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5 ABSTRACT: Decarboxylation of carboxylate ions in the gas
6 phase provides a useful window into the chemistry displayed by
7 these reactive carbanion intermediates. Here, we explore the
8 species generated by decarboxylation of two benzoate derivatives:
9 2-formylbenzoate (2FBA) and 2-benzoylbenzoate (2BBA). The
10 nascent product anions are transferred to a cryogenic ion trap
11 where they are cooled to ∼15 K and analyzed by their pattern of
12 vibrational bands obtained with IR photodissociation spectroscopy
13 of weakly bound H2 molecules. The structures of the quenched
14 species are then determined by comparison of these spectra with
15 those predicted by electronic structure calculations for local minima. The 2-phenide carbanion generated by decarboxylation of
16 2FBA occurs in two isomeric forms that differ in the orientation of the formyl group, both of which yield a very large (∼110 cm−1)
17 red-shift in the H2 molecule bound to the anionic carbon center. Although calculated to be a local minimum, the analogous 2-
18 phenide species could not be isolated upon decarboxylation of 2BBA. Rather, the anionic product adopts a ring-closed structure,
19 indicating efficient nucleophilic attack on the pendant phenyl group by the nascent phenide. The barrier for ring closing is evaluated
20 with electronic structure calculations.

I. INTRODUCTION
21 The ion chemistry following decarboxylation of deprotonated
22 organic acids is mediated by highly reactive carbanions that
23 undergo a variety of reactions when carried out in the
24 condensed phase.1,2 The gas-phase analogues, in which
25 carboxylates undergo decarboxylation by collision-induced
26 dissociation (CID), provide a useful way to isolate the
27 carbanions and determine their intrinsic thermochemistry,
28 structure, and reactivity patterns. Early studies include mass
29 spectrometric efforts by Squires and Graul3,4 and negative-ion
30 photoelectron spectroscopic measurements by the Lineberger
31 group in the 1990s.6 More recent efforts involve anion
32 vibrational spectroscopy in conjunction with electronic
33 structure calculations to deduce rearrangements. For example,
34 Oomens and co-workers7,8 used IR multiphoton dissociation
35 of the 300−350 K CID product ions to investigate reactive
36 pathways following decarboxylation. In this paper, we address
37 the nature of the decarboxylation product anion formed upon
38 CID of the 2-formyl- (2FBA, 1) or 2-benzoylbenzoate (2BBA,

s1 39 3) depicted in Scheme 1. Both species are anticipated to
40 generate the phenide motif after heterolytic C−C bond
41 cleavage. The focus of this study is to determine the extent
42 of the intramolecular interactions between the reactive
43 carbanion center and proximal functional groups (H and
44 phenyl, respectively) available in this benzoate scaffold. The
45 nascent product ions are cooled to ∼15 K in a cryogenic ion

46trap, and the structures of the cold reactant and product anions
47are deduced by comparing their vibrational spectra with
48calculated patterns for candidate structures.

II. EXPERIMENTAL DETAILS AND COMPUTATIONAL
49METHODS
502-Benzoylbenzoic acid, 2-formylbenzoic acid, acetonitrile
51(HPLC grade), and water were purchased from Sigma-Aldrich
52and used without further purification. Helium and hydrogen
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Scheme 1. Decarboxylation of Acids via Collision-Induced
Dissociation
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53 were purchased from Air Liquide. The deprotonated anions
54 were generated via electrospray ionization using 1 mM
55 solutions of the respective acids in 1:1 acetonitrile/water.
56 Mass spectra and photofragmentation infrared spectra were
57 collected using a hybrid instrument that combines a
58 commercial ThermoFisher Scientific LTQ Orbitrap Velos
59 with a custom-built, triple-focusing time-of-flight photo-
60 fragmentation mass spectrometer that has been previously
61 described.9 In brief, high-resolution mass spectra were
62 collected using the instrument’s Orbitrap capability at
63 maximum resolution (Δm/m = 100,000), though a reduced
64 resolution of Δm/m = 7,500 was used when transferring ions
65 to the photofragmentation spectrometer to maximize ion
66 transmission. Collision-induced dissociation experiments were
67 conducted using the LTQ functionality of the Velos Orbitrap
68 and utilized a normalized collision energy (NCE) of 30 au. All
69 benzoate anions readily undergo decarboxylation in collision-
70 induced dissociation, and loss of 44 u is indeed the dominant
71 fragment in the mass spectra as illustrated in Figures S1 and
72 S2. Weakly bound complexes of the analyte ions and H2 were
73 formed in a cryogenically cooled ion trap held at ∼15 K.
74 Vibrational spectra of the ions were obtained after photo-
75 dissociation of the H2-tagged species.
76 DFT was used to calculate the normal modes of the target
77 ions at the CAM-B3LYP/6-311++G(2d,2p) level of theory. All
78 calculations were conducted using Gaussian 09.10 Candidate
79 structures were chosen empirically based on the match
80 between the computed frequencies and experimentally
81 observed absorption bands. All energies mentioned throughout
82 the text are evaluated as the sums of the respective electronic
83 energy plus zero-point vibrational energies. Harmonic vibra-
84 tional frequencies were scaled by 0.953 based on literature
85 scaling factors for the employed level of theory;11 the H2 tag
86 vibrations, given their importance for our later analyses, were
87 treated separately by a scaling factor of 0.96 that was
88 determined empirically from matching the calculated H2
89 stretching frequency in 2FBA·H2 to its experimental counter-
90 parts.

III. RESULTS AND DISCUSSION
91 III.A. Vibrational spectra of 2FBA and 2FBA-CO2:
92 Structural Deformations and H2 Tag Shifts. To establish
93 the spectral features associated with the parent carboxylate and
94 phenide motifs, we first present the IR photodissociation
95 spectra of 2FBA·H2 (1·H2) and its decarboxylate, 2FBA-CO2·

f1 96 H2 (2·H2), in Figure 1a,c, respectively. In each case, the bands
97 highest in energy (νH2 at 4078 and 3966 cm−1, respectively)
98 originate from the H2 stretch of the tag. The former value is
99 typical for H2 attached to the −CO2

− headgroup. In the case of
100 carboxylates like acetate and the anion and dianion of
101 dodecanoic acid H2 is bound to one of the oxygen atoms
102 and points toward it along the H2 bond axis with a binding
103 energy of ∼500 cm−1 and frequency of ∼4050 cm−1.12 The
104 much lower frequency of the H2 stretch in 2FBA-CO2·H2 (2·
105 H2), however, indicates that the H2 molecule is more strongly
106 bound to the carbanion. This qualitative difference is captured
107 in the calculated structures of the two species, which are
108 indicated in the insets in Figure 1a,d. The H2 molecule in
109 2FBA-CO2·H2 (2·H2) is calculated to be slightly elongated (by
110 0.007 Å) relative to the value calculated for 2FBA·H2 (1·H2),
111 accounting for the 112 cm−1 red-shift in the H2 stretch. The H2
112 molecule in the 2FBA-CO2·H2 (2·H2) complex is calculated to
113 adopt an off-axis docking geometry (by 33 degrees relative to

114the C2−C5 bisector) with an additional tip angle of the H2 axis
115 f2(by 18 degrees as indicated in Figure 2d). We note that the H2
116stretching region in the 2FBA-CO2·H2 (2·H2) complex appears
117with smaller bands (labeled *) higher in energy. These are
118traced to combination bands with soft modes based on the
119results of two-color, IR-IR isomer-selective spectra (displayed
120in Figure S3). The physical origin of the large H2 red shift is
121discussed further in section III.C.
122Returning to 2FBA·H2 (2·H2), lower in energy, strong bands
123at 1329 and 1646 cm−1 occur in typical positions for the
124symmetric and asymmetric stretching modes (νsym

CO2 and νasym
CO2 ,

125respectively) of the CO2̅ group. The band to the blue found at
1261676 cm−1 is attributed to the C�O (νC�O) stretching mode.
127It should be noted that the calculated structure for 2FBA·H2
128(2·H2) provided in Figure 1b was the only low-lying energetic
129minimum found for this ion. Here, the aldehyde oxygen is
130pointed away from the carboxylate headgroup. The lowest
131frequency vibrational mode in the CH stretching region can be
132attributed to the aldehyde CH stretching fundamental
133(νHC�O

C−H ) at 2904 cm−1. Typical CH stretching fundamentals
134for benzaldehydes appear at 2700−2900 cm−1.13

Figure 1. Cryogenically cooled, H2-tagged vibrational predissociation
spectra of (a) 2FBA (1), (c) the decarboxylate of 2FBA (2) which
was generated by collision-induced dissociation of the parent
carboxylates. (b) and (d,e) depict the calculated IR spectra of
2FBA (1) and the decarboxylate (2). The CO stretch fundamentals of
the carbonyl groups are highlighted in blue, and the aldehyde CH
stretching fundamental is highlighted in pink. Assignments indicated
by band labels are detailed in Table 1. Features marked with an
asterisk are not reproduced by harmonic frequency calculations (see
text). All calculations were performed at the CAM-B3LYP/6-311+
+G(2d,2p) level of theory.
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135 Figure 1c presents the vibrational spectrum of 2FBA-CO2·
136 H2 (2·H2). Following decarboxylation, the carboxylate
137 stretching modes, as expected, are absent. The 2FBA-CO2·H2
138 (2·H2) spectrum displays a close doublet around 1650 cm−1.
139 However, the harmonic calculation for this species only
140 predicts a single feature. This suggests either anharmonic
141 coupling due to higher order terms in the potential or
142 participation of a second isomer. Calculations indicate that the
143 rotamer 2b arising from the orientation of the formyl group
144 relative to the carbanion center lies 7.2 kcal mol−1 above the
145 minimum energy isomer 2a. These two isomers yield similar
146 bands in the C�O stretching region, but the aldehyde CH
147 modes are calculated to be significantly different, with that in
148 2b lying 96 cm−1 below the band in 2a. In fact, two features (at
149 2672 and 2764 cm−1) are observed in the region where
150 aldehyde CH stretching vibrations would be expected. These
151 are highlighted with a red asterisk in Figure 1c and are
152 consistent with the two-isomer interpretation of the C�O
153 stretch doublet. Although the two rotamers 2a and 2b are
154 separated by an activation barrier of 11.8 kcal mol−1, it has
155 been shown that CID can provide enough internal energy14−16

156 to fragment ions to accommodate such a rearrangement.
157 Subsequently, the metastable isomer can be trapped behind a
158 significant barrier upon quenching in the cold trap. The higher
159 energy CH stretching region is more populated, appearing as a
160 dense manifold confined to the region 2975−3100 cm−1 that
161 occur in the usual range for aromatic CH groups and are
162 observed in both experimental spectra (Figure 1a and 1c). One
163 of these bands falls in the location of the combination band
164 arising from excitation of one quantum in each of the CO
165 stretching modes arising from carboxylate. This band is
166 denoted νv1+v3

CO2 in Figure 1a. Although IR forbidden at the
167 harmonic level, this transition is commonly observed in the
168 spectra of decarboxylated anions.17

169III.B. Vibrational Spectra of 2BBA and 2BBA-CO2:
170Structural Rearrangement of the Carbanion. After
171assigning the spectral signatures of an ortho-carboxylate (1)
172and a phenide (2) produced by decarboxylation of 2FBA, we
173next turn to the 2BBA (3) system and its decarboxylate. This
174system was chosen because it provides a richer chemical
175landscape for intramolecular interactions and opens the
176possibility of chemical rearrangement. Two views of the
177calculated structure of 3 are presented as insets in Figure 2a. In
178contrast to the 2FBA structure, the carboxylate group in 3
179resides in the plane of the ring (φ = 4°), similar to the
180arrangement in the isolated benzoate anion.18 The angle
181between the two aromatic rings is calculated to be 80°,
182consistent with greater steric hindrance afforded by the phenyl
183group relative to that from the formyl CH. The carbonyl group
184is predicted to be displaced off ring axis by 13°, suggesting
185intramolecular repulsion from the proximal carboxylate charge
186center.
187Figure 2a presents the vibrational spectrum of the 2BBA·H2.
188Starting highest in energy, the H2 stretch can be found at
189nearly the same position as observed for 2FBA·H2 (8 cm−1

190difference). The symmetric and asymmetric carboxylate
191stretches are also very close to those found in 2FBA, as
192indicated by comparison of the experimental band positions
193 t1collected in Table 1. The CH stretching region is less
194congested, revealing the combination band arising from the
195CO2

− symmetric and asymmetric stretches, discussed above, as
196an isolated feature (νv1+v3

CO2 , Figure 2a). The carbonyl
197fundamental again lies just above the CO2

− asymmetric stretch
198(by 28 cm−1). The significant spectral features of these
199benzoates are thus preserved in the two benzoate derivatives
200and are nicely reproduced by the (scaled) calculated
201frequencies (as are the ones for the respective decarboxylates)
202with an average deviation of Δν < 20 cm−1 (Table 1).
203The 2BBA-CO2·H2 vibrational spectrum is displayed in
204 f3Figure 3b. Most notably, in contrast to the situation found in
2052FBA-CO2·H2, the H2 stretching frequency is essentially
206unperturbed from its position in the 2BBA·H2 parent spectrum
207(Table 1). This indicates that the carbanion scaffold is not
208based on the phenide functionality adopted by 2FBA-CO2.
209The characteristic C�O fundamental is also missing in the
2102BBA-CO2·H2 spectrum, and is replaced by a strong triplet,
211denoted a4, centered 150 cm−1 lower in energy. Moreover, a
212new band at 2664 cm−1 (a3) appears far below the aryl C−H
213stretching modes of 2BBA. The presence of the starkly red-
214shifted C(sp3)-H stretching vibration is indicative of a
215relatively weakly bound hydride such as the one found in
216HCO2

− (υCH = 2449 cm−1).19 A strongly red-shifted C−H
217stretch also occurs in the σ-complex resulting from protonation
218of benzene (υCH ∼ 2800 cm−1), a binding motif that creates a
219local sp3 motif.20,21 Meanwhile, redshifts in carbonyl C�O
220stretch are indicative of electron density being displaced into
221the antibonding π* orbital, resulting in bond elongation. Taken
222altogether, these spectral changes indicate that a significant
223structural rearrangement has occurred in the carbanion
224generated by decarboxylation. Such skeletal rearrangements
225of closed-shell anions in gas-phase have been extensively
226investigated by Bowie et al. as summarized in their review,22

227with the one reported here being reminiscent of the formation
228of fluorenylanions from Ph2CH− proposed by them.23

229An ion containing the phenide motif 4 was optimized as a
230local minimum, with the structure and harmonic spectrum
231presented in Figure S4. This geometry is predicted to yield

Figure 2. Cryogenically cooled, H2-tagged vibrational predissociation
spectra of (a) 2BBA (3), (b) the decarboxylate of 2BBA (4), and (c)
the decarboxylate of 2FBA (2), the latter two of which are generated
by collision-induced dissociation of the parent carboxylates. The CO
stretch fundamentals of the carbonyl groups are highlighted in blue.
The red-shifted CH stretch of the decarboxylate of 3 (marked with an
asterisk) is highlighted in red and the aldehyde CH stretches of 2 are
highlighted in pink, which are significantly red-shifted from the
position in 2FBA·H2 (1·H2), at 2903 cm−1 (Figure 1). The arrow at
4161 cm−1 indicates the H2 stretch frequency of free H2.

5

Assignments indicated by band labels as well those denoted by
letters ai and bi are detailed in Table 1.
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232 similar spectral features as those found in 2FBA-CO2, e.g., with
233 a typical carbonyl fundamental frequency and a strongly red-
234 shifted H2 stretch. This pattern is not consistent with the
235 observed 2BBA-CO2 spectrum (Figure 2c). However, an
236 isomer 5 significantly lower in energy was found with the
237 structure indicated in the inset of Figure 3a. This isomer is
238 connected to phenide 4 by an activation barrier of 11.2 kcal
239 mol−1 and stems from the nucleophilic attack of the negative
240 charge center on the pendant phenyl ring. Similar rearrange-
241 ments of the benzophenone scaffold have previously been
242 observed in the gas phase for positively charged ions and in the
243 condensed phase.24,25 The calculated spectrum for 5 (Figure
244 3c) indeed reproduces the experimentally observed band
245 pattern of the 2BBA-CO2 product ion. Specifically, peak a3, the
246 red-shifted feature at 2664 cm−1, is traced to the C−H stretch
247 of the sp3-hybridized carbon resulting from the ring-closing

248reaction. The triplet motif of the red-shifted C�O band is
249accounted for by mixing with proximal C�C stretching
250modes. Note that 5 is the only species formed upon
251decarboxylation of 2BBA, indicating that the ring-closing
252reaction is rapid under our experimental conditions.
253III.C. Anion Dependence of the H2 Frequency Shifts.
254Having elucidated the structures of the 2a, 4, and 5 anions, it is
255useful to consider the cause of the differing redshifts displayed
256by the H2 adducts in each. A comparison of the electronic
257 f4density maps of these species is displayed in Figure 4. It is
258evident that the negative charge in 5 resides primarily on the
259carbonyl group, which is indeed the docking site for the H2
260molecule (see structure in Figure 3b). This concentration of
261excess charge is consistent with the redshift in the C�O
262stretch from 2BBA (3) to 5, which reflects the increase in
263length of the C�O bond from 1.21 to 1.24 Å. In both phenide

Table 1. Experimental (± 4 cm−1) Bands (Bold), Harmonic Frequencies (in Parentheses, Scaled by 0.953), and Mode
Character Assignments/Labels for the Computed Spectraa

aAll calculations were performed at the CAM-B3LYP/6-311G++(2d,2p) level of theory.
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264 and ring-closed anions, H2 attaches to the position of highest
265 negative charge density. However, the degree of charge
266 localization is calculated to be comparable in 2, 4, and 5
267 (Figure 4), while the H2 stretch is observed to be strongly red-
268 shifted (by ∼100 cm−1) in the phenide species 2 compared to
269 5 (s. Table 1). Consequently, the origin of the shift is not
270 primarily due to electrostatics. Rather, it likely reflects a
271 chemical interaction with the carbanion center in the phenide
272 motif, similar to that which drives nucleophilic attack and C−C
273 bond formation leading to 5. In the case of H2, this would lead
274 to C−H bond formation with loss of H−. The exit channel of
275 the latter would correspond to the H−-benzaldehyde ion−
276 molecule complex. This raises an interesting speculation that
277 reaction of H− with benzaldehyde could generate 2 by
278 elimination of H2. To further explore this point, we calculated
279 the potential surface corresponding to H2 attacking the
280 carbanion center in 2. This was accomplished by scanning
281 the C−H distance while relaxing all other coordinates. The

f5 282 resulting profiles for H2 approach to both 2FBA-CO2 isomers

283 f5(2a and 2b) are displayed in Figure 5. These curves reveal a
284scenario in which, after crossing a barrier of ∼9 kcal mol−1, the

285systems adopt a minimum energy structure corresponding to
286the H̅-benzaldehyde ion−molecule complex. In this context,
287the anomalous redshift in the H2 frequencies displayed by the
288phenide-H2 adducts reflects this low-lying reaction pathway,
289where the H2 “tag” actually resides in this ion−molecule
290reaction’s entrance channel complex. Along these lines, the
291tricyclic structure of 5 is interestingly reminiscent of the
292fluorenone scaffold, which would be generated by loss of
293hydride from the sp3 carbon atom. These considerations
294suggest that a fruitful future direction for further research
295would be the characterization of the bimolecular reaction
296chemistry of carbanions generated by decarboxylation of the
297ring isomers of benzoate derivatives. Of particular interest, for
298example, is the nature of the 3- and 4-BBA-CO2 species, which
299introduce the possibility of trapping the phenide motif
300depending on the barrier for circumambulatory migration of
301the carbanion charge center around the ring.

Figure 3. (a) Potential energy diagram for the chemical tranformation
of the phenide ion (4) to the fluorenone-like ring closed product (5).
(b) Experimental IR spectrum of the H2-tagged 2BBA decarboxylate
at 15 K, compared to the (scaled) computed vibrational spectrum
predicted for the ring closed structure 5 (c). The CO stretch, coupled
to various ring stretches, is highlighted in blue and the sp3 CH stretch
is highlighted in red. Band assignments are located in Table 1. All
calculations were performed at the CAM-B3LYP/6-311++G(2d,2p)
level of theory.

Figure 4. Plots of the electrostatic potential on the respective 0.02
a0−3 isosurfaces of the more stable rotamer of 2FBA-CO2 (2a), the
fluorenone-like ring-closed product (5), and its phenide isomer (4,
not observed experimentally). The color code corresponds to red,
negative potential = −0.2; blue, potential = 0. Black circles indicate
the calculated position of the H2 complexes. All calculations were
performed at the CAM-B3LYP/6-311++G(2d,2p) level of theory.

Figure 5. Potential energy curve describing the reactive encounter of
H2 with 2FBA-CO2 (2). After a shallow minimum corresponding to
the relatively weakly bound “tagging” regime with a minimum near 2.5
Å, a second minimum is recovered upon C−H bond formation to
yield the H̅ adduct with benzaldehyde. All calculations were
performed at the CAM-B3LYP/6-311++G(2d,2p) level of theory.
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IV. SUMMARY
302 Collisional decarboxylation of 2-benzoylbenzoate and 2-
303 formylbenzoate anions provides a platform to characterize
304 chemical and structural rearrangements that occur in the
305 fragment carbanions. The structures of the decarboxylates were
306 determined by cooling them to ∼15 K in a buffer gas cooled
307 cryogenic ion trap and recording their vibrational spectra with
308 IR photodissociation of H2 “tag” molecules. Decarboxylation of
309 2-benzoylbenzoate is observed to exclusively undergo a ring-
310 closing reaction involving C−C bond formation to the
311 proximal phenyl group. The fact that the metastable phenide
312 cannot be isolated after CID indicates that this nascent species
313 is created with internal energy significantly greater than the
314 calculated barrier of 11.2 kcal mol−1. The resulting tricyclic
315 structure has several distinct spectroscopic features relative to
316 those arising from the charge-localized (phenide) motif
317 adopted by the decarboxylate of 2-formylbenzoate. These
318 include a much smaller redshift of the weakly bound H2 stretch
319 and a very strongly red-shifted CH stretch fundamental that is
320 traced to the CH group located on the sp3 carbon center at the
321 apex of two rings. The different spectroscopic response of the
322 H2 adducts is consistent with a scenario where the ring-closed
323 product is less reactive toward the H2 tag than the exposed
324 charge center on a single carbon atom in the phenide motif.
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