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Three tertiary alcohols, allylbenzylphenylmethanol, allyl-tert-butylphenylmethanol, and benzyl-terl-butyl- 
phenylmethanol, were synthesized from the appropriate ketone and Grignard reagent and oxidized in 75% 
aqueous acetonitrile at 80’ by ceric ammonium nitrate. All three alcohols underwent oxidation cleavage to 
produce ketones and, from the yields of these ketones, it is calculated that, the relative rates of formation of the 
allyl :benzyl : tert-butyl radicals by oxidative cleavage are 1 : 4.4: 19.9-62.9. 

As part of our study of the effect of structure on yela- 
tive rates of oxidative cleavage of alcohols by ccrium- 
(IV), a reaction shown to be a one-electron process,2 
we wished to dotermine the relative rates of formation 
of allyl, benzyl, and tert-butyl radicals. These are 
very stable radicals, and previous rosults have shown 
that benzyl2 and tert-butyl3 radicals arc cleaved very 
rapidly from the appropriate alcohols. We chow to 
measure these rates by oxidizing the appropriate 
tertiary alcohols and measuring the relative yields of 
the tn-o possiblc 1tctonc.s for several rcasons. The rela- 
tive rates of formation of radicals which are cleaved 

0 

OH 
,Ce( IV ) II 

0 , R. + PhCR’ + Ce(II1) 

very rapidly cannot be measured accurately by dcter- 
mining the ratios of bcnzaldehydc to ketone from the 
oxidation of the appropriate secondary alcohols (alkyl- 
phenylmethanols), since thc yields of ketones are very 

Also, for radicals of varying sizw the extent of 
complex formation for the various alkylphenylmcth- 
anols would diff er considerably4 and this variation 
would have to be taken into account in order to detcr- 
mine relative rates of formation of these radicals. With 
tho tertiary alcohols, only one complex is formed, which 
then undergoes oxidative cleavage in one of two ways. 
The phenyl group was chosen as onr of the three groups 
of the tertiary alcohols, since phenyl ketones are re- 
sistant to oxidation. 

Results 
Three tertiary alcohols, allylbenzylphenylmethanol 

(1) , allyl-tert-butylphcnylmethanol (2), and benzyl- 
tert-butylphenylmethanol (3), n-ere synthesized from 
the appropriate lcetonc and Grignard reagent and ox- 
idized in 75% aqueous acetonitrile a t  SOo by ceric 
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ammonium nitrate (CAN). The ketones produced 
were identified by glpc pcdi enhancement with authen- 
tic samples and by the nmr spwtra of the product 
mixtures. 

All of the ketones wcr(1 woll brhavckd cxcc.pt allyl 
phenyl lirtonc\ (4), which gave iiii ill-cl(4inc.d glpc pc& 
The material rwponsiblc for this p t d  was collrctcd 
and had nmr and ir spectra consistent with a mixture 
of cis- and trans-1-proprnyl plicwyl ketones [nmr 
(CCh) 6 5.0-7.7 (m, 2)) 7.6-7.2 (m, 3), 7.0-6.4 (rn, 2), 
and 1.97 (d, J = 5 He, 3) ;  ir strong bands at  lW7 and 
1G22 cm-l]. Apparently isomerization of 4 to these 
conjugated ketones occurred during thr  glpc analysis. 
An authentic sample of 4 \\-as obtairicd by thv CAN 
oxidation of diallylphenylmethanol. This reaction 

OH 0 
I CAN 

PhC(CHzCH=CHt)S Ph CHzCH=CHz 
4 

is an cxcellcnt cixamplc of the synthctic utility of the 
oxidative cleavage reaction, sincci thv only rcportcd 
synthesis of this base-smsitivc lwtonc is thc hydra- 
tion of l-plicnylbut-~3-cn-l-yncJ aiid synthwis of it 
by other methods would be difficult. 

From 1 and 2 >9S% of the starting alcohol tws 
accounted for but only S,XOyo of thti starting matcirial 
was accounted for from 3. Thc oxidations of 1 and 2 
were very rapid but that of 3 \\-as much slo\\-cr. It is 
quite likely that oxidation of some of the benzyl 
phenyl ketone (5) to brnzil, a lt~io\\-~i rcnction,*b ac- 
counts for the missing matwid. Oxidation of a mix- 
ture of 5 and tert-butyl phenyl ketonc (6) with CAN 
under thc reaction conditions showed that 5 is con- 
sumed more rapidly than 6, an expected result since 6 
has no a-hydrogen atoms. 

In  Table I are presented relative> yields of the various 
ketones obtained from oxidation of 1, 2, and 3.6 From 
the yields of ltetories from 1 and 2, it is seen that for- 
mation of the benzyl radical occurs 4.4 timcs faster 
and formation of the tert-butyl radical occurs 19.9 
times faster than formation of thc allyl radicul. Icrom 
these values, the cnlculated ratio of formation of tert- 
butyl to benzyl radicals is 4.3; hot\ cvw, the directly 
measured ratio (from 3) is 8.7. Moreover, if it  is 

( 5 )  I. A. Favorskaya, E. M. Auvinen, T. P. .~rtsyliasheva, and 8. M.  
I-hshcheeva, Zh. OW.  Kham., 4, 368 (1068); Chem Ab5/r . ,  68, 104633d (1968). 

(6 )  In addition to the products listed in Table I .  from 1 small aniounts of 
benzyl alcohol and IJenmldehyde were detected by their nmr signals and glpc 
peak enhancement with aiitlrentic samples, and there ivm ir and nmr evi- 
dence for benzyl nitrate. From 8, small amounts of benzaldehyde and 
benzyl nitrate were detected 1Jy glpc analysis. 
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TABLE I 
RBL ~TIVI :  YIELDS OF PRODUCTS FROM THE CERIC AMMONIUM NITRATE OXIDATION OF VARIOCS TERTIARY RICTHANOLS~ 

R' 

R 
P hCO H----- ---- 

Aloohol R R' PhCOCHaPh PhCOCH?CH=CHq PhCOC(CHs)a 

1 Allyl Benzyl (1) 4.4 f. 0.4b 
2 Allyl tert-Butyl 19.9 f. 2,5* (1) 

(1) 3 Benzyl tert-Butyl 8 .7  i. O.sc 
In 75% aqueous acetonitrile a t  80°, '/z[CAI\;] = [starting alcohol] = 0.0625 M .  * Based on four runs; analyLed by nmr. 0 Based 

on three runs; analyzed by glpc. 

assumcd that all of thc 15% material balance loss 
from 3 is due to thc oxidation of 4, then the tert-butyl 
to benzyl radical formation becomes 14.3. Thus, the 
rclativcl ratw of formation of thc allyl: benzyl : tert- 
butyl radicals arc 1 : 4.4: 19.942.9. 

Discussion 

Bond-dissociation cncrgics indicate that the tert- 
butyl radical is ca. 6 lical/mol less stable than either 
thc allyl or benzyl radicals' and thus predict that the 
tert-butyl radical should bc lcss rapidly cleaved from 
appropriate alcohols than the allyl or bcnzyl radicals. 
Although the obscrvcd order of formation is not that 
cxpoctod from bond-dissociation cncrgics, other radical 
rcactioris havc sho\vn tho same which 
has been cixplainrd by polar,Y* I y  s t ~ r i c , ~ ~ ~ * ~  l Y  and con- 
formational c+&'octs.Y 

Previous studios h a w  shown that' a fair amouqt of 
positivc chargt drvdops on thc radical which is being 
formcd in the transition stat(: of a cc>rium(IV) oxida- 
tion clcavagc: of :m nlcol i~ l .~  Tticw is ovidcnco that tho 
tert-butyl cation is significantly more stublc than the 
allyl and bmzyl c:itions14 nnd thus n polar effect could 
account for thc mor(. rapid rutc of formation of the 
lert-butyl group. Thc relief of stcric strain could 
also account for tho more rapid ratc of formation of 
thc tert-butyl radical,1yr13 but rcccnt rosults'j havc 
shown t h t  rdiof of stcric strain in a radical reaction 
nood not b(i important. I t  is also possible that the 
formation of thc allyl and bonzyl radicals is abnormally 
nlo\v owing to conformational cffccts which restrict 
tlw vinyl and phmyl groups from stabilizing the in- 
cipient radical to thr grcatcst possible ctxtcnt. Cur- 

(7) (a) S. W. I3enson, J .  Chem. Bduc., 42, 502 (1965); (I,) J. A. Iierr, 
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arcl, R .  XI. Maraliall, and J. 11. Pumeli, Z'roe. Roy.  Soc., 5 e r .  A ,  310, 528 
(1969); (g) JV. 'hang, Int .  J. Chem. Kind. ,  1,  248 (1969): (11) ib id . ,  2, 311 
(1970); (i) A. B. Trenwith, Trans. 1"araday Soe., 66, 2805 (1970). 
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more raliidly in Llre @'-scission of tert-alkosy radicals chan are 1)ensyl radi- 
cals,@ I > u L  later worklo has shown that these results must be reexamined since 
competing clilorine atom chain ieactions have been shown to complicate 
the results from the decomposition of tert-alkyl hypochlorites, especially 
n.lien I>ensyl rarlicals are involvetl. 
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rently, JVC arc studying systcms which \VC hope will 
enable US to determine the relative importancc of 
these various cffects. 

The relative rate of formation of thr tert-butyl rad- 
ical indicatcd by the products of 3 is greater than that 
obtaincd from the study of 1 and 2. The slower ratc 
of oxidation of 3 iS no doubt a result of srvrrr stcric 
crowding of the hydroxy group. This incrcascd crowd- 
ing could further enhance the cleavage of th r  tert- 
butyl group from 3 for strric rrasons or retard the ratc 
of cleavage of the benzyl group from 3 by restricting 
its conformations. 

Experimental Section 
Methods and Materials.-Most equipment and materials have 

been previously described.'& A 6 ft x 0.25 in. SE-32 on Fluor- 
pak 80 column was used for glpc analysis. Elemental analyses 
were performed by Chemalytics, Inc., Tempe, Ariz. 

Allylbenzylphenylmethanol (l)..-To 2.48 g (102 mmol) of 
magnesium turnings in 170 ml of ether which was being stirred 
was added 5.8 g (76 mmol) of distilled allyl chloride (Ahtheson 
Coleman and Bell). Some heating was necessary to initiate the 
formation .of the Grignard reagent. To  this reagent was slowly 
added ca. 50% of 10.0 g (51 mmol) of benzyl phenyl ketone 
(Aldrich) in 40 nil of ether. Addition was discontinued when 
the yellow color which formed a t  the point of addition no longer 
faded. The mixture was allowed to  stir overnight and was hy- 
drolyzed with 250 nil of 20y0 ammonium chloride ("821) solu- 
tion. The ether solution was washed with saturated sodiuin 
chloride solution, dried (ilIgSO1), and concentrated to  give 6.4 g 
of a yellow oil which was converted to  a colorless oil by chro- 
matographing twice on silica gel columns using a 50: 30 pentane- 
petroleum ether (bp 60-70") mixture and benzene as eluents: 
nmr (cc14) 6 7.4-6.8 (m, lo), 6.0-4.8 (in, 3),  3.03 (s, 2), 2.9-1.8 
(m, 2), and 1.9 (s, 1). Anal. Calcd for C17H180: C, 85.67; 
H, 7.61. Found: C, 85.36; H, 7.51. 

Allyl-krt-butylphenylmethanol (2).-To the Grignard reagent 
prepared from 1.85 g (76 mmol) of magnesium turnings and 6.27 
g (69 mmol) of distilled allyl chloride in 200 ml of ether was 
added 7.50 g (46.3 mmol) of pivalophenonel" (which had been 
purified by column chromatography) in 50 ml of ether. The 
mixture was stirred for 6 hr and then hydrolyzed with 123 ml of 
2OY0 NH&l solution. After work-up and chromatography on a 
silica gel column using a 50: 50 benzene-petroleum ether mixture 
as the eluent, a colorless oil (23% yield) was obtained: nmr 
(CDCl8) 6 7.5-7.1 (m, 5 ) ,  5.4-4.8 (m, 3), 3.3-2.3 (m, 2), 1.95 (s, 
l ) ,  and 0.92 (s, 9). Anal. Calcd for CMI&OO: C, 8'2.30; H, 
9.87. Found: C, 82.53; IT, 9.84. 
Benzyl-tert-butylphenylmethanol (3).-To the Grignard re- 

agent prepared from 3.5 g (144 mmol) of magnesium turnings 
and 11.3 g (90 mmol) of distilled benzyl chloride (Baker) was 
added 7.5 g (46.3 minol) of pivalophenone in 20 ml of ether. 
The mixture was stirred for 3 hr and then hydrolyzed with 300 
in1 of 20% NI14C1 solution. After work-up and Chromatography 
on a silica gel column using benzene as the eluent a white, CI'YS- 
talline solid (64y0 yield) was obtained: mp 50.0-r51.30 (lit." 
nip 50-c510); nmr (cc14) 6 7.5-6.8 (In, lo) ,  3.23 (AB quartet, J 
= 13 Hz, 2), 1.40 (s, l), and 1.00 (s, 9). 

Allyl Phenyl Ketone (4) .-Diallylphenylmethanol was pre- 
pared by the addition of 123 mmol of methyl benzoate to the 

(16) J. H. Ford, C. D. Thompson, and C .  S. Marvel, ibid. ,  67, 2621 (1935). 
(17) Ramart-Lucas, Ann. Chim. Phys. ,  [SI 30,363 (1913). 
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Grignard reagent obtained from 250 mmol of allyl chloride. 
The crude product was purified by chromatography on a silica 
gel column using benzene as the eluent: nmr (CDC13) S 7.4- 
7.0 (m, 6), 5.9-4.7 (m, e), 2.50 (in, 4) ,  and 2.14 (s, 1 ) .  To 2.96 
g (15.8 mmol) of this alcohol in 2.5 ml of acetonitrile was added 
18.95 g (34.6 mmol) of CAN in 20 ml of acetonitrile and 5 ml of 
water a t  80'. After 10 min the initially formed deep red color 
faded to a light yellow. The mixture was cooled and 50 ml of 
water and 50 nil of ether were added. The ether layer was sep- 
arated, washed with saturated NaCl solution, dried (MgSOI), 
and concentrated. Distillation gave 3.7 mmol (2370 yield) of a 
yellowish nil: bp 39-63' (0.04 mm) [lit.6 bp 100-102° (0.5 
mm)]; nmr (CDCls) 6 8.1-7.8 (m, 2 ) ,  7.6-7.2 (m, 5 ) ,  6.4-6.9 
(m, 3) ,  and 3.60 (m, 2) .  

Oxidation Procedure.-Typically, 0.625 mmol of the alcohol, 
7.50 mmol of acetonitrile, and 1.25 ml of water were added to a 
flask equipped with a condenser and magnetic stirring bar. A 
quantity of 1.25 ml of 1.00 M CAN was added, the flask was 
immersed in an oil bath at  SO",  and the solution was stirred. 
In the case of 1 and 2 an initial dark red color formed which 
faded to it light yellow after 4 min. In the case of 3 the initial 
color was bright yellow and it faded to a light yellow after 30 
min. After the reaction was complete, the flask was cooled in a 
water bath and 8 nil of water and 8 ml of ether were added to it. 
The ethereal solution was washed three times with 8-ml portions 
of water, dried (AfgSO4), and concentrated. The products from 
1 were determined by nmr analysis by integration of the signals 
for the methylene protons of 4 ( 6  3.35, ni), the benzylic protons 

of 5 ( 6  4.15, s ) ,  and the benzylic protons of 1 (6 3.05, s). In 
several runs, the total recovery was determined by the use of 
octadecane or p-di-tert-butylbenzene as standards. The prod- 
ucts from 2 were determined by nmr analysis by integration of 
the signals for the methyl protons of 2 ( 6  0.00, s), the methyl 
protons of 6 (6 1.22, s ) ,  and the methylene protons of 4 (6 3.55, 
m). In several cases, the total recovery was determined by the 
use of mesitylene as a standard. The products from 3 were 
determined by glpc analysis using benzophenone as a standard 
and correcting for thermal conductivity and extraction differ- 
ences as previously described.2b 

Stability of Benzyl Phenyl Ketone ( 5 )  and Pivalophenone (6) 
to the Oxidation Conditions.-To 0.193 g (1.00 mmol) of 5 and 
0.163 g (1.00 mmol) of 6 in 24 ml of acetonitrile and 7.4 ml of 
water a t  80' wm added 0.60 ml of a 1.00 M CAN solution. 
After 30 min at  80°, the mixture was cooled and 0.1822 g of stan- 
dard (benzophenone) was added. Ether and water (20 ml of 
each) were added and after extraction the ether layer was sep- 
arated, washed three times with water, dried (NIgSOd), and con- 
centrated. Analysis by glpc (correcting for extraction and 
thermal conductivity differences) showed 9770 recovery of 4 and 
quantitative recovery of 5 .  

Registry No.-1, 38400-73-6; 2, 38400-74-7; 3, 

dlyl  chloride, 107-05-1 ; benzyl chloride, 100-44-7; 
disllylphenylmethanol, 38400-77-0; cerium, 7440-45-1. 

38400-75-8; 4, G249-80-5; 5 ,  451-40-1; 6, 938-16-9; 
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We have synthesized trans-thymine glycol, trans-thymidine glycol, and trans-1,3-dimethylthymine glycol by 
isomerization of the corresponding cis glycols. Both the cis and trans glycols react in aqueous buffer solutions, 
pH 7-10, with the Os(V1) species, OsnOepy4 (formulated by Criegee as OsOapyl) to give the correspcnding biu- 
(pyridine) cis-osmate ( V I )  esters. The 3-chloropyridine and 3-picoline osmate(V1) esters were also made. 
Kinetic studies show that the reactions are first order in 001)  and in substrate, and inverse first order in 
pyridine. The rate of reaction increases with increasing pH, but the apparent order in hydroxyl ions is less 
then one. Labeling experiments with l80 show that ester formation takes place without cleavage of the C-0 
bond. We also report some observations on the equilibria of the Os(V1) species which suggest a pH-dependent 
monomer-dimer interconversion and concurrent ligand dissociation. 

Thc radiolysis of nucleic acids, particularly their 
pyrimidine componcnts, has received a good deal of 
attcntion. Thc rccrnt clegant work of TBoule and 
Cadet' has provided a clearer picture of the courm 
of events for thymine. Twenty-three products of the 
radiolysis of thymine have becn identified. Undcr 
typical conditions 23% of thc final products are the 
cis- and trans-t hymiric glycols (5,6-dihydroxy-<5,6- 
dihydrothyminc) . Criegce and his coworlcers have 
shown that thc compound thcn thought to  be 0 ~ 0 3 -  

(p~ridine)~,  among other Os(V1) species, reacts with 
glycols t o  form bis(pyridinc) osmatc(V1) cstcrs.* Wc 
havc shown that tlirsc bis(pyridinr) cstcrs, in contrast 
t o  the uncomplcxed cstcrs, are of suEcicnt hydrolytic 
stability to  allow thcir cxasy manipulation in aqucous 
s y ~ t c m s . ~ , ~  In continuation of our goals of devcloping 
sclcctivc~ reactions for tho charactcrization of nucleic 
acids, wc havc undcrtalcen this study, which may aid 

(1) J. Cadet and R.  TBoule, Bzochzm. BtaphyR.  Acta, 238, 8 (1971), 

(2) R. Criegee, 13. Marchand, and 1%. E. Wannowus, Ju9tus Liebigs A n n .  

(3) L. R. Sui)baraman, J Subl,araman, and E. J. Behrman, Biotnorg. 

(4) L. R. Subbaraman, J. Subbaraman, and E. J. Behrman, Inorg. Chem., 

R. Teoiile and J Cadet, Chem. Commun , 1268 (1971). 

Chem., 660, 99 (1942). 

Chem., 1, 35 (1971). 

11, 2621 (1972). 

the recognition by electron-microscopic t e c h n i q u ~ s ~ + j , ~ ~  
of those thymine rcsidues in a DNA molcculc dam- 
aged by radiolysis. Oxo-osmium spccics havc also bccn 
used reccntly in X-ray diffraction analyses of transfer 
RNA.Tb 

Results and Discussion 

Structure and Equilibria. -Criegee and coworliers2 
formulated the product of the reaction of osmium 
tetroxide and pyridine in the presence of ethanol as 
0s03py2. Griffith and RossettP" have reccntly prc- 
sented good spectroscopic evidence which Huggests 
that  this compound in the solid state is actually the 
dimer, Os20apy4, with trans O=Os=O osmyl groups 

(5) M.  Beer and E. N .  Moudrianakis, Proc. Natl .  Acad.  Sci .  U. S. ,  48, 

(6) A. V. Creire, J .  Wall, and J. Langmore, Science, 168, 1338 (1970). 
(7) (a) R. M. Henkelrnan and F. P .  Ottensmeyer, Proc. Naf l .  Acad. Sei, 

U. S., 68, 3000 (1971); R .  F. Whiting and F. P. Ottensmeyer, J .  M c l .  B i d . .  
67, 173 (1972). (b) R. W. Schevits, M .  -4. Navia, D. A. Bantr, G.  Cornick, 
J. J .  Rosa, M. D. H. Rosa, and P .  B.  Sigler, Science, 177, 429 (1972); S. H. 
Kim, G. Quigley, F. L. Suddath, A. McPherson, D. Sneden, J. J .  Kim, 
J. Weinzierl, P .  Blattmann, and A. Rich, Proc. Natl. Acad. Sei .  U. S., 69, 
3746 (1972); Science, 179, 285 (1973). 

(8) (a) W. P .  Griffith and R. Rossetti, J .  Chem. Soc., Dalfon Trans., 1449 
(1972). (b) Griffith reports privately that the 640-cm-1 hand was indeed 
observed in the ir and that its omission in ref Sa is an error. 

409 (1962). 


