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ABSTRACT 

Aqueous solution of D-ribost (IO-‘M) saturared with N?O and N,O/O, (-l/l) 

were y-irradiated (dose rate: 3.85 x IO’” eV .g-’ . h- ‘) at room temperature. The 

following products \\ere identified: D-ribonic acid (1). D-er~r/rro-pentos-2-uIose (2). 

D-er~,rl~ro-pentos-~-UlOse (31, D-ef?,Ehro-pentos-3-ulose (d), D-riho-pentodialdose (9, 

2-deouy-D-eryrhro-pentonic acid (6), 2-deoxypentos-3-uloso (7)( ?), 4-deouypentos-3- 

ulose (S), 3-deo\ypeotos-&ulose (9), 3-drouypentos-2-ulose (IO), 5-deo\ypentos+ 

ulose ill), erythrosc (I?), erJ,r/wo-tetrodialdose (13), eryrhronic acid (l-4). thrcose/ 

erythrulose (I§). threonic acid (16) , 2-deoxytetrosz (17), and gl>ceraldehyde (18). In 

deoxygenared solutions, 13, 14, and 16 were absent. In the presence of oxygen, the 

formation of 6-11 and 17 \\as suppressed. From quantitative measurements, G-values 

nere calculated for both deouygenaIed and oxygenated conditions. Fihc different, 

prima?, ribosyl rridicals are formed i\lhich, in deouygenated solution, undergo 

disproportionation reactions (to gibe l-5). and transformations such as elimination 

of water and carbon monoxide folIoBed by disproportionarion reactions (IO gi\e 6-12. 
17). ~larcrial-balance considerations indicate the formarion of dimers (not measured). 

In oxygenated solutions, oxygen rapidly adds to the primary ribosyl radicals, thus 

prcbenting the transformation reactions, and the main produas are l-5 and 13. 

Pcssible mechanistic routes are discussed. The attack of HO radicals on D-ribosc 

involves C-l, h 20%; C-2 and C-4, - 3594: C-3, - 20%; and C-5, - 25%. 

WTRODUMON 

The reaction of OH radicals wiith carbohydrates in aqueous solutions can be 

studied most con\enientiy by using high-ener_z radiation. The y-radiolsis of water 

(reaction I) yields OH radicals, solvated electrons (e,). and H atoms as primary 

free-radical species. 

Hz0 - ;’ + ‘OH. e,, ‘H. Hz, H,02. H+, HO- (1) 

e.‘,+N,O -+ ‘OH+N,+HO- (2, 

l Raduuoo Cbemkrry of Carbohydrates: Pan Xl. 
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Tbe solvated electrons are converted into OH radicals by saturating the solution with 
N20 (reaction 2). The reactivity of carbobydratcs towards the solvnted electron is too 
low’ to compete with this reaction at the concentrations (IO-‘M) of D-ribose used in 
these experiments. The system then consists of -90% of OH radicals and - IO’% of H 
atoms. Both species abstract carbon-bound hydrogen atoms from D-ribose, giving 
rise to B\e diKerent. primary, ribosyl radicals. 

In the absence of oxygen. these primary ribosyl radicals undergo a series of 
reactions leading to secondary radicals and eventually to end-products. In the 
presence of oxygen. oxygen adds to the ribosyl radicals, giving rise to the correspon- 
dins perokyl radicals. Their chemistry determines the structure of the Products in 
oxygenated solutions. The radiation chemistrq of D-ribose has received some 
3ttention’-4. and that of its 5phosphate has been extensively studied ‘-‘O in order to 
elucidate the mechanisms of the OH-radical-induced scissioo OF the nucleic acid 

strands. 
We now report a detailed analy: 4s of the products from D-ribose, and present 

mechanistic considerations. 

RESULTS 

Aqueous solutions of u-ribose (IO -‘hi) \iere saturated with oxygen-free N,O 
or with N,OjO1 (80:20), and were )+radtated (0.8-3.9 x IO” sV.g- ’ at 3 dose rate 
of 3.55 x IO’* eV.g- I. h- ‘). The irradiated samples \\ere redumd with NaBD,, 
trimethylsilylatcd, and analyzed by g.l.c.-m.s. Fig. 1 shows a typical gas chromato- 
gram. The mass spectra were mtsrpreted on the basis of established fragmentation 
patterns for this class of compound I I. Some products were isolated by column 
chromatography, and were identified (g.l.c.-m.s.1 after methoximation and trimethyl- 
silylarioo. The dsta are giben in Table 1. 

kbonic acid (I) was identified as the 1,44actone after separation from most of 
the orher material by column chromatography. The residual material of this fraction 
was converted by methotimation into compounds that were elutcd much earlier and 
thus did not interfere \\ith the determination of 1. 

Pentos-2-ulose (2) and pentos-kdose (3), on reduction with NaBD,. each gave 
arabinitol and ribitol. The mass spectrum of hle,Si-arabinitol (Fig. 1, peak 13) 
contained prominent fra_g-rnents at m/e 103 (25%). 10-I (23%). 205 (13%), 706 (20%), 
207 (!5%), 217 (IO%), 318 (18?b), 219 (SSb). 307 (3?b), 30s (5%), 3OP (20,/o), 320 (3%), 
371 (3?.,), and 334 t c 196): base peak, /?ilr 73. The ions at NJ/~ 205, 206, 207, 307, 305, 
and 309 are consistent ~tirh the presence of arabinitol-/,,7-tIz and arabinitol-l,4-d:, 
I\ hich ivould fragment 3s follo\vj: 



RADIATTON CHEhUSl-RY. X1 23 

t! 

iz 
170% 1 

I I I I 

LO 30 20 :0 0 

-Time (mln) - 

Fig. I. Gas chromatogram oi 2 NaBHA-reducxi nod trtmclhyl~llylawd sample oi o-riboss 
y-imdiatrd in N,O-saturated. aqueous solulion: 130-m glass-capillary column; Deti~l ?W; 170 
isothermd. For numhcrs, refer to the text. 

TABLE I 

PRODU- m ntf ~-RADIOLYXS~ OF DLOYYGENJED AND O~YGEN~~D, N20-S4nm4mD. 

AQUEOUS SoLLIllONS OF D-RIEOSE 

Prod1rct Detrrmint*d av Ci-ralucs 

o-Whoox acid (I) 
~-rr~ri2ro-Peotos-2-ulo~e (1) 
D-.=rJrhro-Pcn1o+!-~oX (3) 
n-tr~thro-Peotos-3-ulose (4) 
D-ribo-Peotodmldose (5) 
I--Deo~y-o-Pr~rhro-peotonlc crcld (6) 

2-Deoxypeotos-3-ulose (7) (?) 
4-Deoxypcntos-3-ulose (8) 
3-Deouypeotos4ulose (9) 
3-Deoxypcolos-l-ulose (IO) 

5Deoxypentos-Gulosc (I I) 
Erythrose (12) 
er)rhro-Tetrodialdox (13) 
Erythromc acid (14) 
Threose/erythrulose (15) 
Thrromc acid (16) 
2-Deoxytetrose (17) 
GlycerAichyde (18) 

hle,Si ether of 11s Iactonc 
Arabinltol-/..?-JL f hfc$t ether) 
Arv3bmltol-/.4-dz (hlc,S~ ether) 
Xylitol-1.3-d: (Me,!% ether) 
hlethoxime-hle,.Sl derivative 
2-Deoxy-D-er~rlrro-pantilol-l,I-do 

(Me& ether) 
hfethotime-hfe,Si deriiarlbe 
2-Deo~yy-thrPo-pcntitol-3..i-d: 1 
3-Deoq-pentitol-IA-d, 
3-Deoxypentitol-/,2-d, 
S-Deouypentifol-/,J-dl 
EQ?hntol-I-d, 
hlethoume-hle,Si dcnvatlle 
Erythritol-/./-d, 
Pentitol-l-d,/-.?-d, 
Tilrcltol 1, r-Cf: 
2-Deonytetritol-l-d, 
Glycerol-l-d, 

0.05 I.0 

0.7 I.$ 

0.' I .o 
0.15 08 
0.55 sb ,ent 

0.30 
obxnt 
ab xnt 

Cl.40 
dbxnt 
absent 

0.10 absent 
0.05 ~ocertain 
absent 
absent 045 

0.01 I uniertain 
absent 0.04 
0.03 absent 
0.06 0.0’ 

‘25”; dose. (0.8-3.9)x 10’9eV.g-1; dose rz&, 3.85X l0’“eV.g. ‘.h-‘. 
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Pcotos-3-ulose (4) was identified as hie,Si-uylitol-1,3-d2, the mass spectrum of 

which showed ions at nl,‘e 103 (23X), 104 (30%), 205 (130/b), 1.06 (15%). 218 (19%). 
219 (Id?;), 30s (8’?;), 309 (9’TL). 320 (296). and 321 (??A): base peak, nl/e 73: indicative 

of the fragmentation: 

riho-Pentodialdose (5) \\a~ idenrrfed after mcrhoklmstion and tnmetbyl- 

silylstion of a column-chromnrographic fraction. .n*:o-Pentodialdose served a3 

reference material in mass spectrometrj. 

‘-Deo\~-erl.rirrc7-pentonic acid (6) \\as identified as 2-dco44-D-Prl,flrro-pentitol- 

/_/-(I2 nficr reduction irrrh NaBD, and trimethylsil~latlon of a column-chromato- 

graphic t-racrlorl. 

hletho\lmatlon and trimethylsilylatlon of a column-chromatographic fraction 
k-d to a product \vhose mass spectrum contained ions at /~~,lt> 103 (4”b), I I7 (IO?;), 

113 (229;). I55 (hl-90-X9: 7’?,>). ‘05 (lO?b). 213 (hi-31 -90; So/b), 231 (31%). 

2-W (hl-90: IO;). 303 hl-31: ~19~). and 319 (hl- 15: 2O&): base peak. nl,le 73. 

This msss spectrum could indicate 2-deo\>pentos-3-ulose (7). 

tic 

!OCH 

,,~~=HO,..~~~H.O~,~,~,. -----CH:-C 

3 NOCH, 

AlternatIvely. the mass spectrum could be interpreted as being due to the 

methokimr hlc,Si derivative of 3-dcouypentos-2-ulose (9). 
4-Deo\ypentos-3-ulose (8) was i,olatrtd by column chromatography. The 

product obtained by reduction with NaBD4. follot\cd by trimethylsllylation. ga~c a 

mas:, qxtrum which contained ions at IIJ,IP 103 (lOO?L). IO-L (l5YL). 206 (50/L), 

220 (309;). 233 (34;). 116 (I’?;). 321 (< I?J). and 322 (c I ?b). The lens at w,1~ 104, 

and 310 shoH thar deuterium atoms arc lncorporsted both at C-l and C-3: 

3-Deox~pcntos-~-ulose (9) and 3-deo\ypcnros-I-ulose (IO), on reduction with 
NaBD,, paie ti\o stereolsomeric polghydric alcohols (peahs 9 and IO, Fig. I). The 

mass spectra of the hle$i dcri\atives of rhese alcohols arz simkw and contain ions 
at III/~ 103 (41b). IO4 (2%). 205 (IOOG,). 206 (IS%). 207 (8%). 232 (300/b), 233 (32%). 

2-16 (I %), 322 (< 19~0). and 323 ( < I?,;); base peak, nz/e 73. These ions are consistent 

wlrh the presence of 3-deo.uypentltol-/,2-~~~ and 3-deoxqpentitol-/,~-d2: 
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5-Deoxypentowbulose (II), on reducrioo with NaBD,. ga~c two polyhqdnc 

alcohols. The mass spectra oftheir hfe,Si ethers (peaks S and 6 III Fig I) are ldcnrical 

and contained ions at m/e 103 (22% ), I04 (2O‘:b), I I8 (50Y0), I57 (IYb), 106 (5?o), 

218 (69b), 220 (IO’?&), 231 (5?‘0), 305 (5’?b), 321 (hf - 15-90; IS”), 3X (<I?;,), and 

336 (< 190); base peak, r7z/e 73. These data are consistent with the presence of 

deuterium at C-I and C-4: 

‘“~~CHOSl~te,~CHOS~Dlr,(~~~OS~~t~~-CH,. HDCOSlhle, 

In the absence of osygen, a g.1.c. peak due to hfe,Si-crythntol (peak 4 in FIN. I) is 

preceded by a smaller peak for hle,Si-threitol (peak 3 in Fig. I). Each compound 
contains one deutcrium atom. Vt hereas the precursor of most of the erythritol is 

eqthrose (12). the precursor of thlz threitol might be rhreose and/or erythrulose (IS). 

erl./l~ro-Tetrodialdose (13) was identified after metho\imation follw~d by 

trimerhqlsil~lEition. The mass spectrumconrained ionsat w/373 (979b) l60( lOO”L). 215 

(hf-15-YO: I’?&). 231 (hf-89; <I?:>). 243 (hl-31-31: <I?;). 27-l (hl-31; 

cl?:),nnd305(hf-15: <I ?b) consistent sitb the following fragmentation: 

160 160 
HC CHOSihle, 1 CHOSIhle, -CH 

LOCH 
II 

J NOCH, 

This product \ras also identified 8s erythritol-I.-l-d,. Erbthronic acid (14) and thrwnlc 

acid (16) \ierc identified as erythritol-I./-tl, and threltol-/,1-r/, , respectiksly. The 

presence ot*minor amounts ol‘sythrose. erylhrulose. and thrzose cannot be cwludcd 

from the series of products obralned from o\ygcnatcd solutions. 

2-Deo\yte:trosc (1) ~9s identified as Z-deoxytetritol-I-r/, (peak I in FIN. I). 3% 

described prci iouslg . I’ For quantitative analysis of the reduced samples. rhamnitol 

was used san internal standard. snd rlbttol for rhc merho.\rmatcd samples. Reducrion 

of the pentosuloses 24 ,oa\e rlbirol and another stereoisomer. Only the latter bias 

determined. and its yield \ias arbitrarily multipllcd by t\%o (Table I). The yields of 

products on reducllon of he\osuloses ~irh MBH, 15 u~~allq near to eyulmolar, but 

in one case (ribo-he\os-~-ulose) 8 ratio of I: I .75 ~~3s found. 

The quantitatlbe cietcrminntion of rrho-pentodialdose \%a5 carried out lia its 

merhoximz hfc,Si-derivatives. The g.1.c. peaks corresponding to the 51x and urrri 

forms were Identified by using ribox j-phosphate irrndlared In oxygenated. aqueous 

solutions as reference material. which ,OIVCS r&o-pentodialdose as the only major 

pbospbate-free product containin, 0 fine carbon atoms’ These samples aljo allowed 

determination of the sum of the products 2-S. In N,O-saturated solurlons. a G-value 

of I.2 was obtained in agreement with the ~~alues in Table 1. The g.1.c. response factor 

of the methoxime hlc,Si-derivatl~es \\as calculated on an increment basis”. The 

G-values obtained In these experiments are thought to be correct to +10”;1. allhou:h 

the reproducibility ~vas usually better (+_ IO?;). 
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DISCUSSION 

For aqueous solutions of D-ribose, the OH radicals and H atoms generated by 
the radiolysis of water absrract carbon-bound hydrogen atoms from D-ribosc to give 

five difierent, primary, ribosy! radkak (Scheme I), which undergo a series of reactions. 
The types of reactions are similar to those observed for 3-dco~y-D-~f~r/rro-pentose’~.‘~, 
cellobioselb* “, D-glucose’8, and D-fructose”. They are as follows. 

The elimination of water fnm a$-dibydroxyalkyl radicals: 

-C0t4440~- -+ -co-O-i-+ f-1~0. (3) 

The corresponding reaclion invoh ing an O-R group: 

--COH-CHOR- -+ -cc&i++ H0R. (-I) 

Eli;ninarion cf CO and CO + H,O from radwxls of the types -CHOH-CO-, 

and -CHOH-t‘(OH),- and its ring-closed carbohydrate analoguej: 

0 -- G 
Ok- 

c-7 + CO’ 
. 

HO OH HO 

HO OH HO OH 

Rearrangement in\ol\ing the ring oxygen: 

h0 Gh n5 o- 

(5) 

(6) 

Disproportiooation reactions of the primary radicals: 

2 &OH-CHOH- -+ -c~-~HoH- + -CHOH-CHOH- (z7) 

2 -tOH-CHOH- 4 -COH=COH-I-CHOHSHOH-. (76) 

Enols’” are expected to be, in PSI-I, intermediates in the formation of the carbcqyl 
compound (reaction 7h). The reduced product of reaction 7 can thereby lose its 
original configuration’ ’ . Dimerisation reactions of these radicals appear to be of 
minor importance. 

Radicals of the -CO-CH- type formed in rencrion 3 are either reduced by the 
radicals of the <OH-CHOH- type (reaction 8) Gr dimcrizc (rcnction 5). The 
oxidation of these radicals has not been observed so far in carbohydrate free-radical 
chemistry. 

--CO-CH- + -COH-CHOH- --+ -CO-CH,- + -CO-CHOH- W 

7,-U&H- + -CO-CH- (9) 
I 

-CO-CH- 
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IO the preswce of oxygen, the primary radicais add 0,: 

<OH-CHOH- + 0, 4 -COH-CHOH- . 

I 
0-O. 

(10) 

At rhe 0, concentration used in these eiperimcnts. this process competes successfully 

Hith those of rescrions l-6. 

The fatz of the perosyl radicals IS not let fully understood. HonebeT, there is 
incrcnsinz evidence”-2J that ,z-hjdrouyl peroxgl-radicals eliminate HOj- in a fast 

rzsction: 

-COH-CHOH- 
I --) -CO-CHOH- + HO:. (/I) 

O-O” 

The scission of C-C bonds hns been 3rtribut?d7g25 to bimolccul3r rzacfions 

1.i ith other prros I radicals: 

-COH-CHOH- -COH-CHOH- 
I -+RO: + 1 +O,+RO’ (12) 

O-O’ 0’ 

-COH-CHOH- -C-OH 
I 4 % + CHOH. (13) 

0’ 

The moor libel) peroxy radical (ROT) to give this reaction mayI be the HOP (Oy-) 
radical. because ofirs long Irktime and hence its h;gh sready-srate concentration. The 
pii vnlue of the HOP radical is 4.8. The solutions turn slightly acidic during radiolysis 

because of the formation of ribonic 3cid (1). Therefore, both 0; - 3nd HOf csn play 

3 role. 

The h>droperoxyl radicsls HOf (Of-) largely disproportionate to gikc H,O, 

and o\ygcn. 

Deo.rjgenatdi sohtions 
In Scheme I. the mechanism of the formation of the m3jor prodlrcts containing 

up ro 5 carbon stems is g~\eo for deokypensted solutions. Tbe dimers suggested to be 

formed accordin_g to equation 9 could not be analysed. Analysis has been possible 

so far only for the smaller analopue; ethylene glqcol’” and erythrirol”. The rczu-- 

rangemen! according to reaction 6 1s no1 observed with D-ribosc in aqueous solution. 

Ho~~e\~er. the ekpectrd produc:. 5deoxyribonic acid, ~3s found ahen D-nbose was 

irradiated in the crystalline state”. In aqueous solution, the elimination of water from 

the C-l radical (ultimately giLin rise to ‘-deo\y-D-eTI’f/zro-pentouic acid) appe3rirs to 

br f3ster than the rcarransement (rwzrion 6). In aqueous solutions, the furanosr: 

forms of o-ribose are prssent to only 3 small percentage’s. and are disregarded in 

Scheme I. On rhe basis of the combined G-value of OH rsdicals and H atoms. which 

is -6, oxldrzed products (from the disproportionation reaction 7) and dimers wou!d 

be expected to be formed Hith hnlf of this lieId, i.e., - 3. The sum of the otidi~d 
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products is only u 1.1, which indicates that many products escaped detection and 

might have been present in the dimcr fraction which was not analyzed. 

O:c_vgenared sohtrions 
In oxygenated solutions, products conrslnlng the structural unit -CH?-CO- 

are absent. This is due to thz fast addition of molecular oxygen to ~hc primary sugar 

radicals, which is virtually n diffusion-controlled process”. 

22 23 

The lifetlme of the primary perokyl radicals 19-22 is thought to be short because of 

the fast reaction //. The prroxyl radical at C-5 (23) might be more stable to unl- 

molecular decay and hence ha\e ihe chance to undergo a bimolecular fragmentation 

reaction (reactions 12 2nd 13). erI,rl~ru-Tctrodialdosc (13) is e\pectcd to be. and is, the 

major fragmentation product. 

In the presence of oxygen, most of the hydrogen atoms are scs\cnpcd by oxygen. 

and only the OH radicals y\e rise to the primary ribosbl radicals (G - 5.5). G (I-5) = 

4.6 and G (1-5, 13) = 5.05 approach this 1;1Iurt 1% lthin r\perimenral error. The better 

material balance \%:th respect to deoxygenarzd solutions IS thought to be due IO the 

lack of dimer formstlon. The quantitative data (Table r) a!lo~ calsulation~ on the 

probabilities of attack by OH radicals at the various pasitions oi D-rrbose. It 1s 

estimated that there is - 20?I1 nltack at C-l (to give 1). - 3S?; at C-Z snd C--l (to gibe Z 

and 3), z 20% at C-.? (to give 4), and _ 25% at C-S (to p\e 5 and 13). 

EYPERlhtENTAL 

Jlateriak. - 2-Deo.ug-D-er~,rlrro-pentonic acid \+;1s synthesized by oxldarlon“' 

of 2-deo~y-D-en.fhro-pentosr ~\irh bromine. xv/o-Pentodialdose was, obtainea b} 

oxidation of I,2-O-i~opropglidene+D-glucofuranose”” v.ith periodic acid. 

Irradiation arrd prepararh of sampks. - 0.0 I x1 D-RI hose u 33 saturated H i th 

olypen-free NzO for 30 min prior 10 irradiation, or \xirh N,O/O, (SO:ZO) during 

Irradiation. irradiations were performed in a Nuclear Engineering Ltd. panorama 

60Co-y-source (dose rate. 3.55 x lOI cV.p- ’ . h- ’ ) at room temperature. Doses 
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ranged from 0.77-3.55 x iO’q eV.g- ‘. Separation of the products by column 

chromatography. the reduction with NaBH, (NaBD,). derivatisation, g.l.c., and 
g.l.c.-m.5. were carried out essentially as described pr~~i~usly~““. 

Q:lanrirarce derermmaliom 3 ’ . - A known amount of the standard (rhamnoze) 
~3s added to an aliquot of the irradiated solution, and the solution was reduced with 
NaBI-il. The product mixture was then trimethylsilylated and subjected to g.1.c. A 
cclrrecCon factor of 1.0 was determined for the polybydric alcohols with respect to 
rhamnitol. D-Ribonic acid was determined as the hle,Si derivative of its lactone. 
hletho~ylamine \\as added to obtain a good separation from other material, which is 
thcrchy cookerted into the methouime-hle,Si derivatives. Ribitol 1ia-s the internal 
standard, and a correction factor of 1.3 lias determined for ribono-l&lsctone with 
respect to rihitol. 
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