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Ten 7,9-disubstituted purines and related heterocycles were reduced with borohydride to afford the correspond-
ing 7,8-dihydro species, a type of heterocycle which has not previously been studied in any detail. The reduced
species were found to reoxidize quantitatively at rates characteristic of and predictable for the individual heterocy-
cles; the reoxidation phenomenon was investigated and shown to involve reaction with water or oxygen. In solutions
containing mixtures of reduced and oxidized heterocycles, the two species were found to be in rapid equilibrium,
undoubtedly via hydride transfer. This observation prompted the utilization of the 7,8-dihydro-7,9-disubstituted
heterocycles for the novel and selective reduction of imines and immonium salts. Benzylideneaniline, benzylidene-
benzylamine, and cyclohexylidenepyrrolidinium perchlorate, e.g., were converted to their respective amines in ex-
cellent yields. Over the range of conditions employed for these transformations, no significant reduction of al-
dehydes, ketones, or several other common organic functional groups was observed, so the heterocycles may prove
useful as selective reducing agents. The reactivity of the disubstituted heterocycles with nucleophiles was also stud-
ied. Certain of the oxidized compounds, e.g., were found to undergo ring opening at high pH, as has been observed
previously. Treatment of the reduced, ribosylated species with aniline at pH 4.5 resulted in deribosylation of the
nucleosides. This transformation, which previously has been possible only after opening of the imidazole moiety
at high pH, should be of considerable utility to biochemists for the depurination of 7-methylguanosine moieties in

transfer and messenger RNA's.

Many reports concerned with alkylated purines and their
derivatives and analogues have appeared in recent years.
These investigations have dealt with the synthesis of substi-
tuted heterocycles and with the effects of specific alkylating
agents and reaction conditions on the position and extent of
alkylation. The relevance of these alkylations as models for
mutagenic change at the nucleic acid level has also been con-
sidered, as have the biological and physical properties of the
alkylated species. However, substantially less work descriptive
of the chemistry of the individual alkylated compounds
themselves is available.

One alkylated nucleoside of special interest in this regard
is 7-methylguanosine, which occurs in unique positions in
certain transfer® and messenger* RNA’s, and is the only nat-
urally occurring nucleoside known to exist as a zwitterion at
physiological pH. Owing to its zwitterionic character, 7-
methylguanosine may undergo facile and reversible reduc-
tion,? a transformation first noted® for 1,3-dimethylbenzim-
idazolium iodide and 9-methylcaffeine perchlorate. 7-Meth-
ylguanosine also undergoes ring opening in strong aqueous
base,” depurination in strong acid,8 and selective demethyl-
ation in the presence of a powerful nucleophile.?

To determine the possible generality of these transforma-
tions for related heterocycles, as well as additional reaction
pathways which may be available, we have studied the
chemistry of ten 7,9-disubstituted purines and related com-
pounds and report on the nature of the pH-dependent reox-
idation of the reduced heterocycles, the utilization of the re-
duced species in the selective reduction of imines and im-

monium salts, and the interaction of certain of the oxidized
and reduced heterocycles with strong bases and nucleo-
‘philes.

Results and Discussion

Synthesis of Disubstituted Heterocycles. The 7,9-di-
substituted purines 1a-8a were prepared by known proce-

o CH,
HN N ><H
R)\N T H
R/
R/

B-D-ribofuranosyl 1b
CH, 2b
B-Dribofuranocsyl 3b
CH, 4b
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dures!® and converted to the corresponding 7,9-disubstituted
7,8-dihydropurines by reduction with sodium borohydride in
water. Isolation of the reduced purines free from boron hy-
drides was accomplished by concentration of the reaction
mixtures to a small volume, treatment with acetone, and
concentration to dryness under diminished pressure. This
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procedure afforded the reduced compounds as their respective
sodium salts.
1-Benzyl-4,7-dihydroxy-3-methylimidazo[4,5-d | pyridazine
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(9a) was obtained in 95% yield by methylation of 1-benzyl-
4,7-dihydroxyimidazo[4,5-d]pyridazine (11)!1 with methyl
iodide at room temperature. The ultraviolet spectrum, high-
and low-resolution mass spectra, and NMR data of 9a were
consistent with the assigned structure. 1,3-Dibenzyl-4,7-
dihydroxyimidazo[4,5-d]pyridazine (10a) was produced in
similar fashion, by treatment of 11 with benzyl bromide in
DMF at reflux.!2 Compounds 9a and 10a were converted to
the respective 3-substituted 1-benzyl-2,3-dihydro-4,7-di-
hydroxyimidazo[4,5-d]pyridazines by treatment with sedium
borohydride and could be isolated as the sodium salts by the
evaporative procedure outlined above for the 7,9-disubstituted
7,8-dihydropurines. Alternatively, the reduced imidazo[4,5-
dlpyridazines (9b and 10b) could be obtained in protonated
form rather than as the sodium salts by treatment of con-
centrated aqueous solutions of 9a and 10a with excess bor-
ohydride and then with acetic acid. The resulting suspensions
of 9b and 10b were filtered, washed with water and tetrahy-
drofuran, and then dried under vacuum.

Physical and Spectral Properties of the Disubstituted
Heterocycles. All of the disubstituted heterocycles studied,
as well as the corresponding disubstituted dihydro species,
were found to be soluble in water and to a lesser extent in
ethanol, methanol, and dimethylformamide. Some of the re-
duced species, particularly 4b, 5b, 7b, and 9b, were also soluble
in ethyl acetate, which permitted their extraction from
aqueous media in pure form after borohydride reduction of
the individual oxidized heterocycles.!?
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The ultraviolet spectra of the 7,9-dialkyl-7,8-dihydropur-
ines and related analogues all had longer wavelength ab-
sorption than did the respective oxidized heterocycles (Table
I). Thus 7,9-dimethyl-7,8-dihydroguanine (2b) had an ab-
sorption maximum in the ultraviolet at 304 nm at neutral pH.
This absorption was characteristic of the reduced species (Amax
for 2a itself were at 281 and 251 nm) and permitted the course
of borohydride reduction of purine 2a, or reoxidation of
dihydropurine 2b, to be followed conveniently by changes in
the ultraviolet.4

The 'H NMR spectra of the heterocycles were also char-
acteristic of oxidation state, as was apparent for 9a and 9b
(Table II). For 9-methylcaffeine perchlorate (7a), e.g., the
NMR spectrum determined in DO (external Me,Si) revealed
singlets of equal intensity at 6 3.34, 3.78, 4.11, and 4.17, cor-
responding to the four methyl groups. The C-8 proton was not
observed, owing presumably to rapid exchange with solvent.

This type of exchange has been noted previously'® and
parallels the exchange of tritium observed between T>0 and
the C-8 proton of adenosine or guanosine.l® The exchange
suggested that the C-8 position in the disubstituted hetero-
cycles possessed both positive and negative character. In fact,
when the spectrum of 9-methylcaffeine perchlorate was re-
corded in dimethyl sulfoxide-ds, in which proton exchange
would be expected to be much slower, the C-8 proton was
observed to resonate at 6 9.29. As expected, reduction of 9-
methylcaffeine perchlorate with sodium borohydride to afford
7b resulted in the shielding of the four methyl groups, which
gave signals at & 2.57, 3.09, 3.17, and 3.45 when measured in
D20. The C-8 methylene protons resonated as a singlet at §
4.35. These protons did not exchange readily in D0 at room
temperature or at 45 °C, although under more favorable
conditions the corresponding methylene protons in 2b were
observed to undergo some exchange with solvent at 45 °C.
This may be attributed to exchange of the following type:

CH,

Reoxidation of the Reduced Heterocycles. The reox-
idation of 8,9-dihydro-7-methylguanosine (1b) has been
studied as a model for the reversible reduction of the 7-
methylguanosine moiety (which occurs in certain transfer
RNA’s.)5 It was reported that the reduced species reoxidized
to 7-methylguanosine with a t1/2 of 20-35 min in 0.5 M sodium
phosphate buffer at pH 7.0 and the conversion was attributed
to reaction of 1b with Os dissolved in the aqueous medium,
although neither the experimental basis for this conclusion
nor its generality were described. Investigation of reduced
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Table I. Ultraviolet Absorption Maxima of the Reduced, Disubstituted Heterocycles
pH 2, pH7T, pH 10,

Compd Amax, 1M Amax, NM Amax, NIM
7,8-Dihydro-7-methylguanosine (1b) 274 302 293
7,8-Dihydro-7,9-dimethylguanine (2b) 272 304 292
7,8-Dihydro-7-methylinosine (3b) 286 289 287
7,8-Dihydro-7,9-dimethylhypoxanthine (4b) 289 292 285
7,8-Dihydro-7-methylxanthosine (5b) 305, 271 300, 246 297
7,8-Dihydro-7,9-dimethylxanthine (6b) 291 292 288
7,8-Dihydro-9-methylcaffeine (7b) 277 309 310
1,2-Dihydro-1,3-dimethylbenzimidazole (8b) 293 302 302
1-Benzyl-1,2-dihydro-4,7-dihydroxy-3-methylimidazo[4,5-d ]| pyridazine (9b) 361 340 342
1,3-Dibenzyl-1,2-dihydro-4,7-dihydroxyimidazo[4,5-d]pyridazine (10b) 372 342 342

Table II. Rates of Reoxidation of the Reduced Heterocycles in Aqueous Solution at Variable pH®
t1/2 values for reoxidation, min
Compd pH2 pH35 pH5 pH6 pH7 pH8 pHI10
7,8-Dihydro-7-methylguanosine (1b) 7 8 6 13 12 22 b
7,8-Dihydro-7,9-dimethylguanine (2b) 4 3 7 10 11 6 3
7,8-Dihydro-7-methylinosine (3b) 35 40 52 42 50 65 b
7,8-Dihydro-7,9-dimethylhypoxanthine (4b) 18 42 50 47 50 45 40
7,8-Dihydro-7-methylxanthosine (5b) 1 1.5 1.5 1.5 5 12 b
7,8-Dihydro-7,9-dimethylxanthine (6b) 1 1 1 1 2 4 2
7,8-Dihydro-9-methylcaffeine (7b) 6 10 15 17 55 86 160
1,2-Dihydro-1,3-dimethylbenzimidazole (8b) 46 75 61 95 230 220 500
1-Benzyl-1,2-dihydro-4,7-dihydroxy-3-methylimidazo[4,5-d]- 10 19 17 24 12 21 b
pyridazine (9b) v

1,3-Dibenzyl-1,2-dihydro-4,7-dihydroxyimidazo[4,5-d|pyridazine 2 3 12 22 24 19 b

(10b)

@ The pH was maintained within 0.2 urit by the use of acetate buffer at pH 2, 3.5, 5, and 6 and borate buffer at pH 7, 8, and 10.

b Unstable at pH 10.

heterocycles 1b-10b revealed that reoxidation in aqueous
solution was a general phenomenon. Each compound was re-
duced in aqueous solution with sodium borohydride and, after
destruction of excess borohydride, the individual solutjons
were adjusted to appropriate concentrations and pH values
by the addition of aliquots of the conceritrated solutions
containing the heterocycles to acetate or borate buffer solu-
tions. The ultraviolet spectra of the reduced heterocycles were
then recorded at predetermined time intervals, as illustrated
in Figure 1 for the reoxidation of 7,8-dihydro-9-methylcaffeine
(7b) in aqueous solution at pH 4.5. The ultraviolet spectra
were then utilized to calculate the ¢1/2 values for reoxidation
at individual pH valties and the results are given in Table II.
For 8,9-dihydro-7-methylguanosine (1b), e.g., the t1/2 value
at pH 7.0 was found to be 13 min, which was the same as the
rate determined in unbuffered solution but somewhat less
than the reported® value of 20-35 min. However, when the
experiment was repeated in the presence of 0.1 M phosphate
buffer, the value of t1/; changed to approximately 25 min, in
agreement with the published value obtained under similar
conditions.

If the reversible reduction of compounds 1a-10a were to
involve the type of transformation previously proposed for
compounds la, 7a, and 8a, then oxidation of the reduced

CH CH
1 om. § 7
CHaNJINXH o \NJ&%—H +H,] +0H"
)\N N “H AN 2
1] 0
CHa CH3 CH3 CHS
b 7a
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Figure 1. Reoxidation profile of 7,8-dihydro-9-methylcaffeine (7b)
at pH 4.5, The ultraviolet spectrum of 7b (Amax 309 nm) was recorded
at regular time intervals. The increase in absorbance at 266 nm was
due to the formation of 7a.

species via reaction with water or oxygen would necessarily
result in the formation of equivalent molar amounts of hy-
droxide ion, hydrogen, and the oxidized heterocycles (1a—10a).
Consistent with this scheme was the change in pH from 4.5
to 8.5 which accompanied the reoxidation of a 0.3 M aqueous
solution of 7,8-dihydro-9-methylcaffeine (7b). Also of interest
in this regard was the recovery in quantitative yield of a
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Table III. Approximate Rates of Reoxidation of the Reduced Heterocycles in Degassed, Aqueous Solution at Variable
pHe
t1/2, min

Compd pH2 pH35 pH5 pH6 pH7 pH8 pHI10
7,8-Dihydro-7-methylguanosine (1b) 7 55 100 82 20 27 b
7,8-Dihydro-7,9-dimethylguanine (2b) 18 30 24 13 6 3 4
7,8-Dihydro-7-methylxanthosine (5b) 12 47 68 22 15 8 b
7,8-Dihydro-7,9-dimethylxanthine (6b) 11 50 70 9 13 5 11
1,2-Dihydro-1,3-dimethylbenzimidazole (8b) 30 105 110 95 165 300  >600
1-Benzyl-1,2-dihydro-4,7-dihydroxy-3-methylimidazo[4,5-d]- 30 35 25 40 35 80 b

pyridazine (9b)

2 The pH was maintained within 0.2 unit by the use of acetate buffer at pH 2, 3.5, 4, 5, and 6 and borate buffer at pH 7, 8, and

10. ® Unstable at pH 10.

sample of 1-benzyl-4,7-dihydroxy-3-methylimidazo[4,5-d]-
pyridazine (9a) which had been reduced with borohydride and
allowed to reoxidize in aqueous solution. The recovered
sample was identical with authentic 9a as judged by its
melting point and ultraviolet spectrum, as well as its chro-
matographic properties (TLC on silica gel). An experiment
was also carried out in which a sample of 7,8-dihydro-7,9-
dimethylxanthine (6b) was treated with 3 M aqueous hydro-
chloric acid in a sealed system and the evolved gas was trapped
in a gas collection apparatus and subsequently shown to be
flammable.

To determine if reoxidation of the reduced heterocycles did
indeed involve reaction with molecular oxygen, the reoxida-
tion experiment with 7,8-dihydro-7,9-dimethylxanthine (6b)
was repeated in an aqueous buffer (pH 3.5) which had been
carefully degassed to remove dissolved oxygen. The measured
t1/2 value in the degassed solution was 50 min (as compared
with the original value of 1 min in oxygen-saturated solution)
and brief agitation of the degassed solution in the presence
of air reestablished reoxidation at the faster rate.!”.18 Since
a substantial portion of the observed reoxidation of 6b at pH
3.5 had obviously occurred via reaction with oxygen, the t12
values for several of the heterocycles were also determined in
degassed aqueous solutions to provide an approximate mea-
sure of the rate of reoxidation in the absence of oxygen (Table
11I). Comparison of the t1/5 values for reoxidation obtained
in the presence and absence of oxygen (Tables II and III) in-
dicated that most of the recxidation occurred via reaction with
oxygen, especially at moderate pH values.

To demonstrate that reaction could occur between the re-
duced heterocycles and water at neutral pH, a sample of
7,8-dihydro-7,9-dimethylguanine (2b) was dissolved in de-
gassed, aqueous solution and a portion was sealed in a tube
whose volume was such that it could have contained no more
than 13% of the oxygen required to effect oxidation of 2b to
2a. The sealed tube was maintained at room temperature for
2 weeks, during which time 2a was formed in quantitative
yield. In experiments in degassed aqueous solutions at lower
pH values, all of the compounds studied oxidized faster than
atneutral pH, presumably reflecting reaction of the reduced
species with hydronium ions, according to the scheme

-+
7 + HO — 7a + HO + 1]

Consistent with this scheme were the rates of reoxidation of
species 7b and 8b, which varied inversely with pH (Tables II
and III). However, a more complicated pH profile was ob-
served for several other species, notably 1b, 2b, 5b, and 6b
(Table III). For these compounds, the rate of reoxidation was
also faster at high pH. The difference in the shape of these rate
curves is presumably due to the presence of ionizable hydro-
gens in compounds 1b, 2b, 5b, and 6b. At high pH the py-
rimidine ring could thus have substantial negative character.

Since 1a, 2a, 5a, and 6a are resonance stabilized, with con-
siderable delocalization of the net positive and negative
charges formally written for each, the presence of negative
charge in the pyrimidine moiety of 1b, 2b, 5b, and b would
be expected to facilitate the development of positive charge
in the imidazole moiety, e.g., by promoting the net loss of
hydride.

Ring Opening of the Oxidized Heterocycles. At high pH,
an additional effect is operative which affects the observation
of the reoxidation phenomenon but not its kinetics, namely
hydrolysis of the imidazolium ring in the oxidized heterocy-
cles. Hydrolytic opening of the imidazolium ring has been
reported for several 7,9-disubstituted purines and for the
1,3-dimethylbenzimidazolium ion. Brooks and Lawley, e.g.,
studied the base-promoted hydrolysis of 7,9-di(2-hydroxy-
ethyl)guanine (12) and reported the product as 2-amino-4-

OH
O (I
i)‘INCHo
N~ N I‘q
OH
13
HZN)\N NH
HOH,
0
HO OH
14
CH,
0 0
NCHO NHCH,
. HN . HN
N
HZN)\ N NH, HZN/K NN,
15 16

hydroxy-5-[N-(2-hydroxyethyl)formamido]-6-N-(1-hy-

droxyethyl)pyrimidine (13).1° No evidence was presented in
support of the position assigned to the formyl group, however,
in spite of earlier evidence for the formation of two products
from the ring opening of 1,2,3,5-tetramethylbenzimidazole.20
Similarly, Haines et al.” studied the decomposition of 7-
methylguanosine (1a) in aqueous ammonium hydroxide at pH
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Table IV. Rates of Ring Opening of Disubstituted

Heterocycles®

Compd t1/2, min
7-Methylguanosine (1a) 25
7,9-Dimethylguanine (2a) >120
7-Methylinosine (3a) 5
7,9-Dimethylhypoxanthine (4a) b
7-Methylxanthosine (5a) 10
7,9-Dimethylxanthine (6a) b
9-Methylcaffeine percholorate (7a) 1.5

& Aqueous Tris-HCI, pH 10.0. ® Stable under the reaction con-
ditions.

11 and observed the formation of a pyrimidine which was
homogeneous as judged by paper chromatography. This
species was assigned the N53-formyl structure 14 by virtue of
the fact that a compound identical with its aglycone (15) could
be obtained by formylation of 16.2! By analogy with the earlier
work, the 5-formyl isomers have also been reported as the
exclusive products resulting from the ring opening of 7-
methylxanthosine?? and 6-thio-7-methylguanosine.??

We have monitored the ring opening of several 7,9-disub-
stituted purines by ultraviolet and NMR spectrometry. For
7-methylguanocsine (1a), e.g., treatment with 0.1 M Tris-HCl
at pH 10.0 effected ring opening, which was monitored by a
decrease in Amax 283 nm and an increase in Apax 266 nm
(Figure 2), and by the appearance of the formyl proton in the
NMR. For 7-methylguanosine (la), the £1/2 value for ring
opening was approximately 25 min (Table IV). Rapid hy-
drolytic cleavage was also observed for 7-methylinosine (3a,
t1/2 = 5 min) and 7-methylxanthosine (5a, t1/9 = 10 min) in
0.1 M Tris-HCI, pH 10.0, while the corresponding 9-methyl
analogues (2a, 4a, and 6a, respectively) were much more sta-
ble. The rate differences may be attributed to the ribosyl
substituents in compounds 1a, 3a, and 5a, which may facilitate
the ring opening via inductive stabilization of reaction inter-
mediates and which undoubtedly cause some distortion of the
imidazole ring, resulting in ring strain which can be relieved
by ring opening. No comparable effects would be anticipated
for compounds 2a, 4a, or 6a.

The mechanism of ring opening is postulated to involve
addition of hydroxide ion at C-8 (numbered as in the purine
series), followed by base-catalyzed displacement of one of the
two possible anionic aminopyrimidine species. This scheme
would predict that to the extent that it is delocalized into the
imidazole ring, a negative charge in the six-membered ring
would substantially diminish the rate of ring opening.?* In fact

-
A\
OH-<—:0H
HO OH HO OH
0 THS
’\N NH
—> HOH,C
HO OH
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Figure 2. Base-induced ring opening of 7-methylguanosine (1a) in
0.1 M Tris—HC], pH 10.0. The ultraviolet spectrum of 1a (Amax 283
nm) was recorded at 5-min time intervals. The increase in absorbance
at 266 nm corresponded to the formation of ring-opened product.

treatment of 9-methylcaffeine perchlorate (7a) with 0.1 M
Tris~-HCI at pH 10.0 resulted in extremely rapid cleavage of
the imidazole ring, consistent with the absence of negative
charge in the pyrimidine moiety.

Treatment of the Disubstituted Heterocycles with
Nucleophiles Other Than Hydroxide Ion. In analogy with
the results obtained for compounds 1a, 5a, and 7a, treatment
of 1-benzyl-4,7-dihydroxy-3-methylimidazo[4,5-d]pyridazine
(9a) with aqueous base afforded N-formylated, ring-opened
product 17. In contrast, treatment of 9a with ethoxide under
anhydrous conditions afforded no N-formylpyridazine. Ob-
tained instead in 44% yield was 1-benzyl-4,7-dihydroxyim-
idazo[4,5-d]pyridazine (11). The formation of 11 presumably

OH
N ", CHO
]
& H,
N
OH
17
/TOCH,
-0 CH;

reflected the fact that the expected addition of ethoxide to C-2
in 9a would afford species 18, which cannot undergo ring
opening in the same sense as the hydrate of 9a. It is antici-
pated that formation of 18 would be reversible, as is observed
for imino esters2® and for the addition of hydride to C-2 in 9a,
and that the slower, but irreversible displacement of the 3-
methyl substituent may therefore occur.?8
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Table V. Reduction of Imines with 1,2-Dihydro-1,3-Disubstituted Imidazo[4,5-d]pyridazines

Percent reduction

Benzylideneaniline  Benzylidenebenzylamine
(20) (21)
8 h, 8h,
Compd® Solvent? room temp 3h,55°C roomtemp 3h,55°C
1-Benzyl-1,2-dihydro-4,7-dihydroxy-3-methylimidazo- CH;0H 1 35 6 11
[4,5-d]pyridazine (9b)
9b DMF 0
9b CH30H + 10 ul 87
CH3;COOH
9b CH30H + 25 ul 97
‘ CH3;COOH
) 9b 2:1 DMF-CH3;COOH 80
1-Benzyl-1,2-dihydro-4,7-dihydroxy-3-methylimidazo- CH3;0H 0
[4,5-d]|pyridazine (9b) Na salt
9b Na* salt CH3;0H + 25 ul 43 67 15 31
g CH3;COOH :
9b Nat+ salt CH30H + 40 ul 88 95 70 69
CH3;COOH ‘
1,3-Dibenzyl-1,2-dihydro-4,7-dihydroxylimidazo[4,5- CH30H 15 34 12 40
d]pyridazine (10b)
1,3-Dibenzyl-1,2-dihydro-4,7-dihydroxylimidazo[4,5- CH3;0H 0 0
d]pyridazine (10b) Nat salt )
10b Nat salt CH30H + 25 ul 47 49 42 51
CH3COOH
10b Na* galt CH30H + 40 ul 56 53 58 69
CH3COOH

@ The reductions utilized reducing agent and imine in a ratio of 4:1. ® The reactions were carried out in a total volume of 200 ul

(excluding added acetic acid, where indicated).

Certain of the reduced heterocycles also underwent nu-
cleophilic displacement reactions. For example, treatment of
7,8-dihydro-7-methylguanosine (1b) with an aqueous 1 M
solution of anilinium acetate, pH 4.5, afforded several prod-
ucts, including 7-methylguanine,?” which was obtained in 68%
yield and identified by comparison of ultraviolet and chro-
matographic properties with those of an authentic sample.

The mild conditions utilized for the reduction of 1a with
sodium borohydride or other reducing agents (e.g., 1b),
suggests the possible utility of a reducing agent-aniline
treatment for depurination of the 7-methylguanosine moieties
in tRNA and mRNA. ‘

Hydride Transfer Experiments. While the reoxidation
of 7,9-dialkyl-7,8-dihydropurines and related compounds
apparently proceeds primarily via reaction with oxygen, the
reduced compounds can effect the net transfer of hydride ions
to other organic compounds. For example, mass spectrometric
analysis of a sample of 7,9-dimethylguanine isolated after
incubation in agueous solution with reduced [8-2H]-7-meth-

CH, 0

2]
LXK+
0 |><+N

NH,

ylguanosine (1b) revealed 12% incorporation of deuterium.?
Similarly, treatment of NADP+ with an excess of reduced
7,8-dihydro-7,9-dimethylxanthine (6b) at pH 10 for 5 min
afforded 25% reduction to NADPH, as judged by the change
in A340.30 The reduced heterocycles were also capable of the
reduction of aliphatic and aromatic imines and immonium
ions. Thus treatment of a methanolic solution of benzyli-
deneaniline (20) or benzylidenebenzylamine (21) with a

d ] i d \ : é Clo,”

20 21 22
fourfold excess of reduced heterocycles 9b or 10b at 55 °C for
3 h gave reduction in moderate yields to N-benzylaniline and
dibenzylamine, respectively.

Certain factors were found to affect the extent of reduction
of imines and immonium ions. For example, while treatment
of a methanolic solution of benzylideneaniline with a sample
of 9b afforded N-benzylaniline in 35% yield (Table V), the
addition of acetic acid to the reaction mixture increased the
yield to 97%, presumably via protonation of the imine.3:32 The
extent of reduction of imines and immonium salts was also
found to depend on the specific heterocycle utilized for the
transformation. Thus reduction of benzylideneaniline with
1,2-dihydro-1,3-dimethylbenzimidazole (8b) in methanol-
acetic acid afforded 16% of N-benzylaniline after 8 h at room
temperature and 20% of the product after 3 h at 55 °C. Under
the same conditions 7,8-dihydro-7,9-dimethylguanine (2b)
gave 91 and 94% reduction, respectively. As shown in Table
VI, the extent of reduction of 21 effected by individual com-
pounds was generally consistent with the rate at which those
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Table VI. Reduction of Benzylideneaniline, Benzylidenebenzylamine, and Cyclohexylidenepyrrolidinium Perchlorate?
Percent reduction
Benzylidenebenzyl- Cyclohexylidenepyrroli-
Benzylideneaniline (20) amine (21) dinium perchlorate (22)
8 h, 8h, 1h,

Compd roomtemp 3h,55°C roomtemp 3h,55°C room temp
7,8-Dihydro-7,9-dimethylguanine (2b) 91 94 46 62 36
7,8-Dihydro-7-methylinosine (3b) 70 77 25 34 31
7,8-Dihydro-7,9-dimethylhypoxanthine (4b) 81 82 49 59 71
7,8-Dihydro-7-methylxanthosine (5b) 50 42 15 39 38 (96)°
7,8-Dihydro-7,9-dimethylxanthine (6b) 76 84 38 40 58
7,8-Dihydro-9-methylcaffeine (7b) 95 89 42 49 64
1,2-Dihydro-1,3-dimethylbenzimidazole (8h) 16 20 28 22 51 (76)%
1-Benzyl-1,2-dihydro-4,7-dihydroxy- 43 67 15 31 25 (55)¢

3-methylimidazo[4,5-d]pyridazine (9b)
1,3-Dibenzyl-1,2-dihydro-4,7-dihydroxy- 47 49 42 51 (48)¢

imidazo[4,5-d]pyridazine (10b)

@ The reductions were carried out with a fourfold excess of reducing agent in 200 ul of methanol and 25 ul of acetic acid. ¥ This re-
duction was carried out with a fivefold excess of reducing agent in 200 ul of ethyl acetate at 40 °C for 16 h. ¢ This reduction was
carried out with a fivefold excess of reducing agent in 200 ul of ethyl acetate at 40 °C for 3 h.

Table VII. Reduction of Benzylideneaniline and
Benzylidenebenzylamine under Optimized Conditions?

Percent reduction

Benzylidene-
Benzylidene- benzylamine
Compd aniline (20) (21)
7,8-Dihydro-7,9-dimethyl- 89 86
guanine (2b)
7,8-Dihydro-7,9-dimethyl- 96 (81)0 85 (76)b
hypoxanthine (4b)
7,8-Dihydro-7-methyl- 94 80
xanthosine (5b) ‘
7,8-Dihydro-7,9-dimethyl- 98 (84)° 97 (82)°
xanthine (6b)
1,2-Dihydro-1,3-dimethyl- 42 40
benzimidazole (8b)
1-Benzyl-1,2-dihydro-4,7- 98 . 94
dihydroxy-3-methylimid-
azol4,5-d]pyridazine
(9b)
1,3-Dibenzyl-1,2-dihydro- 79 77

4,7-dihydroxylimidazo-
[4,5-d]pyridazine (10b)

@ The reductions were carried out with an eightfold excess of
reducing agent in 250 yl of 20% acetic acid in methanol at re-
flux for 1 h. ® Isolated yield.

compounds were found to reoxidize in aqueous solution.33:34

The reductions shown in Table VI were carried out for
comparative purposes and do not represent the best yields
which can be obtained with the individual reducing agents.
For example, the low yields of N-cyclohexylpyrrolidine were
due in part to the instability of cyclohexylidenepyrrolidinium
perchlorate in methanol-acetic acid. The same reduction can
be effected in ethyl acetate, utilizing reduced heterocycles
which were isolated after borohydride reduction by extraction
into ethyl acetate. Thus treatment of the immonium salt with
5 equiv of 7,8-dihydro-7-methylxanthosine (5b) in ethyl ac-
etate at 40 °C for 16 h afforded N-cyclohexylpyrrolidine in
96% yield. When the same reduction was carried out on a
larger scale to permit isolation of N-cyclohexylpyrrolidine,
the use of 1.7 equiv of 5b for each equivalent of 22 afforded the
pyrrolidine in 75% isolated yield (90% by GLC). As shown in

Table VII, higher yields of dibenzylamine and N-benzylani-
line were also obtained by treatment of imines 20 and 21 with
a greater excess of reducing agent and acetic acid. These were
verified by isolating the products from larger scale reactions
in similar yield.

It is of interest that the reduced compounds reported here
are very specific in their reduction of imines and immonium
salts as compared with other common functional groups such
as aldehydes, ketones, etc., and may prove useful as selective
reducing agents. This is particularly true since the rate and
extent of reductions obtained with these reduced heterocycles
varies substantially from compound to compound and ac-
cording to the reaction conditions.

Experimental Section

Melting points were determined on a Thomas-Hoover apparatus
and are corrected. Ultraviolet spectra were recorded on a Cary 15 -
spectrophotometer, fluorescence spectra on a Turner Model 430
spectrofluorometer, and low-resolution mass spectra on a Perkin-
Elmer Hitachi RMU-6 spectrometer using a direct inlet. The high-
resolution mass spectra were obtained by Professor K. Biemann and
Dr. C. Costello on'a CEC-21-110B high-resolution mass spectrometer.
NMR spectra were recorded on a Perkin-Elmer Hitachi R22 spec-
trometer at 90 MHz.

1-Benzyl-4,7-dihydroxy-3-methylimidazo[4,5-d]pyridazine
(9a). A solution of 10.0 g (41 mmol) of 1-benzyl-4,7-dihydroxyimid-
azo[4,5-d]pyridazine (11)!! and 10.0 g (70 mmol) of methyl iodide in
250 ml of dimethylformamide was stirred at room temperature for
48 h. The solution was concentrated to afford a viscous oil which was
treated with 100 ml of absolute ethanol and 400 ml of petroleum ether
and allowed to stand overnight. The resulting solid was filtered, re-
dissolved in aqueous ammonium hydroxide, and treated with hy-
drochloric acid to adjust to pH 5. The white precipitate was filtered
and dried to afford 9a: yield 10.0 g (95%); mp 222-224 °C dec;
C13H12N4O9 (M* caled, 256.0960; found, 256.095); Amax (H20) (pH
2) 273 nm (e 3400), Amin 248 (2400); Amax (H20) (pH 7) 299 (3500), Amin
251 (1100); Amax (H2O) (pH 12) 307 (3800), Amin 253 (1100); fluores-
cence spectrum Aexcitation 355 1M, Aemission 470 nm; ir (KBr) 3510, 3440,
3110, 3015, 1700, 1400, 1225, 1165, and 710 cm™%; NMR (Me2SO-dg)
6 3.97 (3 H, 8), 5.65 (2 H, s), 7.22 (5 H, m) and 9.58 (1 H, s); mass
spectrum m/e 256.095 (M*), 242.077, 180.063,; 166.048, and- 134.037.

1-Benzyl-1,2-dihydro-4,7-dihydroxy-3-methylimidazo[4,5-
d]pyridazine (9b). To 50 mg (0.20 mmol) of 1-benzyl-4,7-dihy-
droxy-3-methylimidazo[4,5-d]pyridazine (9a) in 0.5 ml of water was
added 50 mg (1.3 mmol) of sodium borohydride. Glacial acetic acid
(ca. 0.5 ml) was added dropwise to destroy the excess borohydride and
the yellow precipitate was filtered, washed with water and THF, and
dried in vacuo to afford 9b as a yellow solid: yield 25 mg (50%); mp
196-200 °C dec; Amax (H20) (pH 7) 340 nm (e 4000), Amin 279 (1900);
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Amax (H20) (pH 10) 342 (4100), Ain 278 (1600); NMR (Me2S0-dg)
6277 (3 H,s),4.26 (2H, s),4.56 (2H, s) and 7.39 (5 H, s); mass spec-
trum m/e 258 (M*) 257, 242, 181, 180, 167, 166, 109, 108, 91, and
90.

1,3-Dibenzyl-4,7-dihydroxyimidazo[4,5-d]pyridazine (10a).
A solution of 0.51 g (2.1 mmol) of 1-benzyl-4,7-dihydroxyimi-
dazo[4,5-d]pyridazine (11)!! and 0.72 g (4.2 mmol) of benzyl bromide
in 25 ml of DMF was heated at reflux for 24 h. The cooled solution was
concentrated and the residue was treated with 10 ml of ethanol and
150 ml of petroleum ether. The viscous oil which separated was dried
in vacuo to afford an off-white solid which was recrystallized from
methanol-aqueous ammonium hydroxide to give 10a as white crystals:
yield 0.38 g (54%); mp 110 °C dec; C19H16N4O2 (M calcd 382.1273;
found 332.125); Amax (H20) (pH 2) 277 nm (e 3400), 268 (3400), and
264 (3200), Amin 270 (3300) and 247 (2400); Amax (H20) (pH 7) 299
(3300), Amin 252 (1500); Amax (H20) (pH 12) 306 (3400), Amin 253
(1300); fluorescence spectrum Aexcitation 358 NM, Aemission 471 nm; NMR
(Me2SO-de) 6 5.77 (4 H, s), 7.33 (10 H, m) and 10.18 (1 H, s); mass
spectrum m/e 332.125 (M+), 242.079, 183.055, and 129.058.

1,3-Dibenzyl-1,2-dihydro-4,7-dihydroxyimidazo[4,5-d]pyrid-
azine (10b). 1,3-Dibenzyl-4,7-dihydroxyimidazo[4,5-d]pyridazine
(10a) was reduced with borohydride and precipitated with acetic acid
as described above for 9a: yield 40%; mp 193-197 °C dec; Amayx (H20)
(DH 2) 372 nm, Apin 329; Amax (H20) (pH 7) 342, Amin 279; Amax (H20)
(pH 10) 342, Anin 281; mass spectrum m/e 334, 333, 332, 243, 242, 183,
106, 92, 91, and 65.

Preparation of Reduced Dialkylated Heterocycles. Individual
dialkylated heterocycles (100 mg, 1a-10a) were dissolved in 25 ml of
water and treated with 50 mg (1.3 mmol) of sodium borohydride. The
reaction mixture was maintained at room temperature for several
minutes and then concentrated to 1 m), treated with 2 ml of acetone,
and evaporated to dryness to afford approximately 130 mg of a white
solid, approximately 75% of which consisted of the reduced dialkyl-
ated heterocycle. In several cases, the pure heterocycle could be sep-
arated from the inorganic salt by trituration with hot ethyl acetate
and concentration of the ethyl acetate extract under diminished
pressure. :

Exchange of the C-8 Protons in 7,8-Dihydro-7,9-dimethyl-
guanine (2b) in D20. A sample of 7,9-dimethylguanine (100 mg, 0.56
mmol) was reduced with borohydride and isolated as the sodium salt.
The reduced heterocycle (2b) was dissolved in 0.5 ml of degassed D2O
and sealed in an NMR tube. After an initial NMR spectrum was re-
corded, the sample was heated at 50 °C for 4 h and then maintained
at room temperature for an additional 6 h. An NMR spectrum was
again recorded and revealed that the total intensity of resonances at
8 2.78 and 2.60 (N-methyl peaks) relative to that at 5 4.31 (C-8 pro-
tons) had changed from approximately 3:1 to 6:1, reflecting net ex-
change of deuterium into the C-8 position.

Measurement of t;/2 Values for Reoxidation. Stock stolutions
of the individual heterocycles (1a-10a) were prepared by dissolving
approximately 5 mg of each compound and 5 mg of NaBH, in 1 ml of
water. A 10-ul aliquot was withdrawn, treated with 20 ul of glacial
acetic acid or 1 M hydrochloric acid to quench excess borohydride,
and then combined with 1 m! of (degassed or aerated) 0.1 M acetate
or 0.1 M borate buffer at the appropriate pH. Ultraviolet spectra were
taken at predetermined time intervals and the spectra were used to
obtain ¢19 values for reoxidation.

Reoxidation of 7,8-Dihydro-7,9-dimethylguanine in a Sealed
Tube. A solution of 21 mg (0.21 mmol) of 7,8-dihydro-7,9-dimethyl-
guanine in 1.5 ml of degassed water was sealed in a tube (under Ng)
having a total volume of 2.5 ml. The tube was maintained at room
temperature for 2 weeks, then opened and immediately analyzed by
TLC on silica gel which gave a single spot with Ry 0.14 (development
with methanol) corresponding to 7,9-dimethylguanine (2a), and by
its ultraviolet spectrum which had Amax (H20) (pH 7) 252 and 279 nm,
characteristic of 2a.

Ring-Opening Reactions. The individual disubstituted hetero-
cycles were dissolved in 2 M ammonium hydroxide and maintained
at room temperature for 2 h. The solution was evaporated to dryness,
redissolved in D90, and concentrated. This process was repeated and
the final white solid was dissolved in D20 and used to record an NMR
spectrum. Descending paper chromatography (Whatman No. 1 paper)
of the products derived from 1a, 5a, and 7a gave only one spot in each
of three solvent systems (A, 6:4 5% aqueous ammonium carbonate—
methanol; B, 65:16.7:18.3 2-propanol-concentrated hydrochloric
acid-water; C, 7:3 ethanol-water.) The product(s) derived from the
ring opening of 1a had Ry values of 0.86 (solvent A), 0.68 (B), and 0.80
(C). The product(s) derived from 5a had values of 0.84 (A), 0.74 (B),
and 0.84 (C), while the values for the product(s) from 7a were 0.89 (A),
0.98 (B), and 1.00 (C).
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Treatment of 1-Benzyl-4,7-dihydroxy-3-methylimidazo[4,5-
d]pyridazine (9a) with Sodium Ethoxide. To a stirred solution of
1.02 g (4.0 mmol) of 1-benzyl-4,7-dihydroxy-3-methylimidazo[4,5-
d]pyridazine in 50 ml of absolute ethanol was added 2 g of sodium
metal at a rate which maintained the temperature of the solution at
about 55 °C. The resulting solution was stirred overnight and the
precipitate which formed was filtered, washed with ethanol, and dried,
affording 0.57 g of a white solid. The solid was dissolved in 5 ml of
water and treated with acetic acid to afford a white precipitate which
was filtered and dried, giving 0.42 g (44%) of pure 1-benzyl-4,7-
dihydroxyimidazo[4,5-d]pyridazine (11), identical in all respects with
an authentic sample.

Treatment of 7,8-Dihydro-7-methylguanosine with Aniline.
A solution of 119 mg (0.40 mmol) of 7-methylguanosine in 2 ml of
water was treated with 50 mg (1.3 mmol) of sodium borohydride at
room temperature for 10 min. Acetic acid (0.5 ml) was added to
quench excess borohydride and to adjust the pH to 4.5. The solution
was treated with 5 ml of 1 M aniline-HCl, pH 4.5, and maintained at
room temperature for 5 h, during which time the solution became dark
in color. An aliquot of the reaction mixture was analyzed by ascending
paper chromatography on Whatman No. 1 paper in 60:40 5% aqueous
ammonium carbonate-methanol. Several spots were observed and
one of these (Ry 0.63) was believed to be the ribose-aniline adduct 19
on the basis of its mass spectrum [m/e 225 (M), 224, 106, 93, 73, 64,
and 30] and ultraviolet spectrum [Amax (H20) (pH 1) 248 nm; Apax
(H30) (pH 7) 274; Amax (H20) (pH 12) 274]. Another aliquot was an-
alyzed by paper chromatography in 5:1:4 1-butanol-acetic acid-water
and several products were observed, one of which had an Ry (0.60)
identical with that of 7-methylguanine. The original reaction mixture
was maintained at 0 °C for 48 h and the precipitate which had formed
was filtered after treatment of the reaction mixture with 20 ml of
ethanol. The solid was washed with ethanol and dried to afford 7-
methylguanine as a tan solid, yield 45 mg (68%), identical with au-
thentic 7-methylguanine, as judged by comparison of their ultraviolet
spectra and paper chromatographic characteristics.

Condensation of Ribose and Aniline. Ribose (135 mg, 0.90 mmol)
and aniline (84 mg, 0.90 mmol) were heated at 70 °C in a solution of
5 ml of absolute ethanol and 5 m! of benzene containing 0.5 ml of 6 M
hydrochloric acid. After 15 min the solution had turned reddish-brown
and the cooled reaction mixture was concentrated to 2 ml. Petroleum
ether (30 ml) was added and the dark oil which formed was separated
and washed with petroleum ether (15 ml). The crude product (235 mg)
was purified by ascending paper chromatography on Whatman No.
1 paper (60:40 5% aqueous ammonium carbonate-methanol). Three
bands were observed (Ry 0.0, 0.68, and 0.80) and the band at Ry 0.68
was fluorescent and contained material whose ultraviolet and mass
spectra were identical with those of the material isolated from the
decomposition of 1b in the presence of aniline.

Hydride Transfer from 7,8-Dihydro-7,9-dimethylxanthine
(6b) to NADP*, To 11 mg (62 umol) of 7,9-dimethylxanthine (6a)
in 3 ml of water was added an excess of sodium borohydride. The
excess borohydride was decomposed by the addition of aqueous acetic
acid and the pH was adjusted from 3.6 to 4.5 by the addition of
aqueous ammonia. Nicotinamide adenine dinucleotide phosphate .
(NADP*) (0.74 mg, 1.1 umol) was added and the pH was quickly
readjusted to 10.0 with aqueous ammonia. After 5 min, the absorbance
at 340 nm was measured by dilution of the sample with 0.1 M Tris—
HCI, pH 10.0. The net Asyo value was 0.10, after correction for a
control which contained no NADP, corresponding to 25% reduction
of NADP* to NADPH. An additional control was run in the absence
of 6b to verify that the formation of NADPH was not due to incom-
plete decomposition of sodium borohydride.

Reduction of Imines with Reduced Disubstituted Heterocy~
cles. To 50 mg (~0.2 mmol) of the reduced disubstituted heterocycles
in 200 ul of solvent was added 10 mg (~0.05 mmol) of the appropriate
imine. The reaction was maintained at room temperature for 8 h or
heated at 55 °C for 3 h. The reaction mixture was then examined by
GLC on a 6 ft X 0.25 in. copper column packed with 20% Carbowax
20M on Chromosorb W. The percent reduction was determined by
comparison of the imine and secondary amine peaks. External stan-
dards of authentic products were used to verify the absolute recovery.

Reduction of Cyclohexylidenepyrrolidinium Perchlorate (22)
with Reduced Disubstituted Heterocycles. To 50 mg (~0.2 mmol)
of the reduced disubstituted heterocycles in 200 ul of solvent was
added 10 mg (0.04 mmol) of cyclohexylidenepyrrolidinium perchlo-
rate. The reaction mixture was warmed at 40 °C for 3 h and analyzed
by GLC relative to a sample of N-cyclohexylpyrrolidine prepared
under identical conditions using borohydride as the reducing agent.

Dibenzylamine. To 2.0 g (11 mmol) of 7,8-dihydro-7,9-di-
methylxanthine in a solution consisting of 20 ml of methanol and 2
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ml of acetic acid was added 0.50 g (2.5 mmol) of benzylideneben-
zylamine (21). The reaction mixture was heated at reflux for 3h and
maintained overnight at room temperature. The reaction mixture was
concentrated and the residue was partitioned between ether and 10%
aqueous sodium hydroxide. The aqueous layer was extracted with two
additional portions of ether and the combined ether extract was dried
and concentrated to afford dibenzylamine as a clear liquid, yield 0.41
g (82%), identified by comparison of its GLC retention time and NMR
spectrum with those of an authentic sample. Utilization of 7,8-dihy-
dro-7,9-dimethythypoxanthine as the reducing agent afforded di-
benzylamine in 76% isolated yield.

N-Benzylaniline Hydrochloride. To a solution of 4.0 g (22 mmol)
of 7,8-dihydro-7,9-dimethylxanthine in 25 ml of methanol and 3 ml
of acetic acid was added 1.0 g (5.4 mmol) of benzylideneaniline (20).
The reaction mixture was heated at 55 °C for 1 h and maintained
overnight at room 'temperature. The mixture was concentrated to
remove excess methanol, neutralized with 10% aqueous sodium hy-
droxide, and extracted with benzene. Saturation of the benzene ex-
tract with hydrogen chloride effected precipitation of N-benzylaniline
hydrochloride, which was isolated as white crystals by filtration: yield
1.0 g (84%); mp 210-212 °C (1it.35 mp 210-212 °C); NMR (CDCls,
Me,Si) § 4.35 (2 H, s) and 7.25 (12 H, s). Also utilized for the reduction
was 7,8-dihydro-7,9-dimethylhypoxanthine. The reaction mixture
was worked up as indicated above for dibenzylamine and afforded
N-benzylaniline (identical with an authentic sample as judged by
NMR spectra and GLC retention times) in 81% yield.

N-Cyclohexylpyrrolidine. A solution of 0.50 g (2.0 mmol) of cy-
clohexylidenepyrrolidinium perchlorate®® and 1.0 g (3.3 mmol) of
7,8-dihydro-7-methylxanthosine (5b) in 20 ml of ethyl acetate was
heated at 40 °C for 16 h. The mixture was filtered and the residue was
washed with ether. The combined organic solution was concentrated
to afford 0.40 g (75%) of N-cyclohexylpyrrolidine, which was purified
further by chromatography on alumina and elution with chloroform.
The identity of the product was verified by comparison of NMR and
mass spectral data with published values.3?
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