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fast β-ketocarboxylic acid decarboxylation7 that forms an oxo-
C7 product prestabilized by intramolecular H-bonds.11,12

■ QUANTITATIVE KINETIC AGREEMENT BY
MULTIPLE ANALYTICAL METHODS

E&G have advanced previous efforts by quantifying the
generation of 2,3-dimethyltartaric acid, acetic acid, and the
oxo-C7 and oxo-C8 products by combining the use of
separations by UHPLC and IC coupled to MS, HRMS, the
assignment of one-dimensional (1D) 1H and 13C NMR and
two-dimensional (2D) 13C gCOSY spectroscopic features, as
well as by employing quantitative 1H NMR (qNMR).1 The
chromatographic separations were performed both with
reversed-phase C18 and alkanol quaternary ammonium
columns with high specificity to separate monocarboxylic,
dicarboxylic, and oxocarboxylic acids prior to UV−visible,
conductivity, and MS detection.13,14 In addition, these analyses
included the separation, identification, and quantification of
carbonyls (CO) in the mixture of photoproducts treated
with 2,4-dinitrophenylhydrazine (DNPH).1,2,15 The undeniable
power of these techniques for the analysis of this class of
products,1,2 with low limits of detection (LOD) also makes
them excellent for the determination of lactic acid (LOD = 86
nM) and acetoin (LOD = 330 nM)1 after chromatographic
separation, as exemplified by applications for food industry and
clinical settings.16−19 The work of E&G used standard addition
of lactic acid and acetoin directly into the samples, providing an
unambiguous comparison of the spectroscopic features and
facilitating the quantification process.1 Furthermore, the
multiple analytical techniques employed and listed above, not
only HRMS as stated by V&C,10 provided confirmation that a
major oxo-C7 product is observed both in experiments under 1
atm air or in controls under 1 atm N2(g).1

■ DISCUSSION AND INTERPRETATION OF NEW
RESULTS

E&G have also carefully attempted to detect lactic acid and
acetoin by 13C and 1H NMR, HRMS in the condensed phase,
and Fourier transform infrared (FTIR) spectroscopy for the
hypothetical transfer of volatile acetoin to the gas phase,
concluding that neither of these species are photoproducts of
PA.1,2 Moreover, the work of E&G has routinely employed IC
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The multiple methods and conditions used to study the
photochemistry of PA by E&G ruled out the production of
lactic acid and acetoin.1 Therefore, we attribute cross peaks A,
B, D, E, F, and G in the 2D NMR spectrum (Figure 4 of
E&G)1 to a species other than lactic acid or acetoin, namely,
our oxo-C7 product. The total acquisition time of this 2D
spectrum had limited the f1 line widths and peak heights of
Figure 4 in E&G.1 Thus, a new 13C−13C gCOSY spectrum
from a photolysis experiment performed under continuous air
sparging of aqueous PA is displayed in Figure 2. The presence

of cross peaks previously labeled B (86 ppm, 220 ppm), D (86
ppm, 29 ppm), and E (81 ppm, 23 ppm) on both sides of the
diagonal of Figure 2 verify that they correspond to true
couplings putting to rest V&C’s concerns10 about them.

While V&C indicated cross peak C appeared on the
diagonal10 of Figure 4 from E&G, the label had been pointed
to a very weak spot located slightly off the diagonal at ∼81 and
∼86 ppm, as expected from a two-bond coupling.1 However,
the weak (∼2−3 Hz) coupling for the C−O−C(OH) cross
peak22 would require a long delay t1 between pulses to fully
manifest, and it is expected to be much weaker than the others,
since a maximum of 20 ms was used for Figure 2. Using a long
delay t1 = 150 ms23 for the gCOSY experiment was impractical,
because all the signals of interest in the oxo-C7 product
vanished. The absence of previously labeled cross peak C at the
intersection of ∼81 and ∼86 ppm in Figure 2 is readily
explained by the J-coupling constant and should not be used to
interpret that the cross peaks A, B, D and E, F, and G belong to
two different molecules. Instead, the absence of this coupling

only indicates that both sets of peaks belong to different spin
systems, which may exist in the same molecule, separated by a
heteroatom as for the corresponding oxo-C7 product.1 This is
the reason for E&G to have used multiple analytical methods
and measured the abundance of different products over time by
qNMR.1 Moreover, the integrals for the three −CH3

resonances at 29.3, 23.2, and 22.8 ppm in the 1D 13C NMR
spectrum are equivalent, confirming that the cross peaks from
both spin systems analyzed in Figure 2 belong to a unique
molecule. Thus, the 1H NMR peaks assigned to acetoin by
V&C in Reed Harris et al.24 must have actually corresponded to
another product.1 Curiously, this alternative product with a
molecular weight of 176 amu (anion with m/z− 175) was
previously ignored20,24,25 but recently proposed by V&C to be
2,4-dihydroxy-2-methyl-5-oxohexanoic acid (DMOHA) with-
out experimental confirmation,26 which is a simple C−C bridge
isomer of the oxo-C7 product proposed by E&G.1,5,7 Assigning
the structure of DMOHA to the species with formula C7H12O5

is problematic due to its stability at high-temperature GC
conditions. Instead, the molecule of C7H12O5 is fragile and
known to decompose into acetoin in agreement with the
structure for the oxo-C7 product.5 Moreover, the formation
mechanism of DMOHA from V&C utilizes the same β-
ketocarboxylic acid decarboxylation proposed by E&G,1 except
that the oxo-C8 precursor is generated from H atom abstraction
from parapyruvic acid impurity,26 which should not participate
in the formation of such an abundant PA photoproduct. E&G
had verified parapyruvic acid is absent before and after the
photoreaction when starting with freshly distilled PA.1 The
−CH2− group participating in the C−C bridge in DMOHA
proposed by V&C in Rapf et al.26 can be reasonably predicted
to appear at ∼44 ppm in the 13C NMR spectrum in water.27

However, neither a resonance in the 13C NMR spectrum in
Figure S5 from E&G1 at 44 (±10) ppm nor a cross-peak
involving such a −CH2− in Figure 2 is observed, justifying the
need for an alternative C−O−C bridge in the structure of the
oxo-C7 product. Finally, in agreement with previous findings,5
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(7) Guzmań, M. I.; Hoffmann, M. R.; Colussi, A. J. Photolysis of

pyruvic acid in ice: Possible relevance to CO and CO2

mailto:marcelo.guzman@uky.edu
http://orcid.org/0000-0002-6730-7766
http://dx.doi.org/10.1021/acs.jpca.7b06018
http://dx.doi.org/10.14469/hpc/2917
http://www.ch.imperial.ac.uk/rzepa/blog/?p=8860
http://www.ch.imperial.ac.uk/rzepa/blog/?p=8860
http://dx.doi.org/10.1021/acs.jpca.7b08273
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0079-6565%2891%2980004-L&coi=1%3ACAS%3A528%3ADyaK38XhtVGhu7o%253D&citationId=p_n_46_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0079-6565%2891%2980004-L&coi=1%3ACAS%3A528%3ADyaK38XhtVGhu7o%253D&citationId=p_n_46_1
http://pubs.acs.org/action/showLinks?crossref=10.1029%2F2006JD007886&citationId=p_n_15_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp502186q&coi=1%3ACAS%3A528%3ADC%252BC2cXlvFCrtbg%253D&citationId=p_n_50_1
http://pubs.acs.org/action/showLinks?pmid=23821751&crossref=10.1073%2Fpnas.1303206110&coi=1%3ACAS%3A528%3ADC%252BC3sXht1emur3E&citationId=p_n_42_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0009-2614%2881%2985239-6&coi=1%3ACAS%3A528%3ADyaL3MXktVKis74%253D&citationId=p_n_61_1
http://pubs.acs.org/action/showLinks?pmid=24367807&crossref=10.1073%2Fpnas.1316367110&coi=1%3ACAS%3A528%3ADC%252BC3sXhvVygsbzM&citationId=p_n_45_1
http://pubs.acs.org/action/showLinks?pmid=24367807&crossref=10.1073%2Fpnas.1316367110&coi=1%3ACAS%3A528%3ADC%252BC3sXhvVygsbzM&citationId=p_n_45_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0040-4039%2800%2971161-0&coi=1%3ACAS%3A528%3ADyaL3MXhvFWhtLY%253D&citationId=p_n_64_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.jpca.6b00225&coi=1%3ACAS%3A528%3ADC%252BC28XotFKkurY%253D&citationId=p_n_29_1
http://pubs.acs.org/action/showLinks?pmid=7408179&coi=1%3ACAS%3A528%3ADyaL3cXlvVaitb8%253D&citationId=p_n_33_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja00906a013&coi=1%3ACAS%3A528%3ADyaF2cXnt1Gm&citationId=p_n_67_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp056097z&coi=1%3ACAS%3A528%3ADC%252BD28Xht1yht78%253D&citationId=p_n_9_1
http://pubs.acs.org/action/showLinks?crossref=10.2116%2Fbunsekikagaku.39.7_405&coi=1%3ACAS%3A528%3ADyaK3cXkvFKhtro%253D&citationId=p_n_36_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp053449t&coi=1%3ACAS%3A528%3ADC%252BD28XlsFGg&citationId=p_n_5_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2F9783527619610.ch3a&citationId=p_n_28_1
http://pubs.acs.org/action/showLinks?crossref=10.1111%2F1541-4337.12148&coi=1%3ACAS%3A528%3ADC%252BC2MXhtlSmt7nP&citationId=p_n_32_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.jpca.6b11916&coi=1%3ACAS%3A528%3ADC%252BC2sXltlWhtL0%253D&citationId=p_n_1_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.jpca.6b11916&coi=1%3ACAS%3A528%3ADC%252BC2sXltlWhtL0%253D&citationId=p_n_1_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.jpca.7b01107&coi=1%3ACAS%3A528%3ADC%252BC2sXlslChsL8%253D&citationId=p_n_51_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp904644n&citationId=p_n_16_1
http://pubs.acs.org/action/showLinks?pmid=25618712&crossref=10.1016%2Fj.talanta.2014.11.046&coi=1%3ACAS%3A528%3ADC%252BC2cXitVykt73I&citationId=p_n_39_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja062039v&citationId=p_n_12_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja00479a033&coi=1%3ACAS%3A528%3ADyaE1cXltVOgtbc%253D&citationId=p_n_70_1
http://pubs.acs.org/action/showLinks?crossref=10.1039%2FP29820001559&coi=1%3ACAS%3A528%3ADyaL3sXht1Giu7c%253D&citationId=p_n_58_1
http://pubs.acs.org/action/showLinks?pmid=24170864&crossref=10.1073%2Fpnas.1313991110&coi=1%3ACAS%3A528%3ADC%252BC3sXhvVygsb%252FF&citationId=p_n_4_1
http://pubs.acs.org/action/showLinks?pmid=24170864&crossref=10.1073%2Fpnas.1313991110&coi=1%3ACAS%3A528%3ADC%252BC3sXhvVygsb%252FF&citationId=p_n_4_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.jpca.7b03310&coi=1%3ACAS%3A528%3ADC%252BC2sXnvFCgtr8%253D&citationId=p_n_54_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjz900186e&citationId=p_n_19_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja01517a033&coi=1%3ACAS%3A528%3ADyaG1MXht1agtbc%253D&citationId=p_n_23_1

