-m effects become
more prominent with increasing fluorination, a fact that can be
explained by the corresponding increase in m-acidity. It is also
clear that anion-m effects influence the relative stabilities of
competing zwitterionic structures. The lowest energy zwitterions
of PheFsCl™ and PheFsBr, for example, have the anion above the
center of the ring and interacting with an NH;" moiety. In the
case of PheF;Br this stabilizing effect is sufficient to produce an
observable population of gas-phase zwitterions. In all other cases,
however, the most stable zwitterions exhibit no interaction with
the ring.
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