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AtMral% In the self-uuated oxrdahon of ~-carotene anth molecular oxygen the mte of oxygen uptake was shown to depend 
on the oxygen par&d pressure Epoxuks, Lhydrofurans, carbonyl compounds, ca&on dmx~de. ohgomenc material, traces of 
alcohols, and probably carboxyhc acids wexc fonaed. The mam products m the early stages of the oxldahon were shown to be 5.6- 
epoxy-b-carotene, 15,15’-epoxy-flcarotene, &epOx&s, and a senes of B-ape-camtenals and -carotenOnes As the oxldat~on 

pm~e4ed unchara~~ 0hgOmenC mate& and the CarbOny compounds became more unpertaat and the ep0x1des degraded In 

the fillal phase Of the OxldahOll the kU&K CtUUl fi-apo-carok~ Wert themselVeS OxldUXd t0 SbOltK Chl CiUbOll)‘l UMIlpounds, 

parhcalarly fl-ape-13carotenone. fl-ionone, 5.6-epoxy-B-mnone. cwtydroactm~obde aad mly cafboxybc auk. The. effect of 
IIW, copper and zmc steamtes on the product composltzon and pmporhons was stud&, as was the effect of hght The ox~dahon was 
mhWed by 2,6dt-r-butyl-4-methylphenol and a-tocopherol The ox&mm of B-apo-8’-carotenal and retmal under sun&u 
cotiuons were stied &fly, and the mam pmducts from the former compound were characterized The mltlatlon, the fomlatlon 
of the epoxldes, the p-apocarotenais and tan&nones, the successive chrun shoztemng of the aldehydes to the ketones, and the 
f-on of chhydroactuudlohdc are. explamed m terms of Ike rarllcal pcrox~dat~on chemlshy 

INTRODUCTION 

Interest m the ox&&on of p-carotene (pro-vitanun A) has been rekmdled by a number of recent 

dlscovenes Fust, p-carotene owdations in tissue homogenates were found to yield a range of p-ape-carotenals 

and B-apo-carotenones from sclsslon of the carotene cham at many s1tesl~~3 It had previously been generally 
supposed that p-carotene oxldatton under “blologcal con&tions” was enzyme-dated and resulted solely in 

sclsslon of the 15,15’ bond to produce two molecules of rehnal (v~tamm A) Clearly, these results have far- 
reachmg lmphcahons regardmg the true mechamsm by which vitanun A is formed from p-carotene m vtvo 
Second, b-carotene49596, retmolT and vanous synthetic retmolds have been shown to retard the development of 

certam expenmentaily induced annnal tumours Thml, there 1s epldenuologcal evidence that blood retmol 
levels and carotenold Intake correlate mversely with the Incidence of certain human cancers’ These 
hscovenes unn&ately nuse a very important question Is the ant~~~~er action of carotenolds due to some 
action of the carotenolds themselves or to some actlon of one or more of thetr oxdatzon products7 To answer 
this question properly a necessary first step IS to identify all the products of carotenold oxldahon With this 
Idea m mmd, we have embarked on a program to charactenze the enhre slate of products formed 111 the non- 
enzymatic autoxidahon of p-carotene We have also attempted to establish the mechannm(s) of product 

formation, the effects of reaction condmons, and the effect of potentud pro- and antioxIdants on the rate of 
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reacuon and the dtstnbuuon of the products (In connechon with the last It 1s mtereshng to note that &carotene 

can become an anttoxrdant at the low oxygen parttal pressures found 111 most trssues3) 
Early work on p-carotene autoxtdauon m&cated that epoxrdes were produced3~lo. The “heat treatment” 

of p-carotene both m the presence and 111 the (purported) absence of oxygen yielded p-apo-carotenals and B- 

apo-carotenones, together with epoxrdes 11~3~3~4~5~3 This work has recently been summan zed17. The 
more recent apphcanon of htgh performance hqtud chromatography (HPLC) to the analysts of the oxnlahon 
products of P-carotene has provided a farrly deuuled picture of then composruon Thus, Knnslcy and co- 
workers17 have rdenufled bapo-carotenals and epoxrdes whrle Lrebler and Kennedy13 have rdenufIed both 5,6- 
and 15,15’-epoxy-&carotene In the present paper we descnbe m more deuul than heretofore13 our stu&es on 
the products formed dunng the autoxldauon of p-carotene under a variety of expenmental condmons These 

products were ldenttfted by a combmauon of analyttcal procedures (FT-IR, HPLC, CG-MS) and by 
compansons wherever posnble wtth authenuc mate&s 

RESULTS 

Oxygen Uptake, /.W.arotene Consumption and Carbonyl Compound Formation 
p-carotene oxnlatrons were camed out m two pnnctpal ways, (1) by &ssolvmg ca. 10 mg of punfled 

substrate in 2 ml of tetrachloromethane and contmuously shalung m the dark under one atmosphere of oxygen, 
which was penodrcally renewed in an otherwise closed system and (11) by contmuously bubbhng oxygen 
through a benzene solutton of smular concentrauon also m the dark In the sealed system expenments, the 

2o oxygen uptake was measured with a pressure transducer Small samples were wtthdrawn from trme to tune 

and IT-IR spectra were obtamed Oxygen uptake became measurable after a short mducuon penod, of usually 
less than 1 h The rates of oxygen uptake, d[C3]/dt, at drfferent tnnes dunng the oxtdauon. are given for a 

typlcal run m Table 1 These rates increased with reacuon hme for about the first 20 h of oxrdauon and then 
decreased to zero uptake by ca 50 h reacnon The ratto of the number of moles of oxygen consumed per mole 
of uuttal p-carotene was found to be 6 f 1 When an was used as the oxidant the rates of oxygen uptake were 

always lower than with 760 Torr of oxygen and, at the maxtmum, the rauo of the d[Oz]/dt value under au to 
that under oxygen was 0 47 The nmescale of the oxtdahon wrth au was consequently increased 

The PI-IR spectrum of p-carotene m CC4 showed a sharp absorpuon at 966 cm-l, due to the C-H out 

of plane bendmg of trans double bonds This was integrated to momtor the gcarotene consumpuon Smular 

absorpuon bands were present m some of the products, so thts method underesttmated the rate of disappearance 
of p-carotene Dunng the oxrdatton this peak steadily decreased in mtenstty, complex changes occurred m the 

1000-1500 cm-l region, and a set of overlapping absorpuons developed m the carbonyl regron (1650-1800 
cm-l) An esttmate of the total growth m carbonyl compounds was made by companng the mtegrated total 
carbonyl signal wuh that from known amounts of mtmal (Table 1) The concentrauon of carbonyl compounds 
tn the final oxldanon rmxture (48h) was about twice the unhal p-carotene concentrahon, 1 e ca two carbonyl 
groups were produced (together with non-carbonyl compounds) for each molecule of P-carotene oxtdtzed 
The p-carotene was ennrely consumed in 5 30 h, but oxygen uptake contmued for ca 15 h further After 

oxygen uptake had ceased the carbonyl absorption contmued to nse for about another 10 h In a separate 

expenment the final mtxtum, after 48 h oxtdatton, 1 e after cessauon of oxygen uptake, was completely freed of 
oxygen by degassmg on a high vacuum hne, sealed under vacuum, and heated at 8oOC for 24 h 



Oxxiahve degradatton of @carotene 913 

Table 1 Autmudabon of warotene at 3oOC 111 Ct&; Oxygen Uptake, BCarotene Consumptton and Cat-bony1 
Group Formahon 

Time/ 
h 

105[fScarutenelP W[carbony~]b/ lO&l[O,~dt 
mol mol mol s-t 

rmol Bcsrotenecl-t 

000 209 000 __ 

125 209 0 14 020 

275 190 0 17 028 

5 58 177 075 039 

775 157 100 044 

17 75 075 2 88 046 

29 75 0 15 433 ndd 

480 000 nd 00 

77e 000 628 __ 

a Approxlmabon only, see. text. b Total carbonyl estimated from the mte.gral of the 1650-1800 cm-1 region compared to retuul, see 
text c MUI concentratmn of p-carotene d n d. = not determmed e Afte-r heatmg the deoxygenated sample at WC for 24 h 

The FT-IR of this heated nuxture showed a 45% mcrease m the carbonyl absorption, compared to the spectrum 
pnor to heat treatment This demonstrated that csrbonyl compounds could also be form4 by decomposmon of 
pnmary products, even m the absence of oxygen Before heat treatment the 48 h oxldafion nuxture tested 
positive for peroxides with the N,N-dnnethyl-p-phenylentiamme reagent 

The fl-IR spectra also showed the development of a sharp absorpnon band at 2364 cm-t due to carbon 
&oxlde The formation of CO2 could not be quantied in this way because its escape was not controlled 
dunng the oxidation and samphng However, C@ production was more important m the later stages of the 
oxidation and the most pronounced mcrease occurred dunng the heat treatment described above After about 6 
h oxldatlon a broad weak absorption, centred at cu 3500 cm- l, became evident Thus probably sigmfied the 
production of mmor amounts of alcohols/enols and/or carboxyhc acids After heat treatment, a very broad 
band m the 3500-2600 cm-t region was observed This region of the product spectrum was sm&u to that from 

retmolc acid, 1 e heat treatment uutlated, or accelerated, carboxyhc acid formatlon Oxidations were also 
carned out at 45 oC With pure oxygen the maxlmum rate of 02 uptake was 15 x lo-lo mol s-l mol@ 

carotene)-1, I e 3 3 times the maxlmum rate at 30 Oc The FT-IR spectra and HPLC chromatograms showed 
the development of the same products m the 450 C oxidations as m the 300 C oxuiations, but at a faster rate 

Product Characbmzatwn 
The p-carotene oxidations gave soluble mater& with molecular weights less than ca 600, plus some 

polymenc/ohgomenc matenal which frequently deposlted out of solution, part~ularly m the later stages of 
oxidation The polymedohgomer IS currently under mnvesfigation and will be reported on m a future amcle 
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The soluble matenals were separated by both normal and reverse phase HPLC Reverse phase con&tions \Nlth 
a Sphensorb 0DS2 5~ column were found to be best with a quatemary solvent system of H20/CH30H/ 

CH$N/CHzClz Flgun 1 shows the chromatogram of the products m the early stages (6h) of the oxldatlon at 
30 OC Essentially the same range of products was obtamed with &oxygen or a~ as the oxidant. W-Vls 
spectra m the range 210-600 nm were obtamed for all the major products The nuxtures were also exammed at 

various stages of the oxulafion by coupled LC-MS usmg the same column and solvent system The total ion 
current (TIC) chromatograms were smnlar to those obtamed m the analytical HPLC (except that peak 
mtensmes dtiered) and the two sets of results were easily correlated Much better resolution of the long 
retention tune (Rt), non-polar components was aclueved wth the analytical HPLC 

(iI) 
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Rgure 1 HPLC chromatogmm of the oxltion products from B-carotene after 6 h reacbon m benzene The column was an 
ODS2 5@ Sphensorb type with a quaternary solvent system (see text) Note that the peak numbers correspond to the Qructure 
numbers Inset (1) shows peaks 2 to 4 under tngher resohmon Inset (II) shows the group of peaks 4 to 6 after 24 h oxtdatmn 

The longest Rt peaks, la-c, were unreacted p-carotenes The central component, lb, was shown to be 
trans-p-carotene (1) by comparison of Its Rt with authennc matenal These Peaks were not resolved on the 
LC-MS chromatogram, but the MS showed only the p-carotene molecular ion across the whole broad peak 

The UV spectra of la, lb and lc were very slrmlar and all showed the band at 340 nm which IS charactenstlc of 
as-carotene@ It IS probable therefore that the shoulders la and lc correspond to crs-Isomers of p-carotene 

The fact that lb also showed the 340 nm band can be atmbuted to the extensive peak overlap which led to 
spectral rmxmg Peaks 2 and 3 (Figure 1) were also not Fesolved on the LC-MS chromatogram which showed 
only the molecular Ion for epoxy-P-carotene m ttus region Better resolution of this sector of the 

chromatogram was achieved with a larger &ameter column (wth the same ODS2 paclcmg) (see Figure 1, mset 
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(I)) The mam component, peak 3, was shown to be 5,6-epoxy-gcarotene, (3). by comparison of its Rt and UV 

spectrum with authentic matenal The mmor peaks, 2a. b had the same UV maxunum (330 nm) as reported for 
truns- and crs-15,15’-epoxy-p-caroteneI* (2). and we attnbute them to these compounds Fqque 1 (mset (I)) 

shows several ad&honal, mmor components m 011s repon which suggested that other epoxuies were also 
formed Peak 4 was too weak for observation by LC-MS. but comparison of Its Rt and UV spectrum ~th 
authentic matenal showed thus to be 5,6,5’,6’-&epoxy-P-carotene. (4) The complex group of peaks 5, were 

short-lived compounds They were absent in the later stages of the oxidation (> 24 h), &d not survive nnld 
heatmg to 45 OC!, or storage, and did not withstand the thermospray mlet of the LC-MS Theu UV spectra had 

maxima 111 the visible urlth featureless tiuls extendmg mto the UV ‘IIns, together with then retention tunes, 

suggested that they were long-cham &-oxygenated carotenes, possibly hydroperoxldes or cychc peroxides (5) 
The group of peaks 6a,b, which remamed after decomposmon of thrs transient matenal (Figure 1, inset (II)), 
were shown to include the dlhydrofurans (aa) and (6b), 5,8-epoxy- and 5,8,5’,8’-dlepoxy-p-carotene 

respectively, by Rt and UV compansons with authenhc compounds 

(2) 

n 
p-Carotene-00, j3-Carotene-OOH 

(5) 

Succeedmg peaks, up to no 9, were nunor at all wavelengths and in the TIC chromatograms, of these 
the group of peaks labeled 7 was shown to probably contam p-apo-8-carotenal, by Rt and UV compansons 
with an authenuc specimen Peaks 9 to 14 were shown to be P_apo-12’-carotenal(9). p-apo-14-carotenal(10). 
retmal(11). fl-apo-13-carotenone (12), P-lonylldene acetaldehyde (13), and fi-lonone (14) respectively from 

their MS, UV, and Rt data A plot of 1ogRt vs C-number, for the senes of mono-carbonyl compounds was a 
smooth curve (Figure 2) The Rt of P-apo-lO’-carotenal (8), which, was mterpolated from this curve, mlcated 

that it was probably one of the group of mmor peaks labeled 8 on Figure 1 The HPLC chromatogram showed 
a large peak at 10a with &,, = 390 nm, however, the LC-MS TIC chromatogram showed nothmg squficant at 

this Rt and It IS hkely that this unknown 1s a mmor product with a large extmction coefficient at the momtonng 
wavelength (350 nm) 
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FIgtut. 2 Plot of log Rt , derived from the HPLC chromatogrsm, vs carbon number for the seas of ~-ap-~~~tc!nals and 
camteIl0 es d 

(7) 

0 

(8) 

0 35 
(14) 

O-75 
(12) 
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Several short cham &- and m-oxygenated compounds were ldenhfied m the Rt = 21 to 11 mm. regon 
5,6-Epoxy-fl-lonone (15) was ldenhfied from its MS and by comparison of its Rt and UV spectrum with 

authentic matenal Product (15) appears mslgmficant m the chromatogram shown m Figure 1. but shorter 
wavelength detection and the LC-MS data showed that it 1s an Important product The same was true for p- 

cycloc~tral(16). &hydmachm&ohde (17), 4-oxo-P-lonone (18), and peak 19, all of which became unportant m 
the later stages of the oxidation Peak 19 had hm = 330 nm and M+ = 172, which was consistent with 

C9Ht&, but full charactenzation Was not possible 
There was some evidence for the formation of a series of 4-oxo-carbonyl compounds m mmor 

concentrations In order of mcreasmg Rt these were (18) (identified by compansons with authentic mater@, 
4-oxo-P_lonyhdme acetaldehyde, 1 e 4-0x0-13, (Rt - 18 mm ), 4-oxo+apo-13-carotenone, i e 4-0x0-12 (Rt - 
21 mm ), and 4-oxo-P-apo-lo’-carotenal, 1 e 4-0x0-8, (Rt - 29 mm, peak 9a), the latter three structures were 

tentatively assigned on the basis of the MS data Members of this senes with molecular weights mtermedlate 
between that of 4-0x0-8 and 4-0x0-12, If present, would be hidden under the “hump” from Rt = 25 to 30 mm 

The products of the P-carotene oxldahons were also studed by GC-MS We found that components 

with molecular weights greater than that of rehnal did not elute from the capillary column and therefore were 
not detectable with this techmque However, the method gave well-resolved chromatograms of the lower 
molecular weight products and served as a useful cross-check on their ldentlficatlon Thus, the formation of 
the followmg compounds was confiied by comparison of their electron impact spectra with the literature In 
decreasing order of elutlon they were retinal (ll), P-apo-13-carotenone (12), P-lonyhdene acetaldehyde (13), 

4-0x0-13, dlhydroactmidlolide (17), 5,6-epoxy-P-lonone (15), P-lonone (14), and p-cyclocltral(l6) Naturally, 

the retention order was &fferent from that of the HPLC chromatograms, however, this mdependent analyt& 
technique confiied that the mam low molecular weight components had been correctly ldentlfied and that 
other important products had not been nussed The GC-MS results also showed that mmor amounts of 2,2,6- 
mmethylcyclohexanone (20), and 1,1,6-tnmethylteaahydronaphthalene (21) were also formed Several mmor 

components remamed umdenhfled 

The analysis did not reveal any alcohols as major products That this class of compound was not 
hidden under other HPLC peaks was checked by companng the Rt of authennc retmol and P-lonol with the 

oxldahon chromatograms Both these alcohols were resolved from the correspondmg carbonyl peaks which 

indicated that major amounts of alcohols were not formed However, trace quantities of compounds (22) - (24) 

were shown to be present from theu mass spectra and by Rt compansons with authentic mate&s 

(19) (20) (21) (22) (23) (24) 

Although some cls-Isomers of P-carotene were partly resolved from the all-truns substrate, It was not 

generally possible to resolve crsltruns isomers of the carbonyl products by HPLC For example, crs-g-retinal 
and cls-13-retinal both had the same Rt as trans-retmal and could not be datmgmshed Thus, the present 
analytical techniques were not able to estabhsh the extent of this type of isomensation amongst the products 
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The &ode my HRLC detector response was cahbrated, by usmg solutions of known concentrauon, for 
ah the products whtch could be made or bought The accuracy of quanuficauon was hmued by the mcomplete 
resoluuon on the chromatograms Attempts to amve at a complete matenal balance were unsuccessful for this 
reason and because the amount of ohgomer was unknown, and because of the lack of cahbrauon factors for 
some of the products However, approximate values of the relatwe concentratrons of most of the lower 
molecular weight products, are gwen m Table 2 for various oxnlahon hmes 

Table 2 Relative Molar Proporuonsa of the MaJor Low Molecular Wetght Products from B-Carotene 
Autoxnlauon m Benzene at 30 oC 

Tune of Oxrdauon/h 3 6 24 48 

Compound 

B-Carotene, (l)h 0 60 035 003 COO01 

15,15’-Epoxy-~-carotene, (Z)c 0 085 0 10 0071 4001 

5,6-Epoxy-p-carotene, (3) 021 0 33 0 38 -ZOO01 

5,6,5’,6’-Dzpoxy-P-carotene, (4) 0 085 0 13 025 <oOOl 

p-Apo-lo’-carotenal, (8) COO01 COO01 COO01 COO01 

P-Apo-12’~carotenal, (9)d 0001 0016 0001 COO01 

P-APO- 14’~carotenal, (10) 0001 0 012 0004 0006 

Retmal, (11) 0001 0012 0004 0 009 

P-APO- 13-carotenone, (12) 0005 0009 0 058 0 13 

P-Ionyhdene acetaldehyde, (13) 0002 0 004 0 020 0 072 

@Ionone, (14) 0008 0 012 0071 029 

5,6-Epoxy-pionone, (15) 0004 0 024 0071 0 29 

j3-Cyclocural, (16) 0001 0001 0007 <oOOl 

Dlhydroactuudlohde, (17) COO01 0 017 0 034 0 20 

a Molar promoons as a fraction of the sum of total measured products and unreacted b-carotene b Uareacted b-carotene 

c Detector response assumed to be the same as for (3) d Detector response assumed to he the same as for (11) 

Carbonyl compounds were present after very short (1 h) oxrdauon umes (not shown m Table 2) At somewhat 
longer hmes (>24 h) the main products were the epoxy-carotenes, but these steaddy decreased m importance 
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and were undetectable beyond cu 3Oh oxldafion. It is probable that these longer cham mater& were further 
ox&zed to @ve lower molecular we@t carbonyl-contauung components The longer cham p-apocarotenals 

(8,9 and 10) also decreased m Importance ~nth oxldanon tune. After C(I. 48h oxtifion the mam products 
remanung were Blonone (14). and Its epoxlde (15). papa-13-carotenone (12). p-lonyhdene acetaldehyde (13) 

dlhydrvactml&ohde (17), the umdentied m-oxo-component (peak 19), together with smaller amounts of other 
short cham carbonyl compounds 

The HPLC results were m substanhal agreement with the results of the FT-IR analyses. In ation to 
the carbonyl compounds, the latter techmque showed that alcohols and/or carboxyhc aclds were produced m the 

later stages of the ox&&on The nunor hydroxyl components (22), (23) and (24) were characterized from 
their HPLC Rt data and UV spectra It IS possible that peak 19 and other mmor, umdermfied, components are 
carboxyhc acids, and/or peracuis 

Table 3 Relahve Molar Proporhons of the MaJor Products from Autoxldafions of p-Caroten+ m the Presence 
of Addmves, Light, or Methyl caprylate 

Addutve/ 
Con&hons 
104 mol 

Fe(III) stearate CU(II) stearate in stearateb WY1 hv* 

caprylatec 
18 17 15 __ __ 

/Mkotene (1)e 

lS,lS-QoXlde (2) 

5,6-EpoXlde (3) 

5,6,5’S_Dlepoxlde (4) 

fl-Apo- llcarotenal(9) 

p-Apo-W-carotenal (10) 

Retmal(l1) 

B-Ape-13-carotenone (12) 

p-Ionyhdene acetaldehyde (13) 

f&Ionone (14) 

0 19 

0 10 

044 

024 

0001 

0001 

0001 

001 

0002 

0015 

0 18 034 0494 0 032 

004 

044 

031 

<oOOl 

0001 

0001 

001 

0002 

0006 

0097 0087 0 039 

024 0291 0834 

0194 0 087 

0002 

0005 

0005 

0048 

0019 

0048 

0001 

0001 

0001 

0006 

0003 

0029 

0 088 

<oOOl 

4001 

4001 

0003 

0001 

0004 

a Oxulahon of p-carotene (0 2 x lo4 mol) m benzene at 3tPC for 6 h (unless othenwe noted), molar proporhons as a fractmn of the 

sum of the total measured products and unmatted p-carotene b Product d~stnbut~~ after 24 h ox~datmn c Reachon m llqmd 

methyl caprylate * Reachon dlummated W&I a tungsten lamp e ~nnzacted @rotene 
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The autoxldation was accelerated when 2,2’-azo-hs(2methylproplommle) (AIBN) was added, as 
shown by the more rapid development of the product range The known free radrcal chant-breaking 
anuoxulants 2.6~di-f-butyl-4-methylphenol (BHT) and a-tocopherol (vrtamm E) very effectively mhihted 
product formatron a-Tocopherol was more effective than BHT, as would be expectedm. For example, one 
molar equrvalent of a-tocopherol completely suppressed product formation from p-carotene m solution for ca 

72 h, whereas a smular amount of BHT was effecuve for only ca 24 h 
The autoxidauon of p-carotene at 30% m benzene 111 the dark was also carried out rn the presence of 

non(III), copper(R) and xmc stearates smce such metal carboxylates are potential oxnlatron catalysts and may 
be present in food The range of products formed under these condtuons (Table 3) was smular to that obtamed 
in the absence of metal tons (Table 2) A sun&u slate of products was also obtamed when p-carotene was 

subjected to self-initrated autoxldauon 111 the dark in methyl caprylate as solvent (Table 3). This solvent was 

chosen to lrmtate the condmons which might be encountered in a hpid environment but, unfortunately, tt gave 
rather broad and poorly resolved HPLC chromatograms (which is the reason most work was done m benzene) 

By way of contrast, the product drsmbuhon was perturbed when B-carotene was SubJected to oxidauon 

in benzene with irradiation by the hght from a tungsten lamp The oxulahons were strongly accelerated and 
epoxldes became almost the only products in the 6h oxidation nuxtures (Table 3) 

Ox&lion of j3Apo-tl’-Carotenal and Retinal. 
Table 2 shows that the epoxy-carotenes, and the longer cham carbonyl compounds, decreased in relative 

concentration as the oxidation proceeded It seemed hkely therefore that the higher molecular weight 

materials, wuh long conJugated charm, were themselves undergotng oxrdauve degradation The synthetic 5,6- 
epoxy-@-carotene (3) was found to rapidly oxuhxe gtvmg a complex range of products The amounts of b-apo- 
8’-carotenal (7) and P-apo- 10’~carotenal (8) formed were extremely small under all conditions To check tf 

these longer cham aldehydes autoxldlsed at a rate comparable to that of p-carotene, the oxidation of (7) was 

exanuned. The rate of the self-nuuated autoxulauon of (7) at 3OK! m benzene solution was approximately half 
that of the self-mmated autoxulauon of j3-carotene, nevertheless, after 24 h an extensive range of products had 

developed (Figure 3) Half the ongmal (7) was consumed m ca 30 h and (7) became undetectable on the 

chromatograms (c 1% starting concentration) after 72 h oxidation The HPLC chromatogram of the products 

showed a senes of carbonyl compounds similar to that obtained from (1) A cluster of peaks with Rt values 
smular to that of (7) suggested that czsltrans isomensauon of the reactant occurred The chromatogram also 
showed a major product with an Rt mtermediate between that of the reactant and the mam carbonyl compounds, 
we attnbute this to 5,6-epoxy-fi-apo-8’-camtenal, although definite idenuficauon was not possible Followmg 

this was a senes of carbonyl compounds mncludmg (9), (lo), (ll), (12). (13) and (14) In atihon, several 
unportant short Rt components were observed, these were probably poly-oxygenated, but were not structurally 

characterized 
The self-uuuated autoxidauon of retinal was bnefly examined In benzene soluhon, at 30% retinal 1s 

slgmficandy more resistant to oxldatlon than P-carotene, but minor quanuues of oxldation pmducts Were 

Cb~rwd after prolonged reaction (> 70 h) and when oxidations were carried out at higher temperatures 
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Figure 3 HPLC chromatogram of the oxdafion products obtamed from the fi-apo-8’-camtenal (7) ox&ton after 24 h The 
mstrumental parameters were stmdar to those used m the @carotene analyses The numkermg of the peaks IS the same as m the b- 
carotene oxdahon 

DISCUSSION 

The oxygen uptake and FT-IR data confirmed that, m the absence of antloxldants, and w&out added 
radical mlhators, punfied B-carotene oxldlses very rapldly m solution m the dark The actual rate of 

consumption of (1) depended on oxygen pressure, but changmg the solvent from benzene to tetrachloromethane 
to methyl caprylate had little effect The oxygen uptake curves were sqqnoldal which 1s consistent with an 
autocatalyhc reaction Other evidence that the oxulanon proceeded by a free radtcal cham reachon was its 
mhibmon by BHT and a-tocopherol and Its acceleration by AIBN The mam stable products were (1) a higher 
molecular weight component of unknown constitution, (u) epoxy-b-carotenes, (m) a senes of p-apo-carotenals 

and -carotenones and, parhcularly in the late stages of the oxuiahon, (iv) other low molecular weight Q- and m- 
oxygenated compounds, probably mcludmg carboxyhc and/or peraclds. and (v) carbon &oxide The oxulahon 
nuxtures also contamed thermally unstable components which could be degraded to form atihonal carbonyl 

contammg compounds Since peroxldes were demonstrated to be present we assume that they are the 
thermally unstable matenals The autocatalytlc nature of the oxldahon can probably be attnbuted to thermal 
decomposition of these peroxides 

The HPLC chromatograms showed that from the earhest stages of the dark re%hon. isomensation of the 
all-trans reactant to cls-isomers took place, and this may well have preceded formauon of the carbonyl 
compounds and epoxldes 



922 R C MORDI et al 

(1) SHI 
-- (2) + RO' 

(27a) 
6yck peroxldes 

T%e carotene Isomers were not sufficiently well resolved to be idenhfied with certamty, but the UV-vls spectra 
were consstent with an isomensahon @vmg mamly the 15,15’-as-isomer (25) Recent work by DoeTlng and 
coworkers has Pmplled that the Isomensanon of (1) to 15,15’-cts+carotene can occur m solution at 

temperatures < 40 oC22 The reaction IS facile because the smglet blradlcal (26) (Scheme 1) 1s 
thermodynanucalliy stabdlsed by extensive delocahzatlon of the two unpamxl electrons The facile thermal 
rsomenzatlon of truns (1) to czs (25) P-carotene (and vice versa) via the blradlcal (26) provides a ready 
explanation for the rapid self-mlhanon of P-carotene’s autoxldahon That IS, dunng Mstmg of the p-carotene 
“backbone” unpaved spm density ~11 develop m each half of the molecule, reaching a maxlmum (one free spin 

m each half) m the perpenacular transition state (26) It seems hkely that unpaued spin can be “captured” by 
oxygen even at twist angles considerably below 9ooC Th~s will produce carbon-peroxyl trpfet lnrachcds (27) 
which bemg mplets are presumably relahvely long-hved and hence may act as the mlhators of the autoxldanon 
cham reacnon (Scheme 1) These bmuhcals may coIlapse to (thermally unstable) cyclic peroxides or they may 
add to a second molecule of $-carotene following which a well-precedented mtramolecular homolyhc 

subshtufion ($11) will yield epoxlde (e g , (2) and (3)) and a carotene alkoxyl radical, RO’ (see Scheme 1) 
The much less facile self-moated autoxldahon of compounds contammg fewer coqugated double bonds than 
p-carotene (e g j3-apo-zI’-carotenal and rehnal) can simply be atmbuted to a much less facile translcrs thermal 

isomenzanon and hence to a much slower rate of inihatton 
The mam product m the early stages of the oxldatlon of (1) m the dark was 5.6~epoxy-P-carotene (3) 

which IS probably formed only m part m the u-uhahon process (Scheme 1) A more important route to this 
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product 1s probably the cham propagatmg step m whrch a peroxyl radtcal ROO’ adds to C(5) followed by an 

SRl reachon to produce the epoxrde (Scheme 2) Peroxyl radtcal titron to C(5), at the terminus of the 
conJugated system of (1). wrll give an mtermedrate radrcal with a greater extent of electron delocahsation than 
would be the case for non-termmal addmon It follows that terminal addrhon wrll grve the lowest energy 
rntermedrate which probably explams the preponderance of (3) and (4) 

(1) + ROO’ w -Y 
\I - RO’ 

The five-membered cychc ethers (6a,b) may be formed m a srmrlar way to the epoxrdes by homolyhc 
substrtutron from the radrcal centre at C(8) (Scheme 2) However, It 1s well established24 that 5,8-epoxy-p- 

carotene (6a) can be formed by acrd catalysed rearrangement of the 5,6-epoxlde, (3) Smce we have shown 
that the oxrdatron probably produces carboxyhc actds, tt 1s possible that (6a,b) are formed m this way erther 
addmonally or exclusively 

The 15,15’-epoxrdes (2 truns and CIS) were next m importance as mrhal products They are probably 
formed m part durmg the mmatron step (Scheme 1) but, more tmportantly, by peroxyl radrcal addmon at C(15) 
durmg cham propagatton Of course, addmon to C( 15) will grve a much less delocahsed carbon radrcal than 
addrhon at C(5) and, other things bemg equal, would therefore be a much slower reaction However, the 
15,15’-bond 1s stencally the most exposed and this should facrhtate peroxyl radrcal ad&hon 

The overall autoxidahon process m the dark may be dtvrded mto two mam phases Frrst, the formahon 
of epoxrdes, carbonyl compounds and ohgomer Second, degradation of these pnmary products to shorter 
cham carbonyl compounds Tlus second phase was accompamed by Co;? and carboxyhc acid forrnahon The 
P-apo-carotenals underwent more raprd oxrdatton than the P-apo-carotenones (12) and (14), whrch 1s hardly 

surprrsmg since the presence of the weaker aldehydtc C-H bond means that aldehydes are much more readdy 
autoxuhzed than ketones As a consequence, the P-apo-carotenones became the major products after long 

reactron hmes Although mmor amounts of alcohols (22) - (24) were detected, no regular sequence of alcohols 
analogous to the carbonyls was produced This indicated that the carbonyl compounds were not formed by 
peroxyl/peroxyl termmahon reactlons25 

RR’CHOO’ + RR’CHOO’ -+ RR’CHOH + RR’C=O + 02 

It 1s hkely, therefore, that the carbonyls are formed by oxrdahve ad&hon of peroxyl radicals to the conjugated 
system followed by scrsston There are two mam mechamshc posstbdmes Frrst, the rmtral peroxyl p- 
carotene adducts (28) might undergo an ahemahve SRr reachon to produce droxetanes (29) and carotenyl 
radicals (30) (Scheme 3) The droxetanes will be very unstable and are expected to decompose rapidly to give 
two carbonyl compounds Although there 1s no precedent for thus type of substnuhon occumng m alkene and 
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&ene autoxnlahons, we note that wrth carotenes the dtsplaced radtcal (30) 1s strongly resonance stabrhsed, 
which rmght make thus reachon competmve with the usual $11 formatron of epoxlde (Schemes 2 and 3) 

Second, the carbonyls nught arise from decomposmon of an ohgomenc peroxide (33) formed by successrve 
addmon of peroxyl radrcals to carotene molecules (route (a), Scheme 4) Thus type of process IS well 
documented for alkene and &ene autoxrdahons 26 Thermal decomposmon of (33) would then produce the 
observed carbonyls as the ohgomer “unzipped” Alternatrvely, the “unuppmg” mrght occur VU formatton of 
epoxtdes (route (b), Scheme 4) A difficulty wrth this mechamsm IS that the rmhal adduct radrcal (28) 1s 
extensively delocahsed so that oxygen attachment could occur at many sites down the chain to grve other 
olrgoperoxrdes (cf (32)) which cannot decompose so strarght forwardly to the observed csrbonyls It 1s 

possrble however that ra&cals of type (32) undergo oxygen nugratton by the well known and factle ally1 

peroxyl radical rearrangement2’ to give (31) Radical (31) 1s the most stable of these peroxyls because the 

carotene cham conlugatron 1s least hsrupted 

R 

0-O 

p+q 

epoxtdes (2,3, IS], 6) + RO’ 

\ 

) A - 2nlpo 
n 

+ 2RO’ 

Scheme 4 

Both of these mechamstrc schemes predict that the scrssion of each parttcular double bond should 
produce equal amounts of the two carbonyl compounds Thus, (10) and (12) would be expected to be. produced 

tn equal amounts, as would (9) and (13), (8) and (14), (7) and (16) In actual fact, the measured yrelds of the 

carbonyl compounds do not fit this pattern, even at short oxrdauon trmes (see Tables 2 and 3) Obvrously, the 

initial product yield rattos will quickly become dlstorted, because the longer cham carbonyl compounds, 
partxularly (7) and (8) ~111 be rapidly degraded, making then concentrations less than that of their partners, 
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(16) and (14). respectively Furthermore, omdatwe degradation of the longer cham carbonyl compounds 1s 
bound to produce additional amounts of the shorter cham carbonyls Scrutmy of the relative carbonyl 
concentrations (Tables 2 and 3) revealed that the methyl ketones, p-lonone (14) and @-apo-13-carotenone (12) 

predommate over the aldehydes, parhcularly at longer oxidation tunes The aldehydes are more suscept&le to 
autoxldation than the ketones because of their labile acyl hydrogens A bkely rnechamsm 1s outhned m 
Scheme 5 Abstraction of the aldehydlc hydrogen by any radial ~11 produce acyl rticals (34) which wdl 
combine with oxygen to give acyl peroxyl radicals (35) Ad&tlon of the latter to p-carotene ~11 produce 

delocahsed perester ra&cals (36) which can react m two ways Fwt, the SHI reaction w111 give epoxlde and an 
acyloxyl radical (37) which IS expected to undergo &sclssIon with loss of Co;? to afford vmyl ra&cals (39) 
Intermtiate (36) may also pick up oxygen to gve a peroxyl ra&cal(38) which on combmation with more p- 

carotene will @ve an ollgoperoxlde Under the oxldaaon con&tions employed and more particularly on 
heating under vacuum, th1.s ohgoperoxlde will decompose to carbonyls, CO2 and a vmyl r&Cal The vmyl 
radicals probably combme with oxygen to gve peroxyl ra&cals (40) which are presumably the source of the 
methyl ketones Thus process explams the successive cham shortenmg of the aldehydes, and the formation of 
CO2 and epoxldes 

The fact that carbonyl compounds ansmg from sclsslon of every double bond (except the nng C(S)-C(6) 
bond) were observed, m&cates that the oxygenation 1s a fauly random process vvlth not very much selectivity 
for any parhcular double bond Sclsslon of the nng bond was not observed, possibly because the mtermtiate 
ra&cal of type (28) prefers to undergo the SHI reachon to form the 5,6-epoxlde 

W) 

1 02 I f5-sclsslon 
-Co2 

H OOH - 
IA IA t 

I”’ 
0 - 

0 w 
peractd 0 

0 ‘0 

i 
02 

0 
‘0* 

J 

- 

i 
(1)s A 

1 A l + CO2 + carbonyls 

Scheme 5 
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An Important product, pamcularly m the later stages of the ox~datlon m the dark, was 
Uydroactm&ohde (17) which has been reported as a product m several studies of the thermal decomposmon 
of P_carotene1328 

§cheme 6 

The Wepoxldes, (6). and shorter cham analogues, contun an extremely labile hydrogen atom which IS 
b&lyhc and also achvated by the adjacent oxygen functlonahty AbstractIon of this hydrogen wrll gwe the 

delocahsed radical (42) which would add oxygen to @ve the peroxyl radical (43) (Scheme 6). A&bon of this 
peroxyl to $-carotene would afford the ohgoperoxycarotenyl m&cal(44) which could undergo the SHI rcachon 
to pve more 5,6-epoxlde, together with the alkoxyl radical (45) which on P_scrssion would yield (17) 

Oxidation under tungsten lamp ma&anon leads to mcreased yields of epoxldes (Table 3). The 

mechamsm by which these are formed IS uncertam but we tentahvely suggest that lmubation mcreases the rate 
of franslcrs Isomensation of (I) and the epoxldes are formed as shown in Scheme 1 

In so far as comparison IS possible with the par~al product analyses from p-carotene oxldahons m tissue 

homogenatesl-3, there appear to be marked smulanhes to the self-mmated autoxldation of (1) m the dark 

EXPERIMENTAL 

IH NMR spectra (300 MHz) and 13C spectra (75 MHz) were obtamed wth a Bruker AM 300 
instrument on CDC13 soluhons contammg tetramethylsllane as Internal standard The oxygen uptake 

expenments were performed in an apparatus incorporating a pressure transducer, calibrated by AIBN 
decomposition, sumlar to that described previously 2o FT-W spectra were obtamed on a Bomem MB 100 
Founer transform spectrometer equipped with a deuterated tnglycme sulfate (DTGS) detector For the IR 

measurements oxldatlons were run in tetrachloromethane and small samples were introduced mto a fixed 
pathlength 1 mm sealed RBr micro-transnusslon cell Usually 100 mterferograms were co-added and 

apo&zatlon was by cosme wave High performance hquld chromatography (HPLC) was camed out with a 
Terkm-Elmer 410 pump and LC 235 Diode Array detector, and also with a Hewlett Packard 1090 mstmment 
Eluhon of the components was monitored at 450,340,300 and 280 nm Best separahons were achieved with a 
250 x 4 6 mm Sphensorb S5 0DS2 5~ column operated with a quaternary solvent system of 

H2O/CH3OH/CH3CN/CH2C12 The uuhal solvent mrxture was H2O/CH30H/CH$N. 30/10/10, which was 
programmed to 100% CH3CN and finally 100% CH2Cl2 Samples, usually 10 ~1, were mtroduced onto the 

column either m neat benzene, or m CH30H/CH$N/CH$&, 2/3/5, v/v/v Coupled LC-MS was carned out 
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with a Hewlett Packard 5988A-1090 system operated m the thermospray mode A sumlar Sphensorb 0DS2 
column and solvent system was employed The GC-MS data was obtamed \krlth a Fmmgan MAT INCO§ 50 
mstrument, with 70 ev BI iomsation The GC was a Hewlett Packard 589OA fitted wrlth a fused s&a capflary 
column (25 cm x 0 2 mm) coated Hrlth cross-h&d phenyhnethyl s&cone 

j&Carotene, @onone, #Scycloatral, vitamin A acetate, crs-9-retinal, crs-13-retmal. and /3-apo-8’- 
carotenal were obtamed commercially The p-carotene was punfied by column chromatography on neutra! 

alumma wth tetrachloromethane as eluant It was store0 at -2OW and pentically re-punfied 
5,6-EPOXY-(~), 5,6,5’,6’-drepoxy-(4). 5&epoxy-(6a), and 5,8$‘,8’-drepoxy-B-carotenes-(6b) were 

prepared by the method of Barber et al 24 5,6-Epoxy-j%mnone(l5) was made in a sumlar way; 8~ 1 1 (6H.s). 
14 (2H, m), 18 (3H, s), 2 1(2H, m), 2 3 (3H, s). 6 1 (IH, d), 7 3 (lH, d), & 16 64,20 50.25 56.25 61.27 56, 

29 53,33 23,35 26,65 38.70 07,132 43,142 34,196 71 
4,5-Epoxy-m-rononeag, 4-Hydroxy-j3-lonone29, retrnai,(ll)30, fkonylrdene acetaldehyde. (13)31, /3- 

apo-l3-carotenone, (l2)31, and @po-I4’-carofenal, (1O)32 were made by hterature methods 
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