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Abstract: In this paper, we report the results of a laser flash photolysis study of the reactions of a range
of carotenoids with acylperoxyl radicals in polar and nonpolar solvents. The results show, for the first time,
that carotenoid addition radicals do not react with oxygen to form carotenoid peroxyl radicals; an observation
which is of significance in relation to antioxidant/pro-oxidant properties of carotenoids. Acylperoxyl radicals,
generated by photolysis of ketone precursors in oxygenated solvents, display high reactivity toward
carotenoids in both polar and nonpolar solvents, but the nature of the carotenoid radicals formed is dependent
on solvent polarity. In hexane, acylperoxyl radicals react with carotenoids with rate constants in the region
of 10° M~* s™* and give rise to transient absorption changes in the visible region that are attributed to the
formation of addition radicals. All of the carotenoids show bleaching in the region of ground-state absorption
and, with the exception of 7,7'-dihydro-$-carotene (77DH), no distinct absorption features due to addition
radicals are observed beyond the ground state absorption region. For 77DH, the addition radical displays
an absorption band that is spectrally resolved from the parent carotenoid absorption. The rate of decay of
the 77DH addition radical is unaffected by oxygen in the concentration range 10-4-10"2 M, suggesting
that these resonance-stabilized carbon-centered radicals are not scavenged by oxygen. At low incident
laser intensities, the 77DH addition radical decay kinetics are 1st order with k1 ~ 4 x 10% s™! at room
temperature. The 1st order decay is attributed to an intramolecular cyclization process, which is supported
by the substantial negative entropies of activation obtained from measurements of the decay rate constants
for different 77DH addition radicals as a function of temperature. No transient absorption features are
observed in the red or near-infrared regions in hexane for any of the carotenoids studied. In polar solvents
such as methanol, acylperoxyl radicals also react with carotenoids with rate constants in the region of 10°
M~ s™1 but give rise to transient absorption changes in both the visible and the red/near-infrared regions,
where it is evident that there are two distinct species. For 77DH, the addition radical absorption around
450 nm is still evident, although its kinetic behavior differs from its behavior in hexane. For 77DH and
g-carotene (6-CAR) the spectral and kinetic resolution of the various absorption bands simplifies kinetic
analysis. The kinetic evidence suggests that addition radical formation precedes formation of the two near-
infrared absorbing species, and that the kinetics of the addition radical decay match the kinetics of formation
of the first of these species (NIR1, absorbing at shorter wavelengths). The decay of NIR1 leads to NIR2,
which is attributed to the carotenoid radical cation. The solvent dielectric constant dependence of the relative
amounts of NIR1 and NIR2 formed leads us to speculate that NIR1 is an ion-pair. However, an alternative
assignment for NIR1 is an isomer of the radical cation. The results, in terms of the pattern of reactivity the
carotenoids display and of the properties of the carotenoid radicals formed, are discussed in relation to the
antioxidant/pro-oxidant properties of carotenoids.

Introduction including carotenoids (see Figure 1), inhibit the onset of disease

Epidemiological studies have revealed that a high intake of Py virtue of their free radical scavenging antioxidant proper-
fruits and vegetables is associated with reduced incidence ofti€s’ #However, recent intervention studies involvifigarotene
certain cancers and other diseas&sA possible contributory (3) Ziegler, R. G.; Mayne, S. T.; Swanson, C.@ancer Causes Contrd996
factor is that various substances present in fruit and vegetables, 4 L 157

Garewal, H. SAnn. New York Acad. Sci993 691, 139-147.

. l (5) Greenberg, E. R.; Baron, J. A,; Stuket, T. A.; Stevens, M. M.; Mandel, J.
T Permanent address: Chemistry Department, Faculty of Science, New S.; Spencer, S. K.; Elias, P. M.; Lowe, N.; Nierenberg, D. W.; Bayrd, G.;

Damietta, Damietta, Egypt. Vance, J. C.; Freeman, D. H., Jr.; Clendenning, W. E.; KwaiNéw Eng.
(1) Omaye, S. T.; Krinsky, N. I.; Kagan, V. E.; Mayne, S. T.; Liebler, D. C.; J. Med.199Q 323 789.

Bidlack, W. R Fundam. Appl. Toxicoll997, 40, 163. (6) Mathews-Roth, M. M.; Krinsky, N..IPhotochem. Photobioll987, 46,
(2) Peto, R.; Doll, R.; Buckley, J. D.; Sporn, M. Blature 1981, 290, 201. 507.
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Figure 1. Structures of carotenoids and ketones (showing the position of
o-cleavage for unsymmetrical ketones).

supplementation (in combination witktocopherdl or retinoft)

Much remains to be done to fully understand the mechanisms
of the reactions of free radicals with carotenoids and of the
properties of carotenoid radicals. A recent revidwarticle
presents a scenario that shows carotenoids react with free
radicals by addition and/or electron-transfer reactions (see eqs
1 and 3), the reaction channel distribution varying with the
nature of the reacting free radical. However, the characteristics
of the medium in which the reaction takes place are not taken
into consideration. In this paper, we show for the first time that
for a specific free radicatcarotenoid reaction system, the
solvent polarity has a pronounced effect on the overall reaction
mechanism. Furthermore, in polar solvents where both addition
radicals and carotenoid radical cations are formed, we present
kinetic evidence that the carotenoid radical cation is not formed
directly by reaction with acylperoxyl radicals, but rather it is
formed from an initially formed addition radical that dissociates
into ions.

Autoxidation processes, such as lipid peroxidation, are
associated with free radical chain reactions that involve peroxyl
radicals (ROQ©. Chain breaking antioxidants (AH) may impede
such processes by rapidly and efficiently scavenging such free
radicals (often by H-atom transfer). However, the ability to
scavenge free radicals is not in itself a sufficient prerequisite
for an antioxidant. The resulting antioxidant derived radica) (A
must not be capable of propagating the chain reaction, meaning
that it will not undergo H-atom abstraction reactions or react
with oxygen to form another peroxyl radic&l® Of course,
antioxidant activity depends on numerous other factors among
which are its concentration and cellular distribution.

Thus, the antioxidant/pro-oxidant properties of carotenoids
are not only dependent on how rapidly they scavenge different
types of free radicals but also on the mode of reaction and
consequently, the properties of the resulting carotenoid
radicals?17.18

Three overall reaction channels may be envisaged; electron
transfer, addition and hydrogen abstractfof! (eqs +3)

showed increased incidence of lung cancer among smokers

suggesting possible adverse effectgafarotene that may be
associated with pro-oxidant behavidr4
The reactions of free radicals with carotenoids and the

properties of carotenoid free radicals are thus of widespread
interest because of their potential roles in biological systems,

and in particular their antioxidant/pro-oxidant properties. One
important (but little studied) reaction of significance in relation
to pro-oxidant effects of carotenoids is the reaction of oxygen
with carotenoid addition radicals (e.g., ROOCARo form
carotenoid peroxyl radicals (ROOCARO® (see egs 4 and

CAR+ ROO — CAR™" + ROO electron transfer (1)

CAR + ROUO — CAR’ + ROOH hydrogen abstraction
@)

CAR + ROO — ROOCAR addition 3)

The relative importance of the three reaction channels will
depend on a number of factors including the nature of the
reacting free radical and the structural features of the carot-

5). Such reactions have not been studied systematically and weenoid”-2°and, in biological systems, its location and orientation

now show for the first time that carotenoid addition radicals do

not react with oxygen and thus the observed pro-oxidant effects

within the membrané?

of carotenoids must be attributable to some other mechanism.(15) Niki, E. Oxidative Damage and Repair: Chemical, Biological and Medical

(7) Nowak, R Sciencel994 264, 500.

(8) (a) Rice-Evans, C. A.; Sampson, J.; Bramley, P. M.; Holloway, OFree
Rad. Res1997, 26, 381. (and references therein). (b) Edge, R.; Truscott,
T. G. Spectrum200Q 13(1), 12.

(9) The Alpha-Tocopherol, Beta Carotene Cancer Prevention Study Group.

New Eng. J. Med1994 330, 1029.

(10) Omenn, G. S.; Goodman, G. E.; Thornquist, M. D.; Balmes, J.; Cullen, M.
R.; Glass, A.; Keogh, J. P.; Meyskens, F. L.; Valanis, B.; Williams, J. H.;
Barnhart, S.; Hammar,.Sew Eng. J. Med1996 334, 1150.

(11) Young, A. J.; Lowe, G. MArch. Biochem. Biophy2001, 385, 20.

(12) Edge, R.; Truscott, T. Q\utrition, 1997, 13, 992.

(13) Truscott, T. GJ. Photochem. Photobiol. B: Biol996 35, 233.

(14) Palozza, PNutr. Re.. 1998 56 (9), 257.

AspectsDavies, K. J. A., Ed.; Pergamon Press: Oxford, 199%;&4.

(16) Doba, T.; Burton, G. W.; Ingold, K. U.; Matsuo,.M. Chem. Soc., Chem.
Commun.1984 461.

(17) Everett, S. A.; Dennis, M. F.; Patel, K. B.; Maddix, S.; Kundu, S. C;
Willson, R. L J. Biol. Chem1996 271 (8), 3988.

(18) Martin, H. D.; Ruck, C.; Schmidt, M.; Sell, S.; Beutner, S.; Mayer, B.;
Walsh, R Pure Appl. Chem1999 71 (12), 2253.

(19) Polyakov, N. E.; Kruppa, A. |.; Leshina, T. V.; Konovalova, T. A.; Kispert,
L. D. Free Rad. Biol. Med2001, 31, 43.

(20) (a) Edge, R.; Truscott, T..Ghe Photochemistry of Carotenojdarank,
H. A., Young, A. J., Britton, G., Cogdell, R. J., Eds.; Kluwer Academic
Publishers: Dordrecht, 1999; 22234. (b) Woodall, A. A.; Britton, G.;
Jackson, M. JBiochim. Biophys. Actd997 1336 575.

(21) Edge, R.; Land, E. J.; McGarvey, D. J.; Mulroy, L.; Truscott, TJGAM.
Chem. Soc1998 120(17), 4087.
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The fate of the different carotenoid radical species is
importan222in consideration of antioxidant/pro-oxidant prop-

erties and thus their propensity to propagate oxidation. Caro-

kinetic absorption spectroscopy, enables the measurement of
rate constants for the reactions of carotenoids with many free
radicals, although assignment of the transient absorption bands

tenoid radical cations have been studied extensively and do notto specific carotenoid radicals, and hence the mechanistic

appear to react with molecular oxyg&rHowever, the assign-

ment (see below) and fate of the neutral carotenoid radicals,

derived respectively from allylic H-atom abstraction (CABnd
radical addition (ROGCAR’), is less clear. To establish

interpretation of the reactions observed, is necessarily subject
to speculation in some cases. Evidence from product analysis
studies implicates the involvement of carotenoid addition
radicalg®3942444and CAR3%41as intermediates in peroxidation

whether such neutral carotenoid radicals react with oxygen to systems.

yield carotenoid peroxyl radicals (equations 4 and 5), with
potential chain-carrying pro-oxidant properties, is critical to the

A variety of transient UV-vis—NIR absorption features arise
in LFP and PR studies of free radical reactions with carot-

development of our understanding of the antioxidant/pro-oxidant enoidd7:28303233.36.46 the profile of observed bands being

behavior of carotenoid’ (extrapolation of rate constant data
for -fragmentation in lipid peroxyl radicals would suggest the
reverse of reaction 4 will be very rapRl

CAR' + 0,~~ CARO, @)

ROOCAR + 0, -~ ROOCARG; )
Burton and Ingolé? in a seminal paper suggested thatarotene
reacts with peroxyl radicals via an addition reaction. They
presented evidence th@tcarotene does function as a very
effective chain-breaking antioxidant, but that under conditions
of high oxygen pressures (particularly at highcarotene
concentrations) it exhibits pro-oxidant behavior, possibly due
to autoxidative processes.

Most carbon-centered radicals react rapidly with oxygen to
form peroxyl radicalg* However, where the carbon-centered
radical is resonance stabilized the reaction is reverZible
(reaction 6)

R +0,=R0O, (6)

The resolution of the factors that govern reactivity of carbon-

dependent on the nature of the carotenoid, the reacting free
radical and the characteristics of the medium (homogeneous,
heterogeneous, polar, nonpolar, presence or absence of oxygen)
in which the reaction is studied. Although the absorption spectra
of carotenoid radical cations are quite well characteriZeal,
degree of uncertainty continues to surround the assignment of
other carotenoid radical absorption bands. These absorption
bands include visible and NIR absorption bands (reported for a
number of systeni$28.30.3236.4@and peaking at shorter wave-
lengths than the corresponding radical cation absorption). For
example, Willson et &8 reported the transient absorption spectra
resulting from the reaction g8-carotene with CGO,* in 50:

50 aqueoutert-butyl alcohol solution. They observed two NIR
absorption bands at780 nm and~920 nm, the latter of which
was ascribed to the radical cation, whereas the former was not
assigned. Similar observations have been reported for the
reactions of other free radicals with various caroten#id:49-51

In contrast, the reactions of carotenoids with* RSan alcohol/
water mixture do not give rise to NIR absorption bands but do
give rise to UV-vis absorption changes in the same wavelength
region as the parent carotendicf®46.52The species that gives
rise to the UV-vis absorption was proposed to be an addition

centered radicals toward oxygen remains an active area ofradical [RS-CAR]*, which decays by second-order kinet-

researcl¥®.27

ics174652Reactions of phenylthiyl (PhB33 benzylperoxyf’

There have been numerous studies of the reactions ofacetylperoxyi® and propionylperoxyp radicals with carotenoids

carotenoids with free radicals using both ditéé# 37 and
indirect method$8-45 The use of laser flash photolysis (LFP)
and pulse radiolysis (PR) techniques, usually coupled with

(22) Burton, G. W.; Ingold, K. USciencel984 224, 569.

(23) Simic, M. G Methods Enzymoll992 213 444,

(24) Neta, P.; Huie, R. E.; Ross, A. B. Phys. Chem. Ref. Dati99Q 19,
413-513.

(25) (a) Chan, H. W.-S.; Levett, G.; Matthew, J. A. Chem. Soc. Chem.
Communl1978 756. (b) Porter N. A.; Weber, B. A.; Weenen, H.; Khan,
J. A, J. Am. Chem. S0d98Q 102 5597 (c) Porter N. A.; Lehman, L. S.;
Weber, B. A.; Smith, K. JJ. Am. Chem. So&981, 103 6447. (d) Weenen,
H.; Porter N. A J. Am. Chem. S0d.982 104, 5216. (e) Porter N. A;;
Wujek, D. G J. Am. Chem. S0d984 106, 2626. (f) Porter N. A.; Mills,
K. A.; Carter, R. L J. Am. Chem. Sod994 116, 6690. (g) Lowe, J. R.;
Porter, N. A J. Am. Chem. Sod.997 119, 11534. (h) Tallman, K. A,;
Pratt, D. A.; Porter N. AJ. Am. Chem. So2001, 123 11 827.

(26) Scaiano, J. C.; Martin, A.; Yap, G. P. A,; Ingold, K. Org. Lett.200Q 2
(7), 899.

(27) Bejan, E. V.; Font-Sanchis, E.; Scaiano, JO@g. Lett.2001 3 (25), 4059.

(28) Hill, T. J,; Land, E. J.; McGarvey, D. J.; Schalch, W.; Tinkler, J. H.;
Truscott, T. GJ. Am. Chem. Sod995 117 (32), 8322.

(29) Adhikari, S.; Kapoor, S.; Chattopadhyay, S.; Mukherjeidphys. Chem.
200Q 88, 111.

(30) Mortensen, A.; Skibsted, L..H. Agric. Food Chem1997, 45 (8), 2970.

(31) Mortensen, A.; Skibsted, L. .Hrree Rad. Resl996 25 (6), 515.

(32) Mortensen, A.; Skibsted, L. .Hrree Rad. Resl996 25 (4), 355.

(33) Mortensen, AAsian Chem. Let200Q 4, 135.

(34) Mortensen, A.; Skibsted, L..HFEBS Lett.1998 426, 392.

(35) Mortensen, AJ. Photochem. Photobiol. B: Bic2001, 61, 62.

(36) D'Aquino, M.; Dunster, C.; Willson, R. LBiochem. Biophys. Res. Commun.
1989 161 (3), 1199.

(37) Mortensen, AFree Rad. Re2002 36, 211.
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in benzene also lead to the formation of a proposed addition
radical.

(38) (a) Mordi, R. C.; Walton, J. C.; Burton, G. W.; Hughes, L.; Ingold, K. U;
Lindsay, D. A.; Moffatt, D. JTetrahedron1993 49 (4), 911. (b) Yamauchi,
R.; Miyake, N.; Inoue, H.; Kato, KJ. Agric. Food Chem1993 41, 708.

(39) Liebler, D. C.; McClure, T. DChem. Res. Toxicol996 9, 8.

(40) Handelman, G. J.; Van Kuijk, F. J. G. M.; Chatterjee, A.; Krinsky, N. |

Free Rad. Biol. Med1991, 10, 427.

(41) Baker, D. L.; Krol, E. S.; Jacobsen, N.; Liebler, D.Chem. Res. Toxicol.

1999 12, 535.

) Kennedy, T. A,; Liebler, D. CChem. Res. Toxicol991 4, 290.

(43) El-Tinay, A. H.; Chichester, C. Q). Org. Chem197Q 35 (7), 2290.

(44) Samokyszyn, V. M.; Marnett, L. J. Biol. Chem1987, 262(29), 14 119.

(45) Mordi, R. C.; Walton, J. C.; Burton, G. W.; Hughes, L.; Ingold, K. U,;
Lindsay, D. A Tetrahedron Lett1991, 32 (33), 4203.

(46) Mortensen, A.; Skibsted, L. H.; Sampson, J.; Rice-Evans, C.; Everett, S.
A. FEBS Lett.1997 418 91.

) (a) Lafferty, J.; Roach, A. C.; Sinclair, R. S.; Truscott, T.JGChem. Soc.
Faraday Trans. 11977, 73, 416. (b) Bensasson, R. V.; Land, E. J.; Truscott,
T. G. Excited States and Free Radicals in Biology and Mediciveford
University Press: Oxford, 1993; 26R27.

(48) (a) Willson, R. L Biology of Vitamin EPorter, R., Whelan, J., Eds.; Ciba
Foundation Symposium No. 101; London, Pitman Bodk33 19. (b)
Packer, J. E.; Mahood, J. S.; Mora-Arellano, V. O.; Slater, T. F.; Willson,
R. L.; Wolfenden, B. SBiochem. Biophys. Res. Comma881, 98 (4),
901.

(49) Mortensen, A.; Skibsted, L. .Hrree Rad. Resl997, 26, 549.

(50) Mortensen, A.; Skibsted, L. .Hree Rad. Resl997, 27, 229.
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Everett et al-"52studied the reaction gf-carotene with Chgt Scheme 1

CH,SO in a ~50:50 tert-butyl alcohol/water, where they 266 H2c
observed transient absorption in the NIR attributed to CAR m nm) W \O
and UV~vis absorption features attributed to an addition radical.

However, the reaction of G3$0O with other carotenoids in
60:40 tert-butyl alcohol/water showed two NIR absorption bands koo ~3x 108 8™ foR
as well as the addition radic#l. @300 K
The reactions of carotenoids with G€38 O,*—,20.53 ArQ,,20.54
and NQr17:46525556in polar solvents and with Br ~ and

(SCNY)~ in liposome$’ or aqueous TX-108 appear to produce ° " c
only CAR™. phenylacetylperoxyl : benzylperoxyl
In this paper, we report the reaction of carotenoids with (PAP)

reactive acylperoxyl radicals derived from tleecleavage

products of carbonyl compounds. These peroxyl radicals are . ) -

: : ) .~ nm laser energies were in the range-014mJ pulse! with a beam
clearly more reactive than the peroxyl radicals that arise during i, neter of~a4 mm. Quartz sample cells (2 mm excitation path
lipid peroxidation (although acylperoxyl radicals are known to  jgngth» 10 mm monitoring path length) fitted with vacuum taps (where
be involved in the autoxidation of carotendigs The high necessary) were employed for the laser flash photolysis measurements.
reactivity of these radicals leads to rapid reactions in both polar If necessary, (for example, during the acquisition of transient absorption
and nonpolar solvents and this makes the reactions convenienspectra) fresh solution was introduced into the sample cell following
for study by laser flash photolysis techniques, allowing different each exposure to the laser. For temperature dependence studies, a quartz
carotenoid radicals to be prepared and studied using comparatemperature cell (excitation and monitoring path lengths of 4 and 10
tively low laser intensities41—2 mJ per pulse). mm respectively) with a water-circulating jacket coupled to a Pye

o-Cleavage of ketones produces two different types of Unicam cell temperature controller was used.
radicals (acyl and alkyl). Each of these radicals reacts rapidly Results and Discussion
with O, (approaching diffusion-control) to form the correspond-
ing acylperoxyl and alkylperoxyl radicals. However, we have
previously demonstrated that acylperoxyl radicals are very much
more reactive than alkylperoxyl radicals to the extent that the
former is solely responsible for the observed reactivity toward
carotenoids on our time scalesA feature of the systems that
we have employed as peroxyl radical precursors is the flexibility
in variation of solvent polarity and oxygen concentration, thus

(a) Reactions between Acylperoxyl Radicals and Carot-
enoids in Hexane.Laser photolysis (266 nm and/or 355 nm)
of hexane solutions of the acyl radical precursors (DBK, TMP,
PIN, and BME) in the presence or absence of oxygen does not
give rise to any transient absorption features in the vis or NIR.
In addition, no transient absorption features are observed
following laser photolysis (266 nm and/or 355 nm) of argon-
A S . . saturated hexane solutions of the acyl radical precursors in the
allowing investigation of the influence of these variables on . . .
. L o presence of each of the carotenoids studied. These observations
the reaction channel distribution and the reactivity of the . - .
. . suggest that under our experimental conditions the carotenoids
carotenoid radicals toward oxygen. The structures of the . .
are unreactive toward the carbon-centered radicals generated.
carbonyl precursors and the carotenoids used in this study are S ; . .
shown in Figure 1 The principal processes in the solution phase photolysis of
' DBK in the presence of oxygen are summarized in Scheme 1.
Experimental Section DBK undergoes rapid intersystem crossing from the excited
singlet state producing the triplet stater & 0.1 ns), which
undergoesi-cleavage to give benzyl and phenylacetyl radicals.

and 1-butanol (BDH, HPLC grade) were used as received. Dibenzyl Benzyl radical undergoes oxygen addition giving benzylperoxyl
ketone (DBK), 2, 2, 4, 4-tetramethyl-3-pentanone (TMP) and pinacolone 'adical, while phenylacetyl radical undergoes decarbonyl&tion
(PIN) were from Aldrich and were used as received. Benzoin methyl iN cOmpetition with oxygen addition to give phenylacetylperoxyl
ether (BME) from Lancaster and linoleic acid (Sigma, 99%) were used (PAP) radical.
as received. All of the carotenoids were supplied by Hoffmann-La  77DH (Figure 1) is a retro carotenoid with eight conjugated
Roche Ltd and used as received. Oxygen (1%, 5%, 50% (balancedouble bonds. A feature of the UWis absorption spectrum
nitrogen) and 100%) and argon were supplied by the British Oxygen of this carotenoid is the highly resolved vibrational structure
Company (BOC). within the $—S, absorption band. Following laser (266 nm)

Instrumentation. The details of the laser flash photolysis system photolysis of DBK (A @ 266 nn¥ 0.2—0.4 in a 2 mmeell) in
have been described previoushnless otherwise stated, 266 and 355 air-equilibrated hexane containing 77DH10°5 M), a strong

i ] ——_ visible absorption around 455 nm (Figure 2) attributed to an

53) g%?eig%%, Tlc,i%rg\;/?y’ D. 3. Truscott, T. & Photochem. Photobiol. B: addition radical (PAP-77D%Hl is observed to grow-in on

(54) Edge, R Spectroscopic and Kinetic dgstigations of Carotenoid Radical i i i
lons and Excited Statebh D. Thesis. Keale Universitg998 205- 213, microsecond time scales at the concentrations of 77DH used.

Materials. Methanol, hexane, 1-pentanol, 1-decanol, benzene, (Al-
drich, HPLC grade, or Riedel-de Haechromatographic grade) ethanol,

(55) Behm, F.; Edge, R.; McGarvey, D. J.; Truscott, T. EEBS Lett.1998 Similar transient absorption features have been detected for
436, 387. ; i i i i

(56) Behm, F: Tinkler, J. H.: Truscott, T. GNature Med 1995 1, 98. In the the reaction of carotenoids with thiyl or sulfonyl radidai
reaction of NG with - carotene the authors reported the formation of
other NIR species (at 800 nm) in addition #eCAR*" (at 880 nm). (60) Tinkler, J. H.; Tavender, S. M.; Parker, A. W.; McGarvey, D. J.; Mulroy,

(57) Burke, M.; Edge, R.; Land, E. J.; Truscott, T..& Photochem. Photobiol. L.; Truscott, T. G J. Am. Chem. S0d.996 118 1756.
B: Biol. 2001, 60, 1. (61) (a) Maouf, A.; Lemmetyinen, H.; Koskikallio, Acta Chem. Scand99Q

(58) Chauvet, J.-P.; Viovy, R.; Land, E. J.; Santus, R.; Truscott,.T. ®hys. 44, 336. (b) Turro, N. J.; Gould, I. R.; Baretz, B. H. Phys. Chenill983
Chem.1983 87, 592. 87, 531. (c) Lunazzi, L.; Ingold, K. U.; Scaiano, J. & Phys. Cheni983

(59) El-Agamey, A.; McGarvey, D..Phys. Chem. Chem. Phy02 4, 1611. 87 (4), 529. (d) Engel, P..S). Am. Chem. S0d.97Q 92 (20), 6074.
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0.08 0.14 [

-O-BME
i Y% 456 nm i 0.12 } -E-DBK
% 0.04 | ; o 011 o rmp 5
c ‘© 008}
© T3 006 |
S 0 * .04}
3 &«_‘ 0.02 |
[ L L N N
o -0.04} —e—25.5 us 0 20 40 60 80
.E —=—80.6 ps [77DH)/uM
o .0.08 L 169 us Figure 4. Plots of observed pseudo-first-order rate constakys) (for
g . ———332 us formation of the 77DH addition radical at 455 nm from reaction of 77DH
P with different acylperoxyl radicals (Abs at the excitation wavelengthl—
. g Y - - 0.4 in a 0.2 cm cell) versus the concentration of 77DH in air-saturated
-0.12 hexane solution (LEx 0.5 mJ).

350 375 400 425 450 475
served reaction is due solely to reaction of 77DH with PAP in

wavelength/nm agreement with our previous observations for ABTSn
Figure 2. Transient spectra obtained following LFP (266 nm) of a solution methanol.
of DBK (Abs at 266 nnr~ 0.4 in a 0.2 cm cell) and 77DH (1.5 10°°M) | The formation of the addition radical absorption at 455 nm
in hexane (air-saturated, - 1mJ). Inset shows transient absorption profiles L h
at 428 and 455 nm. follows pseudo 1st order kinetics and from the linear dependence
of the observed rate constant on the 77DH concentration, a value
of 1.2+ 0.2 x 10° M1 s71 (see Figure 4) was obtained for the
oy 100% rate constant for reaction of PAP with 77DH. A comparable
R\ 50% value for this rate constant was obtained by monitoring the
bleaching of the 77DH absorption at 365 nm.

The reactions of 77DH with other acylperoxyl radicals in
hexane are also rapid and give rise to similar transient absorption
spectra as observed for PAP. Of course, the oxygen concentra-
. tion dependence of the 455 nm transient absorption amplitudes
0 200 400 600 800 1000 depends on the rates of decarbonylation for the different acyl/
aroyl radical precursof®. The variation in the rate constants
Figure 3. Oxygen concentration dependence of the transient absorption (283-288 K) for reaction of 77DH with acylperoxyl radicals
amplitude at 455 nm arising from the reaction of 77DH (k.2.075 M) follows the same order (BZP (18 0.2) x 10° > PAP (1.2+
with PAP following 266 nm photolysis of DBK (Abs at 266 nm 0.4 in 0.2) x 1 > PVP (0.6+ 0.1) x 107) observed for reaction of
a 0.2 cm cell) in hexane (LE= 1 mJ). ABTS? with acylperoxyl radicals in methanol, which we

reported previousf (see Figure 4). The nonzero intercepts of
in tert-butyl alcohol/water mixtures. The possibility that the 455 ¢ plots in Figure 4 give an indication of the intrinsic lifetimes
nm transient absorption is due to the 77DH triplet excited state (~30 us) of the peroxyl radicals under these experimental
is excluded on the basis th&7DH has an absorption maximum  ¢onditions.
at 475 nni%%2and is quenched by oxygen with a rate constant  ynder our experimental conditions the decay of the 455 nm
of ~6 x 10° M~! s™* (measured by triplet sensitization using  transient absorption is exponential with a rate constant of
fB-ionone in hexane in the absence and presence ok 11674 ~4 x 10°s~* at room temperature that is independent of oxygen
M oxygen). No transient absorption features were observed in concentration (see Figures 3 and 5, and eq 7) in the rangb—lo
the longer wavelength region of the visible spectrum or in the 10-2 M (at higher incident laser intensities, the decay kinetics
NIR region. The amplitude of the transient absorption signal are best described as concurrent 1st and 2nd order). The decay
exhibits a strong dependence on oxygen concentration at oxygerof the transient absorption at 455 nm is accompanied by
concentrations less than10°2 M, although the kinetics increased bleaching in the region of ground state absorption
(monoexponential) of the formation and decay of this species (Figure 2), although around 365 nm it is clear that the addition
are unaffected by oxygen concentration in the rangé-+00-2 radical and its decay product(s) has similar absorption coef-
M (Figure 3). ficients. In fact, the kinetic profiles vary considerably (see inset

This oxygen concentration dependence is similar to the of Figure 2) across the region of ground-state absorption
behavior we reported previouskfor the ABTS™ absorption according to the relative values of the absorption coefficients
signal following 266 nm laser photolysis of DBK in methanol Of 77DH, the addition radical and its decay product(s). For
containing ABTS™, and suggests that formation of the oxidizing €xample, the kinetic profile at 428 nm is consistent with
peroxyl radical (via oxygen addition) is competitive with another (77DH) ~ € (addition radical)> ¢ (product(s))-see inset of
fast sub-microsecond process, namely decarbonylation. TheFigure 2.

observed oxygen concentration dependence of the 455 nm '€ apparent lack of reactivity of these addition radicals
transient absorption amplitude strongly suggests that the ob-foward oxygen suggests that the reported pro-oxidant behavior

(63) (a) Chatgilialoglu, C.; Crich, D.; Komatsu, M.; Ryu,Chem. Re. 1999
(62) Burke, M.; Land, E. J.; McGarvey, D. J.; Truscott, T. & Photochem. 99, 1991. (b) Solly, R. K.; Benson, S. W. Am. Chem. Sod.971, 93,
Photobiol. B: Biol.200Q 59, 132. 1592.
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o 6 It is possible that the addition radical reacts with the solvent
=} # via an H-atom abstraction process, because this would also give
-E 5 “h 1% rise to 1st order kinetics. Consequently, the addition radical
o . decay was studied in benzene, a non-hydrogen donor solvent,
g 4 using BME as peroxyl radical precursor and 355 nm excitation.
-5 In air-equilibrated benzene solution, the transient absorption is
et 3f red-shifted from 455 to 465 nm. This red shift may be due to
o the increased refractive index (hence electronic polarizability)
5 21 of benzene relative to hexan®nfxane = 1.375, Npenzene =
2 1.501)7%which is known to cause a red shift in the absorption
2 117 - spectra of carotenoid$.A red shift is also observed in the
Q 857 : absorption maximum of the UVvis spectrum of 77DH from
@ 0 1" 402 nm in hexane to 411 nm in benzene. Interestingly the rate

constant for the decay of the 465 nm transient absorption in
0 200 400 600 800 1000 benzene is larger than that for the 455 nm decay in hexane, by
t/ius approximately a factor of 34 (k (benzene)= ~15 x 10® s71
Figure 5. Normalized transient absorption profiles at 455 nm arising from at room temperature). This observation suggests that the addition
the reaction of 77DH (1. 10-° M) with PAP following 266 nm photolysis radical does not react with hexane, but the reason for the

of DBK (Abs at 266 nm=~ 0.4 in a 0.2 cm cell) in hexane at different ;- raaged rate constant for its decay in benzene is unclear at
oxygen concentrations (LE 1 mJ).

present.
(0] ke . \02 The reactions between acylperoxyl radicals and 77DH in
)j\ 0 *+ CAR——» ROOCAR —X—> @) hexane are proposed to proceed via addition of the peroxyl

R Y radical to the polyene forming a resonance-stabilized carbon-

centered radical (eq 3), as described previously by Burton and
Ingold?? and others®39424445The other possible reaction
channels, electron transfer and H-atom abstraction, are respec-
tively excluded on the basis that no evidence for 77Dis
observed {max = 830 nm in hexané} and that the decay of

the transient absorption at 455 nm is 1st order. There is no
obvious unimolecular decay channel for 77D&hd decay by
second-order kinetics would be anticipatédis observed for

exhibited by some carotenoids at high oxygen concentrations
may not be due to chain propagation by carotenoid peroxyl
radicals, as has been propodeé536465hut to some other
mechanism.

The decay of the addition radical is also unaffected by the
presence of H-atom donors such as linoleic acid (LA) up to
concentrations of 0.08 M. This mirrors the observations of

7 o
fEO\:etLZtt aedtdeiltlil-or?fr:dliacgl( gsﬁﬁﬁg\?g raongigz(gf%gsg \(,jv(i)tlaors thiyl_-carote_noid addition radicals which also do not possess an
thiyl radicals in 60:4Qtert-butyl alcohol/water mixtures. obvious unimolecular decay channel.

PAP reacts with both 77DH and LA and thus the rate constant H-atom abstraction from carotenoids by alkylperoxyl radicals
for the reaction between PAP and LA can be determined by t0 Yield CAR has been suggested previou¥ly: Also, the

competition kinetics using 77DH as a referef¥¢éé (eq 8) involvement of CAR has been implicated from product analysis
studies of the peroxyl radical oxidation 6fCAR .2%72Woodall
Kops = K; + K [77DH] + k[LA] (8) et al’? separated and identified the 4- and 4sdbstituted

B-CAR. The formation of these products indicates hydrogen
Here, k; is the 1st order rate constant for the decay of PP, abstraction from 4- or 4,'4oositions to form the corresponding
is the rate constant for reaction of PAP with 77DH dads B-CAR. In addition, 4-nitrof- carotene was identified in the
the rate constant for the reaction between PAP and LA. By using cigarette smoke oxidation g8-CAR, implicating the same
a constant concentration of 77DH, a plotlgfs versus [LA] intermediate carotenoid radic#l-CAR*).* We do not rule out
yields a straight line with a slope equalke Using this method H-atom abstraction as a reaction channel in reactions of
the rate constant for the reaction between the PAP and LA wascarotenoids with peroxyl radicals. However, we do not have
determined to be 4.8 0.2 x 1® M~1 s71. This value is any evidence that it is a significant contributory reaction pathway

comparable to the reported rate constants (0.5x319° M1 in the systems we have studied.
s71)¢7:%8for the reaction of CGD;" with LA. This comparison The decay at 455 nm for 77DH is attributed to api S
is based on the comparable reactivity of €zt and acylperoxyl  intramolecular cyclizatiof§#445.7374yith consequent elimination

radicals since their reactions with carotenoids exhibit comparable of an acyloxy radical (See Scheme 2). This proposal is supported
rate constants10° M~ s%) and they have similar reduction  py the substantial negative entropies of activatia&i( ~
potentials 1.1 V versus NHEf? —80 J K1 mol~1) determined from measurements of the decay
(64) Liebler, D. C Carotenoids in Human HealftCanfield, L. M., Krinsky, N. rate constants for the different 77DH addition radicals as a

I., Olson, J. A, Eds.;Ann. New York Acad. Scthe New York Academy function of temperature (Figures 6 and Table 1, also see the
of Sciences: New York1993 691, 20—31.
(65) Kennedy, T. A.; Liebler, D. CJ. Biol. Chem1992 267 (7), 4658.

(66) Small, R. D., Jr.; Scaiano, J. @. Am. Chem. Sod.978 100 (1), 296. (70) Murov, S. L.; Carmichael, I.; Hug, G..lHandbook of Photochemistry

(67) Brault, D.; Neta, P.; Patterson, L. Khem.-Biol. Interact1985 54, 289. 2nd ed.; rev. and expanded; Marcel Dekker: New York, 1993.

(68) Forni, L. G.; Packer, J. E.; Slater, T. F.; Willson, R@hem.-Biol. Interact. (71) Andersson, P. O.; Gillbro, T.; Ferguson, L.; Cogdell, RPotochem.
1983 45, 171. Photobiol. 1991, 54(3), 353.

(69) Merayi, G.; Lind, J.; Engman, LJ. Chem. Soc., Perkin Trans.1®94 (72) Woodall, A. A.; Lee, S. W.-M.; Weesie, R. J.; Jackson, M. J.; Britton, G
2551. Biochim. Biophys. Actal997, 1336 33.
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Scheme 2 resulting from reaction of carotenoids with thiyl radicals
([RS...CARY}) decays by 2nd order kinetiésHowever, addition
radicals resulting from reactions of carotenoids with peroxyl
radicals ([CHC(0O)O,—CAR]* and [PhCHO,—CAR]") decay
by first-order kinetic$>37 There are various possibilities for
peroxyl radical addition to carotenoids, which may be distin-
guished as terminal addition or middle addition. Terminal
addition is favored by a high electron density in the terminal
region of the conjugated system*243However, middle addition
may be favored by reduced steric hindrafte.

Peroxyl radical additiof$4244457476g carotenoids yields
carotenoid addition radicals, which can eliminate *RSqi
reaction) to form an epoxide or cyclic ether (Scheme 2). The
driving force is the increased bond enthalpy of the@bond
relative to the G-O bond (340 and~130-160 kJ mot?,
respectivelyy®”” From product analysis studies @gFCAR
oxidation, 5,6-epoxys-carotene840-43.45.65 15 13-epoxy#-
carotené®40425 6 5, 6-diepoxyf-caroteneé43455 8- epoxy-

I;«szttvle 1 A;rge?iust_Parfamtehter% Stand;'ﬂr?d7 Sﬂ”}f};ﬁ‘-ﬁs aréd sical p-carotendl4345and 5, 8, 5 8- diepoxyf-carotené**>have
ntropies or Activation f1or the Decay O Ition Raadicals H e e 74 _ _ : H :
Observed at 455 nm Following the Reaction of 77DH (1.2 x ,been Identlfled.. In additioft, 5’,6 epoxly rgtanIC ac"?' h{?\s begn
10-5 M) with Different Acylperoxyl Radicals in Air-Equilibrated isolated following peroxyl radical oxidation of retinoic acid.
Hexane (LE ~ 0.5 mJ) Also, it has been proposé&tthat the peroxyl radical oxidation
precursor log (A/sY) E./kd ol AHfKImol~t  ASH#JK-Lmol-t of canthaxanthin in benzene follows a similar mechanism.
T™P 87+01 30907 282108 -879+24 However, following elimination of RO a canthaxanthin alkpx-
DBK 87+0.2 292+15 266+15 —86.4+45 ide radical undergoes a number of rearrangements leading to a
BME  86+01 28509 258£09  —889+28 mixture of epoxy and carbonyl compounds. The general

mechanism of peroxyl radical addition to olefins in the liqf&itl
or gas phasé$ parallels that proposed for peroxyl radical
oxidation of carotenoids. Furthermore, epoxidation of olefins
by acylperoxyl and aroylperoxyl radicals proceeds via addition
reactions’®

In a recent paper, Mortens€meported the results of a study
of the reaction ofs-carotene -CAR) and canthaxanthin with
benzylperoxyl radical, formed by photolysis of wirt-butyl

Supporting Information). The unusually low preexponential
factors (log A ~ 9), reflected by the substantial negative
activation entropies, suggests that cyclization is more likely to
be via a five-membered rather than three-membered (leading
to epoxide or cyclic ether formation) cyclic transition state
(Scheme 2). An alternative explanation for the low fogalues

is the existence of a preequilibrium for the formation of the s o o
addition radical, in which case our log values would be peromde_ in air-equilibrated benzene containing toluene (10%).
composite. However, the pre-equilibrium model predicts that Alower limit of ~10° M™% s~ for the rate constant was reported

the observed rate constant for the decay of the addition radicalf'jmd thi.s is ref'lected by the relatively. large incident laser
would be pseudo 1st order and thus affected by the 77DH intensities required to observe the reaction (26 mJ @ 297 nm),

concentration. We found no evidence for such a dependence WNich far exceed the laser intensities employed by us+@.5
mJ). Indeed, it may be that the time profiles reported in

The possibility that the acyloxy radical also reacts with the } . ) .
. Mortensen’s paper for the bleaching of the carotenoid absorption
carotenoid was suggested by a referee. However, these acyloxy . L .
. . . simply reflects the decay kinetics of the benzylperoxyl radicals
radicals undergo extremely rapid decarboxylation and thus are

. . . . (i.e., the carotenoid, as a consequence of its intense absorption,
““""‘?'_y tc;sreact with carotenoids under our experimental merely serves as a monitor for the peroxyl radical decay)
condmo.ns. . . ) ) . because the carotenoid concentrations used were aroufid 10

Certain addition radicals (or species assigned as additiony; \ve see no evidence for reaction of carotenoids with
radicals) resulting from reaction of carotenoids with other hon,vineroxyl radicals under our experimental conditions, which
radicals do not decay by 1st order kinetics but decay exclusively ;.o characterized by low laser excitation energies@.51J)
by second-order kinetic:4°For example, the addition radical 4 |ow carotenoid concentrations10-5 M).

(73) Dix, T. A Mamett, L. 3J. Am. Chem. Sod981, 103 6744 The transient absorption spectra obtained from reaction of
(74) Samokyszyn, V. M.; Freyaldenhoven, M. A.; Chang, H. C.: Freeman, J. PAP (and other acylperoxyl radicals) with the other carotenoids

P.; Compadre, R. LChem. Res. Toxicol997, 10, 795. ; ihi ; ; i
(75) (a) A referee drew our attention to the possibility that acyloxy radicals in hexane do not exhibit an equivalent highly resolved absorption
may be responsible for some of the reactions with carotenoids that we band, as observed for 77DH at 455 nm. For the other carot-
observe in these systems (e.g. formation of CARHowever acyloxy
radicals undergo very rapid decarboxylation reactions (&go, of

benzoyloxyl radical in CGl= 2 x 10 s1 at 297 K andk_co; of tert- (76) Yamauchi, R.; Kato, KJ. Agric. Food Chem1998 46, 5066.

butyloxyl, benzyloxyl and acetyloxyl radicals in methamell1, 5 and< (77) Mill, T.; Hendry, D. G Comprehensie Chemical Kinetics, Liquid-Phase
1.3 x 10° s7* at 293 KY>¢ 75dand they also react readily with the solvent Oxidationy Bamford, C. H., Tipper, C. F. H., Ed.; Amsterdam, Elsevier
(€.9.,keycionexandfor benzoyloxyl radical= 1.4 x 10° M~1 s™1 at 297 K)75¢ Scientific Publishing Company, 1980; Vol. 16;-87.

These reactions preclude any significant involvement of these radicals in (78) (a) Stark, M. SJ. Phys. Chem. A,997 101, 8296. (b) Stark, M. SJ. Am.
the reactions we observe. (b) Chateauneuf, J.; Lusztyk, J.; Ingold, K. U Chem. Soc200Q 122, 4162.

Am. Chem. Sod 988 110, 2877. (c) Chateauneuf, J.; Lusztyk, J.; Ingold,  (79) (a) Hoshino, M.; Konishi, R.; Seto, H.; Seki, H.; Sonoki, H.; Yokoyama,
K. U. J. Am. Chem. S0d988 110, 2886. (d) Hilborn, J. W.; Pincock, J. T.; Shimamori, H Res. Chem. Interme@001, 27, 189. (b) Sawaki, Y.;
A.J. Am. Chem. Sod991], 113 2683. Ogata, Y J. Org. Chem1984 49, 3344.

3336 J. AM. CHEM. SOC. = VOL. 125, NO. 11, 2003



Reactions of Carotenoids with Acylperoxyl Radicals ARTICLES

0.05 The lack of observation of a resolved addition radical
2 0.04 absorption band for the other carotenoids could reflect a situation
E whereby the decay rate constant of the addition radical
6 0.03 substantially exceeds the rate constant for its formation. Under
§ 0.02 such conditions, the addition radical corresponds to a reactive
g 0.01 intermediate in the context of the steady state approximation,
2 and consequently will be more difficult to observe because of
R its low concentration. The positive absorption features observed
0 400 800 1200 1600 for DECA and DODECA (at~400 nm) correspond to final
t/us products because similar spectra are observed in conventional

Figure 6. Normalized transient absorption profiles at 455 nm from the UV —Vis spectra of degraded solutions following exposure to a
reaction of 77DH (1.2x 10-5 M) with BZP following 355 nm photolysis number of laser pulses. Similar observations have been reported

of BME (Abs at 355 nm= 0.1 in a 0.2 cm cell) in hexane at different {5 the reaction of CGD;* with B-CAR in a quaternary
temperatures (LE- 0.5 mJ). microemulsion systertf, where a permanent product absorbing

0.05 at 345 nm was observed and identified as retinol on the basis
of HPLC analysis and fluorescence.

The lack of spectral resolution of the addition radical
absorption for the other carotenoids makes it more difficult to
monitor their decays. Nevertheless, the observed kinetics are
unaffected by oxygen concentration in the range*t02
M, suggesting that the carotenoid addition radicals formed by
reaction of acylperoxyl radicals witg-CAR, SEPT,5-CAR,
LYCO, DODECA, and DECA are also not reactive toward
oxygen. Mortensefiin a study of the laser photolysis of biacetyl
in benzene containind-CAR and oxygen observed bleaching
of the carotenoid parent absorption that was attributed to reaction
0.2 L \ \ \ \ of B-CAR with ACP radical formed bye%%i;gen induced

’ o-cleavage of biacetyl triplet state. Morten ports a rate

400 450 500 550 600 constant for reaction of ACP radical wiffrCAR in benzene
wavelength/nm of 9.2 x 10° M~ s7%, which is of a similar order of magnitude
to the rate constants determined by us for reactions of carot-
enoids with ACP radicals in hexane. Furthermore, the 1st order
rate constant reported by Mortenderior the decay of the
0.05 addition radical (1.35« 10° s™1) resulting from reaction of ACP
B radical withj3-CAR is of a similar magnitude to the values we
observe.

It is known that carotenoids, especially hydrocarbon carot-
enoids, are found predominantly in lipophilic regiéhge.qg.,
adipose tissu@sand the interior of cell membrang$183.
Therefore, if carotenoids act as antioxidants in vivo by scaveng-
ing free radicals then it is possible that addition reactions
constitute the predominant reaction channel because of the
nonpolar environment. The reactions of peroxyl radicals with
carotenoids in aqueous 2%Triton X-100 micelles (TX-100)
appear to indicate that electron-transfer is the principal reaction

-0.2 L 1 L L pathway®? However, such micellar environments are crude
400 450 500 550 models of the environment within a cellular membrane and
wavelength/nm _carotenoids may be distributed differ_ently within the mic_elles

) ) ) ) ) in a way that allows some carotenoid molecules to be in the
Z%’f L7\'(CTC;a(gS'XeT;§ﬁ;@&gﬁ}?_@ﬂg|(°7"_Vé">? l‘gz |E/3|)52 n”de)h(/’lea(Z%'g“O” outer region. Consequently, they will be influenced by the bulk
at 355 nm~ 0.2 in a 0.2 cm cell) in hexane (air-saturated, &EL.5 mJ). polar solvent?

. (b) Reactions between Acylperoxyl Radicals and Carot-
enoids3-CAR, SEPTL-CAR, LYCO, DECA, and DODECA, gnigs in Polar SolventsLaser photolysis (266 nm and/or 355
the carotenoid radical intermediates and the products of thelrnm) of methanol solutions of the acyl radical precursors (DBK,
decay absorb in the same region as the parent caroféfi®id 1\ip PN, and BME) in the presence or absence of oxygen
and no significant positive transient absorption features are oo not give rise to any transient absorption features in the vis
observed at longer wavelengths than the parent carotenoid

g ) ’ - or NIR. In addition, no transient absorption features are observed
absorption. Instead, the other carotenoids display rapid ground-
state bleaching (Figure 7) and, in the case of DECA and (80) Britton, G FASEB J.1995 9, 1551.
P ; (81) Zhang, P.; Omaye, S. Toxicology,200Q 146, 37.
DODECA, positive and perman_ent absorpthn features at shorter(sz) Bthm .. Edge. R Land. E. J.- McGarvey, D. J.: Truscott, TIGAM.
wavelengths (see the Supporting Information). Chem. Soc1997, 119, 621.
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Table 2. Rate Constants (kg/10° M~1 s~1) for Reaction between
0.1 4
198 Different Carotenoids and Acylperoxyl Radicals in Methanol
B 18]
Q i peroxyl radical
g’ 0.075 || ——49.6 us (source) B-CAR SEPT 77DH
pu | |T®19.8 s PAP (DBK) 2.640.2 1.0£0.1 0.92+0.03
S 0.05p_ .. us PVP (TMP) 3.1+ 0.4 11+0.1 0.86+ 0.07
o ) aCClsOy 2.1 1.9
© 0.025F BZP (BME) 3.9+ 0.3 2.1+ 0.2 1.2+ 0.1
c ) g
g e o “M aIn agueous 2% Triton X-108
1™
o 0.02 :
0 ® A o 700 nm
Ee = & T,
(] S 0.015 ?:” WQH@@,
ﬁ £ o Nﬁm
1 I 1 L g 0.01 ‘{” ’
500 600 700 800 s Fes 460 nm
'g 0.005 “'@E ';"
wavelength/nm 2 e
g : s

Figure 8. Transient spectra obtained following LFP (355 nm) of an air- ore . oo

equilibrated solution of BME (Abs at 355 nm 0.2 in a 0.2 cm cell) and
77DH (1.9x 1075 M) in methanol (LE~ 1.5 mJ).

following laser photolysis (266 nm and/or 355 nm) of argon- 0.03
saturated methanol solutions of the acyl radical precursors in ® 0.025
the presence of each of the carotenoids studied. These observa-
tions suggest that under our experimental conditions the
carotenoids are unreactive toward the carbon-centered radicals
generated.

Following laser photolysis of air-equilibrated methanol solu-
tions of DBK (A @ 266 nm= 0.2—0.4 in a 2 mmcell) or
BME (A @ 355 nm= 0.2-0.4 in a 2 mnxell) containing 77DH -0.005
(~107% M) a visible absorption around 450 nm (Figure 8) is
observed, as in hexane, and which is similarly assigned as an
addition radical. However, the amplitude of the transient Figure 9. Transient absorption profiles at (A) 460 and 700 nhm and (B)
absorpton at 450 nm is much reduced compared with the 100 304 770 m, obtaned folotig 3% 1m phctass of SUE, (s o
equivalent band in hexane. The smaller amplitude in methanol i ajr-saturated ethanol solution (L& 1 mJ).
appears to be a consequence of an increased decay rate for the B )
addition radical in this solvent. Indeed, the rapid grow-in, which (T(':az’s,f') fOF;OS:]E}g?:n?fctgreofe?‘%?égt'ﬂ”@;ﬂgi;f NIR1 and NIR2
is not observed at any other probe wavelengths, combined with

0.02
0.015
0.01
0.005

absorbance chang

0 100 200 300 400 500
t/us

the small signal size leads us to conclude that the rate constant carotenoid (Nlé"ﬁnm (NIR2 :’lga;\Rﬁ)/nm
for the addition radical decayk{) is comparable with, or

exceeds, the pseudo 1st order rate constafit4{DH]) for its ZTCD:R ggg ;Zg
formation in methanol. Under conditions such that > SEPT 670 820
kq[77DH], the decay kinetics of the addition radical are given B-CAR 750 900

by eq 9, which describes the temporal behavior of an intermedi-

ate in a consecutive reaction in which the decay rate exceeds . . .
the formation rate is accompanied by the growth of an absorption signat@20—

700 nm (NIR1), the decay of which leads apparently to the
Ky[77DH] growth of a further absorption signal 760—770 nm (NIR2,
[ROO77DH] O T exp(—k,[77DH]t) (9) see Figure 9 and Table 3). The growth profile at 700 nm shows
sigmoidal behavior at early times, which is indicative that this
The rate constants for the reactions of carotenoids with SPecies is formed from an intermediate in a consecutive reaction

acylperoxyl radicals in methanol were determined from the (i-. NIR1 corresponds to C in the sequence-& — C, where
carotenoid concentration dependence of the observed 1st ordeB iS the addition radical and A is the parent carotenoid). Similar
rate constant for bleaching in the ground state absorption region.9rowth profiles are observed for the NIR1 species of other
The rate constants obtained follow the same trend (i.e., BZP carotenoids even though a resolved addition radical absorption
PAP > PVP see Table 2) as reported previously for reactions Pand is not observed (see the Supporting Information).
of acylperoxyl radicals with ABT% in methanof® Further- These observations highlight the importance of the charac-
more, for each peroxyl radical the rate constants increase withteristics of the solvent medium in influencing the profile of
the number of conjugated double bonds in the carotenoid (seecarotenoid radical products. Within experimental error the decay
Table 2). of the transient absorption at 450 nm matches the growth of
In contrast to the behavior observed in hexane, the exponentialNIR1 and the decay of NIR1 matches the growth of NIR2,
decay of the 450 nm addition radical absorption signal for 77DH which subsequently decays over millisecond time scales. The
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0.03 0.03
——2.32 s A ———2.83 us B
@ =141 ps ] —20.2us
2 o002} —=—48.8 us @ o0.02f —8—30.8 us
o — =121 ps o — =165 us
5 5
o 0.01F v o 0.01F
g _."._.:N g / .'.:' X
g . : -E Ny
o o
2 { 2 1
o 001 4 o -0.01F
400 500 600 700 800 400 500 600 700 800
wavelength/nm wavelength/nm
0.02 0.012
o ® 0.008 |
o o
S o0.01 £ 0.004
S £ 0 :
§ 0 " g -0.004 ———4.36 us
« L ——2.83 s = i —=—8.48 s
£ 0.01 £ ——16.6 ps g 0.008 ——422,s
o -ULUTE [ —8—68.6 us o -0.012F
@ —_ ® ——141 s
r-} L 4 141ps 2
© ] = -0.016
-0'02 o 1 L 1 1 _0.02 1 1 5 1
400 500 600 700 800 400 500 600 700 800
wavelength/nm wavelength/nm

Figure 10. Transient absorption spectra obtained following LFP (355 nm) of air-equilibrated solutions of BME (Abs at 35®r2hin a 0.2 cm cell) and
77DH (1.4x 10°° M) in (A) ethanol, (B) 1-butanol, (C) 1-pentanol and (D) 1-decanol (B—3.3 mJ).

temporal behavior of the transient absorption signals throughout Scheme 3.
. .~ ROOCAR™ —» NIR1 —— > NIR2 ——» products
the VIS and NIR regions are unaffected by oxygen concentration
in the range 10*—10"2 M. Similar results were obtained for Sui ¢
SEPT ang@3-CAR in methanol (DECA and DODECA were not "
studied due to their poor solubility in this solvent), although products
the absorption bands due to NIR1 and NIR2 are less well epoxide/cyclic ether

resolved than for 77DH an8-CAR (see below). + acyloxy radical

The appearance of two NIR absorption peaks has been
observed previously in studies of the reactions of carotenoids NIR2. As the solvent polarity decreases the NIR2 (radical cation)
with phenoxyl radicals in a relatively polar solvent mixture (70/ absorption is suppressed relative to NIR1. In 1-decanol, NIR2
30 v/v ditert-butyl peroxide/benzene (or hexane) containing is not observed and for 77DH the absorptiona50 nm due
1.75 M phenoR®3tand with CC4O," in tert-butyl alcohol/water to the addition radical is larger than the absorption due to NIR1.
mixtures?® micelle$® and a quaternary microemulsiéhThe Solvent polarity is expected to have a strong effect on the
absorption maxima of the NIR2 absorption bands of various yield of 77DH* since the activation energy for 77DH
carotenoids match the accepted absorption maxima of theformation will increase as solvent polarity decreases. Conse-
corresponding carotenoid radical catidfisdowever, the as- quently, other decay pathways of NIR1 become more competi-
signment of the NIR1 absorption bands located at shorter tive 83
wavelengths has been the subject of considerable uncer- |Interestingly for 77DH (where the addition radical is spec-
tainty 324951Proposed assignments include a carotenoid radical trally resolved) the rate constants for the decay at 450 nm, the
formed by H-atom transfer to the scavenged radi¢alan ion- growth of NIR1, the decay of NIR1 and the growth of NIR2
pair®49%and an addition radic&f.303149 do not vary markedly in the different polar solvents, which

In an attempt to resolve some of the uncertainty surrounding suggests that other parallel decay channels exist (Scheme 3)
the assignment of NIR1, we investigated the influence of solvent for the addition radical and NIR1, and that the decay channel
dielectric constant by studying the reactions of acylperoxyl distributions vary with solvent polarity to the extent that in
radicals with 77DH an@-CAR in a series of alcohols (methanol, hexane no absorptions due to NIR1 or NIR2 are observed at
ethanol, 1-butanol, 1-pentanol, and 1-decanol). The transientall.
absorption spectra obtained are shown in Figure 10 (see The influence of solvent dielectric constant on the relative
Supporting Information fo£-CAR), where it can be seen that amount of NIR1 and NIR2 formed leads us to suggest that NIR1
a decrease in solvent dielectric constant has a pronounced effecis an ion-pair formed from ROOCARand composed of the
on the relative transient absorption amplitudes of NIR1 and carotenoid radical cation (CAR) and a peroxyl anion (ROQ,

J. AM. CHEM. SOC. = VOL. 125, NO. 11, 2003 3339



ARTICLES El-Agamey and McGarvey

as suggested previously by Mortensen and SkilfStetimilar with specified free radicals may very well follow a completely
dissociative processes involving neutral carbon-centered radicalddifferent course in a more or less polar solvent environment, as
dissociating to form a radical cation and a phosphate anion havewe have demonstrated in this paper for reactions of acylperoxyl
been reported previously for-DNA radicals®* Separation of radicals with carotenoids. Of course, the extent to which the
the ion-pair into free ions becomes less favorable as the solventsolvent environment can be varied is often a practical restriction.
dielectric constant decreases. An alternative possibility is that Nevertheless, statements concerning the mechanisms by which
dissociation of the addition radical yields an isomer of the carotenoids react with free radicals should be qualified, given

carotenoid radical cation and subsequent thermal isomerizationthat experimental data is often only available for a FéR&r3246.49

yields the thermodynamically stable isomer (NIR2). Thermal

or nonpolaf33537 environment. On the other hand, no NIR

isomerization of polyene radical cations has been observedabsorption features are observed in studies of the reactions of

previously following photoisomerization of all-trans polyene
radical cation$?® Interestingly, a transient absorption spectrum
(Amax~ 600 nm) assigned to an ion-pair formed by reaction of
BZP (or ACP¥8 radical with N,N,N,N'-tetramethylp-phenyl-
enediamine (TMPD), in ethyl acetate, diethyl ether and ben-
zené? has been reported. However, the reduction potential of
the TMPD radical cation = —0.1 V in acetonitrile versus
the silver electrodéy is very much lower than for carotenoid
radical cations, which may explain the observation of an ion-
pair in benzene, a nonpolar solvent.

In summary, we propose that the reactions of acylperoxyl
radicals with 77DH in polar solvents proceed by a radical
addition reaction followed by intramolecular cyclization via an
Syi mechanism in competition with ion-pair formation (or the
formation of an intermediate carotenoid radical cation isomer).
One decay channel for NIR1 yields the carotenoid radical cation.
No evidence was obtained for reaction of any of the transient
carotenoid species with oxygen in the concentration rangé-10
1072 M. For the other carotenoids, spectral and/or kinetic
resolution factors preclude observation of distinct addition

RS1746 or 2-hydroxy-2-methylpropylperoxyl radicl with
carotenoids in polar solvents, emphasising that the reaction
mechanism depends also on the type of radical involved. Clearly,
the reduction potential of the reacting radical is one of the
important properties that can influence the reaction mechanism.
For example, intert-butyl alcohol/water (7:3, v/v), the 2-hy-
droxy-2-methylpropylperoxyl radical does not react WitiCAR
by electron transfer because its reduction potefiiimtoo small.
Abbreviations. ABTS?>™ = 2, 2-azinobis(3-ethylbenzothi-
azoline-6-sulfonic acid) diammonium salt; TMRBN,N,N’,N'-
tetramethylp-phenylenediamine; DBK= dibenzyl ketone;
TMP = 2, 2, 4, 4-tetramethyl-3-pentanone; P¥Npinacolone;
BME = benzoin methyl ether; ACP- acetylperoxyl; BZP=
benzoylperoxyl; PAR= phenylacetylperoxyl; PVE-= pivaloyl-
peroxyl; f-CAR = p-carotene; 77DH= 7, 7-dihydro{-
carotene; SEP¥ septapreng-carotenef-CAR = -carotene;
LYCO = lycopene; DODECA= dodecapren@-carotene;
DECA = decapreng-carotene; CAR= carotenoid radical;
NIR = near-infrared; TX-10G= Triton X-100 micelles; RS=
thiyl radical; LFP = laser flash photolysis; PR= pulse

radical absorption features. However, it seems reasonable toradiolysis; LA= linoleic acid; LE= laser energy.

conclude that the other carotenoids react with acylperoxyl
radicals in a manner similar to 77DH.
Articles summarizing the published data on carotenoid

reactions with free radicals emphasize the relative importance

of addition and electron-transfer scavengiigwithout explicit
consideration of the characteristics of the medium in which the

reactions have been studied. For example, a review of the studie

of the reactions of CGD,* with 5-CAR suggest a 50:50

distribution of radical cation and carotenoid addition radical
products. However, we argue that if this reaction were to be
studied in a nonpolar solvent such as hexane then it is likely

that no radical cation would be observed at all. We suggest that

the nature of the medium in which the reaction takes place is,

not surprisingly, important and has been overlooked to some

Conclusion

The conclusions that arise from the work reported in this
paper are as follows:

(i) The decays of carotenoid addition radicals follow first-
order kinetics and are not influenced by oxygen.

(i) The profile of carotenoid radical products formed is

S e .
dependent on the characteristics (polarity) of the solvent

medium.

(iii) In nonpolar solvents, only addition radicals are formed.
(iv) In polar solvents, addition radicals are formed which
decay to ion-pairs (or carotenoid radical cation isomers) and

subsequently to carotenoid radical cations.
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