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The mechanistic details of the hydroxyl radical-induced transformations of quinoline have been elucidated.
The nature and distribution of the final products have provided insight into the preferential attack of the
hydroxyl radicals at different sites on the aromatic rings. Hydroxylated products at all of the carbon atoms
but one, C2, have been observed and quantified following controlled radiolysi©apirged aqueous quinoline
solutions. The difference in the growth pattern and the lifetime of the monohydroxylated products under
radiolytic conditions, as well as the formation of high-molecular-weight products (e.g., quinoline dimers),
shows the complexity of th#®DH reaction pathways. The radiolytic yieldS ¢alues) for the degradation of

the quinoline and the formation of the hydroxylated products are calculated in the absence and in the presence
of an oxidant, KFe(CN). The addition of KFe(CN)} changes only the distribution of the hydroxylated
products. These experiments indicate that the nature of the hydroxylated products is determined in the initial
addition step of the reaction of the hydroxyl radical with quinoline, whereas the chemistry of the OH adducts
is relevant to the distribution of the final products. The discrepancy between the prodyetadiblysis and

the photo-Fenton reaction of quinoline is also discussed.

Introduction vary dramatically. Changes in the reaction conditions can also
introduce further complexit§?=27 Conflicting information
regarding the exact contribution and role of the hydroxyl radical
has hence generated uncertainty about its reactivity and the
reaction mechanism. For example, to probe the reactivity of
*OH in solutions, many experimental studies use Fenton’s
reagent (a mixture of ferrous ions and hydrogen peroxide) as
the source of free hydroxyl radicals. Although the Fenton
reaction is more than a century d¥ethere is still no consensus

in the literature about the mechanism and the key intermediates

The hydroxyl radical is a ubiquitous reactive species that has
attracted a lot of interest from scientists in a variety of
disciplines/fields.™11 It is the species responsible for the
initiation of the tropospheric oxidation of aromatic com-
pounds>1215+0H is also an important reactant in environmental
remediation for organic pollutants because it is considered to
be one of the main oxidizing species in advanced oxidation
processes (AOPS$)Y618 The hydroxyl radical is generated

during biological oxidative stre&sand plays a very important responsible for the oxidatiol-3 Walling and Johnsdi

. 200 X > ) i
;?:3 Iirrll I?J]\éA iatlrrga%én.eslitslZ?ilbenzggotgsbgémeprlllgraatﬁ\(/jelno?%rr:?onicremrted various isomer ratios of cresols in the hydroxylation

: 122p g 9¢ ; . of toluene with Fenton’s reagent, whereas Eberhardt and co-
diseased!??The occurrence of hydroxyl radicals during radia-

tion therapy is a matter of immense concern. Despite the eﬁortworker§5 reported different isomer ratios while studying
to elucidate the mechanisms of the reactiorn@il with organic aromatic hydroxylation by radiolysis. Both experimental and

compounds over the last several decades. the reactivity of thetheoretical studies have shown that oxidizing species other than
P - . ' Y Ol € 0+0H radical can also contribute to the reactivity in the Fenton
hydroxyl radical has remained complex, and the ambiguities

concerning the mechanistic pathwavs have often lead to systems. Buda and co-workétslid a theoretical study of the
erning P Y Fenton reaction and suggested that the high-valent ferryl
conflicting remarks.

S S . complex Fe(IV)3* is the active intermediate in the oxidation
In many oxidative processes, mechanistic information was

. . . reaction, as proposed in a previous st&dirhe issue of the
sought on the bagls of the ana_ly5|s of the final hydrpxylated prevalent mechanism in the Fenton reaction is also of great
products’?324The isomer ratios in aromatic hydroxylation are interest in biological researd®3”
often used as proof of the presence or the absence of the The importance of the radiolysis studies in establishing

i 3-25 i
hydroxy! radicaf Becayse the_ hydroxyl radical may not mechanistic details comes from the fact that they represent a
be the only or even the main reactive species produced in many

L . U clean source for the generation of oxidative radicals whose yields
oxidative reactions, the nature and distribution of the products .
are precisely known. Therefore, the product spectrum observed

in y-radiolysis has been used as a reference by studies interested
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report our experimental investigation of the mechanistic aspectsTABLE 1: HPLC Gradient Program

of the reaction of the hydroxyl radical with quinoline (aqueous
solutions) usingy-radiolysis. Quinoline, an N heterocycle, is
part of the structure of many antiseptics, antibiotics, and other

time (min) 0 3.5 18 20 29 35 45
30% methanol 100 85 60 50 50 100 100
acetonitrile 0 15 40 50 50 100 100

pharmaceuticals, and it is also used as a raw material and solvent

in the manufacture of dyes, herbicides, and pafhuinoline

Under these condition§(*OH) is ~5.4 andG(H*) is ~0.55

was chosen in a previous study as a molecular probe used tonolecules/100 eV. In other words, about 90% of the radicals

clarify the mechanism oDH oxidation of aromatic pollutantg.
We started the investigation of the reactivity *@H toward

formed in the NO-saturated aqueous solutions are @&l
radicals.

quinoline as a first step in understanding the environmental fate ~ Procedures. y-Radiolysis experiments for product studies

of an imidazolinone herbicide, Imazaquin. The reaction of
quinoline with*OH comprises two events: the initial attack
leading to the formation of radical species with finite lifetimes

were conducted in a Shepherd 18%o source and were
repeated at least three times. The dose rate-wlaskrad/min,
as determined by Fricke dosimetry. Glass vials (Fisherbrand,

(OH adducts) and the transformations of these species to yield19 x 65 mn¥) were filled with 10 mL of quinoline solution

the steady-state products. As shown in our earlier pulse
radiolysis study*? the formation of OH adducts occurs with a
diffusion-controlled rate and is completed on the microsecond

(pH ~6), sealed with rubber septa, and saturated wid Nas.
To study the degradation over time, a sufficient number of
samples were placed in th%o source to allow one to be taken

time scale. However, the decay of these transients is greatlyout after different irradiation times for later HPLC analysis.

influenced by the medium. To get a snapshot of the ini@a

When KgFe(CN)} was used, it was added aftepr@ purging

attack, the course of the reaction was altered by introducing anand just before the irradiation. Aluminum foil and amber vials

oxidant—KsFe(CN)— into the solution. The presence of such
an oxidant ensures fast, quantitative conversion of the OH
adducts to the final products. The monohydroxylated products
formed upon irradiation of pD-saturated solutions of quinoline

were used to prevent any photooxidation reaction in room light.
For the quantification of 8-hydroxyquinoline, vials containing

30 mL of N;O-saturated quinoline solution were irradiated in a
Shepherd 109°Co source (14 krad/min dose rate). Immediately

are identified and quantified in the absence and the presence offter the irradiation, 30QuL of the internal standard (4-

KsFe(CN), and the results are compared to a previous study
of this systerf? in which the hydroxyl radical was generated

during the photo-Fenton reaction. These results are comple-

mented by DFT computational studies of the attackQil on

nitrophenol, 0.4 mM) was added to each vial. The aqueous
solutions were extracted with 8 10 mL of dichloromethane.
The organic phase was concentrated (by flowing Ar above the
solution) to around 1 mL before being injected into the GC. To

quinoline, which are presented separately in the second part ofdetermine thes values, four identical vials containing each 25

the study??

Experimental Section

Chemicals. Quinoline (Lancaster, 98%) was distilled prior

to use; all other reagents and standards were purchased from

Aldrich (maximum purity grade>98%), except tetraethyl-
ammonium bromide (Fluka, 98%), tetrepropylammonium
bromide (TCI, 98%), and potassium ferricyanide (Kodak, 99%).
The following compounds were prepared and purified by
published methods: 3-hydroxyquinolitfeand quinoline-5,8-
dione#> HPLC-grade methanol and acetonitrile, which were used
as eluents in HPLC analysis, were purchased from Aldrich. The
water used for solution and eluent preparations was Milli-Q pure
water. Methylene chloride (certified A.C.S. spectranalyzed
grade) used for the extractions was obtained from Fisher
Scientific. High-purity NO gas was supplied by Mittler Supply
Co. (South Bend, IN) and further filtered through a drying agent.

y-Radiolysis. When dilute aqueous solutionsQ.1 M) are
irradiated with high-energy radiation (MeV), the energy is
absorbed mainly by the solvent water, giving rise to the
production offOH radicals, hydrated electrons, and H atoms as
reactive free radicals and to some®4, H,, and HO*

H,O ~> "OH (2.7)+ &,4 (2.7)+ H"(0.55)+ H,(0.45)+
H,0,(0.71)+ H" (2.7)

where the numbers in parentheses indicatexhalues (number

of species transformed/100 e® = 1 corresponds to 1.036

uMJI™h.
The most convenient way to obtain almost totally oxidizing

mL of quinoline solution, MO-saturated, were irradiated in a
Shepherd 109°%Co source at a dose rate of 3 krad/min. The
samples were irradiated such that less than 25% of the substrate
was degraded and then analyzed by HPLC and-&CD.
Analysis. Identifications of the reaction products were first
performed by HPLC by comparison of the retention times and
the UV spectra (photodiode array detector) to those of the
purchased or prepared standards. The HPLC system was a
Hitachi D-7000 equipped with an L7200 autosampler and an
L-7455 photodiode array detector. The reverse-phase columns
used were an Alltech Hypersil BDS C18&8a (150x 4.6 mnf)
column preceded by a Hypersyl BDS C1&#B (7.5 x 4.6
mn¥) guard column. A solvent gradient was used at a flow rate
of 0.55 mL/min. The two eluents employed in the HPLC
analysis were methanol (30% v/v) containing mM tetraethyl-

or tetran-propylammonium bromide (TEAB and TPAB) and
acetonitrile. Both ion pair reagents were needed only when
KsFe(CN)} was used. TPAB interfered with the detection of
4-hydroxyquinoline and quinoline-5,8-dione but helped achieve
a good separation of 6-, 5- and 7-hydroxyquinolines. TEAB
allowed good separation of 4-hydroxyquinoline and quinoline-
5,8-dione but did not work out for the other compounds. The
gradient program is described in Table 1. The monitoring
wavelength was 234 nm.

The LCMS experiments were performed on a Micromass
Quattro LC interfaced to a Waters Alliance LC having a
photodiode array detector and autosampler. The same columns
as in HPLC analysis were used. A solvent gradient was used at
a flow rate of 0.55 mL/min. Because the TEAM and TPAB
interfered with our analysis, the methanol eluent (30% v/v) was
adjusted with formic acid such that the pH of this mobile phase

conditions during radiolysis is to saturate the solution with ni- \yas ~3. However, some peaks in our analysis could not be
trous oxide, which convertsthe aqueous electronsto hydroxylradicalsiresolved, even when different gradients were tried. Electrospray
(ES) mass spectra were acquired over the mass range—of 50

H,O+N,O+e ,;—~Ny(g) + OH +°OH 650 at a rate of 1 s/scan.
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Figure 1. Chromatogram showing the separation of various mono- 0.025
hydroxylated quinolines during the HPLC analysis. The retention time ] &
of 2-hydroxyquinoline is 12.5 min. 03 Q50H ___

The presence of 8-hydroxyquinoline was first confirmed by
using a solid-phase microextraction (SPME) fiber that was 0.0154
submerged in the irradiated aqueous solution for at least 40 min=
with stirring. The 65am carbowax/divinylbenzene fiber was &
purchased from Supelco Chromatography. The fiber was then g 0.0104
placed immediately into the GC/MS injector, which was kept 8 "
at 220°C. The El analysis was carried out on a JEOL GC Mate 0.005
interfaced to an HP 6890 GC. The column used was an HP-5
30 m x 0.32 mm i.d., 0.25¢m film thickness. The column

temperature program was 4Q (2 min) to 90°C (13 °C/min, 0.000- Q30H Q40H

hold 1 min) to 280°C (13°C/min, hold 10 min). The retention T [ (o L e T P S P

time and mass spectrum were compared to those of the standarc 0 5 10 15 20 25 30 35
For the quantification of 8-hydroxyquinoline, an HP 5890 I Time, min

gas chromatograph with an ECD detector was used with & gjg,re 2. Degradation of an bO-saturated quinoline (0.8 mM) solution

Restek Rtx-1 column (15 mx 0.32 mm, film thickness Lkm). for a dose rate of 14 krad/min (A). Evolution and decay of the

The inlet was kept at 188C, the detector was kept at 360G, monohydroxylated products observed from HPLC analysis (B).

and the column program was 6C (1 min) to 90°C (20°C/
min, hold 10 min) to 140C (5 °C/min, hold 1 min) to 290 (20  conditions (dose rate of 14 krad/min) was calculated to-Be24

°C/min, hold 8 min). min. The evolution and the decay of the hydroxylated products
) ) as monitored in HPLC analysis are presented in Figure 2B. The
Results and Discussion difference in the growth pattern and their lifetime under

Product Analysis in N;O-Saturated Solutions.The first step radiolytic conditions show the complexity in elucidating the
in our study was to identify the monohydroxylated products reaction mechanism oOH.
formed in the degradation of quinoline under oxidative radiolytic ~ The comparison between the formation of 5-hydroxyquinoline
conditions. Five out of the possible seven monohydroxylated and 8-hydroxyquinoline during the radiolysis of a 0.7 myON
quinolines (3-, 4-, 5-, 6-, and 7-hydroxyquinolines) were saturated quinoline solution is shown in Figure 3.
confirmed as the major identifiable products. No 2-hydroxy-  The hydroxyl radical is an electrophilic species that has been
quinoline was observed in quantifiable amounts even though shown to be selective toward addition and H atom abstraction
experiments with independently obtained standards show thatreactions with heterocyclic compountis'é For example, the
it can be detected using the chosen analytical methods. The'OH attack on pyridine occurred at the meta positions to an
detection of 8-hydroxyquinoline was rather difficult under the extent of 80% or more, as observed in ESR, pulse radiolysis,
present experimental conditions because it eluted at approxi-and product analys&:*6 No attack on the nitrogen (the site
mately the same time as the parent quinoline and exhibited awith the greatest electron density) was confirmed experimentally.
broad and long-tailed peak. Figure 1 shows a representativeln our study, the dominant products were expected to reflect
HPLC chromatogram of the reaction mixture following the the preferential attack 0©OH on the benzene ring. The pyridine
y-radiolysis of the quinoline solution. The presence of 8-hy- ring is deactivated by the electronegativity of the nitrogen atom,
droxyquinoline in the reaction mixture was separately confirmed especially at the C2 and C4 positions. However, all OH-
by GC/MS using a solid-phase microextraction (SPME) pro- substituted products except 2-hydroxyquinoline were observed
cedure. Again, 2-hydroxyquinoline was not observed using this in quantifiable amounts. From Figures 2 and 3, it is clear that

technique. the products formed by attack at the benzene ring are formed
Quinoline is highly susceptible to attack B9H. Figure 2A in higher concentration than the products formed by attack at
shows the decay of quinoline during irradiation in tf€o the pyridine ring. Nevertheless, the formation of similar amounts

source. By fitting the decay to single-exponential decay kinetics, of 3- and 4-hydroxylated quinolines would suggest tt@aiti
the lifetime for the degradation of quinoline under these lacks the selectivity reported in other stud#ésn addition to
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=} Cermenati and co-workefemployed the photo-Fenton reaction
g0.008- to induce*OH-mediated degradation of quinoline at pH 3. The
S 1 major primary products identified in the photo-Fenton reaction
o 0.004 - / were 5-hydroxyquinoline and 8-hydroxyquinoline, along with
] quinoline-5,8-dione as a secondary product. They proposed the
Q80OH (GC-ECD) mechanism shown in Scheme 1 to explain the formation of the
0.000+ hydroxylated products.
— T In the present study, the degradations were carried out in the

0 5 10 15 20 25 30 absence of oxygen by saturating the solutions with nitrous oxide,
Time, min and the natural pH of the solution was. Along with 5- and

Figure 3. Formation of 5- and 8-hydroxyquinoline during the 8-hydroxyquinoline as the major products, we also observed

y-radiolysis of a 0.7 mM hD-saturated quinoline solution (dose rate 3~ 6-» @and 7-hydroxyquinolines. Traces of 6-hydroxyquinoline
14 krad/min). were reported in the photo-Fenton reaction, but 3- and 7-hy-

droxyquinoline were not observéd.This is quite surprising

these monohydroxylated quinolines, other products were alsogiven that small amounts of 2- and 4-hydroxyquinolines (which
noted. During they-radiolysis of the aqueous quinoline solu- would be formed byOH attack at the most deactivated positions
tions, settling of a brown powder was observed in the samplesin the pyridine ring) were reported by Cermenati et?alhe
irradiated for extended times (more than 25 min). This indicated question arises as to how can one account for the differences
that higher-molecular-weight compounds with low solubility in  between these two studies. Is it because of the different
water were formed during this process. The electrospray MS chemistry of the OH adducts (more specifically, that due to the
analysis (direct infusion) of the powder obtained by evaporating presence/absence of oxygen or another oxidant) or the presence
the water from a quinoline solution irradiated about 15 min is of a different species (e.g., an ireoxo complex) that reacts
shown in Figure 4. Besides the MS signals corresponding toin a different way with the quinoline? To get a better
the monohydroxylated quinolinesmifz = 146, peaks indicating ~ understanding of the mechanistic pathways of the reaction of
the formation of higher-molecular-weight species (e.g., a *OH with quinoline, we introduced #e(CN) as the additional
quinoline dimer withm/z = 257) are observed, especially in  oxidant, and its influence on the product distribution and yields
the magnified part of the spectrum (shown in black). The peak was investigated.
corresponding to a molecular ion withVz = 257 was also Product Analysis in y-Radiolysis in the Presence of an
observed during the LC/MS analysis. Because of the unavail- Oxidant. The formation of hydroxylated products with different
ability of the standards, identification or quantification of the isomer ratios is the result of different oxidation/disproportion-
compounds corresponding to the peaks was not possible. ation steps that follow the formation of the intermediate OH

These results are in disagreement with those of a previousadducts. The possible degradation pathways for the OH adducts
study on the reaction of the hydroxyl radical with quinolide.  formed in the reaction of quinoline are presented in Scheme 2.
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Figure 4. Mass spectrum of the powder formed in theadiolysis experiments. (The black signal is magnified 54 times.)
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The presence of #e(CN}) ensures fast, quantitative conver- 0 5 10 15 20
sion of the OH adducts to the final products and minimizes the Time, min
contribution from the additional competing reactions, such as
disproportionation or chain reactions. The decay of quinoline (a) Q30H; (b) Q40H:; (c) Q5OH; (d) Q6OH;
t] 2 3 ?

(0.85 mM) and the evolution of the products formed in the £
presence of 5 mM KFe(CN) are presented in Figure 5. As (e) Q70H; (f) Q8OH; (g) 5.8-Q-dione
compared to the results shown in Figure 2A, t®&l-induced 0.14- <
decay of quinoline is relatively slow. WhenzRe(CN) was ! <
present in the solution, only about 50% of the quinoline was 0.12-
transformed in 20 min. However, the observed yields of most -
of the monohydroxylated quinolines were higher, and an 0.10
additional product, quinoline-5,8-dione, was also formed (Figure '
5B). This newly observed compound is a secondary product g 0.08 -
that is the result of the oxidation of the 5- and 8-hydroxyquino- s 0 06-
line. No settling of the higher-molecular-weight product was § ™ |
observed in these experiments. This is an indication that theQ (44
radical-induced polymerization of quinoline is suppressed in the ,
presence of an oxidant. 0.02 4
The different concentrations of the monohydroxylated quino- -
lines observed in the absence (Figure 2B) and in the presence  0.004__ ¢
of KsFe(CN); (Figure 5B) demonstrate the importance of the 0.0 50 100 150  20.0
chemistry of the OH adducts in the formation of the final . .
products. Along with 5- and 8-hydroxyquinolines, 3-, 4-, 6-, Time, min
and 7-hydroxylated quinolines are formed following ti@&H Figure 5. Degradation of an pD-saturated quinoline (0.85 mM)
attack. The fact that no 2-hydroxyquinoline was observed when solution (A) and the evolution of the products (B) in the presence of 5
the fast conversion of the OH adducts was facilitated indicates MM KsFe(CN). The dose rate is 14 krad/min.
again that the attack ofOH at C2 may not be favored as = o
compared to the attack ¢®H at the other quinoline positions. ~ Similarity between thés value of quinoline disappearance and
Surprisingly, this product was reported to be one of the products G(OH) suggests a quantitative attack by t@H radicals.
in the photo-Fenton reactidd.The disagreement between the However, in the present case, there is a discrepancy between
results obtained in the presence of an additional oxidant the amount of quinoline degraded and the amount of monohy-
(KsFe(CN)) and the photo-Fenton reaction suggests that droxylated compounds formed after the same irradiation time,
different mechanistic pathways operate in the degradation of indicating that the monohydroxylated quinolines constitute only
the quinoline. A detailed computational study of ti# attack a fraction of the total mass balance. The yields of the mono-
at all of the different positions in quinoline provides further hydroxylated products are significantly lower th@&OH) =
insight into the mechanistic aspects and is discussed in the5.4 or theG(—Q) = 5.21. Such a discrepancy is not an unusual
second part of this studi. phenomenor?474? In the reaction ofOH with 2-deoxygua-
Radiolytic Yields (G Values). The yields of the products  nosine, the pulse radiolysis studies account for the reactivity of
and of quinoline after 6 min of irradiation of thex8-saturated ~ about 80% of the hydroxyl radicat8whereas the final product
aqueous quinoline solutions, reported@salues (number of  analysis accounted for only 25% of the hydroxyl radicala.
molecules formed or destroyed per 100 eV), are presented instudy of the reactivity ofOH with pyridine reported significantly
Table 2. lower yields of the three isomeric hydroxypyridines following
This is a quantitative way to compare the yields of products the radiolysis of NO-saturated solutions (0.13 for 3-hydroxy-
obtained whe§°Co sources with different dose rates are used. pyridine, 0.4 for 2-hydroxypyridine, and 0.20 for 4-hydroxy-
The G value for the formation of the hydroxyl radical under pyridine)?” Similarly, Mark and co-workef§ reportedG(phe-
these conditions is known to H8(*OH) = 5.4. TheG values nol) ~ 0.5 andG(biphenyl) ~ 1.7—-1.8 in the radiolysis of
for the disappearance of the quinoline and the formation of the benzene in the absence ob.O’hese studies suggest that the
monohydroxylated products were obtained after 6 min of formation of dimers and/or of higher-molecular-weight com-
irradiation at a dose rate of 3 krad/min with the molar pounds is an important process. The results obtained in the
concentration ofOH produced per minute;v15 uM. The present study are in agreement with these findings.
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TABLE 2: G Values for the Disappearance of the Quinoline and Formation of Monohydroxylated Quinolines during the
Radiolysis of NJO-Saturated Aqueous Quinoline Solutions
compounds -Q Q20H Q30H Q40H Q50H Q60H Q70H Q80H
G values —5.21+0.28 0.05+ 0.007 0.06+ 0.002 0.09+0.001 0.11+0.005 0.064t 0.002  0.085+ 0.005

TABLE 3: G Values for the Disappearance of the Quinoline and Formation of Monohydroxylated Quinolines during the
Radiolysis of NbO-Saturated Aqueous Quinoline Solutions Containing KFe(CN)s

compounds -Q Q5,8-dione Q30H Q40H Q50H Q60H Q70H Q8OH

G value, —4.54+0.29 0.023£ 0.0002 0.24+0.009 0.034+ 0.0004 0.68+0.032 0.17+0.0015 0.1A0.012 1.4+0.15
5mM Fe(CN}*~

The G values for the destruction of quinoline and formation It is very important and desirable to get a clear understanding
of the products upon addition of 5 mMsRe(CN} are presented  of the weight of each step toward the outcome of the net reaction
in Table 3. TheG values of all but one product (4-hydroxy- in general. This understanding will provide the possibility to
quinoline) are altered as compared to those obtained in themanipulate the chemical transformations in each step of the
absence of KFe(CN). The G value of 4-hydroxyquinoline reaction to get a desired outcome. The computational investiga-
decreased in the presence of Fe(gN)According to these  tion of the*OH attack at all carbon positions in quinoline is
measurements, the monohydroxylated quinolines are formed agpresented in the second part of this investigatfon.
expected by the attack at C3 and the benzene ring carbons.
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