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Abstract: Using electronic absorption spectra and thin layrepomatography, the reaction
of 2,2-diphenyl-1-picrylhydrazyl (DPPH) with, O, HO', HO", and HOO anions and free
radicals revealed the formation of tpara-nitro- and para-hydroxy-derivatives of 2,2-
diphenyl-1-picrylnydrazine (DPPH-H) and of DPPH dgnaentation products
(diphenylamine, tetraphenylhydrazine). The reactdbDPPH with the @~ anion-radical
(from KOs in benzene solution at room temperature in thegoree of 18-crown-6 ether) is
pseudo-first-order during the first 25 minutes.
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1. Introduction

The free radical 2,2-diphenyl-1-picrylhydrazyl (DfPLa [1-3] has found many applications due to
its high stability and intense purple color thaaiehes whenever it reacts [4-11]. Its reductionrdfo
2,2-diphenyl-1-picrylhydrazine (DPPH-H2a, or the corresponding anioda (DPPH) in basic
medium, as shown in Scheme 1. The DPPH radicalasctsscavenger for other odd-electron species
which affordpara-substitution products at phenyl rings: thusJN@lds the mono-nitro-DPPH-2E)
or a dinitro-DPPH-H [12-15]; the hydroxy free raalidHO affords the hydroxy-DPPH-H/) or its
betainic oxidation produc8 [16]; halogen atoms can also be trapped simil§lt3,14]. Other
reactions that have been observed involve polyamitme [17,18],pso-substitution of a nitro group of
the picryl moiety, anghetaattack on this group [19].

Scheme 1Redox and protolytic reactions for compoudd® and3.
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a) R =H (namely DPPH fota; DPPH-H for2a; DPPH" for3a)
b) Rt =NO, (namely QNDPPH forlb; O,NDPPH-H for2b; O,NDPPH" for3b)

The biochemical process known @sidative stressnvolves chemical species presented in eq. 1
[20-22].
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In the oxidative stress syndrome;®4 as well as the radicalic species Hfdd Q™ are supposed to
play an important part. Enzymes such as catalasethxe-oxidase, peroxidase, and superoxide-
dismutase convert such species into less aggressingounds. If DPPH18) may be used for
monitoring some of the above reactions as indicatethe literature [11, 16, 23], a study of each
reaction should bring interesting information. Degi@g on the pH, the anions may interact with
DPPHyvia redox processes (electron transfer) [8, 11, 152327].
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For exploring the possibility of using colorimetrinethods in monitoring such processes, we
investigated the reaction of DPPH with the 'H@dical, Q™ radical-anion, HQ and HOO anions
using qualitative and densitometric thin-layer chadography (TLC) for detecting and separating the
reaction products, and spectrophotometric methodffilowing the reaction kinetics.

2. Results and discussion

All investigations were carried out in the samevent (benzene), either in homogeneous or
heterogeneous—Iiquid/liquidiA) or solid/liquid systems (&). Spectral methods were used directly
with the mixture of reaction products in the beresplution, whereas TLC separations were carried
out after extracting the benzene solution with Jdrbchloric acid.

The reactions of DPPH with the three anions (O, and HOO) will be reported sequentially.

2.1. Reaction with potassium superoxide in thegmes of crown ether 18C6

The G radical-anion [28-33] may act either as reducimgoxidizing agent in the presence of
copper-containing enzymes such as superoxide-d&smutUnder the influence of this enzyme the
radical anion undergoes a dismutation intoa@d HO, (eqgs. 2 and 3).

Enz-Cd + O,~ — Enz-Cl+ O, (2)
Enz—Cl+ O~ + 2H' — Enz—Cl + H,0, (3)

On using commercial potassium superoxidé Q&) [31] in the presence of crown ether 18C6 one
obtains a homogeneous benzene solution in whichubkophilic reactivity of the anion is enhanced
[30, 34-37]. Preliminary investigation revealedtttiae intensity of the characteristic absorptiomda
of DPPH (la) atAmax = 520 nm decreases due both to the formationefttion 8a) with Ayax = 428
nm [8, 38]via a redox process involving the superoxide radioaha (eqs. 4 and 5), and to other
reactions. In all equations, subscrigts and,, denote solid, organic (benzene) and, aqueous phase
respectively.

KO2) + 18C6y) =——> [18C6..K] O, (o) (4)
[18C6...K]" O, (o) + DPPHy, [18C6...KI'DPPH (g + O (5)

A kinetic study was performed. Determinations weseried out at 25°C with benzene solutions of
DPPH and 18C6, and solid KGn molar ratiosla18C6:KG that were 1:1:3, 1:5:5, and 1:5:9 by
monitoring the DPPH.ax = 520 nm band. An excess of K(ence also of 18C6) is needed. After 24
h there is no further decreaselafabsorption (Table 1) and the concentration ofahien3a reaches
a plateau.

The spectrophotometric study revealed two isosbesiints at 344 and 496 nm (Fig.1).

During the first 25 minutes, the reaction is psefidst-order, as seen from Fig. 2. Compoutls
4, and6 appear after about 30 minutes.
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Table 1.Kinetics of unreacted DPPHa) in the reaction with 18C6 and K@molar ratio =1 : 5 : 5).

Time Unreacted DPPH (%
(min)
5 95.66

25 93.59

45 91.94

65 90.70

90 87.40

120 83.05

1440 (24h) 71.90

Figure 1. Monitoring by UV-VIS in benzene the formation d (Anax = 428 nm) fromla (Amax = 520
nm) as described by egs. 4 and 5 (for molar fdio18C6 : KQ = 1:5:5).
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Figure 2. Pseudo-first order kinetics of the reaction betwe@®H and KQ@in benzene in the
presence of 18C6 at 25°C (the first 25 minutes).
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The reaction (egs. 4 and 5) was also investigayedualitative and densitometric TLC, allowing
the observation of secondary products that aredetected by spectrophotometry. During the first 30
minutes, secondary products are not detectabl@reith the crude reaction mixture or after acid
extraction. However, after 2 h the formation of moiro-DPPH-H 2b) and of diphenylamine4j
could be observed, and after 24 h also tetraphgdsdlzine 6) was found. Neither the big-itro)-
DPPH-H @b) nor thep-hydroxy- DPPH-H ) and/or its oxidized betainic forn8)(could be detected.
The identity of these two products was certifieddmynparing the Rvalues in TLC and the NMR
spectra {H and**C) with those of authentic compounds.

Scheme 2Redox process involving diphenylamirg &nd tetraphenylhydraziné)(

2 PhoNH —22PH. 5 PN ——= Ph,N—NPh,
~2 DPPH-H
4 5 6

Scheme 3Redox process involving 4-hydroxy- DPPH-F and the betainic oxidized produ8).

O,N O:N
H OX. T + —
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red. -
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In Table 2 we present the products that have beéentified by quantitative (densitometric) TLC
analysis after 24 h at room temperature by treatibfPH (@a) with: HO (from
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benzyltrimethylammonium hydroxideeaction A; with HO (from the photochemical reaction of
ortho-hydroxy-acetophenoneoxime also called FotoFeff@yreaction B, with O, (from potassium
superoxidereaction Q, and with HOO (from hydrogen peroxideeaction D.

Table 2. Quantitative TLC data on the reactions of DPRB) (vith HO', HO', O,"” and HOO in
benzene after 24 h.

DPPH-H® | O,N-DPPH-H PhNH? PhN-NPh? | HO-DPPH-H? | Betaind
2a 2b 4 6 7 8
. C
Reaction R | % R % R | % | R % | R % R | %
A(HO) | 0.67 | 46 - - 0.44| 22| 0.68 1 059 8 0.04
B(HO) | 068 | 20| 0.31 12| 044 29 - - 0657 11 004 9
C(,) | 067 | 65| 0.30 12| 043 4 0.67 0. . - 1
D(HOO) | 067 | 70| 0.29 10| 044 3 - - - - 0.03

b

aPTLCon silica gel? without acid extraction using as eluent n-hexatwduene = 7 : 3 (v/v)’ after extraction with 1N
hydrochloric acid using toluene as eluent.

¢ Reaction A: la + benzyltrimethylammonium hydroxide (molar ratio2)t Reaction B la + hv + hydroxy-

acetophenoneoxime (molar ratio 1:Reaction Cla + 18C6 + KQ (molar ratio 1:5:5)Reaction D 1a + Kryptofix 222 +
H,O, (molar ratio 1:2:2).

The formation of DPPHanion Ba) and redox processes may explain the productiorthef
observed products, as indicated by egs. (6) — (9).

[18C6...KI'DPPHY,

DPPHg + 2@_(0)

NOZ_(O) + DPPHg ——

+

% (o)

DPPH, +

(0)

DPPH,, + NO; ; ——  O,NDPPH-H,

DPPH, +

NO, ©)

[18C6...K]'0% ()

[DPPH, 2Q ](0)—> NOZ_(O) + PRODUCT%)

(6)

)

8)

9)

One may speculate that DPPHY may split into the diphenylamino radic&l) ¢hat dimerizes [1,
39, 40] to tetraphenylhydrazin@)( and dinitrobenzofuroxan (from picrylnitrene) tlas yet there is no
experimental evidence for this conjecture. Howewes,intend to look for such evidence among the
many side products detected by TLC. Alsdyleisenheimer complexes (eq. 7) may be involvethé
formation of some of the observed reaction prod[#3s24, 41].

2.2. Reaction of DPPH with the hydroxide anion #melhydroxy free radical

Previous papers reported that on treating DPE# With hydroxide anions (from powdered alkali
hydroxides in the presence of crown ethers or plojyene glycol) a redox process takes place
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affording hydroxyl free radicals (HPpand resulting in the formation of 4-nitro-DPPH{b) and 4-
hydroxy-DPPH-H 7) [25, 42]. Also the reaction between DPPH and plyttally-generated HO
[43] radicals was investigated, leading to 4-hygr®PPH-H {7) and its betainic oxidized produ@)(
which were isolated [16].
The present paper reports results for the readi@mween DPPH and HQadicals generated by
three methods: (i) photochemically, (ii) from sopdtassium hydroxide, DPPH, and 18C6, and (iii)
from DPPH, 18C6, and benzyltrimethylammonium hydblex
(1) As shown in Table 2, in the photochemical reactin addition to compound2b, 7, and8,
diphenylamine4) was also identified and determined quantitatively

(i) From the reaction with solid potassium hydmbeithe same four products were detected
qualitatively.

(i)  The reaction with benzyltrimethylammonium hyaide afforded 2b, 6, 7, and
tetraphenylhydrazinel.

Egs. (7 — 9) and (12) make plausible the formatdrNO," radicals, which could explain the
formation of2b from DPPH. Then eqs. (10 — 14) could explain trenfition of compound4 and 6
(along perhaps with dinitro-benzofuroxan amongptfaglucts).

DPPH + [18C6..KIHO ) — [18C6..KIDPPH , + HO, (10)
DPPHp + HO, ——>= 7 (11)
DPPHe + HO, —— NO, + PRODUCTSy (12)
DPPH  + 2HO <—== [DPPH,2HO ] (13)
[DPPH,2HO ] =~ ———— 4, + 6 + PRODUCTS, (14)

2.3. Reaction of DPPH with the hydrogen peroxide@an

As discussed above, eqg. 1 indicates that hydrogeoxle is formed in living cells, and rapidly
decomposed by the defense enzymatic system (catalesoxidase). Numerous reagents may be used
for assaying hydrogen peroxide and derived oxidizpecies in organisms [43]. From the reaction of
DPPH with the Fenton reagent (hydrogen peroxide fenwus sulfate, which afford hydroxy free
radicals HO), quantitative TLC determinations certified therrf@tion of mononitro- and
monohydroxy-DPPH-H derivative& and7, respectively [16].

Now we report the reaction of DPPHaj with the HOO anion formed from hydrogen peroxide
and the basic compound Kryptofix 2224,71,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]
hexacosang abridged here asJl, (eq. 15) [44]. The reaction was carried out WitAPH and K.,
(molar ratios 1:2) with an excess of 30%(d in a liquid/liquid biphasic system (water/benzeag)
room temperature under stirring. During the filsee hours the process was monitored by qualitative
TLC, and after 48 h by quantitative TLC. The moritwenderivative 2b and the betain® were
identified after 3 h, implying that the mono-hydyogerivative 7 must have been formed initially
(Scheme 3). After 24 h, in addition 2 and8, the presence of diphenylamin® (vas detected, and
all these three products were assayed quantitatfVable 2). These results may be explained agjbein
due to attack on DPPH by the HOOHO' radicals or the HOO/ HO anions formed by ¥», the
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latter being basic enough to react with hydrogemxyide or water and the corresponding anions then
becoming oxidized by DPPH (eqgs. 15 — 18). Findlg, reactions between DPPH and the free radicals
afford the observed products (egs. 11 — 14 and 2®) {44].

Koo *+ HO2w [K222 HI"THOO (15)
[Ko22 HI*HOO Gy + DPPHy—> [K222HI'DPPHE) + HOO (16)
K222 (0) H20 w) [K222 H'HO g (7)
Kooy H]+HO?0) + DPPHp —> Koo H]+DPPH(_0) + HO'(O) (18)
DPPH, + 2HOO [DPPH™, 2HOC |y —— PRODUCTS, (19)

HO - + —
DPP + HOO ,, — N N Pic > 8 =7 20
Ph

2.4. Comparison between reactions of DPPH with,®HO", HO", and HOO

On investigating the room-temperature reactionha&f $table free radical DPPH with oxidizing
species @7, HO, and HOO that appear in biological processes, it was fothad in all cases the
electronic absorption spectra could provide infararaduring the first 25 minutes, but TLC methods
were more adequate for monitoring the reactiommger times, when various products interfered with
the spectral determinations.

The concentration decrease of the starting materi@ighest for HOOand lowest for HQ leading
to the following reaction rate order: HO® O, > HO > HO'. Excepting the reactioA with
hydroxide anions, the mono-nitro-DPPHeBmpound 2b) was formed in comparable concentrations
in all experiments (Table 2). Diphenylamin® (vas formed in different amounts: HOHO > O, =
HOQO, and the derived tetraphenylhydraziégwas identified only in very small concentrationghe
reactions with @ and HO. The mono-hydroxy-DPPH-ldompound 7) and its betainic oxidized
derivative 8) were detected in low amounts in all reactionsegxdor reactiorC with O,". It may be
possible that all products were always formed, ihusome cases at lower amounts than could be
detected by TLC techniques.

A mechanism involvings--Meisenheimer complexes of DPPH with the hydridemnvas proposed
earlier [41]. In Scheme 4 we propose two distinechanisms for the reactions reported in the present
paper. On the left-hand side, the homolytic attaicthe hydroxyl radical HOexplains the formation
of mono-hydroxy-DPPH-H7®) and its oxidized betainic derivativ8)( A different pathway for the
formation of compoundg and8 is suggested by eq. 20. On the right-hand #idenucleophilic attack
of anions Nu: (HOOand HO or radical-anion @) may lead to the formation [16, 23] of an unstable
o-Meisenheimer complex [DPPH2Nu:]. In turn, this complex is supposed to ckeaither a nitro
group explaining the formation of the mono-nitroffH:H (2a), or (supposedly) dinitro-benzofuroxan
and diphenylamined, which is then further oxidized to tetraphenyltazine 6).
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Scheme 4Mechanisms proposed for the reactions of DPPH Wth free radicals and nucleophilic
agents (Nu:).

la

SN PR L
g < 9% 7 3a—NY' . DPPH, 2Nuj
~ ~ ~ 4_12a' 5 X _, g
whereNu: = G, ; HO ; HOO a

Taking into account that DPPH is able to abstraeydrogen atom from amines with a significant
reaction rate, as determined by K. U. Ingold and toworkers [45], even more complicated
mechanisms may be envisaged, in addition to theggsoconverting into 6.

3. Conclusions

Several conclusions can be drawn from the studyeattions between DPPH and anions or
oxidizing species: @, HO, and HOO. Redox processes involving DPPH convert such anioto
oxidants (HO, HOQO). The formation of minor amounts of reaction producan be detected well by
TLC, but less well (and only during the first h&lbur at room temperature) by spectrophotometric
techniques. The following reactions products westected and assayed quantitatively: DPPH2#), (
its mono-nitro- 2b) and mono-hydroxy-derivativeg)( the betainic oxidized form8) of the latter,
diphenylamine 4) and tetraphenylhydrazin&)(resulted by cleavage and oxidation of DPPH. The
reaction mechanisms are fairly complicated, invaviprotolytic equilibria and redox processes,
accompanied by molecular fragmentations.

4. Experimental part

Commercial chemicals were purchased from AldricRPBlI and KQ), Merck (18C6, Kryptofix-
222, diphenylamine, benzyltrimethylammonium hyddexiglass plates with silica gel gksilanized
and nonsilanized), and Molecular Probegto-hydroxy-acetophenoneoxime — FotoFent). The
mono-nitro-DPPH-H Zb) [46], the solid supramolecular complex [18C6. BIPPH [47], and
tetraphenylhydrazines) [39], were prepared according to literature data.

Electronic absorption spectra were recorded witracam-UV-VIS spectrophotometer using
“Vision Software V.3.33". NMR spectra were recordedh a Varian Gemini 300 BB spectrometer
(300 MHz for*H-NMR and 75 MHz for*C-NMR) using TMS as internal standard. We used Gama
Software 1992 scanner Il — Switzerland for densétiio TLC analysis.

Reactions of 2,2-diphenyl-1-picrylhydrazyl, DPRH) with KO,, KOH, benzyltrimethylammonium
hydroxide, FotoFentdf'2, and HO, at room temperature.

Al. The reaction with hydroxide anions from soli@HKin the presence of 18G&as carried out in
benzene for 2 hrs under stirring with molar rati@l18C6:KOH = 1:2:2. After liquid/liquid @/t)
extraction with 1IN hydrochloric acid, the separatedanic layer was dried with anhydrous sodium
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sulfate and analyzed by TLC (silica gel, toluen&pr the quantitative TLC analysis the
chromatograms were scanned.aix = 254 nm, and the densitometric results are pteden Table 2.

A2. The reaction with hydroxide anions frém@nzyltrimethyl ammonium hydroxideas carried out in
benzene under stirring wither for 2 hrs or 48 hithwnolar ratio between DPPH and the quaternary
ammonium salt 1:2. Without/t extraction, the solution was analyzed qualitayivaid quantitatively

by scanningXmax = 254 nm) and results are indicated in Table 2.

B. The reaction with hydroxy free radicl40") was performed in benzene under stirring using DPPH
and ortho-hydroxy-acetophenoneoxime (FotoFertt2) with ultraviolet irradiation in a quartz flask.
Without £/ extraction, the solution was analyzed qualitagiveahd quantitatively by scannin@nfax =

254 nm) and results are indicated in Table 2.

C. The reaction with solid KQn the presence of 18G&as carried out in benzene undirring with
three molar ratios of the reactarita:18C6:KG, = 1:1:3, 1:5:5, and 1:5:9. Spectrophotometric gsial

for the decrease of DPPH concentratian.{ = 520 nm) and the increase of DPP¢bncentration
(Amax = 428 nm) allowed us to follow the reaction kigst(Figures 1 and 2). Product formation was
analyzed by two methods: (i) withodft extraction by TLC (silanized silica gel, n-hexarsad
nonsilanized silica gel, n-hexane:toluene 7:3 W) with ¢/€ extraction, as for reactioh

D. The reaction with HOOanions from HO, and K, was performed in a biphasic benzene-aqueous
¢/t system under stirring with molar rati@K,,;H,O, = 1:2:2. After 2 hrs, the organic phase was
separated, dried, and withouf extraction the solution was analyzed qualitativatygl quantitatively

by scanningXmax = 254 nm); the results are indicated in Table 2.

Kinetics of the reaction between DPPHh) and potassium superoxide.

For studying the kinetics of the reactiba + 18C6 + KQ, the temperature was fixed at 25°C, and
two concentrations were kept constald énd 18C6); the concentration of potassium supeeowids
varied according to molar ratids:18C6:KQ, = 1:5:2; 1:5:3; 1:5:4 and 1:5:5. The formationtlog
DPPH anion Ba) was monitored ahmax = 428 nm. For determining the order of the reactibhe
averages of five results for each of the five s@dctmeasurements were plotted kgs Vvs.
concentration of K@(Fig. 2) according to eq. 21.

kobs = 11 In[a/(a—X)] (21)
wheret is the time (secondsd, is the initial concentration &a (absorbance fatt =ty, and &-Xx) is
the concentration at tinte

Reaction of the supramolecular complex [18C6..IMPPH™ with potassium superoxide.

To the supramolecular complex [18C6.."RPPH [46] dissolved in benzene, solid K@nd 18C6
(molar ratio Complex:18C6:K£= 1:4:5). The concentrations D& (Amax = 520 nm) and of the DPPH
anion3a (Amax = 428 nm) were monitored spectrophotometricallyal@ative TLC analysis after 2h
revealed the presence of DPPHR)(and diphenylamine4} using silanized silica gel (n-hexane),
nonsilanized silica gel (n-hexane:toluene, 7:3 @) nonsilanized silica gel (toluene).

NMR Identification of reaction products mono-ni@&PH-H @b), diphenylamine 4), and
tetraphenylhydrazinesj.
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Using reactions that afforded significant yieldspobducts2b, 4, and6 (Table 2) and preparative

conditions (starting with 0.1 g of DPPH), the réactproducts were separated and purified as follows
for 2b, the preparative TLC plate was extracted with atune of methylene chloride and methanol 9:1
v/v. For4 and 6 the extractions were performed with mettg/lemoride and the solvent was removed

under vacuum and in argon atmosphere in orderdm axidation by air oxygen.

Diphenylamine4: *H-NMR(CDCls, 5 ppm, J Hz): 5.61(bs, 1H, NH, deuterable); 6.9KH, H-
para, 1.1, 7.3); 7.03(dd, 4H, ldrtho, 1.1, 8.5); 7.23(dd, 4H, Iheta 7.3, 8.5);"*C-NMR(CDCk, 5
ppm): 143.08(C-1); 129.27(@etg; 120.92(Cpara); 117.79(Certho).

Tetraphenylhydrazing : *H-NMR(CDCls, § ppm,J Hz): 6.98(tt, 1H, Hpara, 1.1, 7.2); 7.20(dd,
2H, H-meta 7.2); 7.31(dd, 2H, Hortho, 7.2, 8.2);*C-NMR(CDCk, 5 ppm): 142.91(C-1); 129.07(C-

metg; 122.08(Cpara); 118.18(Certho).
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