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Three tertiary alcohols, allylbenzylphenylmethanol, allyl-tert-butylphenylmethanol, and benzyl-tert-butyl-
phenylmethanol, were synthesized from the appropriate ketone and Grignard reagent and oxidized in 759,

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 rela-
tive rates of oxidative cleavage of alcohols by cerium-
(IV), a reaction shown to be a onc-clectron process,?
we wished to determine the relative rates of formation
of allyl, benzyl, and tert-butyl radicals. These arc
very stable radicals, and previous results have shown
that benzyl? and tert-butyl® radicals are cleaved very
rapidly from the appropriate alecohols. We chose to
measure these rates by oxidizing the appropriate
tertiary alcohols and measuring the relative yields of
the two possible ketones for several reasons.  The rela-
tive rates of formation of radicals which are cleaved
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very rapidly cannot be measured accurately by deter-
mining the ratios of benzaldehyde to ketone from the
oxidation of the appropriate secondary alecohols (alkyl-
phenylmethanols), since the yields of ketones are very
low.?  Also, for radicals of varying sizes the extent of
complex formation for the various alkylphenylmeth-
anols would differ considerably? and this variation
would have to be taken into account in order to deter-
mine relative rates of formation of these radicals. With
the tertiary alcohols, only one complex is formed, which
then undergoes oxidative cleavage in one of two ways.
The phenyl group was chosen as one of the three groups
of the tertiary alcohols, since phenyl ketones are re-
sistant to oxidation.

Results

Three tertiary alcohols, allylbenzylphenylmethanol
(1), allyl-tert-butylphenylmethanol (2), and benzyl-
tert-butylphenylmethanol (3), were synthesized from
the appropriate ketone and Grignard reagent and ox-
idized in 759% aqueous acetonitrile at S0° by ceric
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ammonium nitrate (CAN). The ketones produced
were identified by glpe peak enhancement with authen-
tic samples and by the nmr spectra of the product
mixtures.

All of the ketones were well behaved exeept allyl
phenyl ketone (4), which gave an ill-defined glpe peak.
The material responsible for this peak was collected
and had nmr and ir spectra consistent with a mixture
of c¢is- and trams-1-propenyl phenyl ketones [nmr
(CCL) 6 8.0-7.7 (m, 2), 7.5-7.2 (m, 3), 7.0-6.4 (m, 2),
and 1.97 (d, J = 5 Hz, 3); ir strong bands at 1667 and
1622 em~!]. Apparently isomerization of 4 to these
conjugated ketones occurred during the glpe analysis.
An authentic sample of 4 was obtained by the CAN
oxidation of diallylphenylmethanol. This reaction
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is an excellent example of the synthetie utility of the
oxidative cleavage reaction, since the only reported
synthesis of this base-sensitive ketone is the hydra-
tion of 1-phenylbut-3-en-l-yne® and synthesis of it
by other methods would be difficult.

From 1 and 2 >959, of the starting alcohol was
accounted for but only 85-909 of the starting material
was accounted for from 3. The oxidations of 1 and 2
were very rapid but that of 3 was much slower. It is
quite likely that oxidation of some of the benzyl
phenyl ketone (5) to benzil, a known reaction,?® ac-
counts for the missing material.  Oxidation of a mix-
ture of 5 and tert-butyl phenyl ketone (6) with CAN
under the reaction conditions showed that 5 is con-
sumed more rapidly than 6, an expected result since 6
has no e-hydrogen atoms.

In Table I are presented relative yields of the various
ketones obtained from oxidation of 1, 2, and 3.* TFrom
the yields of ketones from 1 and 2, it is scen that for-
mation of the benzyl radical occurs 4.4 times faster
and formation of the tert-butyl radical occurs 19.9
times faster than formation of the allyl radical. From
these values, the ealculated ratio of formation of tert-
butyl to benzyl radicals is 4.5; however, the directly
measured ratio (from 3) is 8.7. Morcover, if it is
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Tasre 1
REevaTive Yierps oF Propucers FroM THE CERIC AMMONIUM NITRATE OXIDATION OF VARIOUS TERTIARY METHANOLS®
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PhCOH
R
Aleohol R R’
1 Allyl Benzyl
2 Allyl tert-Butyl
3 Benzyl tert-Butyl

¢ In 759, aqueous acetonitrile at 80°, 1/,[CAN] = [starting alcohol] = 0.0625 M.

on three runs; analyzed by glpe.

assumed that all of the 159, material balance loss
from 3 is due to the oxidation of 4, then the tert-butyl
to benzyl radical formation becomes 14.3. Thus, the
relative rates of formation of the allyl:benzyl:tert-
butyl radicals are 1:4.4:19.9-62.9.

Discussion

Bond-dissociation energies indicate that the tert-
butyl radical is ca. 6 keal/mol less stable than either
the allyl or benzyl radicals” and thus predict that the
tert-butyl radical should be less rapidly cleaved from
appropriate alcohols than the allyl or benzyl radicals.
Although the obscrved order of formation is not that
expected from bond-dissociation cnergies, other radical
reactions have shown the same behavior,®* which
has been explained by polar,® 12 sterie,®!>'* and con-
formational effccts.?

Previous studies have shown that a fair amount of
positive charge develops on the radieal which is being
formed in the transition statce of a cerium(IV) oxida-
tion cleavage of an aleohol.?  There is evidence that the
tert-butyl cation is significantly more stable than the
allyl and benzy! cations!* and thus a polar effect could
account for the more rapid rate of formation of the
tert-butyl group. The relief of steric strain could
also account for the more rapid rate of formation of
the tert-butyl radieal,’?*® but recent results®® have
shown that relief of steric strain in a radical reaction
need not be important. It is also possible that the
formation of the allyl and benzyl radicals is abnormally
slow owing to conformational cffects which restrict
the vinyl and phenyl groups from stabilizing the in-
cipient radical to the greatest possible extent. Cur-
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(1) 4.4 £ 0.4
19.9 == 2.5 (1)
8.7 = 0.8 (1)

b Based on four runs; analyzed by nmr. ¢ Based

rently, we are studying systems which we hope will
enable us to determine the relative importance of
these various effects.

The relative rate of formation of the tert-butyl rad-
ical indicated by the products of 3 is greater than that
obtained from the study of 1 and 2. The slower rate
of oxidation of 3 is no doubt a result of scvere sterie
crowding of the hydroxy group. This increased crowd-
ing could further enhance the cleavage of the tert-
butyl group from 3 for steric reasons or retard the rate
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. 81-52 on Fluor-
pak 80 column was used for glpe analysis. ILlemental analyses
were performed by Chemalytics, Inc., Tempe, Ariz.

Allylbenzylphenylmethanol (1).—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 (Matheson
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 ml of ether. Addition was discontinued when
the yellow color which formed at the point of addition no longer
faded. The mixture was allowed to stir overnight and was hy-
drolyzed with 250 ml of 209, ammonium chloride (NH,Cl) solu-
tion. The ether solution was washed with saturated sodium
chloride solution, dried (MgSO.), 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 50:50 pentane—
petroleum ether (bp 60-70°) mixture and benzene as eluents:
nmr (CCly) 8 7.4-6.8 (m, 10), 6.0-4.8 (m, 3), 3.05 (s, 2), 2.9-1.8
(m, 2), and 1.9 (s, 1). Anal. Caled for Cy;HiO: C, 85.67;
H, 7.61. Found: C, 85.36; H, 7.51.

Allyl-tert-butylphenylmethanol (2).—To the Grignard reagent
prepared from 1.85 g (76 mmol) of magnesium turnings and 5.27
g (69 mmol) of distilled allyl chloride in 200 ml of ether was
added 7.50 g (46.3 mmol) of pivalophenone® (which had been
purified by column chromatography) in 50 ml of ether. The
mixture was stirred for 6 hr and then hydrolyzed with 125 ml of
209 NH,CI 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 (239, yield) was obtained: nmr
(CDCL) 6 7.5~7.1 (m, 5), 5.4-4.8 (m, 3), 3.3-2.3 (m, 2), 1.95 (s,
1), and 0.92 (s, 9). Anal. Caled for CuHxO: C, 82.30; H,
9.87. Found: C, 82.53; H, 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 mmol) of pivalophenone in 20 ml of ether.
The mixture was stirred for 3 hr and then hydrolyzed with 300
ml of 209, NH,Cl solution. After work-up and chromatography
on a silica gel column using benzene as the eluent a white, crys-
talline solid (649 yield) was obtained: mp 50.0-531.5° (lit.”
mp 50-51°); nmr (CCL) 6 7.5-6.8 (m, 10), 3.25 (AB quartet, J
= 13 Hz, 2), 1.40 (s, 1), and 1.00 (s, 9).

Allyl Phenyl Ketone (4).—Diallylphenylmethanol was pre-
pared by the addition of 125 mmol of methyl benzoate to the

(16) J. H. Ford, C. D. Thompson, and C. 8. Marvel, ibid., §T, 2621 (1935).
(17) Ramart-Lucas, Ann. Chim. Phys., [8] 80, 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 (CDCl;) 6 7.4-
7.0 (m, 3), 5.9-4.7 (m, 6), 2.50 (m, 4), and 2.14 (s, 1). To 2.96
g (15.8 mmol) of this aleohol in 25 ml of acetonitrile was added
18.95 g (34.6 mmol) of CAN in 20 ml of acetonitrile and 5 mi of
water at 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 ml of ether were added. The ether layer was sep-
arated, washed with saturated NaCl solution, dried (MgSOy),
and concentrated. Distillation gave 3.7 mmol (239, yield) of a
yellowish oil: bp 59-63° (0.04 mm) [lit.5 bp 100-102° (0.5
mm)]; nmr (CDCly) § 8.1-7.8 (m, 2), 7.6-7.2 (m, 3), 6.4-6.9
(m, 3), and 3.60 (m, 2).

Oxidation Procedure.—Typically, 0.625 mmol of the aleohol,
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 80°, and the solution was stirred.
In the case of 1 and 2 an initial dark red color formed which
faded to a 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 ml 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 (MgS04), and concentrated. The products from
1 were determined by nmr analysis by integration of the signals
for the methylene protons of 4 (8§ 3.53, m), the benzylic protons
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of 5 (3 4.15, ), and the benzylic protons of 1 (§ 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 (5 0.90, s), the methyl
protons of 6 (3 1.22, s), and the methylene protons of 4 (8 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.?®

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 at 80° was 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 (MgS0y), and con-
centrated. Analysis by glpe (correcting for extraction and
thermal conductivity differences) showed 979, recovery of 4 and
quantitative recovery of 5.

Registry No.—1, 38400-73-6; 2, 38400-74-7; 3,
38400-75-8; 4, 6249-80-5; 5, 451-40-1; 6, 938-16-9;
allyl chloride, 107-05-1; benzyl chloride, 100-44-7;
diallylphenylmethanol, 38400-77-0; cerium, 7440-45-1.
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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(VI) species, OsyQ¢pys (formulated by Criegee as OsOypy:) to give the corresponding bis-

(pyridine) eis-osmate (VI) esters.

The 3-chloropyridine and 3-picoline osmate(VI) esters were also made.

Kinetic studies show that the reactions are first order in Os(VI) and in substrate, and inverse first order in

pyridine.
then one.

The rate of reaction increases with increasing pH, but the apparent order in hydroxyl ions is less
Labeling experiments with 20 show that ester formation takes place without cleavage of the C-O

bond. We also report some observations on the equilibria of the Os(VI) species which suggest a pH-dependent
monomer~dimer interconversion and concurrent ligand dissociation.

The radiolysis of nucleic acids, particularly their
pyrimidine components, has received a good deal of
attention. The recent clegant work of Téoule and
Cadet! has provided a clearer picture of the course
of events for thymine. Twenty-three produects of the
radiolysis of thymine have been identified. Under
typical conditions 25% of the final products are the
cis- and frans-thymine glycols (5,6-dihydroxy-5,6-
dihydrothymine). Criegee and his coworkers have
shown that the compound then thought to be OsO,-
(pyridine);, among other Os(VI) species, reacts with
glycols to form bis(pyridine) osmate(VI) esters.? We
have shown that these bis(pyridine) esters, in contrast
to the uncomplexed esters, are of sufficient hydrolytic
stability to allow their easy manipulation in aqueous
systems.®* In continuation of our goals of developing
sclective reactions for the characterization of nuecleie
acids, we have undertaken this study, which may aid
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(2) R. Criegee, I3, Marchand, and H. E. Wannowius, Justus Liebigs Ann.
Chem,, 850, 99 (1942).

(3) L. R. Subbaraman, J. Subbaraman, and E. J. Behrman, Bioinorg.
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the recognition by electron-microscopic techniques® 7
of those thymine residues in a DNA molecule dam-
aged by radiolysis. Oxo-osmium species have also been
used recently in X-ray diffraction analyses of transfer
RNA™®

Results and Discussion

Structure and Equilibria.—Criegee and coworkers?
formulated the product of the reaction of osmium
tetroxide and pyridine in the presence of ethanol as
O80;spy.. Griffith and Rossetti®® have recently pre-
sented good spectroscopic evidence which suggests
that this compound in the solid state is actually the
dimer, Os,0spys, with trans O=0s=0 osmyl groups
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