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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

(1) J. Cadet and R. Téoule, Biochim. Biophys. Acta, 288, 8 (1971);
R. Téoule and J. Cadet, Chem. Commun., 1269 (1971),

(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.
Chem., 1, 35 (1971).

(4) L. R. Subbaraman, J. Subbaraman, and E. J. Behrman, Inorg. Chem.,
11, 2621 (1972).

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

(5) M. Beer and E. N. Moudrianakis, Proc. Natl. Acad. Sci. U. S., 48,
409 (1962).

(6) A. V. Crewe, J. Wall, and J. Langmore, Science, 168, 1338 (1970).

(7) (a) R. M. Henkelman and F, P, Ottensmeyer, Proc. Natl, Acad. Sci,
U. 8., 68, 3000 (21971); R. F, Whiting and F. P. Ottensmeyer, J. Mcl. Biol..
67, 173 (1972). (b) R. W. Schevitz, M. A. Navia, D. A. Bantz, 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. Sci. U. 8., 69,
3746 (1972); Science, 179, 285 (1973).

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



1500 J. Org. Chem., Vol. 38, No. 8, 1973

020

pH 9.2

ol8

0.6

04

0.2

006

0.04

0.02

M

[p]

Figure 1.—Variation of ky with pyridine concentration, 15°:
[Os(VI)] 4-5 X 10~¢ M, calculated as OsO:Ls, A 304 nm, [cis-
thymine glycol] 3.2 X 1072 M.

and two oxygen bridges, analogous to the structure
demonstrated by X-ray crystallography for Os,Og-
(NOg)s.® We confirm the results of Griffith and

py 0 0
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Rossetti. The ir spectrum (KBr) of the complex
formed with pyridine is in agreement with their data
except that we observe an additional strong band at
645 em~! which they report only in the Raman spec-
trum.® The complexes formed with 3-picoline or
3-chloropyridine in place of pyridine are similar in
exhibiting strong bands ncar 830 and near 640 cm™!.
We have found, however, evidence for a monomer—
dimer equilibrium. The molecular weight of a 0.39
wt 9, solution in water was 810 % 40 at 37.5° by vapor
phagse osmometry (Galbraith Laboratories) and 803
= 20 and 782 =+ 25 at 21.3° by cquilibrium ultracen-
trifugation using a partial specific volume of 0.696.
The formula weight for Os;Oepys is 793. Since our
kinetie studies were carried out in buffer solutions over
the pH range 7-10, equilibrium ultracentrifugation
was also carried out in 0.08 M sodium carbonate buffer,
pH 9.4. Under these conditions, a 0.39 wt % solution
of the Os(VI) species gave a number average molec-
ular weight of 746 = 25; a 0.0975 wt 9 solution in
the same buffer gave a number average molecular
weight of 523 = 13. Although these data do not yield
a consistent equilibrium constant for the dimerization
process on the basis of any of the simple assumptions
that we have used, they do suggest complete dissociation
to the monomeric species at sufficiently low concentra-
tions. Our kinetic work, for example, has been carried
out at a concentration of about 0.02 wt 7.

We have also measured the dissociation of pyridine
and 3-picoline from the corresponding Os(VI) species

(9) L. O. Atovmyan and O. A. L'yachenko, J. Struct. Chem., 8, 143
(1967).

SUBBARAMAN, SUBBARAMAN, AND BEHRMAN

as a function of pH. These data are summarized in

Table I. We note that approximately constant values
TasLe I
EquiLisria oF Os0;- L. SysTEMS, 15°%
103{0s0s3-

La], 10¢[Lo],  104[L,},

MY L pH M M K
5.154 Pyridine 7.45 1.44 1.10 40.46
4,764 Pyridine 8.05 2.77 2,13 43.35
4,764 Pyridine 9.45 10.81 8.32 39.62
4,506 Pyridine 10.15 17.46 13.44 41.50
4,492 3-Picoline 7.9 3.78 1.15 35.46
4,492 3-Picoline 9.156 13.76 4.16 39.20
4,438 3-Picoline 9.95 23.92 7.25 38.40
eu =~ 0.15 M, carbonate and phosphate buffer. ? These

concentrations are calculated on the basis of the monomeric
species Os03-Le. ¢ K = ([Lal{{L] + [Lo]})/({[0s0s-Ls} —
([La] + [Lel)}[OH-]). [Lo] and [L.] are the free ligand con-
centrations in the organic and aqueous phases, respectively.
These were determined by partitioning the ligand between ether
and the aqueous phase (see Experimental Section).

for K are obtained on the assumption of an equilibrium
of the type given by

0s0sLs + HO~ % (0s05-L-OH)~ 4 L

This may be regarded as confirmatory evidence for the
model which assumes substantially complete dissocia-
tion of the dimer to the monomerie gpecies. We have
written the monomer here and elsewhere as OsOsL,
but it may well exist as the hydrate OsO,(OH).Ls.
We have not considered the dissociation of the second
ligand to give, for example, a species such as (OsOs-
H,0-OH)- since these solutions undergo no observ-
able decomposition after several days in air at room
temperature and since it has been shown*10:1! that
pyridine-free Os(VI) oxide species are not stable under
these conditions.

Kinetics.—0s0;+ Ly, where L represents pyridine,
3-picoline, or 3-chloropyridine, reacts with cis-thymine
glycol and its derivatives to give the corresponding bis-
(ligand) osmate(VI) esters in good yield (see Ex-
perimental Section). These compounds have already
been synthesized by another route.?

0 0
CH, CH, ¢
HN OH HN | L
00y L + PY o A 8>OS\
07N 0Z N g L
R H R

With limiting concentrations of Os0;-I, and in
the presence of added ligand, plots of log (4. —
Ao/A. — A,) vs. time were linear for about 80% of
the reaction. The slopes of these lines, which give
ky, the pseudo-first-order rate constant, were unaffected
when the initial concentration of OsOs-L; was varied
in the range 2.5-5 X 10~* M. If free ligand was not
added, the reaction was complete within the time of
mixing. The pseudo-first-order rate constant varied
linearly with the first power of the substrate concentra-
tion. At constant substrate concentration, k, in-
creased with increasing pH and showed an inverse
first-order dependence on ligand concentration (Figure
1). k, was unaffected by halving carbonate buffer

(10) J. Périchon, 8. Palous, and R. Buvet, Bull. Soc. Chim. Fr.,, 982

(1963).
(11) J. F. Cairns and H. L. Roberts, J. Chem. Soc. C, 640 (1968).
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Tasie II

REeAcTION OF THYMINE AND THYMIDINE GLYCOLS WITH PYRIDINE AND
SuBsTITUTED PYRIDINE CoMPLEXES OF Os(VI) AT 15° ¢

Registry
no. Substrate pH®
1431-06-7 ¢is-Thymine glycol 10.25
cis~Thymine glycol 9.25
¢is-Thymine glycol 8.05
cis-Thymine glycol 6.85
1124-84-1 trans-Thymine glycol 10.25
trans-Thymine glycol 9.25
trans-Thymine glycol 8.05
38645-22-6 ¢is-Thymidine glycol 9.25
38645-23-7 ¢is-1,3-Dimethylthymine 10.20
glycol
cis-1,3-Dimethylthymine 9.25
glycol
¢is-1,3-Dimethylthymine 8.0
glycol

¢ [0s(VI) complex]
304 nm, x 0.14-0.15 M.
text.

b kobsa =

= 4-5 X 10~* M calculated as the monomer, OsO;L,; [L] = 0.08-0.6 M; [substrate]
slope of ky vs. 1/[L] plots divided by [S], or the slope of ky vs. [S] plots multiplied by [L]; see
¢ The fluctuation in pH in all runs was within £0.05 pH units.

min -1 ®.

10%qsa

3-Chloro-
pyridine
system

3-Picoline?
system
69.2
20.0
2.0

Pyridine
system
208
60.20
10.70
3.30
13.20
3.62
0.69
18.23
45.67

836.6 (pH 7.9)
91.75 (pH 6.5)

5.62 14.36
2.66
= 832 X 1073 M; A

¢ The k» values (M ~! min~!) evaluated from intercepts of plots

of ky vs. 1/[3-pic], with cis-thymine glycol as substrate were 0.28 (pH 8.05), 0.47 (pH 9.25), and 1.25 (pH 10.25); for ¢is-1,3-dimethyl-

thymine glycol, 0:12 (pH 9.25).

concentration at constant pH and ioniec strength.
Table II shows that the reactivity for the Os(VI)
complexes decreased in the order 0sO;(3-chloropyr-
idine);, OsOs(pyridine)s, OsOs(3-picoline); and also
gives the numerical results as a function of pH
and substrate. - ¢¢s-1,3-Dimethylthymine glycol, which
does not ionize appreciably in the pH range inves-
tigated, shows the same pH dependence as cis-thymine
glycol.

Cis~Trans Isomerization of the Glycols.—Criegee,
et al.,? reported that OsOj(pyridine); as well as
(K0O),(CH;0)40s and KO(AcO);0s==0 react in general
only with acyclie 1,2-diols and with cyclic cis 1,2-diols.
Other diols, including most trans 1,2-diols, did not re-
act with the exception of trans-1 2-cyclohexaned101 and
trans-1,2-cycloheptanediol. Model building with trans-
thymme glycol shows that one cannot expect to form
a cyclic osmate ester from this rigid compound. Never-
theless, we observed that trans-thymine glycol (Table
I), trans-thymidine glycol, and’ trans-1,3-dimethyl-
thymine glycol all react slowly with OsOz(pyridine)s.
The product is in each case the cis ester as shown by
the identity of the ir spectra. Since we have ob-
gerved that the trans glycols isomerize to the cis glycols
in the absence of Os(VI) species (see also Shugar!?),
we interpret the conversion of the trans-thymine glycol
to the cis-osmate ester as the sum of the following
reactions.

trans glycol == cis glycol

cis glycol + O0s0;-py;s ~—> bis(pyridine) cis-osmate ester

The isomerization of the cis- to the trans-thymine
glycols has been previously reported,'?:13 but the cor-
responding reactions of the thymidine and 1,3-di-
methylthymine glycols (see Expenmental Sectlon)
are new.,

We have no clues to the mechanism of these inter-
esting transformations aside from our qualitative ob-

(12). D. Barszcz, Z. Tramer, and D. Shugar, Acta chhzm Pol., 10, 9
(1963).
(13) 8. Iida and H. Hayatsu, Biochim. Biophys. Acta, 213, 1 (1970).

gervation that the reactions are base catalyzed and
that 1,3-dimethylthymine glycol is not prevented from
undergoing the isomerization. Hahn and Wang have
recently suggested a possible pathway for the thymine
glycols'* which is, however, not consistent with our
finding of apparently similar 1somer1zat1ons for thy-
midine and 1,3-dimethylthymine.

Mechamsm —We outline below a mechanism which
fits the data as we have them. We realize, however,
that the study of the Os(VI)—pyndme—hydroxyl ion
system is incomplete.

05,05Ls = 2050;L, 1)
080;-L; + HO- 2 (0s0;-L-OH~) + L @)
0s0;-L, + 8 —k—-> product 3)
(Osos-L-HO‘) + 8 —L—l> (0s04-L-OH-8-) -—f-;i
product + HO- (4)

Here S is the substrate and the product is the bis-
(ligand) osmate(VI) ester.

If we assume essentially complete dissociation of
the dimer to monomeric species under the kinetic
conditions, the rate law for this process is

= k[0805 L HO(S] + k{0805 Lo} [S] (5)
The total Os(VI) species is given by
[08(VD)]tota1 = [080;-L-OH™] 4 [080;- L] (6)

We omit any ligand-free Os(VI) species for the reasons
already discussed and also because the data show a
clean inverse dependence on the first power of the
ligand. Substituting for [0sO;-L-OH-] from the
equilibrium expression (eq 2), we get

K[0s0;:Ly] [OH ™) +

[OS (VI )] total = [OSOa . Lz] (7 )

(L]
(00 Ll = }?(%%D]]'%M% @®)

(14) B. 8. Hahn and 8. Y. Wang, J. Amer. Chem. Soc., 94, 4764 (1972).
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This expression may be simplified for the reaction con-
ditions we have used because our data show that the
K[OH-] term (see Table IT) is negligible in comparison
with the ligand term in the denominator of eq 8.
Thus

[0805-Ls} = [Os(VI)]sota: (9)

With limiting concentrations of the Os(VI) species,
ky, the pseudo-first-order rate constant, is given by

= k\b[OS(VI)] total (10)
Thus

kK [S][OH ]
(L]

Equation 11 predicts that a plot of k, vs. 1/[L] will
be linear with a slope given by ki K[S][OH-] and an
intercept equal to k. [S].

The data show that the k; term is large compared with
the &, term. Indeed, k; was measurable only for the
3-picoline system (footnote d, Table II). This is
also consistent with the reactivity order for the ligand
complexes, 3-chloropyridine > pyridine > 3-picoline,
and implics rate-hmmng nucleophilic attack by the
glycol on the osmium specics. Two pathways can be
written for a mechanism of this type which differ in
the nature of the fast ring closure.

ky = + kalS] (11

(oH
py 2 steps O\‘ /py
OS“‘ — ,0s=0
o ”\' by N
N
\" P
/O:
II Npy
/
0 0
OH I vy I
~
\> (ﬁs—o 5 \(I)s/_..o
OH I‘@ 1 PY
Experiments with #O-labeled glycerol were carried
out to distinguish between these pathways. Glycerol

labeled (2.2 £ 0.1 atom 9) at positions 1 and 2 with
B0 was allowed to react with OsOi(pyridine),. The
bis(pyridine) osmate ester was reductively hydrolyzed.
The glycerol was reisolated and found to eontain 2.4
+ 0.1 atom 9, ®0. Pathway A predicts 2.2 = 0.1
atom 9, 80, whereas pathway B predicts no more
than 1.4 = 0.1 atom % ¥0. Our finding is thus con-
sistent with pathway A and eliminates pathway B
from consideration.

pH Dependence.—Equation 11 predicts first-order
dependence on [OH—]. Table I shows, however, that,
although the rate of reaction inecreases with pH, the
order in [OH —]is only about one half. We can aceount
for this in a qualitative way by our observation that the
isomerization of the cis- to the trans-thymine glycol
is basc catalyzed. Since the trans glycol is converted
to the product ester more slowly than the cis glycol
(Table I), these reactions will reduce the apparent
[OH -] dependence of eq 10 to some valuc less than one.
We have insufficient data for a quantitative treatment.
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Studies at higher pH values are further complicated
by ionization of the substrates which have approx-
imate pK,’' values of 10.813 (cis-thymine glyeol) and
10.71% (czs—thymldlne glycol), the base-catalyzed ring
cleavage of the glycols, ' and, at very high concentra-
tions of base, cleavage of the esters to the osmateion.*

Experimental Section

Reagents.—Reagent grade pyridine, 3-picoline, and 3-chloro-

- pyridine were purified by distillation over KOH. Sources for

other chemicals follow: thymine and thymidine, Sigma Chemical
Co.; osmium tetroxide, Varlacoid Chemical Co .; dimethyl
sulfoxide-ds, Norell Chemical Co.; tetramethylsilane, Aldrich
Chemical Co.; other chemicals were of reagent grade and were ob-
tained from the usual commercial sources.” Phosphate buffers
were used in the pH range (-8 and carbonate buffers in the pH
range 9-10. Stock solutions of the various pyridines were made
up in buffer. Stock solutions of thyminé glycol derivatives and
of Os(VI) complexes were prepared in double distilled deionized
water and stored at 5°

Analyses.—Ultraviolet spectra were measured using a Perkin-
Elmer Model 202 instrument, ir spectra on a Perkin-Elmer Model
237B or 457 grating instrument, and nmr spectra on a Varian
Associates Model T-60 instrument (60 MHz) at 35° using di-
methyl sulfoxide-ds as solvent and tetramethylsilane as internal
standard.  Mass specira were obtained on a Finnigan Model
1015 S/L instrument.  Equilibrium ultracentrifugation was
carried out using a Spinco. Model E analytical ultracentrifuge
equipped with electronic speed control and RTIC temperature
control. Runs were carried out at 40,000 rpm using interference
optics, a double-sector cell, 12-mm path length with sapphire
windows. Partial specific volumes were determined pyceno-
metrically. The pyridine, 3-picoline, and 3-chloropyridine
content of the Os(VI) compounds was determined by the method
of Ang.'* Paper ¢hromatography of the osmate esters was
carried out on Whatman #1 paper using ethyl acetate:Z2-pro-
panol:water, 75:16:9 (v/v) (solvent A) and 1-butanol:water,
86:14 (v/v) (solvent B). Standard osmate(VI) esters were
prepared by the reaction of OsO4 with thymine or thymidine in the
presence of various ligands as previously described.? Elementary
analyses were performed by Galbraith Laboratories, Knoxville,
Tenn.

Kinetics.—Kinetic runs were conducted by spectrophotometry
in l-cm capped silica cells. Reactions were started by the
addition of substrate and were followed by the increase in absor-
bance at 304 nm where we observed the maximum difference
between OsOj-L; and the osmate(VI) esters. Reactions were
run under pseudo-first-order conditions with the substrate in at
least tenfold excess over the Os(VI) species. The ionic strength
was between 0,14 and 0.15 M.

Os(VI) Complexes with Pyridine and Substituted Pyridines.—
Complexes of the general formula 0204 Ly, where L represents a
monodentate ligand such as pyridine, were prepared by a slight
modification of Criegee’s method.? Osmium tetroxide (0.5 g)
was dissolved in 8 ml of CCly. Pyridine (2 ml), 3-picoline (2.2
ml), or 3-chloropyridine (2.5 ml) was added followed by 1.9 ml of

absolute ethanol as reducing agent. The mixture was allowed to
stand at room temperature for 18 hr. The precipitated material
was filtered, washed several times with CCly, and dried under
vacuum. Ir: (KBr) O=:0s(pyridine)s, 830, 645 ecm™; Os04(3-
picoline)s, 833, 635 em ™!; 0s:0¢(3-chloropyridine)s, 837, 640 em ~.
Compare ref 8.

O0:04(pyridine)s i3 identical with the material prepared by
Badger’s method and reported to be OsO4(pyridine)s.

“Anal. Caled for Os,O4(pyridine)s: pyridine, 39.92. Found:
39.56.  Caled for Os:Og(3-picoline)s:  3-picoline, 43.88. Found:
43.79. Caled for OxO¢(3-chloropyridine)s: 3-chlor0pyridine,
48.79. Found: 4K.32. These complexes consumed 2 equiv of

iodide per atom of osmium corresponding to reduction of Os(VI)
to Os(1V) when titrated according to the method described for
osmate{ V1) esters.*

Osmate(VI) Esters.—Os,Qs(pyridine); (2.5 X 1074 mol) and
cis-thymine glycol (3 X 107+ mol) were mixed in 10 ml of a 1 M

(15) 8. Iida and H. Hayatsu, Biochim. Biophys. Acta, 228, 1 (1971).
(16) K. P. Ang, Anal. Chem., 88, 1411 (1966).
(17) G. M. Badger, J. Chem. Soc., 456 (1949).
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aqueous solution of pyridine. The dark brown solution was
allowed to stand overnight.and then evaporated to dryness. The
brown powder was washed several times with diethyl ether and
dried under vacuum. The same product was obtained when
0s;04(pyridine)s and ¢is-thymine glycol were allowed to react in
water., The 3-picoline and 3-chloropyridine esters were pre-
pared in the same way. In all cases the yield was about 98%.
These esters were identical with the esters prepared from osmium
tetroxide, the ligand, and thymine.?

¢fs-Thymine Glycol.—This material was synthesized by the
procedure of Baudisch and Davidson.®® It was recrystallized
from 959, ethanol to yield white crystals: mp 214-215°
(lit.13.18,29 216, 220, 215°); ir (KBr) 3330, 3425 (OH), 3238 (NH),
1738, 1700, 1668 (C==0), 1230, 1172, 1088, 1052, 987, 933 em ™!
nmr (DMSO-ds) 6§ 1.27 (s, 3, 5-CHj;), 4.32(t, 1,J = 5 Hz, 6 -H),
5.23 (s, 1,5 -0H), 5.97 (d, 1, J = 5 Hz, 6 -OH), 8.07 (d, broad,
1,J = 5Hz, 1-NH), and 9.93 (s, broad, 1, 3-NH). The nmr
data are in good accord with those reported by Chabre, e al.,?
except that the quartet for H-6 is not sufficiently resolved in our
work and appears, as a triplet. The uv-spectrum in carbonate
buffer, pH 9.85, showed a broad peak between 220 and 230 nm
(e 2370), The cis glycol was also prepared by performic acid
oxidation of thymine. There are precedents?! for the formation
of the cis glycol by peracid oxidation, although the usual product
is the ‘rrans glycol. A mixture of 5 g of powdered thymine, 45 mi
of 907 formic acid, and 9 ml of 3067, H,0; was kept at 40° until
all of 1he peroxide had been c()nsumed (about 66 hr). The solu-
tion was evaporated to dryness under reduced pressure; 100 ml
of water was added to the solid residue; and the mixture was
again taken to dryness. This residue was then heated with 100
ml of water at 98° for 1 hr. The solution was cooled in an ice
bath, whereupon 1.5 g of unreacted thymine separated. The
filtrate, containing the thymine glycol, was evaporated to dry-
ness under reduced pressure and the residue was recrystallized from
ethanol to yield 3.5 g (55%) of cis-thymine glycol identical with
the material prepared by the Baudisch and Davidson p1ocedule 18
cis-Thymine glycol was also prepared for comparison in small
amounts by hydrolysis of the bls(pyu(lme osmate ester of
thymine.

trans-Thymine Glycol —The trans glycol was prepared by
isomerization of the cis glycol. One gram of the cis glycol was
refluxed in 80 ml of water for 8 hr.  Chromatography in solvent A
showed only two spots correspondmg to the two glycols. Heat-
ing beyond 9 hr resulted in the appearance of two additional spots,
which are ring-cleavage products as shown by their reaction with
Ehtlich’s reagent (p-dimethylaminobenzaldehyde) in the absence
of alkali. These appear on paper chromatograms at Ry values
corresponding to the additional spots reported by Shugar.t2 The
trans glycol was separated by preparative chromatography in
solvent A on Schleicher and Schull Orange Ribbon paper (thick,
high capacity). The Rt ratio of the trans to cis isorner was 1.5 =&
0.05. The glycols were located on chromatograms by their uv
absorption and by their characteristic color changes following the
NaOH-Ehrlich’s reagent spray (yellow to pink to blue).?? The
isomers were distinguished from one another by the fact that the
cis but not the trans reacted with the periodate-benzidine re-
agent?® and by the fact that the cis isomer had zero mobility in
solvent A if the paper was impregnated with borate.?* It was
eluted with water, crystallized from 959 ethanol, and rechro-
matographed to remove traces of the cis isomer to give a white
solid in about 149 yield: mp softens 166-168°, 218-219° dec;
ir (KBr) 3351, 3412 (OH), 3202 (NH), 1744, 1714, 1695 (C=0),
1280, 1163, 1097, 970 cn™; nmr (DMSO-ds) 6 1.25 (s, 3, 5 -CH3),
439 (t,1,J = 5Hz,6-H), 5.84 (s,1,5-0H),6.15(d,1,J =5
Hz, 6 ~-OH), 8.05 (d, broad, 1, J = 5 Hz, 1 -NH), and 9.95 (s,
broad, 1, 3 -NH). These data are virtually identical with
those reported by Cadet and Téoule! (nmr) and by Téoule,® (ir).
The nmr data, published by Hahn and Wang!* are in error; all

(18) O. Baudisch and D. Davidson, J, Biol, Chem., 64, 233 (1925).

(19) M. H. Benn, B. Chatamra, and A. 8. Jones, J. Chem. Soc., 1014
(1960).

(20) M. Chabre, D. Gagnaire, and C. Nofre, Bull. Soc. Chim. Fr., 108
(19686).

(21) L. F, Fieser and M. Fieser, “Reagents for Organic Synthesis,” Vol.
I, Wiley, New York, N. Y., 1967, p 458.

(22) B. Ekert, Nature (London), 194, 278 (1962),

(23) J. A. Cifonelli and F. Smith, Anal. Chem., 26, 1132 (1954).

(24) C. A, Wachtmeister, Acta Chem. Scand., 8, 976 (1951),

(25) R. Téoule, “Radiolyse de la Thymine en Solution Aqueuse,”” Thesis,
University of Lyon, 1970.
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& values should be reduced by 0.32. Compare. also the ir as-
signments of Nofre, ef al.,? and the nmr assighments of Rouil-
lier, et al.” The uv spectrum in carbonate buffer, pH 9.85,
showed a peak at 221 nm (¢ 1635 at 230 nm}J.

Anal. Caled for C;HsN:Oy: C, 37.52; H, 5.04; N, 17.50.
Found: C,37.55; H,5.23; N, 17.41.

cis-Thymidine Glycol. ———Thls compound - was synthesxzed by
the permanganate oxidation of -thymidine.’® The glycol was
separated from the other components of the oxidation mixture
by preparative chromatography on Schleicher and Shull Orange
Ribbon paper using Solvent B. The B; ratio of thymidine to its
cis glycol was 2.75. The glycol was eluted from the paper with
water aid crystallized from methanol-ether mixtures to give a
white solid: mp softens 134-138°,.190-191° dec (lit.*5.2% mp 191-
193°, 189-190°); ir (KBr) 1742, 1694 cm ~* (C==0); nmr (DMSO-
ds) 8§ 1.23 (s, 3, 5 -CHj), 4.75 (s, 1, 6 -H), 5.46 (s broad, 1, 5
-0OH), 6.05 (multiplet, 1, 6 -OH), and 10.00 (broad, 1, 3 -NH).
(Compare ref 15, 28.)

trans-Thymidine Glycol.—cis-Thymidine glycol (200 mg) was
dissolved in 16 ml of water and refluxed for 8 hr. The trans and
cis isomers were separated by preparative paper chromatography
in solvent B. The compounds were located by their uv absorp-
tion and by the NaOH-Ehrlich’s reagent spray. The yield of
trans glycol was about 5%. Both isomers reacted with the
perlodate—benndme reagent. The E; ratio of the trans to the cis
isomer was 1.8; mp 195-197° dee; ir (KBr) 1700 em™ (C==0);
nmr (DMSO-ds) 6 1.31 (s, 3, 5 -CHL), 4.70 (s, 1, 6 -H), 5.76 (s
broad 1,5-0H), 5.93 (multlplet 1,6-0H), and 10.25 (broad, 1,

3-NH).

The mass apect! um (75 eV) gave peaks at m/e 259 (M — OH)*,
160 (MH — deoxyribosyl)*, 117 (deoxyribosyl)*.

1,3-Dimethylthymine.—This compound was prepared in 968%
vield following the procedure described by Davidson and Bau-
disch? for the synthesis of 1,3-dimethyluracil. Crystallization
from 95% ethanol gave white needles: mp 152° (1it.® mp 153°);
ir KB1) 1703, 1670, 1645 em ™ (C==0); nmr (DMSO0-ds) 5 1.82
(5,3, 5 —CHa) 3.2-3.3 {two s, 6, 1- and 3 ~CH,), and 7.6 (s, 1,
6-H). -

cis-1,3-Dimethylthymine Glycol —The glycol was synthesized
from 1,3-dimethylthymine following the procedure of Baudisch
and Davidson® for thymine glycol. The material was obtained
in 847 yield as an uncrystallizable gum after drying over P,0;.
The mateual did not react with periodate: ir (neat) 3375 (OH),
1725, 1662 (C—-O), 1183, 1137, 1050 em ~! (CO); nmr (D’\ISO-dc,)
5 1.33 (s, 3, 3~CH;), 3.0 (two s,6, 1-and 3-CHj;), 4.5 5 d,1,J =
Hz, 6 ~-H), 5.15 (broad, 2, 5~ and 6 -OH).

Anal. Caled for C7H12N204 C 44, 67 H, 64:3, N, 14.89.
Found: C,44.44;-H, 6.53; N, 14.97.

‘trans-1,3-Dimethylthymine Glycol.—¢is-1,3-Dimethylthymine
glycol (420 mg) was dissolved in 34 ml of water and refluxed for
5.5-hr. The trans and cis isomers were separated by preparative
paper chromatography in solvent B. The compounds were lo-
cated by their uv absorption. The R; ratio of the cis to the
trans isomer was 1.2. The yield of trans glycol was about 54%
and it was obtained as a gum after drying over P;O;: ir (neat)
3400 (OH), 1650 (C=0), 1183, 10356 cm. ! (CO); nmr (DMSO-ds)
8 1.28 (s, 3, 5 -CH,), 3.0 (two s, 6, 1- and 3 ~CHj), 4.535 (s, 1,
6 -H), 3.76 (broad, >2, 5~ and 6 ~-OH, H:0). . )

Anal. Caled for C:HiN:04.1/,H,0: C, 42.64; H, 6.99; N,
14.21.. Found: C, 42.52; H, 6.70; N, 14.32.

Oxygen-18 Measurements.—Osmium tetroxide (1.18 X 10~¢
mol) was mixed with 8.83 X 1074 mol of allyl alcohol in 2.5 ml
of 3.3 &= 0.1 atom % H,80 in a closed container under air. Under
these conditions, the osmate ester initially formed hydrolyzes
with 1009, Os—0 bond cleavage to g1ve glycerol and an Os(VI)
species which is reoxidized to osmium tetroxide by oxygen.4
The osmium thus cycles until all of the allyl alcohol is consumed.
After 11 days at room temperature, the black precipitate was
coagulated by warming and then filtered. The precipitate was
discarded. The filtrate containing glycerol was evaporated
under a stream of air to about 0.1 ml. Water was added and the
evaporation was repeated twice in order to remove any remaining

(26) C. Nofre, M. Murat, and A, Cier, Bull. Soc. Chim. Fr., 1749 (1965).

(27) P. Rouillier, J. Delmau, and C. Nofre, ibid., 3515 (1966).

(28) P. Howgate, A, 8, Jones, and J. R, Tittensor, J. Chem, Soc. C, 275
(1968).

(29) D. Davidson and O. Baudxsch J. Amer, Chem. Soc., 48, 2382 (1926).

(30) T. B. Johnson and 8. H. Clapp, J. Biol. Chem., 5, 49 (1908).
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traces of allyl alcohol. A sample was analyzed by mass spec-
trometry as previously reported.4 The remainder was diluted to
2 ml with ordinary water and then treated with excess Os;0¢-
(pyridine)s and a trace of free pyridine. After standing aver-
night, the solution was filtered. The filtrate was dried under a
stream of aif to give the brown bis(pyridirie) osmate ester of
glycerol This ester was reductively hydrolyzed to glycerol in
water in the presence of a 2-3 3-fold excess of NaHS80; at room tem-
perature for 30 min. . The mixture was analyzed by measurement
of the mass spectrum at m/e 61, 62, and 63 usmg the calculations
described by Biemann.®! Suitable blanks were run with NaH-
S0; alone.

Dissociation Constants for OsOs-L;.—The distribution coef-
ficient of pyridine and 3-picoline between buffer and diethyl ether
was determined at 15°. The pyridine concentration in the or-
ganic phase was measured at 256 nm after transfer to 0.1 N
H,80, using e 5200. 3-Picoline was measured at 263 nm (e
5560). The distribution coefficient, D = [L¢]/[L.], where the
subscripts refer to the organic and aqueous phases, was found to
be 1.3 = 0.02 (pyridine) and 3.3 & 0.05 (3-picoline). ' When
0s:0¢(pyridine), was equilibrated between equal volumes of
buffer and ether, it was found that no detectable quantities of
Os(VI) species were extracted into the organic phase as shown by
the lack of absorption in the 300-350-iim reglon The degree
of dissociation of the ligand from the Os(VI) species could thus be
measured from the quantity of ligand in the ether phase and the

(31) K, Biemann, '‘Mass Speotrometry,” MecGraw-Hill, New York,

N. Y., 1962, pp 223 fl.
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distribution coefficient. The dissociation constants were calcu-
lated from the relationship
{050z L- OH ] [Ly]

[OSOs . Lz] {HO -]

using Ky = 5 X 10-%.2 If we can assume no dissociation of
the second ligand (see text); then

(080 L-OH] = [La] + [Ld]
| [080;-Ls] = [OsO;s:LoJinitiat — ({La] + [Lo])
in the absence of added ligand.

Registry No.—Os-3-picoline dimer, 38641-67-7; Os-
3-picoline monomer, 38669-79-3; Os—pyridine dlmer,
38641-68-8; Os-pyridine monomer, 38669-80-6; Os—3-
chloropyrldlne dimer, 38677-68-8; Os-3- chloropyrldme
monomer, 38669-81-7; tmns—thymldme glycol, 38645-
24-8; 1,3'—dimethylthymine, 4401-71-2; trans-1,3-di-
methylthymine glycol, 38645-26-0.
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The utility of lithium aluminum hydride (LiAlH,) and diborane for the preparation of tryptammes from 3-
indolylglyoxamides, including certain 4-trifluoromethyl derivatives, has been studied. Three distinctions in

the behavior of these reducing agents toward the glyoxamides have been observed.

(1) Diborane allows

elaboration of the tryptamme side chain without concomitant reduction of trifluoromethyl substituents, whereas
these groups are converted into methyl substituents by LiAlH; when reducing conditions are sufficiently vigorous

to give the tryptamme

of the indolic enamine triad to give 1ndohnes, an event hot seen with LiAlH,.

2) Reducmon of the glyoxamides with diborane may be accompanied by reduction

3) 1- Alkyl-3-mdolylg1yox-

amides are converted into the corresponding tryptamines by diborane, whereas LiAlH, reduction gives 1- alkyl-3-

indolylglycolamines.

The formation of a 3,4,5,6-tetrahydro-1H-azepino[5,4,3-cd]indole (4) was. observed in
the LiAlH, reduction of 5-methoxy-N,N 2—tr1methyl 4-(tr1ﬂuoromethyl)-3-1ndolylg1yoxam1de (3¢).

Diborane

reduction of 3-indolecarboxylic acid (16b) and its ethyl ester 16a gave skatole (17) as the major product.

Application of the Nernitzescu reaction?! to 2-trifluoro-
methyl-1,4-benzoquinone and alkyl 3-aminocrotonates
constitutes a convenient preparation of certain 4-tri-
fluoromethylindoles.? The availability of these last
substances prompted us to prepare the 4-trifluoro-
methyl congeners of ‘biologically significant trypt-
amines, and the procedure of Speeter and Anthony?®
seemed to be the most direct way to achieve this ob-
jective. . In this method an indole which is unsub-
stituted at the 3 position is converted into a 3-glyox-
amide, reduction of which gives the tryptamine. Lith-
ium aluminum hydride (LiAlH,) is the usual reagent
for this reduction, but the use:of borane has been re-
ported on one occasion.* In this paper we compare the
effect of these two reducing agents on certain 3-indolyl-

(1) C. D. Nenitzescu, Bull. Soc. Chim. Romania, 11, 37 (1929); Chem.
Abstr,, 24, 110 (1830).

(2) R. Littell and G. R. Allen, Jr., J. Org. Chem., 88, 2064 (1968).

(3) M. E. Speeter and W. C. Anthony, J. Amer. Chem. Soc., T8, 6208
(1954),

(4) K. M. Biswas and A. H, Jackson, Tetrahedron, 24, 1145 (1968).

glyoxamides, including the 4-trifluoromethyl deriva-
tives.

The required amides of Table I were prepared readﬂy
from 5-methoxy-2-methyl-4-trifluoromethylindole (1)?
by the usual technique (see Scheme I).* Reduction
of the N*,Nt-dimethylglyokamide 3¢ with LiAlH, in
boiling tetrahydrofuran (THF) for 48 hr gave the 4-
rhethyltryptamine 2 and the 3,4,5,6-tetrahydro-1H-
azepino[5,4,3-cd]indole 4. The former K produet is
identical- with that obtained by LiAlH, reduction
of b-miethoxy-2,4,N®,Nb-tetramethyl - 3 - indolylglyox-
amide,® and its formation constitutes another example
of the conversion of a trifluoromethyl substituent into
a methyl group by LiAlH,. Such conversions were
observed earlier for a 6-trifluoromethylindole,® another
4-trifluoromethylindole,? and a benzotrifluoride.” A

(5) G. R. Allen, Jr., V. G. DeVries, E. N. Greenblatt, R. Littell F. J.
McEvoy, and D. B. Moran, J. Med. Chem., in press.

(6) A.Kalir, Z. Pelah, and D. Balderman, Israel J. Chem., §, 101 (1967)

(7) H.J. Brabender and W, B, Wright, Jr., J. Org. Chem., 82, 4053 (1867).



