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formation of citric acid and isocitric acid from cis-
aconitic acid since part of the enzyme molecules
would be occupied by cis-aconitate in one con-
figuration and part by ¢is-aconitate in the inverted
configuration. Considering the reverse reaction,
the direct formation of ¢ss-aconitic acid from citric
acid and from isocitric acid is apparent and the
conversion of citric acid to isocitric acid and vice
versa seemingly requires cis-aconitic acid as an inter-
mediate. While the kinetic and isotopic data®
show that in part the isocitrate to citrate comn-
version passes througli cis-aconitate as an inter-
mediate, they also show that in part the isocitrate
to citrate conversion occurs directly. This latter
fact is an apparent objection to this new view of
the cis-aconitase reaction. Conceivably, it may
be overcome if in the isocitrate to citrate con-
version an intermediate (or cis-aconitate) in some
instances does not leave the enzyme but ratler
pivoting on the acetate carboxyl is inverted. On
this basis, then, the initial rate of isocitrate to
citrate conversion is slow and direct but as the
cis-aconitate concentration increases return of ¢is-
aconitate to the enzyme in the proper configura-
tion is increased and the rate of the isocitrate to
citrate conversion would increase. This would
account for hoth the lag period in the isocitrate to
citrate (and wvice versa) conversion and also for the
deuterium incorporation into citrate from iso-
citrate.

If the enzyme-substrate complex is forimmed as
indicated

L. .. Substrate:+-Fe**. . E
tlien it would be possible for substrate to disengage

(55) See ref. 33 and references contained 1herein and II. A. Krebs
and O. Holzach, Bsochem. J., §2, 527 (1952).
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itself from the complex without leaving the
enzyme, for example, by a loosening of the bonds
between substrate and Fet+ As a matter of
interest, if isocitric acid and citric acid are at-
tached to Fe+* as typical a-hydroxy acid 5-
membered chelate rings, then transformation of
these to ¢zs-aconitic acid might loosen the attach-
ment to Fe++ and permit cis-aconitic acid to
assume the other configuration.

Of course, the available experimental evidence
does not permit either definitive conclusions or a
detailed mechanistic picture of the reaction.

When it is considered that all three enzyme sys-
tems operate by a irans mechanism, it seems likely
that the three enzymes in question would have, at
least, common architectural features. Such fea-
tures might well be a polypeptide chain, which when
in combination with substrate is folded in such a
way that at the active site there is a frans juxtaposi-
tion of those specific groups which participate in the
reaction and that the substrate when in combination
with the enzyme is not at the surface of the protein
but rather within, to a greater or lesser extent, the
protein. Such an arrangement would be in line
with the induced-fit hypothesis of Koshland,?®
wotld provide a role for tertiary protein structure®
in maintaining enzyme activity and would also be
similar to the accepted picture of the myoglobin
molecule in which a heme residue is imbedded in
the protein molecule between the adjacent sides
of a protein fold.*
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II. A New Procedure for the Conversion of Ribonucleosides to
2',3’-0-Isopropylidene Derivatives?

Nucleotides.

By ALEXANDER HAMPTON
RECEIVED MARCH 1, 1961

Di-p-nitroplienyl hydrogen phosphate is an efficient catalyst for the conversion of purine and pyrimidine ribonucleosides
to their 2/,3’-0O-isopropylidene derivatives, and 2,2-dimethoxypropane is highly effective for maintaining the anhydrous con-
ditions necessary for such conversions. The two agents in combination caused quantitative conversion of all nucleosides
examined to the respective 2/,3’-O-isopropylidene derivatives; previous procedures have been of more restricted usefulness.
The products were isolated by a method applicable to all and obtained in purified form in ca. 90% yield. The procedure can
simplify conversion of ribonucleosides to 5’-phosphate derivatives since the intermediate isopropylidene nucleosides can

often be phosphorylated in sifu.

Purine and pyrimidine ribonucleoside 5’-mono-
phosphates are starting materials for recent chemi-
cal syntheses of nucleotide coenzynies,®~® and a

(1) Part I, A. Hampton and M. H. Maguire, J. Am. Chem. Soc., 88,
150 (1961).

(2) This investigation was supported in part by funds from the
National Cancer Institute, National Institutes of Health, Public
Health Service (Grant CY-3190) and from the Atomic Energy Commis-
sion (Contract AT(30-1)-910).

(3) V. M. Clark, G. W. Kirby and A. Todd, J. Chem. Soc., 1497
(19567).

(4) R, W. Chambers and H, G, Khorana, J. Am. Chem. Soc., 80,
3749 (1958).

number of non-natural 5’-nucleotides have become
of biological and chenotherapeutic interest as
anabolites of anti-neoplastic purine and pyrimidine
derivatives,? e.g., of 6-mercaptopurine, 2-amino-6-
mercaptopurine or 8-azaguanine. The synthesis
of nucleoside 5’-phosphates® involves conversion

(3) J. G. Moffatt and H. G. Khorana, ébsd., 81, 1265 (1959).

(6) A. M. Michelson, Chemistry & Industry, 1267 (1960).

(7) R. W. Chambers, P Sbapiro and V. Kurkov, J. Am. Chem. Soc.,
82, 970 (1960).

(8) Reviewed by H. G. Khorana, Federation Proc., 19, 931 (1960),

(9) Reviewed by H. G Mandel, Pharmacol. Rev., 11, 743 (1059).
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of purine or pyrimidine ribonucleosides to their
respective 2’,3’-O-isopropylidene derivatives and
subsequent phosphorylation of these protected
nucleosides.

Conversion of the nucleosides to isopropylidene
derivatives has sometimes given low or variable
yields, and no one method has produced high
yields with a wide variety of nucleosides. The
procedure presented here has given essentially
quantitative conversions with all purine and
pyrimidine nucleosides examined, including com-
pounds which have previously given difficulty.
This method is also advantageous since it allows
subsequent phosphorylation of the isopropylidene
nucleoside % situ.

A common procedure for the preparation of
2/,3’-0-isopropylidene nucleosides consists of treat-
ment of ribonucleosides with a boiling 10-15%,
solution of zinc chloride in acetone,!® with satis-
factory yields reported for the derivatives of adeno-
sine (849,11 75-859,1%), guanosine (649,13 70~
809,14, 9-8-D-ribofuranosylpurine (80%%) and
cytidine (959,12 and variable to 809,'%) but poor
yields for the derivatives of inosine (48%,12) and
6-thioguanosine (2-amino-6-mercapto-9-3-D-ribofu-
ranosylpurine) (40%?1).

p-Toluenesulfonic acid forms acetone-soluble
salts with many nucleosides, and addition of ten
molecular equivalents of this catalyst to suspen-
sions of nucleosides in acetone at room tempera-
ture has given high yields of the isopropylidene
derivatives of 9-B-p-ribofuranosylpurine (90%,
yield!¥), ribosylthymine (959,%), cytidine (95%7)
and 6-chloro-9-3-p-ribofuranosylpurine (85%1). In
this Laboratory, isopropylidene adenosine was ob-
tained in 909 yield if a minimum of ten equivalents
of p-toluenesulfonic acid was employed. Inosine,
reacting less readily under the same conditions,
gave 609, of the isopropylidene derivative, while
6-thioinosine! and 6-thioguanosine! did not react
unless solution of the nucleosides was promoted
by the addition of cupric ions; that modification
proved satisfactory for 6-thioinosine (809,) but
with 6-thioguanosine gave a yield of only 50%.

Di-p-nitrophenyl hydrogen phosphate (pK, 1.7
in 509, aqueous ethanol?) is a sufficiently strong
acid to form salts with most purine and pyrimidine
nucleosides. Since its lipophilic area is approxi-
mately twice that of p-toluenesulfonic acid, its
salts with nucleosides are correspondingly more
soluble in acetone. When four equivalents of di-
p-nitrophenyl phosphate were substituted for ten
of p-toluenesulfonic acid in the reactions discussed
above and cupric ions were omitted, adenosine,
inosine, 6-thioinosine and 6-thioguanosine all dis-
solved readily at room temperature and analysis
of the solutions by means of paper chromatography

(10) P. A. Levene and R. S. Tipson, J. Biol. Chem,, 111, 313 (1935);
131, 131 (1937).

(11) P. Weygand and O. Trauth, Ber., 84, 633 (1951).

(12) J. Baddiley, 7. Chem. Soc., 1348 (1951).

(13) A. M. Michelson and A, R. Todd, ibid., 2476 (1949).

(14) R. W. Chambers, J. G. Moffatt and H. G. Khorana, J. 4m.
Chem. Soc., 19, 3747 (1957).

(15) A. Hampton and D. I. Magrath, ib¢d., 99, 3250 (1957).

(16) B. E. Griffin, A. Todd and A. Rich, Proc. Natl. Acad. Sci.
U. S., 44, 1123 (1958).

(17) N. S. Corby, G. W. Kenner and A. R. Todd, J. Chem. Soc.,
1234 (1962).
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and electrophoresis showed that essentially com-
plete conversion to the respective isopropylidene
derivatives occurred within 5 hr. With cytidine,
inosine, guanosine and 6-thioinosine, the mini-
mum amount of catalyst necessary to give high
yields of isopropylidene derivatives was 2.2 to 3.5
equivalents.

The presence of traces of water in reactions
catalyzed by di-p-nitrophenyl phosphate leads to
marked reductions in apparent reaction rates and
to the establishment of unsatisfactory equilibria be-
tween nucleosides and their isopropylidene deriva-
tives. When such condensations are carried out in
the presence of 2,2-dimethoxypropane, this ketal
undergoes an acid-catalyzed reaction with the water
present to yield acetone and methanol. Reaction
mixtures containing eight equivalents of the ketal
were analyzed by paper chromatography in several
solvent systems in which 19, of unchanged ribo-
nucleoside was detectable; after 5 hr. the only com-
ponents present were the desired isopropylidene
nucleoside and di-p-nitrophenyl phosphate, which
indicated yields of at least 999,. This was con-
firmed by isolation in high yields of the individual
isopropylidene derivatives.

Reaction conditions for each nucleoside are given
in Table I. Inclusion of 2,2-dimethoxypropane
both accelerated the reactions and reduced, by at
least one equivalent, the amount of di-p-nitro-
phenyl phosphate required. With guanosine, for
example, 609, conversion to isopropylidene guano-
sine occurred after 3 hr. using 2.4 equivalents of
catalyst, whereas, in the presence of 2,2-dimethoxy-
propane, 809, conversion occurred after 1 hr. with
1.2 equivalents. The condensation of uridine with
acetone, as in Table I, was not influenced when
three equivalents of water were added, but a parallel
experiment in which 2,2-dimethoxypropane was
omitted yielded an equilibrium mixture containing
ca. 90% uridine and 109, isopropylidene uridine,
thus demonstrating both the ready reversibility of
the reaction and the efficacy of 2,2-dimethoxypro-
pane for maintaining anhydrous conditions.

TABLE I

CATALYSIS BY DI-p-NITROPHENYL PHOSPHATE OoF Iso-
PROPYLIDENE NUCLEOSIDE FORMATION®

Con-  Yield of
Equivs, version isolated
Acetone of Analysis time product
Nucleoside (ml.) catalyst  systemsd (hr.)e [CAL
Uridine 10 0.10 B,C 0.5 97
Cytidine 10 1.15 B, C 4.0 96
Adenosine 10 1.20 AD 5.0 87/
Guanosine 14 1.20 B,C 5.0 92
Inosine 15 2,10 A, B 3.0 91
6-Thioinosine 24 2,00 B,CD° 3.0 807
6-Thioguanosine 14 1.25 (° 5.0 88
8-Azaguanosine 14 1.45 B,C 5. 90

o Reaction mixtures contained 1 mmole of nucleoside and
8 mmoles of 2,2-dimethoxypropane; with 6-thioinosine,
15 mmoles of 2,2-dimethoxypropane was used. ? See
Experimental. ¢ Analyzed also by electrophoresis. ¢ Time
of conversion of at least 999, of nucleoside to its isopropyl-
idene derivative. ¢ Products were isolated by the Dowex~
1-HCO; procedure except where indicated. / Isolated by
individual procedures.

Only the isopropylidene derivatives of uridine
and cytidine dissolved in the acetone without assist-
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ance from di-p-nitrophenyl phosphate. Uridine
(pKa probably <0.5%2) is so weakly basic that 0.1
equivalents of the catalyst can provide sufficient
hydrogen ions for the reaction, whereas cytidine
(pK. 4.2%0) is appreciably basic and over omne
equivalent (Table I) of the catalyst is required.
Among the remaining nucleosides, inosine (pKa
1.2%¢) and 6-thioinosine are also weakly basic but
require two equivalents of di-p-nitrophenyl phos-
phate to effect solution of their isopropylidene deriv-
ativesin acetone. The marked reactivity of uridine
implies that prior protonation of the other nucleo-
sides, either on ring nitrogens or on amino-stbstit-
uents, may have slowed their reaction rates, pos-
sibly by coulombic repulsion of the additional hy-
drogen ions needed for catalysis.

This procedure for the conversion of ribonucleo-
sides to 2/,3-O-isopropylidene derivatives has
proved more convenient than those previously avail-
able, since a non-hygroscopic catalyst is employed
and precautions for the rigid exclusion of moisture
(before and during the reaction) are unnecessary.

A spray technique aided characterization of iso-
propylidene derivatives on paper chromatograms.
These derivatives do not react to the periodate
spray test!® for cis-a-glycol systems. Chroma-
tograms could be treated with trichloroacetic acid
under conditions causing hydrolysis of the acetone
residues of isopropylidene derivatives and allowing
the corresponding spots to react subsequently to
the periodate spray test. This procedure is appli-
cable to isopropylidene derivatives of other types of
cis-a-glycols.

Isolation of Isopropylidene Nucleosides.—The
suitability for this purpose of various salts of di-p-
nitrophenyl phosphate was investigated. The
sodium and ammonium salts were sufficiently
insoluble in chloroform to permit satisfactory isola-
tion of chloroform-soluble isopropylidene deriva-
tives, e.g., those of uridine and adenosine, and suffi-
ciently soluble in water to permit isolation of the
relatively insoluble isopropylidene-6-thioinosine.
The isopropylidene derivatives of guanosine and
(-thioguanosine, however, had similar solubility
properties to the above sodium and ammonium
salts in a variety of solvents and invariably co-
precipitated with di-p-nitrophenyl phosphate from
aqueous solutions. Tri-n-butylammonium di-p-
nitrophenyl phosphate, in contrast to most® iso-
propylidene nucleosides, was found to be readily
soluble in benzene, and, following addition of tri-u-
butylamine to reaction mixtures, isopropylidene
guanosine and isopropyvlidene 6-thioguanosine were
isolated in 60-759, yield. All the isopropylidene
nucleosides are appreciably soluble in methanol,
and a more general and quantitative method of
1solation consisted of addition of reaction mixtures

(18) (a) The basic pKa of uracil is ca. 0.5 (W. E. Cohn, quoted by
G. H. Beaven, E. R. Holiday and E. A. Johnson, in E. Chargaff and
J. N. Davidson, ‘““The Nucleic Acids,’”’ Vol. I, Academic Press, Inc.,
New VYork, N. Y., 1955, p. 500); nucleosides are, in general, less basic
than the parent purines or pyrimidines (see pp. 502, 508); (b)
P. A. Levene and H. S. Simms, J. Biol. Chem., 6B, 519 (1925); (c)
Ref. 18a, p. 508.

(19) J. G. Buchanan, C. A. Dekker and A. G. Long, J. Chem. Soc.,
3162 (1950).

(20) Some isopropylidene nucleosides are appreciably soluble in
benzene, ¢.g., 2°,3’-O-isopropylidene-9-8-p-ribofuranosylpurinels and
its 6-chloro derivative.!
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to an excess of ammonium bicarbonate in aqucous
methanol and adsorption of the di-p-nitrophenyl
phosphate onto the bicarbonate form of an anion-
exchange resin. Isopropylidene derivatives con-
taining a nuclear acidic function tended to be re-
tained by the resin but were readily displaced by
additional ammonium bicarbonate solution. VYields
of purified isopropylidene nucleosides ranging from
88 to 97% were obtained (Table I).

In situ Phosphorylation of Isopropylidene
Nucleosides.—The most satisfactory synthesis
described for guanosine 5’-phosphate!* involved
initial treatment of isopropylidene guanosine in
dioxane solution with 1.6 equivalents of tetra-p-
nitrophenyl pyrophosphate and 0.8 equivalent of
di-p-nitrophenyl phosphate to yield 959, of iso-
propylidene guanosine 35’-di-p-nitrophenyl phos-
phate. When the mixture resulting from the
reaction of guanosine, di-p-nitrophenyl phosphate
(1.2 equivalents), acetone and 2,2-dimethoxypro-
pane was treated directly with 2.5 equivalents of
tetra-p-nitrophenyl pyrophosphate?! in dioxane,
the yield of the above phosphotriester was poor
(15%), but similar phosphorylation after removal of
acetone and 2,2-dimethoxypropane % vacuo gave a
yield of 939,. On paper chromatograms, the prod-
uct was identical with authentic!* material, and
when treated with alkali at room temperature, it
liberated the same amount of p-nitrophenol. The
isopropylidene derivatives of 6-thioinosine and 6-
thioguanosine were also phosphorylated in situ in
high yield by the same reagent, thereby simplifying
the conversion! of these nucleosides to their 5'-
phosphates.

Uridine and cytidine 5’-phosphates are conven-
iently prepared by phosphorylation of the respective
isopropylidene nucleosides with a mixture of phos-
phoric acid and phosphorus pentoxide.”??2  Cyti-
dine was condensed with acetone (Table I), vola-
tiles removed, and the residual mixture of iso-
propylidene cytidine and di-p-nitrophenyl phos-
phate was treated with the above reagent. A
homogeneous reaction solution was not obtained
and paper electrophoretic analysis showed the
formation of cytidine 5’-phosphate in 45%, yield
and a mixture of cytidine 2’- and 3’-phosphates in
8%, vield. Phosphorylation of isolated isopropyl-
idene cytidine, which furnishes 65% of cytidine 5’-
phosphate,” is thus a preferable procedure.

Phosphorylation of isopropylidene nucleosides in
the presence of di-p-nitrophenyl phosphate may
prove practicable in other syntheses of nucleotides.
For example, dibenzyl-** or di-(8-cyanoethyl)?
phosphorochloridates, employved in pyridine and
lutidine solutions, have given adenosine and
guanosine 5’-phosphates in good yvield. Under such
conditions, di-p-nitrophenyl phosphate may be ex-
pected to produce Pi-dialkyl-P*-di-p-nitrophenyl
pyrophosphates. Those, if effective in competition
with an excess of the dialkyl phosphorochloridates,
could vield the desired dialkyl esters of the nucleo-

(21) J. G. Moffatt and H. G. Khorana, J, Am, Chem. Soc., 79, 3741
(1957).

(22) R. H. Hall and H. G. Khorana, i%id,, 77, 1871 (1953).

(23) A. M. Michelson, J. Chem. Soc., 1957 (1958).

(24) J. Baddiley and A. R. Todd, ibid., 648 (1947).

(25) H. Witzel, H. Mirbach and K. Dimroth, Angew. Chem. 72.
751 {1960).
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tides rather than the di-p-nitrophenyl esters since
phosphorylation of alcohols by mixed pyrophos-
phates yields phosphotriesters derived from the
weaker component acid.®

Experimental

Methods.—Paper chromatograms were run on Schleicher
and Schuell No. 597 paper by the ascending method. Sol-
vent systems: (A) ethanol-water (7:3), (B) isopropyl
alcohol-water-NH,OH (70:25:5), (C) 1-butanol-acetic
acid-water (5:2:3), (D) isopropyl alcohol-water (7:3),
(E) system C (4:1:5). Spots were located by inspection
of the papers in ultraviolet light (Corning filter No. 9863);
R; values are listed in Table II.

TaBLE II

PapErR CHROMATOGRAPHY OF NUCLEOSIDE DERIVATIVES®
Rt values in solvent systems
A B C D

Compound

Uridine 0.53 0.47 0.55 0.63
2’,8’-0-1sopropylidene utidine .67 .70 .79 .82
Cytidine .50 .55 .51 .55
2’,3’-0-Isopropylidene cytidine .66 .76 .77 .80
Adenosine .47 .57 .60 .58
2’,8’-0-Isopropylidene adenosine .59 .75 .80 .78
Guanosine .. .37 .46 .49
2’,8’-0-Isopropylidene guanosine .. .68 .78 .75
Inosine .49 .50 .46 .52
2',8’-0-Izopropylidene inosine .62 .70 .77 .78
6-Thioinosine . .45 .48 .57
2’,3’-0-Isopropylidene 6-thioino-

sine .. .70 .79 .79
6-Thioguanosine .. .36 .46
27,8’-0-Isopropylidene 6-thio-

guanosine .. .61 .78
8-Azaguanosine .. .40 .47
2’,3’-0-Isopropylidene 8-aza-

guanosine .. .67 .81
Di-p-nitrophenyl hydrogen

phosphate 72 .83 .84 .85

a The R; values for di-p-nitrophenyl phosphate, which
was run on all chromatograms, are averages; values for the
remaining compounds are relative to those of di-p-nitro-
phenyl phosphate.

For characterization of isopropylidene derivatives, the
dried chromatograms were sprayed with 29, aqueous tri-
chloroacetic acid, heated for 15 minutes in an oven at 90°
and steamed over a bath for 15 minutes. They were sus-
pended for 10 minutes at room temperature in a damp
ammonia atmosphere, air-dried and sprayed for cis-glycol
systems.!* Spots corresponding to isopropylidene deriva-
tives appeared blue on a light brown background; the sensi-
tivity of detection was of the same order as that for the
parent nucleosides.

Paper electrophoresis was carried out on Whatman No.
3MM paper with Model EC451 of the E-C Apparatus Co.,
Pa. Observed mobilities (cm./hr.) in 0.05 M sodium tetra-
borate (pH 9.1) at a gradient of 18 volts/cm. were: di-
p-nitrophenyl phosphate, 4.3; 6-thioinosine, 6.7; 6-
thioguanosine, 5.8; 27/,3’-O-isopropylidene-6-thioinosine,
3.5; 2/,83’-0-isopropylidene-6-thioguanosine, 2.9.

Ultraviolet absorption characteristics were examined with
the Beckman spectrophotometers, the Model DU for quan-
titative determinations and the Model DK-2 for over-all
characteristics of absorption curves.

Melting points (capillary method) are uncorrected.
Microanalyses were by the Schwarzkopf Laboratory,
Woodside, New York. Unless otherwise specified, sub-
stances were dried at room temperature ¢n wacuo over
NaQOH.

p-Toluenesulfonic Acid as Catalyst. (a) 27,3’-O-Iso-
propylidene Adenosine.—p-Toluenesulfonic acid mono-

(26) N. S. Corby, G. W. Kenner and A. R. Todd, J. Chem. Soc.,
3600 (1952).
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hydrate (7.1 g., 37.5 mmoles) was added with exclusion of
moisture to a magnetically-stirred suspension of adenosine
(1.0 g., 3.75 mmoles; dried over P:O; at 100°, 0.1 mm.) in
anhydrous acetone (200 ml.; dried over K,CO; for 3 days,
filtered, dried over Drierite for 2 days and distilled from
fresh Drierite). The solids dissolved almost immediately.
The pale yellow solution, after 1 hr. at 25°, was added to a
vigorously-stirred solution of NaHCOQO; (6.7 g., 80 mmoles)
in ice and water (ca. 80 ml.). The mixture was evaporated
to dryness under reduced pressure (finally at 50°, 10 mm.
for 2 hr.) and the solid residue extracted with acetone in a
Soxhlet apparatus. The acetone was evaporated in vacuo
and the residual solid was dissolved in hot water (20 ml.).
The solution was clarified with Celite filter-aid and con-
centrated ¢ vacuo to ca. 10 ml. After 2 hr. at 2°, it yielded
1.07 g. (90%,) of 2’,3’-0-isopropylidene adenosine as cream-
colored needles, m.p. 216-217°. Recrystallization from
water gave 1.03 g., m.p. 217.5-218° (not depressed by ad-
mixture with isopropylidene adenosinel?),

A reaction carried out as above, in which aliquots were
removed at intervals, added to an excess of aqueous NaHCO,
and analyzed by paper chromatography in 1-butanol-water
(86:14), showed that conversion of the adenosine (R
0.23) to isopropylidene adenosine (R; 0.69) was complete
within 40 minutes. It was established that 159, less ace-
tone, or less than 10 equivalents of p-toluenesulfonic acid,
resulted in incomplete or slow solution of the adenosine.

(b) 2’,3’-O-Isopropylidene Inosine.—p-Toluenesulfonic
acid monohydrate (10 equivalents) was added to a suspension
of inosine in 150 parts of acetone. The inosine dissolved
after 80 minutes. After 3 hr. at 25°, the solution was added
to an excess of aqueous NaHCO;. The mixture was adjusted
to pH 6 by the addition of N HCL,?" evaporated to dryness
in vacuo and the residue extracted with acetone in a Soxhlet
apparatus. Vacuum-evaporation of the acetone and
crystallization of the residue from fifteen parts of water
yielded 2’8’-O-isopropylidene inosine in 609, yield as white
needles, m.p. 266° (reported,!? 267°). The product
gave a single spot on paper chromatograms (solvent systems
A, BandC).

Preparations Using Di-p-nitrophenyl Phosphate and 2,2-
Dimethoxypropane. (a) Analyses of Reaction Mixtures.—
Aliquots were added to one-third their volume of N NH,OH
and 5-8 applications of these solutions chromatogrammed
in the solvent systems of Table I. FElution of areas cor-
responding to nucleosides and their isopropylidene deriva-
tives into 50% aqueous ethanol and spectrophotometric
measurement showed (except as noted below) that 1%
of unchanged nucleoside was detectable by inspection of the
papers in ultraviolet light (260 mu). Mixtures containing
6-thioinosine or 6-thioguanosine, which absorb weakly at
260 my, were analyzed by electrophoresis in the borate buf-
fer, wherein these nucleosides and their isopropylidene
derivatives migrated as spots exhibiting an intense green
fluorescence in ultraviolet light.

(b) Preliminary Experiments.—Stirred, anhydrous sus-
pensions of nucleosides in the volumes of acetone given in
Table I were treated at intervals at 25° with di-p-nitroplienyl
phosphate?! until a clear solution was obtained and con-
version to isopropylidene derivatives occurred at a conveni-
ent rate.  After a reaction period of 8 hr., conversions
were as follows: inosine (3.2 equiv. of catalyst), 90%:;
6-thioinosine (3.5 equiv.), 956%; cytidine (2.2 equiv.),
90%; guanosine (2.4 equiv.), 60%,.

(¢) Reactions in Aqueous Acetone.—To a stirred suspen-
sion of uridine (97.6 mg., 0.4 mmole, dried 110° (0.1 mm.))
in acetone (4 ml.) containing water (20 mg., 1.1 mmoles)
di-p-nitrophenyl phosphate (13.6 mg., 0.04 mmole) was
added. Little of the uridine dissolved, but analysis of the
solution after 2 hr. (solvent B) showed the presence of uridine
and isopropylidene uridine in the ratio 10:1. The reaction
was repeated with the addition of 2,2-dimethoxypropane
(0.4 ml., 3.3 mmoles). The uridine all dissolved within
12 minutes and chromatography (solvents B and C) of an
aliquot, taken 25 minutes after the addition of the cata-
lyst, showed that the ratio of uridine to isopropylidene uri-
dine was less than 1:100.

(27) Little of the isopropylidene derivative could be extracted by
acetone in the presence of NaHCOs. The product presumably forms
an acetone-insoluble salt with Na:COs; formed from NaHCO; before
and during the extraction.
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(d) General Procedure.—Preparations were carried out
under the conditions of Table I. 2,2-Dimethoxypropane?
(b.p. 78-79°) was pipetted into a magnetically-stirred
suspension of the nucleoside in anhydrous acetone in a
stoppered flask. Di-p-nitrophenyl hydrogen phosphate
was added and the mixture stirred vigorously until a clear
solution resulted (1 hour or less). Glassware and reagents
(other than acetone) were not subjected to special drying
procedures. Commercial acetone containing 0.1-0.5%
water should not require more than 0.8 mmole of 2,2-di-
methoxypropaie per ml. of acetone.

2’,3’-0-Isopropylidene 8-Azaguanosine.—A suspension
of 8-azaguanosine® (102.6 mg., 0.36 mmole) in acetone
(5 ml.) containing 2,2-dimethoxypropane (0.4 ml., 3.28
mmoles) and di-p-nitrophenyl phosphate (180 mg., 0.53
inmoles) was stirred until solution was complete (1 hr.).
After an additional 3 hr., the yellow solution was added
at 2°, with stirring, to 50 ml. of 0.25 M NH,HCO; in meth-
anol-water (1:1) (freshly prepared by saturating methano-
lic NH,OH at 2° with CO;). A column (9 cm.) of 9 ml. of
Dowex-1-HCOQ; ion-exchange resin (200-400 mesh, 8%
cross linkage) was prepared from a suspension of the resin
in 0.25 M NHHCO; in 50% aqueous methanol, and the
solution containing the reaction mixture was percolated
under pressure through it. The column was washed with
the methanolic NHHCO; (ce. 150 ml.) until the absorb-
ancy of the effluent at 257 myu had decreased to a value of 1.0;
the di-p-nitrophenyl phosphate remained as a bright yellow
zone near the top of the resin. The combined eluates were
evaporated to dryness at 10 mm, on a rotary evaporator
(bath at 15°), using methyl-n-hexylcarbinol to control
frothing. The white residual solid (115 mg.) was dissolved
in warm water (4 wl.), and the solution was clarified with
Celite filter-aid and concentrated under reduced pressure
to ¢ca. 1 ml. The solution was warmed to dissolve precipi-
tated solid, adjusted to pH 5-6 with IV acetic acid and after
2 days at 25° 2’,3’-0O-isopropylidene 8-azaguanosine sepa-
rated as white needles (105 mg., 90% yield), m.p. 228°
(gas evolution). On paper chromatograms, the product
gave a single spot which reacted negatively to the spray
test for cis-glycol systems. In 0.01 M phosphate buffer,
pH 6.0, it showed an ultraviolet absorption maximum at
256 mu, Azwo/Aw 0.94, Ao/ Az 0.64; 8-azaguanosine had
)\max 256 muy, Azso/Azeo 0.96, Azso/Azw 0.63.

Anal. Caled. for CppHgNeOs: C, 44.44; H, 4.97; N,
25.93. Found (for material dried at 100°): C, 44.28; H,
5.27; N, 26.10.

2’,3’-0-Isopropylidene Guanosine.—Guanosine (0.4 m-
mole) was brought into reaction with acetone under the
conditions given in Table I, and after 3.5 hr. the product
was isolated as described above and dissolved in dilute am-
monia. Concentration of tlie solution ¢n vacuo to ca. 1 ml.
gave white needles of isopropylidene guanosine in 92%
vield; m.p. 292° (dec.) alone and in admixture with authen-
tic material. Chromatograms (systems B, C and D) showed
a single heavy spot.

Alternatively, tri-n-butylamine (0.5 mmole) was added
to the mixture after the 3.5 hr. reaction period. The solu-
tion was refluxed for several minutes and volatiles removed
wn vacuo. Benzene (5 ml.) was added to the pale yellow
gum and after 15 hr. a white gelatinous solid was collected
and washed with benzene. The solid contained a small
amount of di-p-nitrophenyl phosphate in addition to the
desired compound; when reprecipitated from its solution in
ammonia it gave crystalline isopropylidene guanosine in
75% yield.

2’,3’-0-Isopropylidene 6-thioguanosine was obtained from
6-thioguanosine® as a cream-colored solid in 88% yield by
isolation using Dowex-1-HCO; followed by reprecipitation
from dilute ammonia, as described for guanosine. The
ultraviolet absorption spectrum in 0.05 M glycine buffer,
pH 9.0 (maxima at 252 and 322 mp), was identical with
that of material prepared using p-toluenesulfonic acid as
catalyst.! The product decomposed at 242-250° to a brown
solid; the material previously prepared melted at 250°
with decompn., as did a mixture of ¢a. equal portions of each
preparation.

(28) Kindly provided by the Dow Chemical Company, Midland,
Michigan.

(29) J. Davoll, J. Chem. Soc., 1593 (1958).

(30) J. J. Fox, 1. Wempen, A. Hampton and I, L. Doerr, J. Am.
Chem. Soc., 80, 1669 (1958).
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Anal. Caled. for CpHprNsO.S: C, 45.99; H, 5.05; N,
20.63. Found: C, 45.66; H, 5.33; N, 20.45.

In a second run, the product was isolated following addi-
tion of tri-n-butylamine, as described above; the yield after
reprecipitation of the product was 60%.

2’,3’-O-Isopropylidene inosine was isolated as described
for 8-azaguanosine. Crystallization from water gave
needles, m.p. 266° (919, vield).

2’,3’-0-Isopropylidene cytidine was isolated in1 a similar
manner3! as a colorless gum which, when dried by repeated
evaporations with absolute ethanol,” gave 96%, yield of a
glass that was chromatographically homogeneous and in-
distinguishable from authentic isopropylidene cytidine
(solvent systems A, B, Cand D).

2/,3’-O-Isopropylidene uridine was obtained by the same
procedure as a wlite crystalline residue (m.p. 163-164°,
97% yield) from evaporation of the aqueous NH,HCO;.
The product did not depress the m.p. (163.5-164°) of au-
thentic material.

2’,3’-0O-Isopropylidene Adenosine.—The reaction mixture
from 0.4 mmole of adenosinte was added to 0.1 M NaHCO,
(10 ml.}. Volatiles were renioved under reduced pressure
and the residue was extracted twice with boiling chloroforn1
(40, 20 ml.). Evaporation of the chloroform and crystal-
lization of the residue from water gave needles, m.p. 216—
217°; yield 87%.

2’,3’-0-Isopropylidene 6-Thioinosine.—8-Thioinosine® (1
g., 3.52 mmoles) was brought into reaction with acetone, and
after 4 hr. the pale yellow solution was added to a stirred
mixture of ice and water (100 ml.) containing N NH,OH
(25 ml.). The solutionn was concentrated under reduced
pressure to ca. 80 ml., the pH was adjusted to 5 with N
HCI and the mixture set aside overnight at 3°. The solid
was collected by filtration and washed with a small voluine
of water and dissolved in water (40 ml.) by the addition of
N NH OH (ca. 8 ml.). The solution was clarified with
Celite filter-aid and evaporated 4n vacuo until separation of
solid commenced. The pH was adjusted to § with N HCI
and after 1 hr. (25°) the precipitate was collected by filtra-
tion and washed with water (2 ml.). A second precipita-
tion gave isopropylidene 6-thioinosine as white luffy needles
(0.91 g., 80% yield), m.p. 235° (alone or in admixture with
previously characterized material).! The product showed a
single spot upon paper chromatography (solvent systems
B, C and D) corresponding to the authentic material.

In situ Phosphorylations of Isopropylidene Derivatives.
(a) With Tetra-p-nitrophenyl Pyrophosphate.—Guanosine
(0.4 mmole) was converted to isopropylidene guanosine
(Table I). Volatiles were removed in vacuo at ca. 20°,
air admitted tlirough a drying tube, and the residue was
dissolved i:1 anhydrous dioxane (3 ml.). Dioxane was re-
moved i1 vacuo and to the pale yellow gum was added a
solution of tetra-p-nitrophenyl pyrophosphate prepared
in sttu in 3 ml. of dioxane from di-p-nitrophenyl phosphate
(2 mmoles) and di-p-tolylcarbodiimide (1 mmole).14 After
15 hr. (25°), the mixture was worked up by the published
procedure!* and the pliosphotriester-containing fractions
were dissolved i1 the minimum volume of cliloroform and
the solution filtered to remove di-p-tolylurea. The chloro-
form was evaporated in vacuo and the residue dried for 2
days under high vacuum, giving 283 mg. of a pale yellow
resitt containiug 43 mg. of di-p-tolylurea; the maximum
yield of isopropylidene guanosinte 5’-di-p-nitrophenyl phos-
phate was thus 240 mg. (93%). The product moved as a
single spot, Ry 0.94, iu solvent system E. To determine the
content of alkali-labile p-nitrophenol, tlie resin was dissolved
in 50 ml. of dioxane and a portion diluted 250-fold with
ethanol. To this solution was added one-half its volume
of 0.1 N LiOH when the mixture became yellow and exhib-
ited the absorption maximum of 405 mu characteristic of
p-nitrophenol. After 4 minutes, Aws reached a constant
value of 0.38.

Isopropylidene guanosine (0.4 mmole) was treated under
the same conditions with tetra-p-nitrophenyl pyrophosphate
(1 mmole) and di-p-nitrophenyl phosphate (0.48 mmole),
giving the expected phosphotriester in 959, yield. This
material was chromatographically identical with the product
described above and in ethauolic LiIOH gave, by the same
procedure, 4 45 0.395.

(31) Aqueous solutions were substituted for aqueous methanolic
solutions.
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(b) With P,O0sH;PO,.—Cytidine (199 mg.) was con-
verted to its isopropylidene derivative (Table I) except
that 509 less acetone (4 ml.) was used. Paper chroma-
tographic analysis showed that conversion of the cytidine
was complete after 3.5 hr. The solution was evaporated
under reduced pressure; considerable frothing occurred
in the final stages and prevented exhaustive removal of the
volatile components. To the residual orange, gummy froth
was added 2 ml. of P,0585% H;PO, (1:1.3, w./w.). The
mixture was stirred magnetically for 2 hr. in a bath at 60~
62°, with exclusion of moisture. The gum became dark
brown and much of it did not dissolve. Water (8 ml.) was
added, and the mixture was heated for 30 minutes on a
steam-bath, cooled and filtered from dark gummy solid.
Inorganic phosphate was removed as lithium phosphate at
pH 9 as described by Chambers, ef al.7 A portion (50 ul.)
of the supernate (6.55 ml.) was subjected to paper electro-
phoresis in 0.05 M sodium tetraborate (pH 9.1) for 4 hr.
at 18 volts/cm. together with appropriate reference com-
pounds. Bands corresponding to cytidine 5’-phosphate,
mixed cytidine 2/(3’)-phosphates, p-nitrophenol and di-p-
nitrophenyl phosphate migrated 30.8, 25.2, 22.9 and 16.0
¢m.,, respectively, from the origin. Cytidine had the same
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miobility as di-p-nitrophenyl phosphate and, if present, was
not detectable. The band corresponding to cytidine 5’-
phosphate was eluted with water (25 ml.); the solution
showed an absorption maximum at 271 mu (4 = 0.96),
minimum at 249-250 mu, Asse/Awo 0.87, Aso/Ars 0.98;
at pH 1, maximum at 280 mu, minimum at 241 mu, A/
Ao 049, Aoo/Aze 1.99. These values are closely similar
to those recorded for this nucleotide.?®* The yield of cyti-
dine 5’-phosphate was 45% (using Emsx. = 9.0 X 103 at
271 mu and pH 7). The electrophoretic band correspond-
ing to the mixed 2’ and 3’-isomers had similar spectral
charac{:}eristics and the absorbancy corresponded to a yield
of 8.1 0

Acknowledgments,—The author thanks Dr.
George Bosworth Brown for continued interest and
encouragement and Miss S. Gurbaxani for assist-
ance.

(32) Pabst Laboratories, Pabst Brewing Co., Wisconsin, Circular
OR-10, ‘‘Ultraviolet Absorption Spectra of 5’-Ribonucleotides’”
(1956); Ref, 18a, p. 531.
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Exposure of 2,3-diethylindole to air yielded 2-acetyl-3-ethylindole.

This oxidation apparently proceeds via 2,3-diethyl-3-

hydroperoxyindol_enine since this compound is converted to 2-acetyl-3-ethylindole under various reaction conditions. A
plausible mechanism for this remarkable transformation is suggested.

When 2,3-diethylindole, which is a colorless
crystalline solid melting at 29-30°,% was exposed to
air and light for several days, it changed to a brown-
ish-yellow viscous liquid. The infrared spectrum
of this material had strong absorptions in the 1600
to 1700 cm.~! region indicating the presence of
carbonyl groups. Chromatography of this ma-
terial yielded a colorless crystalline solid melting at
117-118°, having strong absorptions in the infrared
at 3330 and 1632 cm.~!. The ultraviolet spectrum
of this compound in ethanol was very similar to that
of 2-acetyl-3-methylindole? having maxima at 212,
238 and 314 mu. It thus seemed probable that this
oxidation product of 2,3-diethylindole was 2-acetyl-
3-ethylindole and this was confirmed by independ-
ent synthesis. The synthesis is analogous to that
used by Oddo* for the preparation of 2-acetyl-3-
methylindole. 3-Ethylindole was added to an
ethereal solution of methylmagnesium iodide and
the resultant 3-ethylindolylmagnesium iodide
treated with acetyl chloride to yield a mixture of 1-
and 2-acetyl-3-ethylindole which was readily sepa-
rated by chromatography.

The formation of 2-acetyl-3-ethylindole from
2,3-diethylindole by atmospheric oxidation is un-
usual. The only other example of an analogous
reaction which has been found in the literature is
the autooxidation of heptahydrocycloset{blindole
(I) to the ketone II.5 This was also a very facile

(1) The investigation was supported by a research grant CY-5336
from the National Institutes of Health, Public Health Service.

(2) E. Leete, Teirakedron, in press.

(3) J. A, Ballantine, C. B. Barrett, R. J. S. Beer, B. G. Boggiano,
S. Eardley, B. E, Jennings and A. Robertson, J, Chem. Soc., 2227

(1957).
(4) B, Oddo, Gass. ehim. ital., 48, II, 190 (1913),

oxidation, occurring in a variety of solvents and in
the solid state. However, the normal initial prod-

uct of atmospheric oxidation of a 2,3-disubstituted
indole is a 3-hydroperoxyindolenine.®=® In general
these oxidations have been carried out in petroleum
ether or ethyl acetate. A solution of 2,3-diethylin-
dole in petroleum ether was thus exposed to air and
after 24 hours an almost quantitative yield of 2,3-
diethyl-3-hydroperoxyindolenine (III) had sepa-
rated from the solution. The structure of this prod-
uct was deduced from its properties, which were
analogous to those of 2,3-dimethyl-3-hydroper-
oxyindolenine.” The two compounds had very
similar ultraviolet spectra and on reduction the
indolenine III yielded 2,3-diethyl-3-hydroxyindo-
lenine (IV). On boiling the indolenine III with
water it rearranged to o-propionaminopropio-
phenone (VII). Under similar conditions 2,3-
dimethyl-3-hydroperoxyindolenine yields o-acet-
aminoacetophenone.” The propiophenone deriva-
tive VII was also obtained in very small yield when
a solution of the indolenine III in ethyl acetate was

(5) B. Witkop, J. B. Patrick and M. Rosenblum, J, Am, Chem. Soc.,
78, 2641 (1951).

(8) R. J. S. Beer, L. McGrath and A, Robertson, J. Chem Soc.,
2118, 3283 (1950).

(7) R. J. S. Beer, T. Donoavanik and A, Robertson, sbid., 4139
(1954),

(8) B. Witkop and J. B. Patrick, J. Am. Chem. Soc., 73. 2188
(1951); 74, 3855 (1952),



