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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 Ann .  

(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). 
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Figure 1.-Variation of IC# with pyridine concentration, 15' : 
[Os(VI)] 4-5 X lo-' M ,  calculated as OsOqL2, X 304 nm, [cis- 
thymine glycol] 3.2 X 10-2 M .  

and two oxygen bridges, analogous to  thc structure 
demonstra.tcd by X-ray crystallography for OskOs- 
(No,),.' Wc confirm the results of Grif€ith and 

0 0 
PY \II /)\I1 /py  

py 0 0 
/Bs\o/ps\py 

Rossctti. The ir spectrum (KBr) of thc complex 
formed with pyridiiic is in agrcemcnt with thcir data 
cxcept that we obscrve an additional strong band a t  
645 cm-' which they report only in the Raman spec- 
trum.8b Tho complcxcs formcd with 3-picolinc or 
3-chloropyridinc in place of pyridine are similar in 
exhibiting strong bands near 830 and near 640 cm-'. 
We havc found, howevcr, evidcnce for a monomer- 
dimcr equilibrium. The molecular weight of a 0.39 
wt % solution in water was 810 f 40 a t  37.5' by vapor 
phase osmometry (Galbraith Laboratorics) and 503 
f 20 and 752 f 25 a t  21.3' by cquilibrium ultracen- 
trifugation using a partial specific volumc of 0.696. 
Thc formula weight for Os206py4 is 793. Since our 
kinetic studies wcrc carricd out in buffcr solutions over 
thc pH range 7-10, equilibrium ultracentrifugation 
was also carried out in 0.0s M sodium carbonate buffer, 
pH 9.4. Under thcse conditions, a 0.39 wt % solution 
of thc Os(V1) species gave a number average molcc- 
ular weight of 746 + 23; a 0.0975 wt % solution in 
the samc buffer gave a number averagc molecular 
weight of 323 f 13. Although these data do not yield 
a consistcrit clquilibrium constant for the dimcrization 
process on thc basis of any of the simple assumptions 
that wc h a w  uscd, they do suggcst complcte dissociation 
to  thc monomeric spccics a t  sufficiently low concentra- 
tions. Our liinctic work, for example, has been carricd 
out a t  a conccwtrntion of about 0.02 wt %. 

We havc also measured the dissociation of pyridine 
and 3-picolinc from the corrcsponding Os(V1) specics 

(9) L. 0. Atovmyan and 0. A. L'yachenko, J .  Slruct. C h e n . ,  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 

TABLE I 
EQUILIBRIA OB OsOa.Ln SYSTEMS, 1504 

ios[oso~. 
Ld ,  10~[Lol, 104[L*I, 
M b  L PH M M KC 

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 9.15 13.76 4.16 39.20 
4.438 3-Picoline 9.95 23.92 7.25 38.40 
a p = 0.15 M ,  carbonate and phosphate buffer. These 

concentrations are calculated on the basis of the monomeric 
species osoa .L~.  c K = ([La]( [I,,,] + [LO]]) / ( (  [OSO~.LZ] - 
([La] + [LO])) [OH-]). !Lo] and [La] 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 thc typc given by 

OsOaLz + HO- J_ (OsOa*L*OH)- + L 

This may be regarded as confirmatory cvidcnce for the 
modcl which assumcs substantially completc dissocia- 
tion of the dimer to  the monomeric species. We have 
written the monomer here and elsewhcre as os03L2, 
but it may well exist as the hydrate Os02(0H)2L2. 
We h a w  not considered the dissociation of the second 
ligand to  give, for example, a species such as (os030 
H20 .OH)- sincc thcse solutions undergo no obmrv- 
able decomposition after several days in air a t  room 
temperature and sincc! it has been shown4*10)1i that 
pyridine-free Os(V1) oxide species arc not stablc undcr 
these conditions. 

Kinetics. -Osos a L2, where L represents pyridine, 
3-picoline) or 3-chloropyridine, reacts with cis-thymine 
glycol and its derivatives to give the corresponding bis- 
(ligand) osmste(V1) esters in good yield (see Ex- 
perimental Section). These compounds have already 
been synthesized by another route.3 

With limiting concentrations of OsOa.L2 and in 
the presence of added ligand, plots of log (A ,  - 
Ao/A, - A,) vs. time werc linear for about SO% of 
the reaction. Thc slopcs of these lincs, which give 
k*, the pseudo-first-order rate constant, wcrc unaffected 
when thc initial concentration of o s 0 3 . L ~  was varied 
in the range 2.5-5 X IO-, M .  If frec ligand was not 
added, the reaction was completc within the timc of 
mixing. The pseudo-first-order rate constant varied 
linearly with the first powcr of the substrate concentra- 
tion. At constant substrate conccntration, IC* in- 
creased with increasing pH and showcd an inverse 
first-order dependcnce on ligand concentration (Figure 
1). IC# was unaffected by halving carbonate buffer 

(10) J. PBriohon, S. Palous, and R. Buvet, Bull. SOC. Chin. Fr., 982 

(11) J. F. Cairns and H. L. Roberts, J .  Chem. SOC. C, 640 (1968). 
(1963). 
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Registry 
no. 

1431-06-7 

1124-84-1 

38645-22-6 
38645-23-7 

TABLE I1 
REACTION OF THYMINE AND THYMIDINE GLYCOLS WITH PYRIDINE AND 

SUBSTITUTED PYRIDINE COMPLEXES OF Os(V1) AT 15" 
c 10'kobad - 

3-Chloro- 
3-Picolined Pyridine pyridine 

Substrate PH' system system system 
&-Thymine glycol 10.25 69.2 208 
&Thymine glycol 9.25 20.0 60.20 
&-Thymine glycol 8.05 2.0 10.70 836.6 (pH 7.9)  
cis-Thymine glycol 6.85 3.30 91.75 (pH 6 .5)  
trans-Thymine glycol 10.25 13.20 
trans-Thymine glycol 9 .25 3.62 
trans-Thymine glycol 8.05 0.69 
&-Thymidine glycol 9.25 18.23 
cis-1,3-Dimethylthymine 10.20 45.67 

cis-1,3-Dimethylthymine 9.25 5.62 14 I 36 

cis-1,3-Dimethylthymine 8.0 2.66 

glycol 

glycol 

glycol 
[Os(VI) complex] = 4-5 X M calculated as the monomer, OSOsLz; [L] = 0.08-0.6 M; [substrate] = 8-32 X M; X 

304 nm, 1 0.14-0.15 M. kobsd = slope of k+ us. 1/[L] plots divided by [SI, or the slope of k+ vs. [SI plots multiplied by [L]; see 
text. The fluctuation in pH in all runs was within =k0.05 pH units. d The kz values (M-1 min-1) evaluated from intercepts of plots 
of k+ us. 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 cis-1,3-dimethyl- 
thymine glycol, 0.12 (pH 9.25). 

concentration a t  constant pH and ionic strength. 
Table I1 shows that the reactivity for the Os(V1) 
complexes decreased in the order OsO3(3-chloropyr- 
idine)2, OsOp(pyridine)2, O~O~(3-picoline)~ and also 
gives the numerical results as a function of pH 
and substrate. cis-l,3-Dimethylthymine glycol, which 
does not ionize appreciably in the pH range inves- 
tigated, shows the same pH dependence as cis-thymine 

Cis-Trans Isomerization of the Glycols. -Criegee, 
et ~ l . , ~  reported that O~O~(pyr id ine)~  as well as 
(KO)2(CH30)40s and KO(Ac0)30s=O react in general 
only with acyclic 1,2-diols and with cyclic cis 1,Zdiols. 
Other diols, including most trans 1,2-diols, did not re- 
act with the exception of truns-1,2-cyclohexanediol and 
truns-l,2-cycloheptanediol. Model-building with truns- 
thymine 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 truns-l,3-dimethyl- 
thymine glycol all react slowly with O~O~(pyridine)~. 
The product is in each case the cis ester as shown by 
the identity of the ir spectra. Since we have ob- 
served that the trans glycols isomerize to  the cis glycols 
in the absence of Os(V1) species (Bee also Shugar12), 
we interpret the conversion of the trans-thymine glycol 
t o  the cis-osmate ester as the sum of the following 
reactions. 

trans glycol cis glycol 

cis glycol + 0sOs.py~ + bis(pyridine) cis-osmate ester 

The isomerization of the cis- to  the trans-thymine 
glycols has been previously reported, 12,13 but the cor- 
responding reactions of the thymidine and 1,3-di- 
methylthymine glycols (see Experimental Section) 
are new. 

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

glycol. 

(12) D. Barszcz, Z. Tramer, and D. Shugar, Acta Bwchim. Pol., 10, 9 

(13) S. Iida and H. Hayatsu, Bzochzm. Bzophys. Acta, 213, 1 (1970). 
(1963). 

servation 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 posfiible pathway for the thymine 
glycols14 which is, however, not consistent with our 
finding of apparently similar isomerizations for thy- 
midine and 1,3-dimethylthymine. 

Mechanism.-We outline below a mechanism which 
fits the data as we have them. We realize, however, 
that the study of the Os(V1)-pyridine-hydroxyl ion 
system is incomplete. 

OszOeL, )J 2OsOaLz (1) 

kr 
(3 ) OsOa*Lz + S + product 

product + HO- (4) 

Here S is the substrate and the product is the bis- 
(ligand) osmate(V1) ester. 

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

(5 1 0 = h[OsOa*L*HO-] [SI + kz[OsOa*Lz] [SI 

The total Os(V1) species is given by 

We omit any ligand-free Os(V1) 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 [Os03.L.0H-] from the 
equilibrium expression (eq 2)) we get 

[OS(VI)l totsl[Ll 
WOH-1 + [Ll [OsOa.Lz] 

(14) R. S. Hahn and S. Y. Wsng, J .  Amer. Chem. Soc., 94, 4764 (1972). 
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This expression may be simplified for the reaction con- 
ditions we have uscd because our data show that the 
K[OH-] term (see Table 11) is negligible in comparison 
with the ligand term in the denominator of eq 8.  
Thus 

[OsOa*Lz] 2 [OS(VI)I total (8) 

With limiting concentrations of the Os(V1) species, 
k,, the pscudo-first-order rate constant, is given by 

v = k$IOs(VI)ItOt,i (10) 

Thus 

Equation 11 predicts that  a plot of k ,  us. l / [L]  will 
be linear with a slope given by lilK[S][OH-] arid an 
intercept equal to  lc2[S]. 

The data show that the k1 tcrm is large comparrd with 
the lc2 tcrm. Indeed, lcz was measurable only for the 
3-picoline system (footnotr d, Table 11). This is 
also consistent with the reactivity order for the ligand 
complcxcs, 3-cliloropyridinc > pyridine > 3-picolinc1 
and implies rate-limiting nucleophilic attack by the 
glycol on the osmium spccicw. Two pathways can bc 
written for a mechanism of this type which diffcr in 
thc nature of the fast ring closure. 

0 
OY \-tos=o II /py 7 $$Lg 
OH ,$ 'PY 

Experiment 3 with 180-labelcd glycerol w r o  carried 
out to  distinguish between these pathways. Glycerol 
labeled (2.2 f 0.1 atom %) at  positions 1 and 2 with 
lSO was allowed to  react with OsOs(pyridinr)2. Tho 
bis(pyridine) osmatc estcr was reductively hydrolyzcd. 
The glyccrol was rcisolatcd and found to  contain 2.4 
f 0.1 atom % lSO. Pathway A predicts 2.2 f 0.1 
atom % ISO, mhcrcas pathway B predicts no morr 
than 1.4 f 0.1 atom % lSO. Our finding is thus con- 
&tent with pathway A and eliminates pathway I3 
from considcration. 

pH Dependence. -Equation 11 predicts first-order 
dcpendcncc on [OH-]. Tablc I shows, howcvcr, that, 
although thc rate of rcaction incrcasrs with pH, the 
order in [OH-] is only about one half. We can account 
for this in a qualitative way by our observation that th(. 
isomerization of the cis- t o  the trans-thyminc glycol 
is baso catttlyzcd. Sincc the trans glycol is converted 
to  thc product estrr more slowly than the cis glycol 
(Tablc I), thesc reactions will reduce thc apparent 
[OH-] dcpcndcncr of cq 10 to  somr value less than one. 
Wc havc insufficient data for a quantitative treatment. 

Studies at higher pH valucs are further complicated 
by ionization of the substrates which have approx- 
imatr pk',' values of lO.8I3 (cis-thymine glycol) and 
10.715 (cis-thymidine glycol), the base-catalyzed ring 
cleavage of thv  glycol^,^^^^^ and, a t  very high concentra- 
tions of base, cleavage of the esters to  the osmate ion.4 

Experimental Section 
Reagents.-Reagent grade pyridine, 3-picoline, and 3-chloro- 

pyridine were purified by distillation over KOH. Sources for 
other cheniicals follow: thymine and thyniidine,'digma Chemical 
Co.; osmium tetroxide, Varlacoid Chemical Co.; dimethyl 
sulfoxide-&, Norell Chemical Co.; tetramethylsilane, Aldrich 
Chemical Go.; other chemicals were of reagent grade and were ob- 
tained from the usual commercial sources.' Phosphate buffers 
were used in the p B  rnnge 0-8 and carbonate buffers in the pH 
range 9-10. Stock solutions of the various pyridines were made 
up in buffer. Stock solutions of thymind glycol derivatives and 
of 0 4 V I )  complexes were prepared in double distilled deionized 
water and stored at 3" 

Analyses.-Ultraviolet spectra were measured using a Perkin- 
Elmer 3Iodel202 instrument, ir spectra on a Perkin-Elmer Model 
237B or 457 grating instrument-, arid nnir spectra on a Varian 
Associates Model T-60 instrument ( G O  3IHs) at  35' using di- 
methyl snlfoxide-t& as solvent and tetramethylsilane a3 internal 
xt:uidard. 3Iass spectra were obt ained on a Finnigan 3Iodel 
1015 S/L instrumen!. Equilibrium ultracentrifubratioIi was 
carried out using a Spinco Model E analytical ultracentrifuge 
equipped with electronic speed control and llTIC 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 pycno- 
metrically. The pyridine, 3-picoline, and 3-chloropyridine 
content of the Os(V1) compounds was determined by the method 
of Aiig.IG Paper Cllromatography of the osmate esters was 
carried out on Whatinan #I  paper using ethyl acetate: 2-pro- 
panol:water, 7 5 :  16:9 (v/v) (solvent A) and 1-butanol: water, 
86: 14 (v/v) (solvent B). Standard osmate(V1) esters were 
prepared by the reaction of Os04 with thymine or thymidine in the 
presence of various ligands as previously de~cr ibed .~  Elementary 
analyses were perfomled by Galbrsith Laboratories, Knoxville, 
Tenn. 

Kinetics.-Kinetic runs were conducted by spectrophotometry 
in 1-cm capped silica cells. lteactions were started by the 
addition of substrate and were followed by the increase in sbsor- 
bance at  304 nm where we observed the maximum difference 
between O s 0 8 . L ~  and the osmate('V1) esters. Reactions were 
rrin under pseudo-first-order conditions with 1 he substrate in at 
leas1 tenfold excess over t,he Os(V1) species. The ionic strength 
wasbetween0.14and0.13M. 

Os(V1) Complexes with Pyridine and Substituted Pyridines.- 
Complexes of the general formula Os$&. L,, where L represents :t 
monodentate ligand such as pyridine, were prepared by a slight 
modification of Criegce's niethod.2 Osmium tetroxide (0.5 g)  
was dissolved in X nil of CC1,. Pyridine ( 2  nil), 3-picoline (2.2 
ml), or 3-chloropgridine (2 .5  ml) was added followed by 1.9 ml of 
nt)soliite ethanol :is redricing agent, The mixture wan allowed t o  
htaiid ut rooin teiuperatiire for 18 hr. The precipittLted material 
was filtered, washed several times with CCh, and dried under 
vqcuuni. Ir: (I iBr) O*206(pyridine)4, X30, 64,; cm-I; Os~Od3-  
picoline)d, %Ae-), 633 em-1; Oj20E(:j-chloropyridirie),, 837, 640 C I I ~ - ' .  
CompaTe ref 8. 

OssOti(pyridine)a is identical with the material prepared by 
Badger's nietliod17 and reported ti) be Os04(pyridine)n. 

' Aual. Calcd for OssOo(pyridine)d: pyridine, 39.92 Found: 
39..iG. Calcd for Os20G(::-picoline)d: %picoline, 43.88. Found: 
4::.$!1. Chlcd for Or108(:2-ctiloropyI.idirie).l: 3-chloropyridine, 
48.79. Found: 48.32. These complexes consumed 2 equiv of 
iodide per atom of i)sini!iin corresponding to reduction of Os(V1) 
to Os(1V) when titrated according to the method described for 
osmate(V1)  ester^.^ 

mol) and 
cis-thyniine glycol (3  x 10-4 mol) were mixed in 10 in1 of i~ 1 M 

Osmate(V1) Esters.-Os20e(pgridine)a (3..i X 

(15) S. Iida and H. Hayatsu, Biochim. Bzophus. Acta, 228, 1 (1971). 
(10) I<. 1'. .\ng, d i r r r l .  Clrem., 88, 1411 (1Y66). 
(17) '2. &I. Badger, J .  C h e n .  Soc., 456 (1940). 



COMPLEXES WITH THYMINE GLYCOLS 

aqueous solution of pySidine. 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 
OszOe(pyridine)4 and cis-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.I 

cis-Thymine Glycol.-This material wats ryntheqized by the 
procedure of Baudihch and Ilavidson . I8  I t  was recrystallized 
from 9.570 ethanol to yield white crystals: mp 214-215' 
(lit . l a  1 8 ~ 1 ~  210, 220, 21,T'); ir (JXBr) 3350, 342; (OH), 3238 (KH),  
17:38, 1700, lMi8 (C=O), 1230, 1172, 1088, 1032, 987, 9% cn1-I; 
nmr (DMSO-&) 6 1.27 (s, 3,6-CHa), 4.32 (t, 1 ,  J = 3 Hz, 6-H), 
5.23 (s, 1, -5 -OH), 3.97 (d, 1, J = 3 Hz, 6 -OH), 8.07 (d, broad, 
1 ,  J = 3 Hz, 1 -NIT), and 9.93 (s, broad, 1 ,  3 -NH). The nmr 
data are in good accord with those reported by Chabre, et ~ l . , ~ "  
except that the quartet for H-6 is not sufficiently resolved in our 
work and appears a4 a triplet. The uv spectrum in carbonate 
buffer, pH 9.83, showed a broad peak between 220 and 230 nm 
(e  23.50). The cis glycol wai also prepared performic acid 
oxidation of thymine. There are precedenls21 for the formation 
of the cis glycol by peracid oxidation, although the usual product 
is the trans plyrol. A mixture of 5 p of powdered thymine, 45 ml 
of foriiiir arid, and 9 nil of 30(,( HZOL was kept at 40" iiniil 
all of the peroxide had been consumed (about 66 hr). The sol~l- 
tion wa\ 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 a t  98' for 1 hr. The solution was cooled in an ice 
bath, wherelipon 1 ..T g of unreacted thymine sepaiated. The 
filtrate, containing the t hyniine glycol, w:ih evaporated to  dry- 
ness under reduced pressure and the residue was recrystallized from 
ethanol to yield 3.s  g (R.570) of cis-thymine glycol identical with 
the material prepared by the Baudisch and Davidson procedure.18 
&-Thymine glycol wab also prepared for comparison in small 
amounts by hydrolysis of the bis(pyridine) osmate ester of 
thymine. 

trans-Thymine Glycol.-The trans glycol was prepared by 
isomerization of the cis glycol. One grain of the cis glycol was 
reflused in 80 nil of water for X hi.. Chroniatograpliy in  wlvent A 
showed only two hpols corresponding to the two glycols. Heat- 
ing beyond 9 hr resulted in the appearance of two additional spots, 
which are ring-rleavage product+ a\ shown by their rewtion with 
Ehrlich's reagent (p-dimethylaminobenzalde}iyde) in the absence 
of alkali. These appear on paper chromatograms a t  Rf valuBs 
corresponding to the additional spots reported by Shugar.12 The 
trans glycol wab ceparaled by preparative Chromatography in 
solvent A on Schleicher and Schull Orange Ribbon paper (thick, 
high capacity). The Rr ratio of the trans to ci5 isomer was l . . 5  dz 
0.05. The glycols were located on chroniatograms by their uv 
absorption and by their characteristic color changes following the 
NaOH-Ehrlich's reagent spray (yellow to pink to blue).22 The 
isomers were distinguished from one another by the fact that the 
cis but not the trans reacted with the periodate-benzidine re- 
agentz3 and by the fact that the cis isomer had aero mobility in 
solvent A if the paper was impregnated with b0rate.2~ I t  was 
eluted with water, crystallized from 95% ethanol, and rechro- 
matographed to  remove traces of the cis isomer to give a white 
solid in about 14%; yield: mp softens 166-168", 218-219" dec; 
ir (KBr) 3351, 3412 (OH), 3202 (NII), 1744, 1714, 1695 (C=O), 
1280,1163, 1097,970 cm-l; ninr (DRISO-d6) 6 1.25 (s, 3 ,5  -CH1), 

Ha, 6 -OH), 8-05 (d, broad, 1 ,  J = 5 Hz, 1 -NII), and 9.95 (s, 
broad, 1, 3 -NH). These data are virtually identical with 
those reported by Cadet and T6oulel (nmr) and by TkouleP (ir). 
The nmr data, published by Hahn and Wang14 are in error; all 

4.39 (t, 1 ,  J = 3 Hz,  6 -H), 5.84 ( s ,  1 ,  5 -OH), 6.15 (d, 1, J = 5 

J. Org. Chem., Vol. 38, No. 8, i973 1503 

(18) 0. Uaudisch and D. Davidson, J. Bid .  Chem.. 64, 233 (192.5). 
(19) M. H. Benn, 13. Chatamra, and A. S. Jones, J. Chem. Soc.,  1014 

(1960). 
(20) SI. Chabre, D. Gagnaire, and C. Nofre, Bull. Sac. Chim. Fr. ,  108 

(1966). 
(21) L. F. Fieser and &I. Fieser, "Reagents for Organic Synthesis," Vol. 

I, Wiley, New York. N. Y., 1967, p 458. 
(22) U. Ekert, Nature (London), 194, 278 (1962). 
(23) J. A. Cifonelli and F. Smith, Anal. Chem., 26, 1132 (1954). 
(24) C. A. Wachtmeister, - 4 t h  Chem. Scand., 5 ,  976 (1951). 
(25) R.  TEoule, "Radiolyse de la Thymine en Solution Aqueuse," Thesis, 

University of Lyon. 1970. 

6 values should be reduced by 0.32. Compare also the ir as- 
signments of Nofre, et aZ.,*6 and the nmr assignments of Rouil- 
lier, et aL27 The uv spectrum in carbonate buffer, pH 9.85, 
showed a peak a t  221 nm (e  1635 a t  230 nm). 

Anal. Calcd for C;HsN201: C, 37.52; H, 5.04; N, 17.50. 
Found: C, 37.5A; H,5.23; N, 17.41. 

&-Thymidine Glycol.-This compound was synthesized by 
the permanganate oxidation of thymidine.15 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 Rf ratio of thymidine to its 
cis glycol was 2.75. The glycol was eluted from the paper with 
water and crystallized from methanol-ether mixtures to give a 
white solid: mpsoftens 134-138', 190-191' dec (lit.15J8 mp 191- 
193', 189-190'); ir (KBr) 1742,1694 cm-' (C=O); nmr (DMSO- 
&) 6 1.23 (s, 3, 5 -CH3), 4.75 fs, 1, 6 -H), 5.46 (s broad, 1 ,  5 
-OH), 6.05 (multiplet, 1, 6 -OH), and 10.00 (broad, 1, 3 -NH). 
(Compare ref 15, 28.) 

trawThymidine Glycol.-&-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 hpray. The yield of 
trans glycol was about 5%. Both isomers reacted with the 
periodate-benzidine reagent. The Rf ratio of ,the trans to the cis 
imncr was 1.8; mp 19.5-197' dec; ir (KBr) 1700 cm-l (C=O); 
nmr (DMSO-&) 6 1.31 (8, 3, 3 -Ch3), 4.70 (s, I, 6 -H), 5.76 (s 
broad, 1, <?-OH), 5.93 (multiplet, 1 ,  &OH), and 10.25 (broad, 1, 

The mabs spectrum (73 eV) gave peaks at m/e 259 (M - OH)+, 
160 (MH - deoxyribosyl)+, 117 (deoxyribosyl)+. 

1 ,J-Dimethylthymine.-This compound was prepared in 9G% 
yield following the procedure described by Ilavidson and Bau- 
dischzg for the synthesis of 1,3-dimethyluracil. Crystallization 
from 9.5% ethanol gave white needles: mp 152' (lit.ao mp 153'); 
ir (KBr) 1705, 1670, 1G43 cm-' (C=O); nmr (IIJISO-ds) 6 1.82 
(b, 3, 3 -CHI), 3.2-3.3 (two s, 6, 1- and 3 -CH3), and 7.6 (s, 1 ,  
6 -H). 

cis-1 ,J-Dimethylthymine Glycol.-The glycol was synthesized 
from 1,3-dimethylthymine following the procedure of Baudisch 
and Davidsonls for thymine glycol. The material was obtained 
in 8 4 5  yield as an uncrystallimble gum after drying over P20;. 
The material did not react with periodate: ir (neat) 3373 (OH), 
172.5,1662 (C=O), 1183,1137,1050 cm-l (CO); nmr (D?tfSO-&) 
6 1.33 (h, 3, .i -CHI), 3.0 (two s, 6 , l -  and 3 -CHI), 4.5 (d, 1, J = 5 
Hz, 6 -H), j .15 (broad, 2, 5- and 6 -OH). 

Anal. Calcd for C~HIZNZO~:  C,  44.67; H, 6.43; N, 14.89. 
Found: 

hm+l &Dimethylthymine Glycol.-cis-l,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 Rf ratio of the cis to the 
trans isomer wats 1.2. The yield of trans glycol was about *54% 
and it was obtained as a gum after drying over P20;: ir (neat) 
3400 (OH), 1650 (C=O), 1185,1036 cm-I (CO); ninr (DMSO-&) 
6 1.28 (s, 3, 5 -CHI), 3.0 (two s, 6, 1- and 3 -CHI), 4.35 (s, 1 ,  
6 -H), 3.76 (broad, >2, 5- and 6 -OH, HzO). 

Anal. Calcd for C7HlzNz04.1/2H20: 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 lo-' 
mol) was mixed with 8.83 x 10-4 mol of allyl alcohol in 2.5 ml 
of 3.3 =t 0.1 atom % H2*80 in a closed container under air. Under 
these conditions, the osmate ester initially formed hydrolyzes 
with 100% Os-0 bond cleavage to give glycerol and an Os(VI) 
species which is reoxidised to osmium tetroxide by oxygen.* 
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 

3-NH). 

C, 44.44; 11, 6.53; N ,  14.97. 

(26) C. Nofre. M. Murat, and A. Cier, BUZZ. Soc. Chim. Pr . ,  1749 (1965). 
(27) P. Rouillier. J. Delmau, and C. Nofre. (bid., 3515 (1966). 
(28) P. Howgate, A. S. Jones, and J. R .  Tittensor, J. Chem. Soe. C, 275 

(29) D. Davidson and 0. Baudisch, J. Amer. Chem. Soc., 48, 2382 (1926). 
(30) T.  B. Johnson and S. H. Clapp, J. Bioi. Chem., 5, 49 (1908). 
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traces of allyl alcohol. A sample was analyzed by mass spec- 
trometry as previously reported.‘ The remainder was diluted to 
2 ml with ordinary water and then treated with excess OszOs- 
(pyridine), and a trace of free pyridine. After standing over- 
night, the solution was filtered. The filtrate was dried under a 
stream of air to give the baown bis(pyridin0) osmate ester of 
glycerol. This ester was reductively hydrolyzed to glycerol in 
water in the presence of a 2-3-fold excess of NaKSOa a t  room tem- 
perature for 30 min. The mixture was analyzed by measurement 
of the mass spectrum at  m/e 61, 62, and 63 using the calculations 
described by Biemann.al Suitable blanks were run with NaH- 
SO8 alone. , 

Dissociation Constants for OSOS. Lz.-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 
HzSO4 using E 5200. 3-Picoline was measured a t  263 nm (e 
5560). The distribution coefficient, D = [LO] /[La], where the 
subscripts refer to the organic and aqueous phases, was found to 
be 1.3 i. 0.02 (pyridine) and 3.3 0.05 (3-picoline). When 
OszOe(pyridine)l was equilibrated between equal volumes of 
buffer and ether, it was found that no detectable quantities of 
Os(V1) species were extracted into the organic phase, as shown by 
the lack of absorption in the 300-350-nm region. The degree 
of dissociation of the ligand from the Os(V1) species could thus be 
measured from the quantity of ligand in the ether phase and the 

(31) K. Biemann, “Mass Spectrometry,” MoGraw-Hill, New York, 
N. Y.,  1962, pp 223 6. 

distribution coefficient. The dissociation constants were calcu- 
lated from the relationship 

using K, = 5 i< 10-16.82 If we can assume no dissociation of 
the second ligand (see text), then 

[OsOa*L-OH-] = [La] + [Lo] 
[OsO,-Lz] = [OsOa~Lzllnltlal - ([La] + [Lo]) 

in the absence of added ligand. 

Registry No. -0s-3-picoline dimer, 38641-67-7; Os- 
3-picoline monomer, 38669-79-3; Os-pyridine dimer, 
38641-68-8; Os-pyridine monomer, 38669-80-6; Os-3- 
chloropyridine dimer, 38677-68-8 ; Os-3-chloropyridine 
monomer, 38669-81-7; trans-thymidine glycol, 38645- 
24-8; 1,3-~jimethylthymine, 4401-71-2; truns-ll3-di- 
methylthymine glycol, 38645-26-0. 
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The utility of lithium aluminum hydride (LiAlH4) and diborane for the preparation of tryptamines 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 tryptamine side ohain without concomitant reduction of trifluoromethyl substituents, whereas 
these groups are converted into methyl substituents by LiAlHc when reducing conditions are sufficiently vigorous 
to give the tryptamine. (2) Reduction of the glyoxamides wit4 diborane may be accompanied by reduction 
of the indolic enamine triad to give indolines, an event not seen with LiAlH4. (3) 1-Alkyl-3-indolylglyox- 
amides are converted into the corresponding tryptamines by diborane, whereas LiAlH, reduction gives l-alky1-3- 
indolylglycolamines. The formation of a 3,4,5,6-tetrahydro-lH-azepino[5,4,3-cd]indole (4) was observed in 
the LiAlH, reduction of 5-methoxy-NlN,2-trimethyl-4-(trifluororrtethyl)-3-indolylglyoxamid~ (SC). Diborane 
reduction of 3-indolecarboxylic acid (16b) and its ethyl ester 16a gave skatole (17) as the major product. 

Application of the Nenitzescu reaction’ t o  2-triff uoro- 
methyl-l,4-benzoquinone and alkyl 3-amiriocrotonates 
constitutes a convenient preparation of certain 4tr i -  
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 Specter and Anthony3 
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 (LiAlH4) 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. 

(2) R. Littell and G. R. Allen, Jr., J. Ore. Chem., 88,  2064 (1968). 
(3) M. E. Speeter and W. C. Anthony, J. Amer. Chem. Soc., 76 ,  6208 

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

Abstr., 24, 110 (1930). 

(1954). 

glyoxamides, including the 4-triff uoromethyl deriva- 
tives. 

The required amides of Table I were prepared readily 
from 5-methoxy-2-methyl-4-trifluoromethylindole (1)2 
by the usual technique (see Scheme I).3 Reduction 
of the Nb,Nb-dimethylglyoxamide 3c with LiA1H4 in 
boiling tetrahydrofuran (THF) for 48 hr gave the 4- 
methyltryptamine 2 and the 3,4,5,6-tetrahydro-M- 
azepino [5,4,3-cd]indole 4. The former product is 
identical with that obtained by LiAlH4 reduction 
of 5-methoxy-2,4,Nb,Nb-tetramethyl- 3 - indolylglyox- 
amide15 and its formation constitutes another example 
of the conversion of a trifluoromethyl substituent into 
a methyl group by LiAlH4. Such conversions were 
observed earlier for a 6-trifluoromethylindole16 another 
4-trifluoromethylindole,2 and a benzotrifl~oride.~ A 

(5) G. R. Allen, Jr., V. G. DeVries, E .  N. Greenblatt, R. Littell, F. J. 

(6) A. Kalir, 2. Pelah, and D. Balderman, Israel J. Chem., 6, 101 (1967). 
(7) H .  J. Brabender and W. B.  Wright, Jr., J .  Ore.  Chem., 82 ,  4053 (1867). 
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