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We have shown that the reaction of guanosine with chloroacetaldehyde in aqueous solution in the physiological 
pH range yields 1,N2-ethenoguanosine (5,9-dihydro-9-oxo-3-~-~-ribofuranosylimidazo[l,2-a]purine). This com- 
pound could be hydrolyzed to 1,N2-ethenoguanine (5,9-dihydro-9-oxoimidazo[l,2-a]purine), which was also pre- 
pared authentically by hydriodic acid treatment of the glyoxal-guanine adduct. The 1,N2-ethenoguanine, which 
is an unsubstituted (at N-4, C-6, and C-7) Y-type base, is not fluorescent under the same conditions at which the 
4-methyl compounds fluoresce. By contrast, the isomeric and angular N2,3-ethenoguanine (8,9-dihydro-9-oxoim- 
idazo(2,l-blpurine) is fluorescent (bmitation 262 nm, Xemjmion 410 nm). The N2,3-ethenoguanine synthesis was ini- 
tiated by the reaction of chloroacetaldehyde with 06-benzylguanine, 06-methylguanine, and 2-amino-6-benzyl- 
thiopurine, followed by hydrogenolysis or hydrolysis, hydrolysis, and oxidation and hydrolysis, respectively. The 
reaction of guanosine is indicative of the damage that can result from the action of the mutagen chloroacetaldehyde 
on guanosine derivatives under physiological pH conditions. 

The reaction of chloroacetaldehyde in aqueous solution 
with adenine- and cytosine-containing compounds1p2 to pro- 
duce 1a6- and 3,N4-etheno-bridged compounds, respectively, 
has found wide a p p l i ~ a t i o n . ~ ~ ~  Interest stems from the bio- 
logical activity generally evident at  the nucleoside, nucleotide, 
and coenzyme level and from the species responsible for the 
fluorescence emission properties.596 The crystal and molecular 
structures of suitable derivatives have been We 
agree with Kochetkov, Shibaev, and Kostl that in the pH 
range most favorable for reaction a t  37 OC of chloroacetal- 
dehyde with adenosine (pH 4.5) and cytidine (pH 3.5), gua- 
nosine is not reactive.2 When chloroacetaldehyde was used 
in this laboratory to modify tRNA in aqueous solution a t  
different selected ~ H S , ~  guanosine as well as cytidine and 
adenosine residues appeared to be undergoing attack a t  pH 
6.3,lO within the optimum range for retention of tRNA tertiary 
structure. 

Since chloroacetaldehyde is known to be mutagenic12.13 and 
is one of the likely liver metabolites of vinyl chloride, its re- 
action with guanosine under physiological conditions was of 
particular interest. Moreover, the possible development of 
fluorescence due to the formation of an additional ring sug- 
gested the value of product comparison with the fluorescent 
natural nucleosides Y1p27 (wybutosine, Y - W Y O ) ~ ~  and YtZs3l 
(wyosine, W Y O ) ~ ~  and corresponding bases related to gua- 
nine.32 

The reaction of guanosine (1) with chloroacetaldehyde in 
aqueous solution at  37 "C was followed by the development 
of ultraviolet absorption at 305 nm over a period of hours and 
over a pH range from 6.5 to 4.5. At pH 6.5 the reaction rate is 
significant, but is still less than one-third that of adenosine 
with chloroacetaldehyde under the same conditions. The 
relative reaction rate for the guanosine reaction falls off 
sharply with decreasing pH and is practically negligible at pH 
4.5. A preparative reaction was run at  carefully controlled pH 
(6.40 f 0.05)) monitored by comparison of the ultraviolet 
absorption intensities a t  A,, 272 and 254 nm, and, for the 
optimum conversion, halted when these became equal. 
1 ,N2-Ethenoguanosine (2) was isolated from the reaction 
mixture by chromatography on cellulose followed by high 
performance liquid chromatography on cation exchange resin. 
The elemental analysis and the masa spectrum were consistent 
with the introduction of an etheno bridge, which was also in- 
dicated by the pair of doublets (6-H or 7-H, 6 7.43 or 7.62, J 6 7  
= 2.5 Hz, along with 2-H, 6 8.16) for the etheno protons in the 
NMR spectrum. The linear (1,N2-etheno) (2) rather than 

angular (N2,3-etheno) tricyclic structure was assigned to the 
guanosine-chloroacetaldehyde product, inter alia, by the close 
similarity of its ultraviolet spectra (Figure 1) with those of 
5,9-dihydro-6-methyl-9-oxo-3-~-~-ribofuranosyl-5H -imid- 
azo[l,2-a]purine (2, with CH3 at C-6)31 in acidic, neutral, and 
basic media. The 5-H (2) rather than the 4-H tautomeric form 
was indicated by the close similarity of the ultraviolet ab- 
sorption spectra, in acidic and neutral media, of the product 
with those of 5,9-dihydro-5,6-dimethy1-9-0~0-3-@-~-ribo- 
furanosylimidazo[l,2-~]purine (2, with CH3 at N-5 and C-6),3l 
locked in the "5-H" form by the methyl substituent. The 
chemical shift of 6 7.43 in the product 2 could be assigned to 
the 7-H not only by comparison with the 6 7.36 and 7.43 values 
for the 7-H in the 6-methyl and 5,6-dimethyl models, re- 
spectively,3l but, positively, by the observed reduction in in- 
tensity of the 6 7.43 signal relative to that of 6 7.62 when a- 
deuterio-enriched chloroacetaldehyde, e.g., ClCD&HO, was 
used in the reaction with guanosine. This method of NMR 
assignment based upon deuterium labeling had proved ef- 
fective for the adenosine and cytidine reaction products with 
chloroa~etaldehyde.~-8.3~ 

The deribosidation of 1,N2-ethenoguanosine (2) was ef- 
fected by acid hydrolysis to produce 1,Wethenoguanine (3). 
Guanine (4) itself did not react with chloroacetaldehyde under 
the conditions specified for the conversion of guanosine to the 
etheno-bridged product. However, compound 3 could be ob- 
tained unequivocally by treating the adduct formed from 
guanine and glyoxal (5, the tautomeric form is written con- 
~ e n t i o n a l l y ) ~ ~  with 47% hydriodic acid at  55-60 "C for 5-6 
days. The elemental analysis and the mass spectrum were 
satisfactory for the indicated product 3. NMR assignments 
for the hydriodide of 3 are comparable with those for com- 
pound 2 except for the signal for 2-H, which experienced a 
downfield shift of 6 1.2, suggestive of N-l/N-3 as the site of 
protonation. A similar downfield shift of 6 1.3 was observed 
for the signal of the corresponding 8-H upon conversion of 
guanosine to 7-methylg~anosine.~~.3~ Preference for the tau- 
tomeric form (1-H, 5-H) shown in 3 is adduced from com- 
parison of the ultraviolet absorption spectra in acidic, neutral, 
and basic media (Figure 1) with those of models,3l but the 
representation is not intended to be exclusive. All of the as- 
sembled data clearly support the structure assignment of the 
base as 1,N2-ethenoguanine (5,9-dihydro-9-oxoimidazo[ 1,2- 
alpurine) (3) and the riboside as 1,N2-ethenoguanosine 
(5,9-dihydro-9-oxo-3-~-~-ribofuranosylimidazo[ 1,2-a] purine) 
(2). 
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Despite structural similarities to the fluorescent Y bases 
and nucleosides, 1,N2-ethenoguanine (3) is only weakly flu- 
orescent and 1,N2-ethenoguanosine (2) is nonfluorescent. The 
major structural difference is the fixed N-4 substitution in the 
natural Y series vs. the mobile 5-H in our synthetic series. We 
therefore decided to synthesize N2,3-ethenoguanine, which 
contains the etheno bridge in an angular tricyclic system, for 
comparison of its spectroscopic properties-especially pos- 
sible fluorescence emission-with those of its isomer 3. 

In order to increase the basicity (nucleophilicity) of the 
guanine ring system and to hinder sterically the reaction of 
chloroacetaldehyde ,st N-1, we selected 06-benzylguanine 
(6a)37 as the precursor of the angular system. The reaction of 
6a with chloroacetaldehyde in dilute solution proceeded 
smoothly at  37 "C arid at  pH 4.5, the optimal pH for adeno- 
sine. The 06-benzyl-N2,3-ethenoguanine (9-benzyloxyim- 
idazo[2,1-b]purine) ('7a) thus obtained was readily converted 
to N2,3-ethenoguanine (8,9-dihydro-9-oxoimidazo[2,l-b]- 
purine) (8) by hydrolysis with 2 M hydrochloric acid or by 
hydrogenolysis over palladized charcoal.38 Similarly, N2,3- 
etheno-06-methylguanine (7b) was prepared from 06- 
m e t h y l g ~ a n i n e ~ ~  and was hydrolyzed by heating with con- 
centrated hydrochloric acid on a steam bath to produce 
N2,3-ethenoguanine (8). Consideration of the versatility of 
thioalkyl groups for subsequent transformations led us to 
prepare 6-benzylthio-N2,3-ethenoguanine (9) from 2- 
amin0-6-benzylthiopurine,~~~~ again with chloroacetaldehyde 
in dilute solution a t  37 "C and pH controlled a t  4.0-4.5. The 
conversion of 9 to 8 'was accomplished by oxidation with N-  
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chlorosuccinimide followed by hydrolysis with hydrochloric 
acid. 

The NMR spectra of 7a, 7b, and 9 are characterized in the 
aromatic region by t.he presence of a singlet for 2-H and a pair 
of doublets for the etheno protons 5-H and 6-H. The latter 
signals are separated by about 0.4 ppm. The three .protons, 
2-H, 5-H, and 6-H, respectively, exhibit similar chemical shifts 
in 7a, 7b, and 9. The NMR spectra of the hydrochloride salts 
of 7a and 7b were almost identical for the 2,5, and 6 protons. 
The spectra of the hydrochlorides prepared from 6a and 6b 
by reaction with ClCD2CHO lacked the signal at  6 8.38 for the 
5-H, and the signal at  6 8.08 for the 6-H collapsed to a singlet 
with formal replacement of 5-H by 5-D. These assignments 
were carried over to the free bases (7a,b). We observed 
downfield shifts of 0.4-0.7 ppm for the 2-, 5-, and 6-H's and 
an increase in the J 5 6  value from 1.5 to 2.6 for the etheno 
protons when 7a and 7b were converted to their hydrochlo- 
rides. The 6 proton was shifted maximally, which suggests that 
N-7 is the site of protonation in these compounds. Comparable 
shifts had been observed in the NMR spectrum of 3Jv4- 
ethenocytidine hydrochloride compared with that of the free 
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base? The NMR spectrum of the angular ethenoguanine, 
8,9-dihydro-9-oxoimidazo[2,1-b]purine (8), in the aromatic 
region showed parallel chemical shifts, that is, increasing 6 
following the order 6-H, 5-H, and 2-H (see Experimental 
Section), which were assigned conveniently by conversion of 
the 5-D precursors to the 5-deuterio-8. 

Tricyclic aromatic and heteroaromatic systems of the linear 
type generally exhibit lower energy electronic transitions than 
their angular i~omers.~2*~3 This is true also for 1JV2-etheno- 
guanosine (2) and 1,N2-ethenoguanine (3) compared with 
N2,3-ethenoguanine (8). The low-energy bands in the ultra- 
violet spectra (Figure 1) of the angular isomer 8 are shifted 
30-50 nm toward shorter wavelength from those of the linear 
pair (2, 3). What is most impressive is the finding that the 
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Figure 2. Ultraviolet absorption (-), corrected fluorescence exci- 
tation ( e  - e), and corrected fluorescence emission ( -  - -) spectra of 
N2,3-ethenoguanine (8) in water, pH 6.8. 

N2,3-ethenoguanine (8) is fluorescent, whereas the linear 
l,N2-ethenoguanosine (2) is not. The fluorescence emission 
maximum is observed at  410 nm when compound 8 is irradi- 
ated near 280 nm. 

A study of the fluorescence behavior of N2,3-ethenoguanine 
(8) in solvents of decreasing polarity (water, ethanol, dioxane) 
showed the corrected excitation maxima to be consistent with 
the corresponding UV maxima (Table I, Figure 2). Although 
the wavelength of the emission maxima did not change sig- 
nificantly with decreasing solvent polarity, the relative 
quantum yields and fluorescence lifetimes showed substantial 
increases in going from water to ethanol to dioxane. Similar 
changes in emission characteristics have been observed with 
other fluorescent guanine  derivative^.^^ Evleth and Lerner45 
indicate that theoretical analysis reasonably rationalizes the 
photophysical properties of 1 ,N6-ethenoadenine (e-adenine) 
by demonstrating a relationship with the highly fluorescent 
indolizines, whereas the relationship between a Y base and 
the indolizines is much less well characterized and only a vague 
relationship is found to exist. Neither 1,N2-ethenoguanine (3) 
(5-H tautomer as oppoaed to the 4-CH3 substitution in a Y 
base) nor N2,3-ethenoguanine (2) has been subjected to 
analogous theoretical treatment as yet. 

In conclusion, we have achieved a better understanding of 
the slow reaction of chloroacetaldehyde with guanosine under 
physiological conditions (pH ca. 6.4) and have established the 
structure of the major product formed in the reaction. This 
pH may be selected for the reaction of chloroacetaldehyde 
with more complex molecules containing guanosine. Where 
both guanosine and adenosine units are present and stereo- 
chemically available, both can react at  pH 6.4. We have also 
produced a fluorescent derivative of guanine, namely N2,3- 
ethenoguanine (81, that should possess, in protonated form, 
hydrogen-bonding characteristics like guanine and, as the 
base, hydrogen-bonding characteristics like a 3-substituted 
xanthine. 

Experimental Section 
Melting pointa were recorded on a Buchi melting point apparatus 

and are uncorrected. The NMR spectra were recorded by Mr. Steven 
Silber on a Varian Associates HA-100 spectrometer using tetra- 
methylsilane as an internal standard. The ultraviolet spectra were 
obtained on a Beckman Acta MVI spectrophotometer. Corrected 
fluorescence emission and fluorescence excitation spectra were ac- 
quired on a Spex Fluorolog spectrofluorometer. All fluorescence 
measurements were made a t  room temperature (22 OC). The fluo- 

Table I. Fluorescence Emission a n d  Exci ta t ion Data 
f o r  8 

Solvent A,,,, nm A, nm 7,c ns @reld 

H z 0  (PH 
6.8) 410 262 (UV 262) 1.38 f 0.01 0.03 

EtOH 400 263 (UV 263) 2.23 f 0.02 0.12 
Dioxane 400 270 (UV 265) 2.73 f 0.01 0.26 

Fluorescence emission spectra were measured with excitation 
a t  280 nm, and corrected curves were obtained using correction 
factors supplied with the Fluorolog. Corrected excitation spectra 
were recorded directly by holding emission a t  415 nm. Fluo- 
rescence lifetimes were measured by phase only. Determined 
using corrected emission spectra by comparison with quinine 
sulfate (in 0.1 N HzSOJ, which has a quantum yield of 0.7.45 

Emission" Excitationb 

rescence measured for each solution was normalized for differences 
among the samples in optical density at the exciting wavelength and 
is therefore a quantitative representation of quantum efficiencies 
relative to quinine taken as 0.7.46 

Quantum efficiencies were obtained by using corrected spectral 
areas and also by means of a spectrofluorometer described by Weber 
et aL4' The values obtained by the two methods were comparable. 
Fluorescence lifetimes were measured by Dr. David Jameson on a 
Model SLM subnanosecond spectrofluorometer. Thin-layer chro- 
matography was carried out on Eastman chromagram sheets of cel- 
lulose or silica gel, with or without fluorescent indicator. After de- 
velopment of the chromatograms, spots were located with the aid of 
an ultraviolet lamp. The solvent systems employed were: solvent 1, 
1-butanol-water (86:14); solvent 2,2-propanol-water (7:3); solvent 
3, ethyl acetate-I-propanol-2-propanol-water (4:2:1:2); solvent 4, 
water; solvent 5, chloroform-ethanol (8020); solvent 6, chloroform- 
ethanol (70:30). 

Preparative high performance liquid chromatography (HPLC) was 
done using a Chromatronix pump and UV detector and a Hewlett- 
Packard recorder equipped with a unit to provide automatic zero 
suppression. Glass columns designed by Drs. L. Kirkegaard and D. 
Cole, University of Illinois, were packed with suitable resins for the 
separations involved. Microanalyses were performed by Mr. Joseph 
Nemeth and associates, who also weighed samples for quantitative 
electronic absorption spectra. Low-resolution mass spectra were ob- 
tained by Mr. J. Wrona on a Varian-Mat CH-5 spectrometer coupled 
with a 6201 computer and STATOS recorder. 

pH Profile of the  Reaction of Chloroacetaldehyde with 
Adenosine and Guanosine. A solution of 35 mg (0.125 mmol) of 
guanosine in 35 mL of 0.5 M sodium acetate buffer (for pH 4.5 and 
5.5) or potassium phosphate buffer (for pH 6.4) and 1 mL of 2 M 
aqueous chloroacetaldehyde solution was stirred in a stoppered flask 
at 37 O C .  A similar arrangement was used for adenosine, with controls 
for buffer and chloroacetaldehyde and buffer blanks. Aliquots (1 mL) 
were taken at constant intervals, made up to 50 mL with 0.01 M 
NaOH, and the spectra were recorded. Absorption values corre- 
sponding to the formation of 1,W-ethenoadenosine (290 nm, c 3700) 
and 1Jv2-ethenoguanosine (305 nm, e were corrected for buffer 
and chloroacetaldehyde blank to give Aobsd. Percentage of products 
formed ( A o y / A p r d  X 100) was plotted against time in hours to obtain 
a semiquantitative comparison of reaction rates. 

All chloroacetaldehyde reactions must be run in a well-ventilated 
hood, employing adequate precaution against exposure to any part 
of the body. 12,13 

1,N-Ethenoguanosine (5,9-Dihydro-9-oxo-3-&~-ribofura- 
nosylimidazo[ 1,2-a]purine) (2). Guanosine ( I )  (850 mg, 3 mmol) 
and sodium chloride (3 g) in 750 mL of water were stirred magnetically 
under nitrogen at 37 O C  bath temperature. After most of the guanosine 
had dissolved (-30 min), 20 mL of 2 M aqueous chloroacetaldehyde 
solution was added and the pH was carefully maintained between 6.35 
and 6.45 using 0.2 M aqueous sodium hydroxide solution in the res- 
ervoir of a pH stat. Progress of the reaction was monitored using UV 
spectra at pH 7. The reaction was stopped when the absorption in- 
tensities a t  A,, 272 and 254 nm became equal. Depending on the 
concentration of the particular batch of the chloroacetaldehyde and 
small variations in maintaining the pH and temperature of the reac- 
tion, it may take 3-7 days t~ reach this optimum point. Formation of 
1,N2-ethenoguanosine could be detected by TLC on cellulose in sol- 
vents 4 and 3 used successively. At  the optimum point a 5-rL spot of 
the reaction mixture gave a faintly observable nonfluorescent spot 
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of ethenogunnosine ( R f  0.5, Guo Rf 0.4 in solvent 3). A comparison 
of NMR signal intensities a t  6 7.94 (8-H of Guo) with those at  7.43 or 
7.62 (etheno doublets in e-Guo) in the NMR spectrum of the reaction 
mixture suggested the presence of about 45% c-guanosine and 55% 
unreacted guanosine at  the optimum point. 

For isolation of 1,N2-ethenoguanosine, the reaction mixture was 
evaporated to a syrup at  37 "C under vacuum, dissolved in 200 mL 
of water, and the aqueous solution was washed three times with equal 
volumes of ether. The aqueous layer was then concentrated to a small 
volume, adsorbed over 1 g of cellulose (CF-111, and chromatographed 
on 500 g of cellulose (column size, 6.4 X 1000 cm) in solvent 1 to yield 
50 mg of crude t-guanosiine and 50 mg of a guanosine and c-guanosine 
mixture. The latter wasi rechromatographed on cellulose in solvent 
3 to yield an additional 20 mg of c-guanosine (70 mg isolated, 7.596, 
or 17% yield based on the amount of unreacted guanosine). An ana- 
lytical sample was obtained after three recrystallizations from water 
(60 "C) as microneedles, mp 252-253 "C (determined on a hot stage 
microscope). A better yield of very pure product could be obtained 
by a preliminary purification on a short cellulose column in solvent 
1 followed by HPLC on cation exchange resin Aminex A-5 (Bio-Rad) 
a t  50 "C (column 1.3 X 76.2 cm, 0.1 M ammonium formate, pH 4.1, 
0.60 mL/min): NMR [(CD3)2SO] 6 5.85 (d, 1, J = 5 Hz, anomeric H), 
7.43 and 7.62 (d, J = 2.6 Hz, etheno H's), 8.16 (s, 1,2-H); Amax (0.1 M 
HCl) 222 nm ( t  26 5001, 272 (8200), 295 (8300); A,,, (pH 7.0) 227 
(34 400), 284 (11 900); Amax (0.1 M NaOH) 233 (32 000), 280 (5750), 
308 (8840); mass spectrum (70 eV) m/e 175 (base peak), 307 (M+). 

Anal. Calcd for C12H13N505: C, 46.91; H, 4.26; N, 22.79. Found: C, 
46.86; H, 4.29; N, 22.86. 

1,W-Ethenoguanine (5,9-Dihydro-9-oxoimidazo[ 1,2-a]- 
purine) (3). The glyoxal-guanine adduct 534 (1.4 g crude, 7 mmol) 
and hydriodic acid (30 iaL, 47%) were stirred magnetically in a stop- 
pered flask at 55-60 "C. The reaction was followed by UV in 0.1 M 
NaOH until the maximum at  284 nm, due to the glyoxal adduct, was 
completely replaced by that of the c-guanine near 315 nm. The reac- 
tion was complete in 5-6 days when most of the product precipitated. 
The mixture was cooled overnight and filtered to yield 820 mg of a 
cream-colored solid. On concentration, the mother liquor yielded an 
additional 200 mg (total yield 1.02 g, 41%) of the 1,N2-ethenoguanine 
hydriodide, mp > 300 OC. The compound was dissolved in boiling 
water, and the pH was adjusted to 6-7, causing the crystallization of 
0.51 g of the free baseJ/4HzO, mp > 290 "C. Anhydrous free base for 
analysis was obtained by special drying at >200 "C: A,,, (0.1 M HC1) 
221 nm ( c  29 OOO), 268 (5750), 295 (8450); Amax (pH 7.0) 224 (39 700), 
290 (9700); A,,, (0.1 M; NaOH) 234 (46 2001,262 (4500), 318 (8900); 
mass spectrum (70 and 10 eV) m/e 175 (M+, base peak). 

Anal. Calcd for C7H5N50: C, 48.02; H,  2.88; N, 39.98. Found: C, 
48.11; H, 3.03; N, 40.00. 

The hydriodide had the following NMR spectrum [(CD3)2SO]: 6 
7.66 (d, 1,567 = 2.6 Hz, 6- or 7-H), 7.79 (d, 1, 567  = 2.6 Hz, 7- or 6-H), 
9.37 (s, 1,2-H), 11.45 (br NH protons, exchanged by D20). 

Anal. Calcd for C7HsIN50: C, 27.74; H, 2.00; N, 23.11. Found: C, 
27.41; H,  1.95; N. 22.45. 

Conversion of 1.iV-Ethenoguanosine (2) to 1.W-Ethenocu- 
anine (3). 1,NZ-Ethenoguanosiie (10 mg) was treated with 5 mL of 
2 M HCl on a steam bath for 1 h. The product was identified as 
1,W-ethenoguanine by comparison of its UV spectra in acid, base, 
and neutral media, by co-chromatography with an authentic sample 
on cellulose TLC plates in two solvent systems (2 and 4), and by its 
mass spectrum (70 and 10 eV): m/e 175 (M+, base peak), with no peaks 
above 175. 

06-Benzyl-W,3-ethenoguanine (9-Benzyloxyimidazo[2,1- 
blpurine) (7a). 06-B8enzylguanine37 [NMR[(CD&SO] 6 5.5 (s, 2, 
CHZ), 6.25 (br s, 2, NH:!, exchanged by DzO), 7.3-7.6 (m, 5, C6H5), 7.83 
(s, 1,8-H); A,,, (0.1 M: HC1) 233 nm (sh) (c  5200), 287 (11 000); A,,, 
(pH 7) 239 (78001,281 (8200); A,, (0.1 M NaOH) 245 (sh) (46001,284 
(8500)) (241 mg, 1 mmol) in 20 mL of 75% aqueous ethanol was treated 
with 2 mL of 2 M aqueous chloroacetaldehyde solution at pH 4.0-4.5 
and 37 "C bath temperature. The reaction was complete in 50-60 h. 
The mixture was evaporated, the residue was triturated with 5 mL 
of water, the pH was ;adjusted to neutral, and the precipitated free 
base was collected by filtration; 250 mg (94%). Recrystallization from 
aqueous ethanol provided 220 mg of very fine shiny crystals, mp 
243-244 "C: NMR (hydrochloride) [(CD3)zSO] 6 5.74 (s, 2, CHz), 
7.25-7.7 (m, 5, e&), 8.08 (d, 1, J 5 6  = 2.6 Hz, 6-H), 8.38 (d, 1, J M  = 
2.6 Hz, 5-H), 8.68 (s, 1, 2-H); NMR (free base) [(CD3)2SO] 6 5.58 (5, 

2, CH2), 7.30-7.65 (m, 5, C6H5), 7.38 (d, 1 , J 5 6  = 1.5Hz, 6-H), 7.84 (d, 
1, J b 6  = 1.5 Hz, 5-H). 8.20 (s, 1, 2-H); A,,, (0.1 M HC1) 216 nm (c  
34 4001, 266 (14 950); A,,, (pH 7.0) 219 (29 0501,273 (10 550); Amax 
(0.1 M NaOH) 225 (32 500), 276 (9450); mass spectrum (10 eV) m/e 
(re1 abundance) 265 (PA+), 175 (100); (70 eV) 265 (M+), 175 (99) (M+ 

-91 t l), and 91 (100) (tropylium ion). 
Anal. Calcd for C14HllN50: C, 63.39; H, 4.18; N, 26.40. Found: C, 

63.48; H, 4.14; N, 26.63. 
W,3-Etheno-06-methylguanine (9-Methoxyimidazo[2,1- 

blpurine) (7b). 06-Meth~lguanine3~ [NMR[(CD3)2SO] 8 3.97 (s, 3, 
CH3), 7.82 (s, 1, 8-H)] (200 mg, 1.2 mmol) suspended I-7 12 mL of 
aqueous ethanol (60%) was treated with 1.5 mL of 2 M aqueous 
chloroacetaldehyde solution at  pH 4.0-4.5 and 37 "C bath tempera- 
ture and the product was isolated as in the reaction of 06-benzyl- 
N2,3-ethenoguanine. Recrystallization from a large excess of boiling 
water afforded 185 mg (81%) of fine white crystals (l/d HzO), mp 
226230 "C. Special drying above 110 "C provided the anhydrous free 
base for analysis: NMR (hydrochloride) [(CD3)2SO] 8 4.24 (s,3, CH& 

2-H); NMR (free base) [(CD3)zSO] 6 4.1 (s, 3, CH3), 7.44 (d, 1, J56  = 

M HCl) 215 nm (c  26 850), 264-269 (br) (12 200); A,,, (pH 7.0) 221 
(24 500), 272 (9900); A,, (0.1 M NaOH) 225 (29 550), 275 (8800); mass 
spectrum (70 and 10 eV) m/e 189 (M+ and base peak). 

Anal. Calcd for CsH7N50: C, 50.79; H, 3.73; N, 37.02. Found: C, 
50.69; H,  3.81; N, 37.47. 

W,3-Ethenoguanine (8,9-Dihydro-9-oxoimidazo[2,1-b]- 
purine) (8). 06-Benzyl-N2,3-ethenoguanine (7a) (100 mg) was 
treated with 10 mL of 2 M hydrochloric acid on a steam bath for 1 h. 
The solution was evaporated to dryness and the residue was triturated 
with ether and filtered. The solid was dissolved in boiling water, the 
pH was adjusted to 6-7, and the free base ('14 HzO) crystallized: yield, 
58 mg (88%) of white crystals; mp > 290 "C; NMR (hydrochloride) 

5-H), 8.38 (5, 1,2-H); A,, (0.1 M HCI) 215 nm (t 25 OOO), 256 (9650); 
A,,, (pH 7.0) 216 (28 200), 262 (12 850); A,,, (0.1 M NaOH) 229 
(32 OW), 270 (9600); mass spectrum (10 and 70 eV) 175 (M+, base 
peak). Anhydrous free base was obtained for analysis by special drying 
>200 "C. 

Anal. Calcd for C7HbN50: C, 48.02; H, 2.88; N, 39.98. Found: C, 

8.06 (d, 1 ,556  = 2.6 Hz, 6-H), 8.38 (d, 1,556 = 2.6 Hz, 5-H), 8.67 (s, 1, 

1.6 Hz, 6-H), 7.86 (d, 1, J 5 6  = 1.6 Hz, 5-H), 8.29 (s, 1,2-H); Amax (0.1 

[(CD3)2SO] 6 7.61 (d, 1, J 5 6  = 2.2 Hz, 6-H), 8.02 (d, 1, 556 = 2.2 Hz, 

47.93; H, 2.80; N, 39.92. 
Debenzvlation of O6-Benzv1-W.3-etheno~uanine bs Catalvtic 

Hydrogenilysis. 06-Benzyl-N2,3-ethenoguanke (7a) hydrochloride 
(100 mg) was hydrogenated at  25 OC and 1 atm in the presence of 10% 
Pd/C in 10 mL of absolute ethanol for 11 h. The mixture was diluted 
with 100 mL of 75% aqueous ethanol and filtered. The filtrate was 
evaporated to dryness, and the residue was recrystallized from a large 
excess of boiling water a t  neutral pH to yield 45 mg (68%) of N2,3- 
ethenoguanine (8) identical in all respects with that obtained by acid 
hydrolysis of 7a. 

Demethylation of 7b. N2,3-Etheno-O6-rnethylgaunine (7b) was 
converted quantitatively to N2,3-~thenoguanine on heating with 
concentrated HC1 on a steam bath for 24 h. The product was identified 
by comparison of ita UV, NMR, and mass spectra (see above). 

6-Benzylthio-W,3-ethenoguanine (9-Benzylthioimidazo- 
[2,1- blpurine)  (9). 2-Amin0-6-benzylthiopurine~~,~~ [NMR 
[(CD3)2SO] 8 4.54 (9, 2, CHz), 6.38 (br s, 2, Pu-"2, exchanged by 
DzO), 7.2-7.6 (m, 5, C6H5), 7.88 (s, 1,8-H)] (600 mg, 2.34 mmol) was 
treated with 3.5 mL of 2 M aqueous chloroacetaldehyde solution in 
60 mL of 75% aqueous ethanol a t  pH 4-4.5 and 37 "C bath tempera- 
ture. The reaction was complete in 6-7 days. The pH was adjusted 
to neutral using 1 M NaHC03 solution, and the precipitated product 
was filtered, washed with water twice, and dried to yield an off-white 
powder (626 mg, 93%). It was recrystallized from a large excess of 
boiling water to give shiny cream-colored, fine crystals: mp 295 "C; 
NMR [(CD3)2SO t DCl] 6 4.74 (s, 2, CHz), 7.2-7.7 (m, 5, C6H5), 8.14 
(d, l,J56 = 2.4 Hz, 6-H), 8.38 (d, l,J56 = 2.4 Hz, 5-H), 8.7 (s,1,2-H); 
NMR (free base) [(CD3)zSO] 6 4.67 (s,2, CH2), 7.2-7.55 (m, 5, C6H5), 

2-H); A,, (0.1 M HCl) 301 nm (24 700); A,,, (pH 7.0) 302 (14 100); 
A,, (0.1 M NaOH) 248 (14 800), 300 (18 800); mass spectrum (10 eV) 
m/e (re1 abundance) 281 (M+and base peak); (70 eV) 281 (60) (M+), 
248 (60) (M - SH)+, 91 (100). 

Anal. Calcd for C14HllN5S: C, 59.77; H, 3.94; N, 24.89. Found: C, 
59.68; H, 3.90; N, 24.99. 

Conversion of 6-Benzylthio-W,3-ethenoguanine to  W,3- 
Ethenoguanine. 6-Benzylthio-N2,3-ethenoguanine (9) (17 mg) was 
treated with 24 mg of N-chlorosuccinimide in 5 mL of aqueous 
methanol (80%) at  50-60 "C. In <1 h a highly fluorescent solution 
resulted. The reaction was allowed to proceed overnight, the solution 
was evaporated to dryness, and the residue was purified by chroma- 
tography over a short silica gel column in solvent 6. The fractions 
containing the oxidized compound (UV detection) were pooled and 
evaporated. The residue was treated with 2 N HCl overnight on . j  

steam bath. The product was purified by HPLC on cation exchange 

7.61 (d, 1 , 5 5 6  = 1.5 Hz, 6-H), 7.97 (d, 1, J 5 6  = 1.5 Hz, 5-H), 8.26 ( ~ , l ,  
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resin Aminex A-5 (Bio-Rad) a t  50 "C (column 1.3 X 76.2 cm, 0.1 M 
ammonium formate, pH 4.1, 0.60 mL/min)  and was ident i f ied as 
"2,3-ethenoguanine by i ts  HPLC elut ion volume, UV, and mass 
spectrum. 

Acknowledgment. This work was supported by Research 
Grant GM 05829 from the National Institutes of Health, US. 
Public Health Service. We wish to thank Professor Gregorio 
Weber for providing facilities for fluorescence determinations. 
We are also indebted to Professor Koji Nakanishi of Columbia 
University for shared interest in the possibility of reaction of 
chloroacetaldehyde with guanosine and its derivatives. 

Registry No.-1, IlEi-00-3; 2, 62462-38-8; 3, 56287-13-9; 3 HI, 
62962-38-3; 5, 21323-76-2; 6a, 19916-73-5; 6b, 20535-83-5; 7a, 
62962-39-4; 7a HCl, 62991-00-8; 7b, 62962-40-7; 7 b  HCl, 62962-41-8; 

chloroacetaldehyde, 107-20-0; 2-amino-6-benzylthiopurine, 1874- 

References and Notes 
(1) N. K. Kochetkov, V. N. Shibaev, and A. A. Kost, Tetrahedron Lett., 1993 

(1971). 
(2) J. R. Barrio, J. A. Secrist Ill, and N. J. Leonard, Biochem. Biophys. Res. 

Commun., 46, 597 (1972). 
(3) N. J. Leonard and G. L. Tolman, Ann. N. Y. Acad. Sci., 255,43 (1975), and 

references cited therein. 
(4) R. W. Thomas and N. J. Leonard, Heterocycles, 5,839 (1976), and refer- 

ences cited therein. 
(5) R. D. Spencer, G. Weber, G. L. Tolman. J. R. Barrio, and N. J. Leonard, Eur. 

J. Biochem., 45, 425 (1 974). 
(6) J. R. Barrio, P. D. Sattsangi, B. A. Quber, L. G. Dammann, and N. J. Leonard, 

J. Am. Chem. SOC., 96,7408 (1976). 
(7) A. H.-J. Wang. L. G. Dammann, J. R. Barrio, and I. C. Paul, J. Am. Chem. 

Soc., 96, 1205 (1974). 
(8) A. H.J. Wang, J. R. Barrio, and I. C. Paul, J. Am. Chem. Soc., 98, 7401 

(1976). 
(9) L. H. Kirkegaard, G. L. Tolman, J. C. Greenfield, J. R. Barrio, and N. J. 

Leonard, Fed. Proc., 33, 1354 (1974). As the pH is raised above 6.5, the 
decomposition of chloroacetaldehyde becomes appreciable. 

(10) We are grateful to Professor LaDonne Schulman. Albert Einstein College 
of Medicine, Yeshiva University, Bronx, N.Y., for telling us of her similar 
experience in tRNA modification with chloroacetaldehyde. 

(11) M. Blna-Stein and D. M. #Grothers, Biochemistry, 14, 4185 (1975). 
(12) U. Rannug, A. Johansson, C. Ramel, and C. A. Wachtmeister, Ambio, 3, 

194 (1974). 
(13) J. McCann. V. Simmon, D. Streitwieser, and B. N. Ames, Proc. Natl. Acad. 

Sci. U.S.A., 72, 3190 (1'375), and references cited therein. 
(14) U. L. RajBhandary, S. H. Chang, A. Stuart, P. D. Faulkner, R. M. Hoskinson, 

and H. G. Khorana, Proc Natl. Acad. Sci. U.S.A., 57, 751 (1967). 
(15) U. L. RajBhandary and S H. Chang, J. Biol. Chem., 243, 598 (1968). 
(16) R. Thiebe and H. G. Zachau, Eur. J. Biochem., 5, 546 (1968). 
(17) B. S. Dudock, G. Katz, E. K. Taylor, and R. W. Holley, Proc. Natl. Acad. Sci. 

(18) L. M. Fink, T. Goto, F. Frankel, and I. B. Weinstein, Biochem. Biophys. Res. 

(19) L. M. Fink, K. W. Lanks, T. Goto, and I. B. Weinstein, Biochemistry, IO, 1873 

8,62962-42-9; 8 HCl ,  62962-43-0; 9, 62990-98-1; 9 HCI, 62991-01-9; 

58-4. 

U.S.A., 62, 941 (1969). 

Commun., 32, 963 (1968). 

(1971). 

(20) K. Nakanishi, N. Furutachi, M. Funamizu, D. Grunberger, and I. B. Weinstein, 
J. Am. Chem. Soc., 92,7617 (1970). 

(21) R. Thiebe, H. G. Zachau, L. Baczynskyj, K. Biemann, and J. Sonnenbichler, 
Biochim. Biophys. Acta, 240, 163 (1971). 

(22) M. Funamizu, A. Terahara, A. M. Feinberg, and K. Nakanishi, J. Am. Chem. 
SOC., 93, 6706 (1971). 

(23) C. R. Cantor and T. Tao, "Procedures in Nucleic Acid Research", Vol. 2, 
G. L. Cantoni and D. R. Davies, Ed., Harper and Row, New Yo&, N.Y., 1971, 
pp 60-6 1. 

(24) J. Eisinger and A. A. Lamola, Methods Enzymol., 21, 24 (1971). 
(25) J. Eisinger, B. Feuer, and T. Yamane, Proc. Natl. Acad. Sci. U.S.A., 65, 

638 (1970). 
(26) K. Beardsley, T. Tao, and C. R. Cantor, Biochemistry, 9, 3524 (1970). 
(27) R. Thiebe and H. G. Zachau, Biochim. Biophys. Acta, 217, 294 (1970). 
(28) The abbreviations have been recommended by Dr. W. Cohn, Director of 

the Office of Biochemical Nomenclature, National Research Council. This 
abbreviation system is not readily applicable for describing our synthetic 
compounds 2 and 3, for which we may use t to signify the etheno 
bridge.2-4 

(29) H. Kasai, M. Goto, S. Takemura, T. Goto, and S. Matsuura, Tetrahedron Lett., 
2725 (1971). 

(30) S. Takemura, H. Kasai, and M. Goto, J. Biochem. (Tokyo), 75, 1169 
(1974). 

(31) H. Kasai, M. Goto, K. Ikeda, M. Zama, Y. Mizuno, S. Takemura, S. Matsuura, 
T. Sugimoto, and T. Goto, Biochemistry, 15, 898 (1976). 

(32) H. J. Li, K. Nakanishi, D. Grunberger, and J. B. Weinstein, Biochem. Biophys. 
Res. Commun., 55, 818 (1973); C. R. Frihart in "Recent Developments 
in Oligonucleotide Synthesis and Chemistry of Minor Bases of tRNA", In- 
ternational Conference, Poznah-Kiekrz, Poland, Sept 1974, pp 261- 
279. 

(33) J. A. Secrist Ill, J. R. Barrio, N. J. Leonard, and G. Weber, Biochemistry, . .  
11, 3499 (1972). 

(34) R. Shapiro, B. I. Cohen. S . J .  Shiuey, and H. Maurer. Biochemistry, 8, 238 
(1969): 

(35) L. B. Townsend and R. K. Robins, J. Am. Chem. Soc., 85, 242 (1963). 
(36) L. B. Townsend, "Synthetic Procedures in Nucleic Acid Chemistry", Vol. 

2, W. W. Zorbach and R. S. Tipson, Ed., Wiley, New York, N.Y., 1973, p 
320. 

(37) C. R. Frihart and N. J. Leonard, J. Am. Chem. Soc., 95, 7174 (1973). 
(38) M. Freifelder, "Practical Catalytic Hydrogenation", Wiley-Interscience, 

New York, N.Y., 1971, p 410. 
(39) R.  W. Balsiger and J. A. Montgomery, J. Org. Chem., 25, 1573 (1960). 
(40) G. D. Daves, Jr., C. W. Noell, R. K. Robins, H. C. Koppel, and A. G. Beaman, 

J. Am. Chem. SOC., 82,2633 (1960). 
G. B. Elion, I. Goodman, W. Lange, and G. H. Hitchings, J. Am. Chem. Soc.. 
81. 1898 (1959). 

\ - - - ,  
H. 'H. Jaffe and M. Orchin, "Theory and Application of Ultraviolet Spec- 
troscopy", Wiley, New York, N.Y., 1962, p 345ff. 
A. G. Morrice, M. A. Sprecker, and N. J. Leonard, J. Org. Chem., 40, 363 
(1975). 
R. C. Moschel and N. J. Leonard, J. Org. Chem., 41, 294 (1976). 
E. M. Evleth and D. A. Lerner, Photochem. Photobioi., in press. We ap- 
preciate receiving a preprint of this article prior to publication. 
7. G. Scott, R. D. Spencer, N. J. Leonard, and G. Weber, J. Am. Chem. Soc., 
92, 687 (1970). 
G. Weber and L. B. Young, J. Biol. Chem., 239, 1424 (1964); J. A. Wehrly, 
J. F. Williams, D. M. Jameson, and D. A. Kolb, Anal. Chem., 48, 1424 
(1976); D. M. Jameson, J. F. Williams, and J. A. Wehrly, Anal. Biochem., 
in press. 
It was found that the guanosine-chloroacetaldehyde reaction produces 
additional products in smaller quantities, so that minor contributions of these 
products to the absorption intensity at 305 nm are possible. The develop- 
ment of some fluorescence was observed during the course of the reaction; 
however, compound 2 isolated from the reaction is not fluorescent under 
the conditions described. 


