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Abstract

DFT calculations were carried out to investigate reaction paths of L-ascorbic acid (AAH>),
hydroxyl radical and water clusters. Frontier-orbital analyses were also made to examine the
regioselectivity of the OH- addition. Transition states of the electrolytic dissociation of AAH>
and intermediate carboxylic acids were found to have very small activation energies through
proton transfers along hydrogen bonds. The ionized species (anions) are subject to the

electrophilic attack of OH-. The elementary processes of AAH, — AA-~ — dehydroascorbic
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acid — diketogulonic acid — threonic, oxalic, xylonic and lyxonic acids were investigated and
discussed. The processes involved in the conversion of dehydroascorbic acid into a bicyclic
hemiketal were also examined as a side-chain participating reaction. The oxidation and
degradation of vitamin C up to the threonic acid were described mainly as a donor (AAH2) —

acceptor (OH-) reaction.

L. Introduction

Vitamin C is an important antioxidant in chemistry and biochemistry.! It was isolated
first by Albert Szent-Gyorgyi from the adrenal cortex of cattle as a new carbohydrate derivative,
and the molecular formula C¢HsOs was proposed by him.? It was named huxuronic acid initially.
However, the substance was found to possess strong antiscorbutic properties® and the name
was changed to ascorbic acid (here called AAH,).* AAH, was shown to be a powerful reducing
agent and its structural formula was determined by Herbert et. al.’ The first definite X-ray and
neutron studies of AAH, were carried out by Hvoslef,® and the stereochemistry of AAH, was
established as shown in the left of Scheme 1. '*C NMR studies showed that the conformation

in the crystal is the same as the dominant one in water solution.’
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Scheme 1. Representative intermediates and products of the oxidative degradation of L-
ascorbic acid (AAH>) by hydroxyl radical and H>O; in the water solution. Detailed definition

of all species is described in Supplementary Information.

Many oxidations in physiological processes occur by the hydroxyl radical (HO-)
causing damage to nucleic acids, proteins and lipids in human and other tissue. The hydroxyl
radical is preferentially reduced to water leading to the oxidized form of ascorbate which is a
more stable radical, less harmful to biological tissue than the radicals by which it is oxidized.®
In 1960, during the enzymatic oxidation of AAH>, a 1.7 Gauss ESR doublet signal was
observed.” The radical was assigned to an ascorbate anion radical (AA-~ in Scheme 1) by a
reaction between the ascorbic acid and hydroxyl radical using the in situ radiolysis-ESR
method.!'” The electron paramagnetic resonance signal intensity of the AA-~ radical was shown

to be an indicator of the degree of free radical processes taking place in chemical and
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biochemical systems.!!

The oxidation of AAH> leads to dehydroascorbic acid (DHA in Scheme 1) with the
loss of hydrogens from carbons 2 and 3 via AA-".!%!3 DHA undergoes the water addition in
two ways. One is by formation of a bicyclic hemiketal (BH in Scheme 1) via the intramolecular
ring closure.'* The other is by formation of diketogulonic acid (DKG in Scheme 1) via the ring
opening.'® Further oxidation of DKG by HO» gives 4,5,5,6-tetrahydroxy-2,3-diketohexanoic
acid (THDH in Scheme 1) as the first channel.!® As the second channel, DKG reacts with H>O
leading to trihydroxybutanoic acid (threonic acid in Scheme 1) along with oxalic acid.!” The
threonic acid of the L-isomer is known to be a metabolite of AAH:.!® The acid is also formed
via L-threo-2-pentulosonic acid.'” In the third channel, DKG in the rat kidney is converted to
two pentonic acids (L-xylonic and L-lyxonic acids).?

Scheme 1 shows the main routes of the oxidative degradation of AAH: reported
experimentally. Since AAH, is known to be oxidized to the threonic acid with pentonic acids,”!
reactions up to the acid in Scheme 1 are thought to mimic physiological processes. In spite of
much experimental data accumulated, the following mechanistic questions have so far
remained unanswered.

(1) In Scheme 1, the step of AAH™ + OH- — AA-™ + H>O appears to include the hydrogen atom
transfer (HAT).?>2 However, the hydroxyl radical is a strong electrophilic species,?* and the
reaction between AAH™ and OH- is thought to be primarily an electrophilic addition.

(2) The step, AA-~ — DHA + ¢, appears to be an oxidation by one-electron loss. It is not clear
how the step is described by geometric changes.

(3) How many elementary processes are involved in two hydrolyses, DHA + HO — BH and
DHA + H>O — DKG? Is the hemiketal involved in the degradation channel?

(4) The step, DKG + H202 — THDH + H:O, is clearly a radical reaction; H2O2 should work as
20H: by the catalytic cupric sulfate'® to break the C(5)-H covalent bond of DKG. On the other
hand, in the reaction of DKG + H»O, — threonic acid, apparently the OH- radical cannot
participate in it. This is because the -C(3)(=0)-C(2)(=0)-C(1)(=0O)OH moiety of DKG is very

electrophilic and is not reactive toward the electrophilic OH- radical.
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(5) The route from DKG to the two pentonic acids apparently consists of H>O addition and
CO; elimination. There are two questions. The first question is why the two epimers are
generated in this process. The second is how the new C-H bond is formed at the o position of
the carboxylic group.

In order to elucidate these issues, DFT calculations of reaction paths were carried out.
While there are some theoretical studies of AAH, and the related species,?® those of reaction
paths including water molecules have not been reported. The condition used here is that one
AAH> molecule is exposed to OH- radicals in the reaction AAH, — threonic and pentonic
acids. Hydrogen bonds in the aqueous media would have a key role on the reaction mechanism,

and the role was examined carefully in models including twelve water molecules.

2. Method of calculations

The reacting systems were investigated by density functional theory calculations. The
B3LYP method?®?” was used. The basis sets employed were 6-31G(d) for all species. Geometry
optimizations and subsequent vibrational analyses were carried out including the polarizable
continuum model (PCM) solvent effect (solvent=water).?®2%3% Transition states (TSs) were
sought first by partial optimizations at bond interchange regions. Second, by the use of Hessian
matrices TS geometries were optimized. They were characterized by vibrational analysis, to
confirm whether the geometries obtained had a single imaginary frequency (v+). From TSs,
reaction paths were traced by the intrinsic reaction coordinate (IRC) method*!*? to obtain the
energy-minimum geometries. Energy changes during the elementary reaction changes were
computed from the sum of electronic and zero-point vibrational energies, "Et + ZPE". Free-
energy changes were also calculated. TS geometries were re-optimized by a higher level
computational method [M06-2X*/6-311+G** SCRF = (PCM, solvent=water)] to verify the
reliability of the B3LYP/6-31G* SCRF = (PCM, solvent=water) calculations. Since TS6 in
Figure 3 and TS18 in Figure 7 could not be obtained by this method, these were optimized at
the B3LYP/6-311+G** SCRF=PCM level only. All the calculations were carried out using the

GAUSSIAN 09 program package.** The computations were performed at the Research Center
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for Computational Science, Okazaki, Japan.

3. Results and discussion

(3-1) From AAH; to AA-" in the route [I]

Scheme 2 shows a reaction model, where AAH>, OH- and (H20)1> molecules are
included. The water cluster is needed to trace the ionization process, AAH> + (H20)1» — AAH™
and H3O"(H20):11. While the inclusion of more than twelve water molecules to stabilize the
oxonium ion is desirable, it complicates considerably the identification of the transition states.
The molecular formula of the model in Scheme 2 is C¢H33019. Other reacting systems were

constructed uniformly to have nineteen oxygen atoms (e.g., CéH31019" in TS20 of Figure 8).
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Scheme 2. The reaction model composed of L-ascorbic acid (AAH>), hydroxyl radical and

(H20)12 to trace elementary steps in the route [I] of Scheme 1.

By the use of the model in Scheme 2, reaction paths were investigated. Figure 1 shows
the geometries of the transition states (TSs) along the reaction paths. Those of the precursor

[AAH; + OH radical + (H20)i2] and intermediates are given in Cartesian coordinates in the

Supplementary Information.
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Figure 1. TS geometries along paths of the route [I]. AE is the relative energy in kcal/mol of
electronic and vibrational ones, and AG is the relative Gibbs free energy (T = 298.15 K and P
= 1 atm). Cartesian coordinates of TSs, precursor and intermediates are given in Supplementary
Information. The substituent R- is HOCH>-CH(OH)-. Distances (in Angstrom) and sole
imaginary frequencies (v's) of TSs without and with parentheses are those obtained with

B3LYP/6-31G* SCRF=PCM and M06-2X/6-311+G** SCRF=PCM, respectively.

TS1 is for the ionization with a very small activation energy (= +1.80 kcal/mol). After
TS1, AAH™ and H30" are formed. The ion-pair system has almost the same stability (AE = -
0.49 kcal/mol) as the precursor. The anion AAH™ may be subject to the electrophilic attack by
the OH radical. The attacking position was predicted by the shape of HOMO (the highest

occupied molecular orbital) of AAH™ shown in Figure 2(a).
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Figure 2. Frontier orbitals, HOMO, and SOMO in the radical species. (a) HOMO of AAH", (b)

SOMO of AA-". Values in parentheses are Mulliken electronic charges.

When the radical was located on C2 with the largest HOMO lobe,i a stable
intermediate (AE = -8.61 kcal/mol) with the HO----C2 distance 2.231 A was obtained. From it,
the electrophilic addition TS (TS2) is brought about to form the adduct anion radical. This
radical is stable with AE = -20.10 kcal/mol. Its geminal two hydroxyl groups undergo the H.O

elimination with one auxiliary water molecule at TS3. It has a small activation energy +6.65

8
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kcal/mol (-13.55-(-20.10)). The resultant anion radical is AA-~ with a significantly large
exothermic energy, -53.36 kcal/mol. This energy indicates that this species can be detected in
ESR experiments.'” The anion radical is even more stable than the neutral one AAH- (the
species la in Ref. 10) as shown in Figure S2. The conversion from AAH™ to AA-" is depicted
in Scheme 3(A). The direct hydrogen-loss path, AAH™ + OH- — AA-~ + H2O, could not be

obtained.

Apparently
H
—_—

2/',"'0/ O\cé O_| -H0
++0H R
L -

o. Hi, °
2 e

7N\, 2"

AA — DHA (B)

H, 0 fe) e
7,
///"C/ \C¢ _"HOH
++0H R™ \ /

"

Scheme 3. Two stepwise processes (A) and (B) including OH radical adducts. The substituent

R- is HOCH,-CH(OH)-.

(3-2) From AA-~ + OH: to BH in the route [II]

While the ascorbate anion radical (AA-") is a very stable species, it will be subject to
the electrophilic attack of the second OH radical. The attacking position may be predicted by

the SOMO (singly occupied molecular orbital) shape of AA-~, which is shown in Figure 2(b).
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At C2, SOMO has the largest lobe, and the radical-radical recombination therefore occurs at
this site. The (AA-~ and OH-) adduct with H3O"(H20)1: is taken to be the starting point of the
route [II] (and [III]). The adduct undergoes the H>O elimination at TS4 leading to the
dehydroascorbic acid (DHA) (Figure 3). Conversion from AA-" to DHA is illustrated in
Scheme 3(B). The activation energy of the dehydration is small, AE* = +8.52 kcal/mol, and

DHA is slightly more stable (AE = -2.16 kcal/mol) than the preceding adduct.

10
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Figure 3. TS geometries at formation of DHA and along paths of the route [II].

In DHA, the five membered ring is electrophilic due to three carbonyl groups, and the terminal
hydroxyl group of the side chain (R) moves toward the ring via the internal rotation (TS5).
After TS5, a DHA isomer with the C3----OH (the terminal OH) distance 2.528 A. A through-
space interaction (attraction) is involved in the isomer. Ring closure occurs via proton transfers
with two water molecules (TS6). The participation of the water dimer in the ring closure was
calculated to be likely on the basis of comparison of activation energies in a model reaction,
DHA + (H20), — 2,6-dioxa-5,8-dihydroxy-bicyclo[3.3.0]octan-3,4-dione (BH) + (H20)n, n=0,
1, 2 and 3 as shown in Figure S3. A bicyclic intermediate with the exothermic energy -13.80
kca/mol is formed, which reacts with the water trimer (TS7) to arrive at BH. While BH is an
identified compound,'* its lactone ring might undergo the cleavage to afford a carboxylic acid.
In order to check the cleavage, further processes were traced. The two transition states TS8 and
TS9 were identified, which are involved in the formation of the carboxylic acid ("BH+H>O" at
the end of Figure 3). However, BH+H:O is less stable than BH, and BH is the end of the route
[II]. Thus, while BH is a stable and probable intermediate, it does not undergo the degradation

and would be converted back to DHA to take the route [III].

(3-3) From DHA to DKG and a CO»-eliminated anion radical in the route [III]

The dehydroascorbic acid (DHA) is hydrolyzed to the diketogulonic acid (DKG) via
TS10 and TS11 as shown in Figure 4. The bond interchanges (mainly O-H---*O — O----H-O)

involved in these two TSs are sketched in Scheme 4.

12
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Figure 4. TS geometries along paths of DHA — the conjugate base of DKG in the route [III].

AE values in square brackets are of the acid-catalyzed reactions shown in Figure S4.
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Scheme 4. The ring-opening reaction, DHA — DKG, promoted by proton transfers through

O--H---O hydrogen bonds. At TSs, red broken lines stand for covalent bonds cleaved and blue

ones do for those formed.

H e,
AR BAS A
H H OH o)
fooR HOoOHH 9 2
Ho—ﬁ:—ﬁ;—c\:—ﬁ— : —ﬁ—o- HO—C—C—C—C—C—OH
H H OHO o) ,|_| ,L (')H (’)_

+ OH "+ H30*(H20)0 _ + CO, + H30*(H,0) 10 |
AG°=0 PN .\ y AG® = -49.74 kcal/mol
AE=0 C1-C2 : 1.601 (1.634) 2. AE =-50.86 kcal/mol

C2-065 : 2.416 (2.147) >
TS13

AG* = 6.84 kcal/mol
AE?* = 4.08kcal/mol
v =222 8icm’

(vt = 1357.1i cmrY)

Figure 5. A COz extrusion path starting from the conjugate base of DKG and OH-.

Between TS10 and TS11, an unstable intermediate with a tetrahedral carbon atom (AE= +6.39

kcal/mol) is formed. The activation energy of TS11, AE* = +19.54 kcal/mol, is too large for the

14



Page 15 of 26

Organic & Biomolecular Chemistry

neutral ester hydrolysis to occur readily. Since a proton is released during the ionization of
AAH, — AAH™ + H", an acid catalyzed hydrolysis is conceivable. Figure S4 exhibits the acid-
promoted (DHA — DKG) reaction. In the catalytic process, the activation energies are small
[AE*= +9.81 kcal/mol (TS10)] and [AE* = +6.29 kcal/mol (TS11)]. Both uncatalyzed and
catalyzed ring-opening reactions were calculated to occur through proton transfers with two or
three water molecules. DKG is ionized to the carboxylate via TS12 with a very small activation
energy, 1.12 (-9.88-(-11.00)) kcal/mol.

The carboxylate, i.e., the conjugate base of DKG, HO-CH>-CH(OH)-CH(OH)-C(=0)-
C(=0)-COO™ may be subject to the electrophilic attack of OH-. Figure S1(a) shows the shape
of HOMO-1 of the carboxylate, where HOMO is the 1 MO on the two carboxyl oxygen atoms.
Besides the in-plane lobes on the carboxyl oxygen atoms, there is a lobe at the carbonyl carbon
(C2). The most favorable attack site for OH- will therefore be C2. Then, the carbon will be
bound to the attacking OH-. According to the FMO prediction, the (O=)C2----+*OH- approaching
path was sought, and TS13 was obtained, which is shown in Figure 5. After the formation of
TS13, a bond is formed between C2 and O(65)H. This process leads to the evolution of CO».
It was found that the a-keto carboxylate undergoes the OH- electrophilic addition, which leads
to the decarboxylation, i.e., degradation. After TS13, an anion radical HO-CH,-CH(OH)-
CH(OH)-C-(-O")-COOH with a large exothermic energy AE = -50.86 kcal/mol is formed.

The shape of the SOMO of the anion radical is shown in Figure S1(b). As expected,
the largest lobe of the SOMO is at C1 (adjacent to the carboxyl group). At the carbon, the
radical-radical recombination with the fourth OH- takes place readily. Subsequently, the adduct
HO-CH>-CH(OH)-CH(OH)-C(OH)(-O")-COOH proceeds through a dehydration path similar
to TS4 (AA-~+ OH- — DHA in Figure 3). This leads to the formation of an a-keto carboxylic
acid HO-CH2-CH(OH)-CH(OH)-C(=0)-COOH (L-threo-2-pentulsonic acid in Scheme 1).
Following this step, the ionization of this species leading to HO-CH,-CH(OH)-CH(OH)-
C(=0)-COQ", the fifth OH- addition with the CO; elimination, the sixth OH- addition and the
H>O elimination give the threonic acid in a way similar to the conversion of DKG —

pentulsonic acid. Threonic acid HO-CH>-CH(OH)-CH(OH)-COOH is the final product,

15
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because no further o carbonyl groups are available for OH- addition.

(3-4) Formation of two pentonic acids

Page 16 of 26

In Figure 5, the product is an anion radical HO-CH,-CH(OH)-CH(OH)-C-(O")-COOH.

This anion radical may be subject either to the OH- addition via radical-radical recombination
to give 2-pentulsonic acid or to the neutralization. These reactions are shown in Figure 6. In
this sub-section, the latter process is examined. The alkoxide-ion oxygen O(5) is protonated at
TS14, and the neutral radical HO-CH>-CH(OH)-CH(OH)-C-(OH)-COOH is produced. The
radical may capture a hydrogen atom from a C-H bond of the other coexisting species. Here,
threonic acid is regarded as the starting species, and the hydrogen migration is shown as TS15.
The resulting radical HO-CH>-CH(OH)-C-(OH)-COOH (after TS15) may be the source of the
further degradation to product, glyceric acid and aldehyde (Ref. 1) as shown in Figure SS5.
Through the hydogen-atom capture of TS15, L-lyxonic acid (S configuration at C2) is
generated. The H. abstraction by threonic acid is also possible in the direction of the planar
radical center opposite to that shown in TS15. The possibility leads to the epimer, i.e., L-
xylonic acid (R configuration at C2). Figure 6 shows how the C=0 bond is converted to

CH(OH) moiety at the fourth atom (from the left) of DKG.
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addition of OHe

discussed
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H H OH 0]
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(Product in Figure 5)

neutralization
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HoOOHH O oo g
______ HO—C—C—C—C—C—OH
in sub-section (3-3) | 1° ? (|: (l: ? ﬁ OH — |L |L Cl)H g
—> H H OHOHO
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+CO, + Hy0*(H,0)0 o o (o)
2 2 12
threonic acid
T
¢ -_1\ :\‘fﬁ;}g A
2 14 m ]
AT :U"",]\f“./' vl -CO,
\' Lﬂ.f: —_— HO_C_?_(I:_._ﬁ_oH —_
L3 H H OH o}
TS14

C1-05 :1.310 (1.300)
H17-05 : 1.342 (1.295)
018-H17:1.113 (1.121)

+ CO, + (H,0)4

AG° = 2.02 kcal/mol
AE =-0.65 kcal/mol

AGt = -0.39 kcal/mol
AE* =-0.62 kcal/mol
v =147 .5i cm™
(v¥=89.8icm™)

W oHH OH o OH H « d P
LT 0 2 N N
HO—Cli—?—Cl:—.—ﬁ:—OH + HO—(ll—(ll—(ll—ﬁ—OH — b O
H H OH O H H OH O "r L P
threonic acid ukih—ﬁ
L + (H0)4 " 3
LF—Q ©
AG® =0 ¢
AE=0 C21-020: 1.402 (1.345) 1
C1-020: 1.391 (1.390) TS15
_ - AG* = 22.14 kcal/mol
III CI)H III (l)H AE* = 19.24 kcal/mol
HO—C—C—C— _ﬁ—OH vi=1752.2i cm™!
| l l 1 = i -1
H H OHH O (v =1574.2i cm™)
L-lyxonic acid
+
—>
T ?H glyceric acid
HO—C—C—C—C—O0OH ||—>—> *
[ I glyceric aldehyde
H H OH O o
shown in Figure S5.
+(H0)g :
AG° = -1.32 kcal/mol

AE =-2.93 kcal/mol

Figure 6. Formation of L-lyxonic acid starting from the anion radical given in Figure 5. All the

TS geometries are taken to have 19 oxygen atoms. Therefore, CO2(H20); is subtracted at the
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hydrogen abstraction step, resulting in the molecular formula CoH33019 of TS15 and its

precursor.

(3-5) Formation of threonic acid and oxalic acid

In subsection (3-3) the reaction of the conjugated base of DKG with the OH- radical
has been examined, in which the substrate is a nucleophile and reacts with the strong OH-
electrophile. In order for DKG to react without ionization, the OH- radical needs to be
transformed to the other species. The most likely transformation is the radical recombination
20H: — HO-OH. The combination of DKG and HO-OH might give a second degradation. In
fact, Deutsch investigated the reaction of DKG and HO-OH as described in the Introduction
and shown in Scheme 1.!%!7 A reaction model composed of DKG, H,0, and (H20)10 was

examined. The calculated paths are shown in Figure 7.
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Figure 7. Paths of a reaction of DKG (diketogulonic acid) and H>O», leading either to a pair of

the conjugate base of threonic acid and oxalic acid (a) or to two acids (b).

The first step was found to be a nucleophilic attack of OOH™ concomitant with the
deprotonation of HO-OH at TS16. This step is similar to the first one of the Dakin oxidation™
in ortho-hydroxybenzaldehyde, H>O, and NaOH where the OOH™ adds to the carbonyl carbon
forming an intermediate with a tetrahedral carbon atom. An ion pair intermediate with the C-
O-O-H moiety is formed after TS16. From the intermediate, two channels (a) and (b) were
found. In TS17 of (a), the OH migration and C-C cleavage occur at the same time. After TS17,
an ion pair composed of the conjugate base of threonic acid and oxalic acid is generated. In
TS18 of (b), the alkoxide oxygen is protonated, which leads to an intermediate containing the
C(OH)(OOH) moiety. Subsequently, OH migration and C-C cleavage take place at TS19. The
product contains two acids. While the paths in Figure 7 appear to be likely, the activation
energies of TS17 (AE* = +31.13 kcal/mol) and TS19 (AE* = +28.75) are large. This may
disfavor this process under kinetic control conditions.

Since DKG is ionized readily as shown in TS12 (Fig. 4), the proton catalyst might
contribute to lower the activation energy. Figure 8 exhibits a proton containing reaction starting
from the neutral intermediate between TS18 and TS19 (HOCH>-CH(OH)-CH(OH)-
C(OH)(OOH)-C(=0)-COOH in Fig. 7). This intermediate evolves through TS20 to generate a
geminal -OH pair. Then, the C-C bond may be cleaved readily at TS21, which leads to two
acids. The activation energy AE* of TS21 is +15.56 kcal/mol, which is much smaller than the
corresponding one, +36.46 (= +28.75(TS19)-(-7.71)) kcal/mol in Figure 7.

Thus, the simultaneous formation of threonic acid and oxalic acid is brought about by

the combination of the electrophile DKG and the nucleophile HO-OH.
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Figure 8. An acid-catalyzed conversion of the HO-CH,-CH(OH)-CH(OH)-C(OH)(OOH)-

C(=0)-COOH intermediate to the product of two acids.

It is noteworthy that the reaction energies of the three products in Figures 7 and 8 are
-108~ -109 kcal/mol. These significantly large exothermic energies indicate that the reaction

from DKG to threonic and oxalic acids occurs under thermodynamic control.

4. Concluding remarks

In this work, DFT calculations were performed to investigate the reaction paths of L-
ascorbic acid (AAH>), hydroxyl radical and water clusters. FMO analyses were also made to
identify the OH- addition site at the substrate. Calculated elementary steps along with probable
ones were designated [a], [b], [c].... and [p] and are shown in Scheme 5(A), (B) and (C). Routes

[T], [II] or [III] are the same as those in Scheme 1.
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Scheme 5. Summary of the present calculated results and the proposed routes from AAH:> to
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species in boxes. The numbering of carbon atoms for AAH: is retained in all structural formulae.

Each step is explained in Supplementary Information.

In the Introduction, five questions have been raised, and they may be answered on the
basis of Scheme 5.

(1) While the reaction of AAH™ + OH- — AA-" + H>O in the route [I] appears to occur via the
HAT mechanism, it consists of an OH- addition (the step [b]) followed by dehydration (the step
[cD).

(2) The oxidation, AA-~ — DHA + ¢ in the route [I], consists of a radical-radical recombination
(the step [d]) and the subsequent dehydration (the step [e]).

(3) From DHA, the ring closure (the step [f]) and the subsequent hydration (the step [g]) lead
to a bicyclic hemiketal intermediate (BH). The ring opening of BH generates an unstable
carboxylic acid. Then, BH is not involved in the degradation channel. The ring opening process
of DHA — DKG in the step [h] is an acid catalyzed ester hydrolysis.

(4) DKG and other a-keto carboxylic acids are ionized to become carboxylates, i.e.,
nucleophiles, which are subject to the addition of OH- leading to the CO, elimination
(degradation).

(5) The neutral radical R-CH(OH)-C-(OH)-COOH has a planar reaction center, which may
capture hydrogen atom from two out-of-planar directions leading to two pentonic acids
(epimers).

DKG reacts with the hydroxyl radical so as to form the threonic acid in two ways. One
is formation of the anionic site subject to the electrophilic OH- addition in Scheme 5(B). The
other is the radical-radical recombination of two OH- to give the nucleophile HO>™ where the
substrate DKG is an electrophile. Both routes are consistent with the dual appearance of the
threonic acid in Scheme 1 of Ref. 19.

As a whole, the oxidation and degradation of vitamin C therefore occur via a donor

(AAH>) - acceptor (OH-) reaction pathway.
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Footnotes

1 Electronic supplementary information (ESI) available: Figures S1-6, auxiliary explanations
to Schemes 1 and 5, and Cartesian coordinates of the optimized geometries and energies.

1 In Figure 2(a), there is also a lobe on the anionic oxygen bonded to C(3). The lobe might be
subject to the OH- addition. To check the possibility, an adduct geometry with the C(3)-O-O-
H moiety was optimized, where the O-O bond distance was assumed to be 1.47 A. However,
the optimization leads to a different geometry with the C(3)-O-----H-O moiety. The result may
be interpreted in terms of the kinetic preference (HOMO extension) and the thermodynamic

instability of the adduct for the OH- attack onto the anionic oxygen.
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