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The reaction between the OH radical and furfural and the first stages of the subsequent processes have been
investigated in detail. The model proposed for the overall kinetics has been verified by means of linear and
nonlinear fittings up to the millisecond range. The identification of the intermediates has been based on ab
initio optimized production enthalpies, as well as on the comparison of semiempirically predicted electronic
transitions with the spectra observed after pulse radiolysis. The radical attack produces a radical adduct to the
ring in position 5k = (4.7 + 0.8) x 10° M~1 571, which in sequence undergoes firsf-@leavagek = (4.7

+ 2.4) x 10° s71, and then a 46 hydrogen transfek = (3.4 &+ 1.3) x 10* s'%. The final decay to a very

low absorbing molecule occurs through a second-order readtien(3.0 £ 0.5) x 1® M1 s,

Introduction transients involved was given. The nature and destiny of the
) ) ) intermediates formed upon reaction of OH with furfural is the

A synthetic compound derived from furfural and sorbitol - gypject of the present paper. As the energetics of OH attack

(sorbitylfurfural) has been recently exploited in the cosmetic 4nq of ring opening had not been investigated, we decided to

industry as a skin-protecting agent. This activity is in connection compyte the enthalpies of various reaction paths and to verify
with its antioxidant properties toward damaging radicals natu- \yhether the electronic transitions of the intermediates could fit
rally present in the atmosphere, like OH, HyQ etc. Inthis  he opserved UVvis spectra. The kinetic traces were then

context we undertook a thorough investigation on the oxidation g pmitted to a nonlinear fitting routine from which rate constants
of sorbitylfurfural and its separate components due to the OH 5nq extinction coefficients have been derived.

radicals. The present paper is part of this study and deals with

the mechanism of OH attack on furfural in water at natural pH. Materials and Methods

Furfural (2-furaldehyde or furan-2-carboxyaldehyde) is a well- . . .

known natural compountiused extensively in the vegetable Furfural (_Fluka_punss) was used as recelved._ Solutions were
oil, petroleum, plastics, and rubber industries. It is produced Prepared with Millipore (Milli-Q) water, purged with argon, and
from agricultural wastes containing pentosan via dehydration then saturated with 0. The natural pH of the system was 6.7.
with acids. Its use as a viable plant-derived biochemical _Pulse radiolysis experiments were performed by using the
alternative to petrochemicals is being explored, in the attempt 12 MeV linear accelerator (Linac) at the FRAE Institti2etails

to reduce pollution. Nevertheless, furfural is also a pollutant ON the optical detection system, methods, and computer treat-
agent: the combustion of wood material and other biomass Ment of data are described elsewhereulses of 1650 ns
causes the dispersion of aromatic carbonyl compounds amongf€livering doses from 3 to 70 Gy were used. The radiation dose
which the presence of furfural has been reported. Some recent?®’ Pulse was monitored by means of a charge collector plate
studied claim that, under the action of light, furfural participates Calibrated with an @saturated solution of 0.1 M KSCN and

in an atmospheric cycle which leads to the final production of DY tBkingGesoo nm= 2.15x 10* (100 eV)* M* cm™*, where
hydrogen peroxide, a known precursor of acid pollutants. G ande are respectively the usual radiation yield and extinction

Spectroscopic and kinetic data on the OH-induced degradationcoeff'c'e.nt for the _(SCI\b)‘* radical. Absor_ptlon spectra of
X . . . nonirradiated solutions were recorded with a Perkin-Elmer
of furfural are scanty in the literature. An intermediate structure

has been identified by Schufest al. on the basis of the ESR  -20oa 3 specrophotometer.
spectrum of electron-irradiated furfural in aqueous solution, Yy op P

RN . - : o performed by using the Gaussiaf®h a Digital Alpha AXP
!ndlcat[ng the opening qfthe furanic ring following OH addition 3000/500, at the HF level, utilizing a 3-21G* basis. The
in basic solution. A similar mechanism had been proposed ~ "~ . . ; e .
previously by Lili¢ in a pulse radiolysis study of furan in optimized geometries were then used in semiempirical excited-

aqueous alkaline solution. A few kinetic data from competitive state computations ba;ed on ‘h‘? ZINDO/S Ham.lltoWian
methods were reported by Savel'8vand Vysotskayh on yielding excitation energies and oscillator strengths. Finally, the

: . S spectral data thus obtained were convoluted to output a
y-radiolysis, but no characterization of the processes and of the o ; .
qualitative representation of the UWis spectrum for each

. g roud bo add 3 9 0516399 species considered; a Lorentzian expression was used to
* To whom correspondence should be addressed. 51 774, i i i i
Fax: + 30 0516399844, E-mail: emmi@rae.bo.chr it calculate, for each tranS|t|on, the intensity of the bands, WhICh
T FRAE. were then summed up to yield the spectrtiiithe electronic
* Universitadi Bologna. transitions of furfural itself were computed as a first step to
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T T T T J T of N,O-saturated aqueous solution at natural pH, thus converting
osk ; . — ] aqueous electrons into OH. At natural pH the concentration ratio
B N e of the resulting radicals was considered to be 91% of OH and
9% of H (G(OH) = 5.8 andG(H) = 0.55). The reactions of H
n: atoms are usually close to those of &Fand will not be
O 04p 1 specifically considered in this paper.

After irradiation an increase of optical density is observed in
. the UV—vis region, with intensity peaks centered at 245, 315,
0.0} tiieaieiieeieieeill. - 400, 440, and 560 nm, as shown in Figure 2. Between 250 and
2(')0 360 4(')0 5(')0 660 760 300 nm a innq zone is present Where furfural itself absorb;.
Therefore, partial observations in this area can be made only in
Wavelength (nm) very diluted samples. The intensities at 315 and 440 nm increase
Figure 1. Comparison of experimental and computed spectra of furfural UP t0 5us and then decrease, while in the same time frame the
([furfural] = 6.03 x 1074 M; optical path= 0.1 cm). Computed data  peaks at 400 and 560 nm increase continuously. An isosbestic
are normalized to the experimental maximum of absorbance. point can be observed around 350 nm in the time frame between
) . ) . ) 5 and 45us (see inset in Figure 2), indicating that a conversion
verify the reliability of the semiempirical methd@Their values of a species into another is taking place.

were convoluted to reproduce the spectrum in Figure 1. The  1pq optical density changes at the two more prominent peaks
agreement between experimental and computed bands supports,e jjustrated in Figure 3i(= 315 nm) and Figure 4i(= 400
the further application of the method to the furfural-derived nm). Similar behavior is presented at 440 and 560 nm

species. _ _ _ respectively. Absorbance changes vs time are similar at all

Linear-fitting was used to test if the behavior of optical yncentrations and irradiation doses used.
densrgles Vs time can be mterpretegl by simple kinetic models By examination of the spectra (Figure 2) and kinetics (Figures
by using two programs developed in Asyst langu&ge. 3 and 4), a series of consecutive processes can be recognized

Nonlinear (curve) fitting was carried out by using the \ nich can be schematically drawn as follows. At [furfurai]
Facsimile chemical modeling packalfelt uses numerical 0.12 mM the OH attack goes to completion within /&,
techniques and a special high-level programming language in ,;oqycing one or more intermediates with peak absorptions at
which chemical reactions are expressed as ordinary differential 315 4nd 400 nm, with a 4:1 ratio. Thereafter the absorptionin-
equations. Facsimile contains a parameter-fitting option, whereby ..caces at 400 nm and decreases at 315 nm: ie. these
specified parameters can be adjusted with a recursive calculation,iermediates are transformed into other species which, although
to minimize the sum of the squares of all the residuals for all absorbing in the same region, cause a reduction in the ratio
the data. For @ numerical evaluation of the fitting quality the 5p5ve Further reactions then lead to bleach the spectrum in
usual reducegt? paramete¥® is reported in the legends of the  yhe millisecond time range, leaving a weak residual absorption.
figures. Three approachedinear-fitting, ab initio optimization fol-
lowed by semiempirical computation of spectra and comparison
with the experimental ones, and curve-fittinlgave then been

1. Pulse RadiolysisFurfural in concentrations ranging from  applied in order to unravel the kinetics and to conjecture a
1.2x 10*to 1.8 x 10-3 M was investigated by pulse radiolysis mechanism.

Results and Discussion
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Figure 2. Time-resolved spectra after pulse radiolysis of £.207* M furfural in an N;O-saturated solution at natural pH. Curved arrows indicate
a bleaching after an absorbance growth. Desg7 Gy, pulse length= 20 ns, and optical patly 5 cm. Inset: enlargement of the isosbestic point
region, spectra selected from 5 to 4§ after the pulse.
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Figure 3. Seqéjence alt differe_nr: E;me scales of the plroces:ses observedrig re 4. Sequence at different time scales of the processes observed
at 31f5 “fm 5;”_ gaéléra p(l)-|_,4W|t ose 18 Gy, optical path= 5 cm, at 400 nm and natural pH, with dose 18 Gy, optical path= 5 cm,
and [furfural] = 6.03 x 10°* M. and [furfural]= 6.03 x 1074 M for all the traces except at 1 ms/div,

for which dose= 17 Gy and concentratiosr 1.2 x 107 M.

2. OH Attack and Species Identification. The observed
formation rate constant varies linearly with furfural concentration ~ Even though an adduct in position 5 was identified by ESR
at 315 nm but not at 400 nm; in fact, here linearity is broken spectra on a series of furanic ringsye tried to rationalize
when furfural exceeds 1.3 mM. Therefore a linear fitting hypotheses and observations by studying in detail the energetics
produces two different buildup rate constants at two different of the above reactions.
wavelengths. This discrepancy suggests that the observation of In principle five adducts can be producet®-2, 1A-3, IA-
the OH attack is entangled by the instability of the products. 4, IA-5, or IA-6 (Chart 1). The acylic radicdB 22 is expected
Actually, by comparison of the corresponding curves of Figures to show an absorption maximum at ca. 315 nm as it was reported
3 (315 nm) and 4 (400 nm) on the scale of&Jdiv, it should for an analogous species (derived frogHgCOCI?* and a very
be remarked that, while the product decays plainly at 315 nm, weak absorption at 400 n#25Finally, an electron transfer can
it grows in a more-than-one-step behavior and then decays atproduce the radical catiohC, as proposed by Shiga and
400 nm. Hence, OH-induced degradation of furfural follows a Isomoto?2
more complex kinetics. As reported in earlier studies on the  The ab initio optimization of the structures of Chart 1 leads
furanic ring2* OH attack is followed by consecutive rearrange- to the values of the sum of electronic and thermal enthalpy
ments of the derived radical, which afterward finally decays. (SETE) reported in Table 1. These values were used to calculate

About the possible attack paths, dealing with alipHatit® the enthalpies of the reactions in which each species is produced,
and aromatit®2! aldehydes and furanic®22 compounds, the by applying the usual Hess's law.
literature reports three possible routes which, in the order, can As expected;® attack in position 5IA-5), producing a
produce either an adduct radical, an acylic radical, or a radical resonant allylic radical on carbons C2, C3, and C4 (see Chart
cation. 1), turns out to be more exothermic than any other path by 14
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TABLE 1: Enthalpic Parameters and Electronic Transitions SCHEME 1
Concerning the OH Addition Step
reagents production calcd c/ \ .0 3
and enthalpy electronic [T > He "N (3a)
products SETE(au) (kcal/mol) transitions (nm) H
furfural  —339.349 8 225, 285 (1A)
H, —1.106 848 \
OH —74.958 703 < )\:{ . o
H.O —75.560 416 PN - o _C—¢” (3b)
OH- ~74.858 678 Ho 0" C o Tw
IA-2 —414.337 811 —18.4 277,294
1A-3 —414.328 772 —12.7 280, 332 (IA-5) (ms)
IA-4 —414.303 597 +3.1 266, 314
1A-5 —414.360 572 —32.7 313, 331, 422, 479, 544 H H
IA-6 —414.332 431 —15.0 221,261 NepeenCl
B —338.740535  +4.7 300 7
IC —339.058 604 +245.5 311, 600 — H—C\s \?2—0{ (3c)
/,
aSETE: sum of electronic and thermal enthalpies for optimized Oy O H
structures. (mec)
CHART 1 SCHEME 2
H
\ / \
Cs—C .. c
//4 § o OH + nc//o il H)("(c\ Wt 1
H/c.’l\ /CZ\C{/ (o) ~N H HO o/ C\
01 \ H
H 1A-5
(Furfural)
OH + OH —_— H,0, 2)
H OH OH
é/ OH ﬁ” H [o) H H
;/ . 0 N/ \ / N
O)< c” /O /C\ci/ H/c.\o C. o C'4—Cg\\ o B - cleavage //c‘"'.c& 0
\ H H— Crp? D Cs £—C 3
H H /Cs\ - 2~c¢/ $ /f: s )
HO o5 H O -0y H
(1A-2) (1A-3) (1A4)
. 1A-5 ne
H 'c‘\< IX\?H . oM Ho M
N o GO C—C C=C
HO O C I-li J . \ O  H-transfer VA \ P
e % — O o
(IA-5) (1A-6) H--~04 H 0-. -0 H
ne ve
o c’ b_ . C// ivCc + IvC —_— final products 5)

TABLE 2: Enthalpic Parameters and Electronic Transitions

(18) Concerning the Possible Products of IA-5 Transformation

(i1c)

kcal/mol. The spectral data are also reported in Table 1. Radical pé%?.h‘;f;,ﬁ’,” eé&'ﬁf’mc exptl
IA-5 is the sole radical showing electronic transitions located species SETEau) (kcal/mol) transitions (nm)  bands (nm)
in the UV as well as in the visible region, thus satisfying the 1A —338.721308 +49.5 376
expectations from the pulse radiolysis spectrum. B —413.244658 +57 297,429,519
INIC —414.363294 —1.7 307,395,565 300,400, 450, 570

The acylic radical IB) and the radical cationlC) can be
ignored, since besides lacking absorption at 400 nm their aSETE: sum of electronic and thermal enthalpies of optimized
production could be justified only if a large entropy change structures.
could balance an unfavorable enthalpy. The production of an
amount of acylic radical cannot be excluded, but its quantitative of a new carbonyl group, it occurs even if the transformation is
contribution should be so little as to become negligifilae expected to be endothermic. The above mentioned sfifdies
expectation thatA-5 is the intermediate of choice finds then moreover identified a similar structure at alkaline pH. On that
new basis of support. account, cleavage ifi-position is generally accepted (Scheme

3. Processes Involving the OH AdductAdductlA-5 does 2), although, in some cases, a rearrangement thratdbavage
not dimerize but disappears via a first-order process. Threehas also been pointed offt.Actually this path entails the
tentative examples of monomolecular rearrangements are reformation of an intermediate carbene structure localized on
ported in Scheme 1, two of whietwater and hydrogen  carbon C4, an event that requires a substantially high enthalpy,
elimination—are usually considered very unusual or not possible. which ab initio calculations assessed/d = 63.9 kcal/mol.
However their reaction enthalpies have been calculated in view Thusa-cleavage will not be taken in consideration any further.
of the extended conjugation presented byprodulidés and The data reported in Table 2 show that while deaquation
B, respectively. Ring openingll(C ) is reported to be (formation of IlIA) and hydrogen elimination (formation of
entropically favored; and when accompanied by the formation 11IB) are endothermic to a different extefitcleavage (forma-
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Figure 5. Spin density distribution of the intermediate radichl€ andIVC formed in the degradation of the OH adduct of furfural after pulse

radiolysis in aqueous solution at natural pH.

tion of IlIC) is a slightly exothermic process. However, this
process is found to be exothermic only if it forms a structure
where the OH attacking group is directed toward the furanic
oxygen O1 gynorientation). On the contrary, if the OH group
and O1 are iranti-orientation, the process results endothermic
by 9.3 kcal/mol. The driving force in the former case could be
the gain of stability supplied by the formation of a H-bond

between the OH attacking group and O1. Such an H-bond has

been predicted in the optimized structurdlt€ , as the distance
between H and O1 is shorter than 3.2 A and the angi¢i©0

is higher than 1590 (the values found in our case are 1.76 A
and 155.5, respectively). In the OH addudi-5) conjugation

in the m-system is reduced because carbon C5 becomes

tetrahedral; however, following G501 bond breaking, the
formation of an H-bond helps radiclIC to find a new planar

arrangement in a pseudo-7-atom-ring which allows, again, a

large conjugation ofz electrons. Last but not least, this

configuration appears to be the necessary intermediate to allow

a further rearrangement into an even more stable radi¢@l)(

(Figure 5) where conjugation is extended to the aldehyde group.

This occurs, in fact, with a production enthalpy equatt6.5
kcal/mol, via a 6 oxygen-oxygen H-transfer and the
formation of a new carbonyl bond (€8) (reaction 4/Scheme

2). The above considerations apply at near neutral pH, while in
alkaline solutions the mechanism can also proceed through the

formation of an anionic intermediaté.
4. Spectra. The correspondence of many of the electronic
transitions predicted foHIC with most of the experimental

0.08 — v T v v T
IA-S: Experimental
----- Computed
_0.04f J
A
=}
<
0.00 \J
200 300 400 500 600 700
Wavelength (nm)
0.2 T — T T
Ia-5+1IIC : Experimental
0.1} ;
0.0 \J

300 400 500 600 700

Wavelength (nm)

200

bands prompted us to attempt a detailed spectral verification of rigyre 6. Comparison of experimental and computed spectrum of pulse

its presence among the reaction components.

irradiated furfural ([furfurall= 1.2 x 10~4 M; N,O-saturated solution;

As the rapid transformation undertaken by the radical prevents natural pH; dose= 17 Gy; pulse lengtk= 20 ns; optical path= 5 cm).
the isolation of its spectral contribution, we simulated the pulse Computed absorptions were normalized to the experimental maximum.

radiolysis spectra obtained at the two key times of 1.2 and 5
(Figure 2) by making use of the calculated transitions of both
IA-5 andlIlIC , of their oscillator strengths, and of their relative

(a) Experimental spectrum recorded L3 after the pulse. (b)
Experimental spectrum recordequS after the pulse. Each computed
absorbance contribution accounts for the concentration of the species
calculated with the parameters listed in Table 3.

concentrations as calculated by curve fitting data (see next

section).

The sum of the convoluted spectral contributiondi@¥ and

The elapsed time of 12s represents that stage of the process |A-5 (Figure 6b) appears to describe satisfactorily the experi-

when the hydroxylated radicéh-5 is mostly responsible for

the 315 and 400 nm peaks. Its computed optical contribution,
normalized to the experimental intensity of the 315 nm peak,

is shown in Figure 6a.
At the second key time of bs, the 315 nm absorption reaches
its maximum intensity, while the 400 nm band is still growing:

mental spectrum, reproducing the position of the five main bands
at both times. The agreement of the simulated spectra is also
remarkable from the dynamic point of view, since from Figure
6a (1.2us) to Figure 6b (5us) the ratioAs;5As00 diminishes,
as it actually occurs experimentally (see section 1).

5. Curve Fitting. The proposed kinetic model reported in

the radical attack went to completion and, besides the adductScheme 2, has been submitted to a curve-fitting procedure. The

IA-5, radicallllC is present as well.

fitting was performed at the two most representative wavelengths
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TABLE 3: Optimized Kinetic Constants and Extinction T T~ T T
Coefficientst P 0.16} IE] ]
€ at 315 nm € at 400 nm ] R —_—
kinetic constants M~tcm? (M~tcm b a
ki = IA-5: 6220+ 393 1A-5: 648+ 95 C o.08} g o E
(474 0.8)x 1P M 15t < - B
kz = é”a
55x 10° M~1s1 (ref 29) o0
= IIIC : 42104 328 IIIC : 13704+ 111 0.00} = tme(ns)
(4.7+£2.4)x 1P s? . : : \ .
ks = IVC: 2320+ 372 IVC: 1740+ 160 0 10 20 30 40 50
(34+13)x 10¢st time (us)
ks = final product: final product: 0.12 — ; T T

(3.0£05)x 1M 1s? 880+ 250 370+ 130 [b]

aError limits represent two standard deviations.

(315 and 400 nm), for different concentrations (G-128 mM)
and doses (1070 Gy).

The sole fixed values were the OH recombination rate
constank, = 5.5 x 10° M~1s71 29and the extinction coefficient ' O e L)
of furfural, e315 = 265 M~ cm™! andesgo= 0 M~1 cm™1. All 0.00 = . , )
the other kinetic and spectral parameters were optimized to 0 50 100 150 200
obtain the best fit. The average values of these parameters are time (ps)
summarized in Table 3. As representative examples, various oasl T T
fittings are illustrated in Figure 7. While plots 7a,b represent ) E]
the core of the kinetic process at two different concentrations
and wavelengths, plot 7c shows the final decay of the radical 0121
species at higher dose rate and concentration. o)

Itis highly remarkable that two first-order reactions (reactions < .06t
3 and 4) and a second order (reaction 5) in sequence are
necessary to allow the iterative nonlinear fitting to reach a
consistent and homogeneous minimization of errors. On the 0.00 _ 1
contrary we verified that models differing from Scheme 2 could 0 5 10
not match the parameters at two different wavelengths or time (ms)
concentrations or doses: I ree}cFiOﬁH-transfeHs removed Figure 7. Output of the best fittings of the reaction model reported in
from the model, the quality of fitting is greatly reduced and the Scheme 2: (a) [furfural= 1.2 x 104 M, 2 — 315 nm, dose= 17 Gy,

%2 value gets 100-fold worse. ) ) optical path= 5 cm, goodness of fitting? = 1.97 x 10°5; (b) [furfural]
The rate constant value found for ring opening at pH &7, = 6.03x 104 M, 1 = 400 nm, dose= 18 Gy, optical path= 5 cm,

= (4.74 2.4) x 1(° s71, is somewhat lower than that reported goodness of fitting:2 = 2.52 x 107¢; (c) [furfural] = 1.08 x 1073 M,

by Lilie4 for furan, but the latter has been evaluated in alkaline 4 =400 nm, dose= 70 Gy, optical path= 5 cm, goodness of fitting

solution where the cleavage seems to proceed through am’ = 1.44x 107 Insets: diagram of residuals.

intermediate anionic species.

e
2

Residuals
:
3

0 10

5
time (ms) 4

and its structure is such as to facilitate-a6Llhydrogen transfer
mediated by H-bonding. A rearrangement into a new radical
(IVC), which leads to a wider spin delocalization extending
The nature and fate of the radicals produced in the pulse over the aldehyde group (Figure 5), is thus likely to occur. In
radiolysis of aqueous solutions of furfural at natural pH were fact, it has been found that such a rearrangement is exothermic
investigated by combining transient absorption spectra and and fits the complex experimental absorption curves. Then its
kinetics with various computation methods: linear and nonlinear final destiny appears to be the transformation into a low
kinetic fittings, ab initio computed reaction enthalpies, semiem- absorbing product via a neat second-order reaction. At the
pirical computed electronic transitions, and simulation of present stage of the work it cannot be said if the nature of this
transient spectra. A nonlinear fitting, used recursively until the process is a dimerization or a disproportionation.
kinetic parameters were consistent with each other at various
wavelengths, concentrations, and doses, discloses that linear
fitting is inadequate to describe the sequence of rapid transfor-
mations undergone by the OH adduct. A negative enthalpy of this work. We are obliged to Dr. V. Bertelli of Laboratori

reaction, larger than that leading to any other adduct or eleCtron'Fitocosmesi e Farmaceutici srl (Milano, Italy) who kindled our

transfer proo'luc@, favors t'he formation of a 5-hydroxylated radical interest to the antioxidant properties of furfural derivatives. The
(IA-5), confirming previous reports. The simulated spectrum

. : ) ; . . - skillful assistance of A. Monti with the pulse radiolysis
of IA-5 is also in agreement with this conclusion, and if reaction . S - .

. : e equipment and of R. Cortesi with a wide range of computers is
branching occurs, it seems to be limited to a very low extent. highlv appreciated
The 5-hydroxylated radical suffers, then, a ring bond breaking ghly app )
(B-cleavage); its product is a planar conjugated radidiL (),
characterized by a spin density almost equally distributed along References and Notes
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