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Abstract: An 8-13C-labeled guanosine derivative, 2',3',5'-

O-tert-butyldimethylsilyl-N-tert-butyldimethylsilyl-

8-13C-guanosine, was synthesized and its photosensitized oxidation with singlet oxygen carried out below
—100 °C. Two transient intermediates that decompose directly to the final major product 5 and CO, were
detected by 3C NMR between —100 and —43 °C. The two intermediates are carbamic acids based on 3C
NMR and 2D NMR (HMQC, HMBC) spectra and the formation of final product 5 and of 8-CO,. No

endoperoxide intermediate could be detected by low-tem
reaction mechanism is proposed involving initial [4 + 2]

perature NMR spectroscopy even at —100 °C. A
cycloaddition of singlet oxygen to the imidazole

ring to form an unstable endoperoxide, subsequent rearrangement of the endoperoxide to a dioxirane,
and decomposition of the dioxirane to the two observed intermediates. Both oxygen atoms of CO, are
derived from a single oxygen molecule, which strongly supports a dioxirane structure for the precursor of

the two observed intermediates. The distribution of prod
13C-containing products in the reaction mixture.

ucts estimated by *C NMR accounts for all the

Introduction

Photodynamic action involves the oxidation of biologically
important molecules upon exposure to visible light with air in
the presence of photosensitiZet! Photodynamic therapy

(PDT) has been used to treat certain skin diseases and severdl

types of malignant tumor$-16 Carcinogenic or mutagenic
effects result from photooxidative modifications of DNA?-18
Guanine, as the free base or in nucleosides and nucleotides,
has been shown to be virtually the only base that is reactive
with singlet oxygert®=22 Many attempts have been made to
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isolate and characterize intermediates and products of photo-
sensitized oxidation of guanine derivatives. However, because
of the low solubility of guanine derivatives in most solvents,
the instability of the intermediates, and analytical difficulties
the separation and characterization of the polar and unstable
photoproducts, the mechanism of photosensitized oxidation of
guanine and its nucleosides is still not clear.

Diastereomers of 9-(F-di-)acetyl-2-deoxy{5-p-erythro-
pentofuranosyl-4,8-dihydro-4-hydroxy-8-oxoguanine (4-hydroxy-
8-0x0-dG) were reported by Cadet and co-workers as the main
products from photosensitized oxidation df53di-O-acetyl-
2'-deoxyguanosiné&:3823.24 |t was suggested that the two
diastereomers are formed from unstable diastereomeric inter-
mediate endoperoxides from {4 2] cycloaddition with'O, to
the imidazole ring. Recently these compounds have been shown
to be diastereomeric spiroiminodihydantoffis?’
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Photosensitized oxidation of guanosine in agueous medium
above 0°C cannot provide direct information on reaction
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these technigues. With'8€-guanosine, by quantitative analysis
of 13C NMR, we are able to account for all 8-carbon-containing

+CO, ) ) .
N products in the reaction mixture.
o OTBDMS o) OTBDMS Previous study in our laboratory of the low-temperatur8@
TBDMSO TBDMS °C) photosensitized oxidation of,3',5'-O-tert-butyldimethyl-
OTBDMS OTBDMS

5

silylguanosine showed th& was the major produéf We
carried out the same reaction at lower temperatgreJ00°C)

intermediates because of their instability at this temperature andin CBr2F, and found that C@is the other major product (by
their reactivity with water. In a previous study, we obtained NMR) and is most likely derived from the 8-C (Scheme 2).
organic-soluble guanosine derivatives by functionalizing the However, due to the line broadening and the low sensitivity of
hydroxyl groups on the ribose, which allowed us to carry out NMR signals of the reaction mixture at100°C, we could not
low-temperature photosensitized oxidation and detect transientobtain clear NMR spectra in reasonably short times. Prolonged
intermediated-28Using low-temperature NMR, Sheu and Foote  NMR acquisition yielded the spectrum of the final prodéct

reported the identification of diastereomeric endoperoxidas (
2b) in the low-temperature photosensitized oxidatiet®(Q °C)
of 2',3,5-0O-(tert-butyldimethylsilyl)-8-methylguanosine).28
Additionally, diastereomeric dioxetands and4b were iden-
tified in the photosensitized oxidation-80 °C) of 2,3,5-
O-(tert-butyldimethylsilyl)-7,8-dihydro-8-oxoguanosine3)(
(Scheme 1}! A major final product with an oxidized imidazole

along with a complex mixture of other products.

There are several advantages of using@dabeled gua-
nosine. (1) The sensitivity of th&C NMR signal is greatly
increased, making it suitable for detection of unstable intermedi-
ates in a short time. (2) Because of the large differences in
intensity between the &C and other unlabeled carbons in the
reaction mixture, we could greatly simplify the spectrum of the

ring was characterized from the photosensitized oxidation of reaction mixture by choosing conditions under which only the

2',3,5'-O-(tert-butyldimethylsilyl)guanosiné? However, no
transient intermediates were detected (Scheme 2).

signals of thé-*C-labeled carbons are visible. (3) The one-bond
and long-range €H scalar couplings between thel& and

In the present paper, we report the results of the photosen-various H atoms (which cannot be obtained in unlabeled

sitized oxidation €—100 °C) of an 813C-labeled derivative,
2',3,5'-O-tert-butyldimethylsilyl-N-tert-butyldimethylsilyl-8-

guanosine at low temperatures within a short time) should
provide valuable information about the structures of the transient

13C-guanosine (8%C-guanosine; Scheme 3). Two transient intermediates. (4) Detection d8CO, would unambiguously
intermediates were detected € NMR and assigned carbamic  confirm that it derives from the 8-C.

acid structures. Both intermediates decompose to form 8-CO
and the imidazole ring-opened proddctharacterized previ-
ously?® A mechanism that involves endoperoxide and dioxirane Synthesis of 81%C-Guanosine.Taking into consideration the
intermediates is proposed based on our experimental resultsfact that that 8-C of guanosine is the carbon where many
(Schemes57). In previous studi_es, HPLC and silica gel column photooxidations take pladé?23283033 e synthesized'8-13C-
Ch,romatograPhy were used to |sol.ate.the produpts of phOtosen'guamosine using a modification of literature procedures (Scheme
sitized oxidation before characterizati®i° The yields of the 3)3435 Treatment of sodiuniC-formate with morpholine and

products thus isolated are usually low (less than 60%), which HCI gave morpholiniumt3C-formate, which, when heated with

Results
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2,4,5-triamino-6-hydroxypyrimidine sulfate at 10@€, gave
formyl 2,4,5-triamino-6-hydroxypyrimidine, presumably via
N-formylmorpholine. The reaction mixture was further heated
to 200 °C, resulting in 83C-guanine. Protecting the amino
group of 823C-guanine with a palmitoyl group and then coupling
with tetraacetylribofuranose followed by deprotection of the
sugar gave 83C-guanosine. Without separation, the3g- JL
guanosine was treated with a large excess of TBDMS chloride, b e | i s300"

which allows easier separation and purification of the final
8-13C-guanosine.

The 843C-labeled guanosine derivative was fully character-
ized by'H NMR, 13C NMR, and MS (see Experimental Section
and Supporting Information for details). The €8 is split into
a doublet by the adjacent 8€ (Jc-n = 212.3 Hz). The
corresponding 8%C is also split by the C8H (Jc—n = 212.0
Hz). The IH-13C HMQC spectrum shows coupling between
C8—H and 823C. The C1—H becomes a doublet of doublets
(J1 = 5.2 Hz,J, = 7.8 Hz), indicating a three-bond coupling
between the 83C and the C=H, which is confirmed by the
IH—13C HMBC spectrum showing the cross-peak betweé#Cs-
and C1—H. The13C abundance estimated from MS is almost
96%.

Low-Temperature Photooxidation. The photosensitized
oxidation of 8%3C-guanosine was carried out in GBjs at

i
o,
oot

164.0 154.3

160 150

1455

ppm . 170 140 130 120

Figure 1. Disappearance of two transient intermediates at 145.5 and 164.0
ppm and increase of Gt 124.6 ppm with temperature and time. Asterisk
indicates spectrum retakel h after the first spectrum at the same

temperature.

—100°C, these peaks remain unchanged un#iD °C (203 K)
where the peaks at 145.5 and 164.0 ppm begin to decrease and
the CQ peak begins to increase. The two transient peaks
completely disappear at43 °C (230 K). The 154.3 ppm peak

<—100°C with 2,9,16,23-tetraert-butyl-19H,31H-phthalocya- remains unchanged, and no other peaks are formed during this
nine as photosensitizer, using a chromium glass filter to cut off process. Figure 1 is the stacked spectra of the reaction mixture
light with wavelength below 540 nm, with a Cermax 300-W from —70 (203 K) to —53 °C (223 K) and shows the
xenon lamp as the light source. After several hours of photolysis, disappearance of the two transient peaks and the increase of
the reaction mixture was kept in liquid.Nind then placed in  CO, (124.6 ppm) with temperature and time. On the basis of
the precooled NMR probe for analysis. THE NMR spectrum the fact that no neWC peaks appear during the decomposition
shows clear peaks at low temperature and was used in this studyof the two transient compounds and only £iQcreases, we
IH NMR is not informative because of the severe line broaden- conclude that both transient compounds decompose to form
ing at low temperature. CO,. Product5 was also formed in the reaction and was
The®*C NMR spectra were taken at temperatures frefi©00 spectroscopically identical to our previous rep8itaking into
°C (173 K) to room temperature. Five NMR peaks were detected account the formation of produds, we propose that the
at—100°C, 124.6, 134.6, 145.5, 154.3, and 164.0 ppm. Under decompositions of the two transient compounds lead to both
the NMR acquisition conditions<0.5 h), only the labeledC and CQ directly (Scheme 4).
peaks appear, each peak representing one compound. The 134.6 To further explore this suggestion, we quantitatively followed
ppm peak corresponds to the unreacted guanosine derivativethe NMR peak changes of the reaction mixture with temperature
The 124.6 ppm peak is characteristic of £®he other three and time by integrating th€C NMR peaks. Figure 2 shows
peaks belong to new products. As the temperature rises frommore clearly that, as the temperature changes, the intensities of

J. AM. CHEM. SOC. = VOL. 124, NO. 17, 2002 4867
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Figure 2. Change of NMR peaks with temperature and time. Intensity Figure 3. Comparison of intensity increase of @@t 124.6 ppm with the
relative to internal acetones (207.1 ppm, intensity set to 10). Asterisks  total intensity loss at 164.0 and 145.5 ppm as the temperature and time
indicate spectra retakel h later. change. Intensity relative to internal acetag207.1 ppm, intensity set

to 10). Asterisks indicate spectra retake h later.

Scheme 4
6 -
1
0,
HN
)&MH [EE— D’,D_D_——D——D—D—ﬂ—ﬂ——u—u———ﬂ—ﬂ
NT N
R

W

R= O\Bi/OTBDMS —O—Total of Intensity at 164.0,
TBDMS 145.5, 124.6 ppm

OTBDMS

w
1

TBDMSHN

N
1

Intensity
w

N
L

—3—154.3 ppm

+ €Oy

N | 173K 183K 183K 193K 193K 203K 213K 213K 220K 220K 230K 240K
R again® again* again® again®

I
=
>\_‘€:o

z =

T I

o -
.

Two intermediates —— J\
TBDMSHN

Figure 4. Comparison of total intensity of two transient intermediate peaks
. . at 164.0 ppm 145.5 ppm and G@t 124.6 ppm with the intensity of peak
the two transient peaks at 164.0 and 145.5 ppm remain constant 154.3 ppm as the temperature and time change. Intensity relative to

until =70 °C (203 K), where both peaks begin to decrease and internal acetoneks (207.1 ppm, intensity set to 10). * Spectra retaken 1 h
completely disappear at43 °C (230 K). The total area of the ~ later-

transient pe_aks at 145.5 and 164.0 ppm decrease at the samg,qm thelH NMR spectrum, we also obtained 460% yield
rate as the increase of the gPeak at 1024'6 ppm. The GO ot the final product5. The two matched yields and the
peak does not change from43 to —33 °C (240 K), which  5psenation that the decomposition of two transient intermediates
indicates that no more GOis formed after the complete . 1455 and 164.0 ppm and production of Ogcur simul-
decomposition of the two transient compounds. Figure 2 also taneously lead us to the conclusion tband CQ are directly
suggests that the two intermediates have similar lifetimes. The yerived from the two transient intermediates (Scheme 4).
peaks of the unreacted guanosine at 134.6 ppm and the other >5 NMR spectra {H—12C HMQC andH—13C HMBC) of
product at 154.3 ppm do not change during the whole Process.g 13c.guanosine show one-bond-& coupling between 83C

Our suggestion that CQromes solely from the decomposi-  and 8-H and three-bond coupling betwee®*8-and 1-H of
tions of the two transient intermediates is further confirmed by the sugar. After photolysis, HMQC at100°C shows that the
Figure 3, in which we compare the total intensity decrease of one-bond couplings are lost for all the resulting peaks in the
the two transient peaks at 164.0 and 145.5 ppm with the intensity reaction mixture except that of the starting guanosine, which
increase of C@at 124.6 ppm as a function of temperature and indicates that 8-H is lost in all the products even-t00 °C.
time. It is apparent that the intensity gain of £& 124.6 ppm  The !H—13C HMBC of the reaction mixture at70 °C (203
is almost the same as the total intensity loss of peaks at 164.0K) displays a long-range coupling between thHeHland the
and 145.5 ppm as temperature or time changes. After the13C in only one of the two transient intermediates, the one with
complete decomposition of the two transient intermediates, the the resonance at 145.5 ppm. No long-range coupling is observed

intensity of the C@ peak does not change. for the product with the chemical shift at 164.0 ppm. Since the
If CO, comes solely from the decomposition of the two NMR spectra of the final produd& shows no loss of the sugar
transient intermediates, the total intensity of £&nd two moiety, and there is no loss of sugar peaks in the FAB-MS

transient peaks should not change during the process. Figure 4pectrum of the reaction mixture, the 8-8-N bond must have
shows that total intensity of the two transient peaks at 164.0 broken for the product with chemical shift at 164.0 ppm.

and 145.5 ppm and CGCat 124.6 ppm does not change with CO; Formation. The formation of CQ was confirmed by
temperature and time, nor does that of product at 154.3 ppm.GC/MS. CQ (44 m/z) was detected by warming the reaction
We estimate from Figure 4 that45% of 1°C atoms are mixture after the photosensitized oxidation of the unlabeled
incorporated into C@and~55% into the product at 154.3 ppm.  guanosine derivative at belowl00 or—80 °C. 13CO, (452

4868 J. AM. CHEM. SOC. = VOL. 124, NO. 17, 2002
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Table 1. Distribution of Isotopic CO2 Resulting from oxoguanosine, which has resonances at 155.0 and 155.4 ppm
Photosensitized Oxidation of Guanosine 14 but has significant differences from the spirodiiminohydantoin
“Co, #co, #9C0, Hco, €0, in other parts of the spectruth The two diastereomers of this
experimertt 100 0 1.22 : 0.90 00 1 2.24 compound could account for some of the complexity of the peak.
2-0ed 100 ©115 064 0 :2.28 We were not able to resolve the other peaks, but note that many

1o 100 -209 48 1009 012 of the products of further degradation that have been observed

a See Experimental Section for the details of the calculatibReaction (guanidinohydantoin (Gh) and iminoallantoin (la) (156.3, 157.2
mixture at room temperatureif@ h after photolysis at—100 °C, after ppmYy®) have peaks in this region.
correction for CQ in air. ©2-O was calculated based on the assumption
that both O atoms come from one @olecule.? O, experimental abundance  Discussion
320,:3%0,:%40,:3%0, = 100:0:0.98:5.40, naturdfC:}3C = 100:1.10, based
flihltgg gtsfgg‘ng“tg?nthjglﬂzeC?}gtﬁasl%%;);tﬁgumﬁéﬁ 4%825%?:2524?6%0? Singlet oxygen reacts with nucleic acids almost exclusively
45CQ= 100:1.18:0.2:0? 1-0 was calculated on the basis of the éssuhption at the guan_ine r_eSidue’ and the five-membered imi_d_aZO|e ring
that the two O atoms come from two differens ®olecules. is the reactive site. Both [4 2] and [2+ 2] cycloaddition to
form endoperoxide and dioxetane intermediates have been
suggested for photosensitized oxidation of guanos#é We
did not succeed in our attempt to detect directly either
intermediate in the photooxidation of the guanosine-a00
°C, suggesting that any such intermediate must rearrange very
rapidly even at this temperature, if it is formed at all. However,
we observed two transient intermediates which are most
probably derived from the endoperoxide.

According to the experimental observations, the two transient
intermediates have chemical shifts at 145.5 and 164.0 ppm, have
Similar lifetimes, and are not oxidative. Both decompose directly
to 5 and CQ, and neither has H attached to the 8-C. The
intermediate with a chemical shift of 145.5 ppm has a three-
bond C-H coupling between 8-C and-H of the sugar, but
the intermediate at 164.0 ppm has no such coupling. On the
basis of these results, we propose the carbamic acid structures
6 and 7 for the two transient intermediates (Chart 1). It has
been reported that the chemical shifts of carbonyls in compounds
with similar C=N—COO structures are above 161 pgf38
and the chemical shifts of carbonyls in compounds with-NH
COO structures are-150 ppm39-42 (Chart 2), which correlate
very well with our structure assignments. Compoufidsd7
readily decompose to forrb and CQ. They would not be
expected to react with either dimethyl sulfide or triphenylphos-
phine. Neither has H directly connected to 8-C. The proposed
structures are further substantiated by the observation in the
HMBC that coupling between the 8C and 1-H exists in6
145.5 ppm) but not irY (164.0 ppm), which shows the 8-C

-N bond exists in6 but is broken in7. Two other possible

was observed from the reaction mixture of%&-guanosine,
which provides additional support for our suggestion that the
8-C is converted t3°CO,.

To examine how @is incorporated into the resulting GO
we carried out photosensitized oxidation of the guanosine
derivative with80,-enriched Q (320,:340,:360 = 100:0.98:
5.40). The resulting isotopic CQvas analyzed by GC/MS, and
the results are summarized in Table 1. The experimental
distribution of CQ isotopomers (“experiment”) is almost the
same as that calculated by assuming that the two oxygen atom
of CO, come solely from the same oxygen molecule (2-O). On
the other hand, the CQistribution calculated on the assumption
that the two oxygen atoms come from two different oxygen
molecules (1-0) is very different from our experimental data,
especially the fraction of®CO,, which is 5 times larger, and
that of 48C0O,, which is 18 times smaller than experiment. It is
apparent from this result that the two oxygen atoms of @@
derived solely from one oxygen molecule.

Trapping Study. We carried out several trapping studies in
order to trap any possible transient oxidizing intermediates.
Me,S was introduced to the reaction mixture immediately after
photolysis and no MO was detected. When we added $Ph
to the reaction mixture a+80 °C, all thel3C peaks remained
intact. We also carried out co-photooxidation of guanosine with
PhS, and no P$80 was observed. The trapping studies suggest
that the two transient intermediates with chemical shifts at 145.5
and 164.0 ppm are not oxidizing since none of the trapping
agents were oxidized and neither peak changed in the presenc

of PPh’". The fact that PfS was not oxidized n the co- __structures for the two transient intermediates&amd9, which

photooxidation of guanosine indicates that the species precedlngcan decompose t6 and CQ. We rule out these structures
the two intermediates is either not oxidizing or decomposes so because the chemical shiftsa;andg are not expected to differ
rapidly that oxidative pathways cannot compete. by 20 ppm. Furthermorel and 9 would not be expected to

S(;ruiturﬁ Of.thT Sht.?tbllz 4M; jor Product. The ?etz%(r)noa(j:or give CQ; at these low temperatures, and there is no obvious
product (chemical shi -3 ppm) was genera ; route for their formation. In the photosensitized oxidation of a

The 8‘13(.: peak.was broa_ld and_probably consigted of multiple 13C-labeled imidazole, we identified the ring-closed form
peaks with similar chemical shifts. Upon warming-t@3 °C, (Scheme 9B) of the carbamic acid as the precursor to £O

this peak split into a sharper peak at 155.5 ppm and a broaclformation.29 It is possible that and 7 are also in the closed
peak at 155.0 ppm. The sharper peak persisted as we raised the

temperature to room temperature. At the same time, the broad(ge) Swenton, J. S.; Biggs, T. N.; Clark, W. Nl.Org. Chem1993 58, 5607
peak became broader and several smaller peaks appeare L %/%:l- 3 Guy, L. Sterin, S.; Collet, Al, Org. Chem1993 58, 4704
between 153.0 and 164.0 ppm. The sharper peak (155.5 ppm)~ " 4793 " 7' " T T '

)
is very similar to that of the compound originally assigned the (38) Kanazawa, A. M.; Denis, J. N.; Greene, A..E.Org. Chem1994 59,
)

1238-1240.
structure 4-hydroxy-8-oxo-dG (155.6 ppm for C8) by Ravanat (39) Davidsen, S. K.; May, P. D.; Summers, J. B.0rg. Chem.1991, 56,

i i i 5482-5485.
an'd 'Ca'déﬁ'and more Gr;(:ently reassigned as diastereomeric 40) Litzen, A.; Kdl, P. Tetrahedron: Asymmetry997 8, 1193-1206.
spiroiminodihydantoing®2’ The peaks at 154.3 ppm could also  (41) Morales-Ros, M. S.; Marmez-Galero, N. X.: Loeza-Coria, M.; Joseph-

i i _di A _Q_ i i Nathan, PJ. Org. Chem1995 60, 6194-6197.

be identical to the 4’8_ dihydro-4 hyd_rOXY 8 oxoguanpsme di 42) Suaez-Castillo, O. R.; GafaVelgara, M.; Morales-Rss, M. S.; Joseph-
astereomers formed in the photooxidation of 7,8-dihydro-8- Nathan, PCan. J. Chem1997, 75, 959-964.
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Chart 1
NH
HN H
A L % ﬁ
TBDMSN™ "N N1' ¢ TBDMS
\SE/OTBDMS o
TBDMSO.
OTBDMS TBDMS
6, 1455 ppm 6a
TBDMSN)\ TBDMSHN)\
1
OTBDMS
TBDMSO
OTBDMS TBDMSO
7,164.0 ppm 7a
Chart 2
\N/
Ao

C=0 chemical shift

Q

H
N
0 18
TBDMSHN N~ 0
1
OTBDMS o OTBDMS
OTBDMS TBDMSO OTBDMS
H
N\(O
/EO o8
TBDMSHN N
1
' o) OTBDMS
OTBDMS
TBDMSO.
OTBDMS
OTBDMS
9

in ppm 153.3° 150.6° 151.9° 152.0¢
m
e
x> P P
A i .
o NG oé S
MeO OMe
C=0 chemical shift
chemical shi 163,40 16177 162.59

in ppm

aReference 39 Reference 41¢ Reference 409 Reference 42¢ Reference 36" Reference 389 Reference 37.

form 6aand7a However, we cannot differentiate between the
open and the closed forms based solely cHBNMR data.
Taking into account the results from tH© experiment that
the two oxygen atoms of 8-GOcome solely from one ©
molecule, the most likely precursor to the two observed
intermediates @ and 7) could have a dioxirane structut.
Initially one O atom of Q attaches to the 8-C, and then the

Calculations by Hoffmann et &f. show that the dioxirane
CO,(NH,), is a high-energy metastable molecule. Adiabatic
decomposition of this compound to GON,, and H is
accompanied by the release ofL80 kcal/mol energy. The
decomposition pathway is so efficient that the dioxirane cannot
accumulate in the reaction mixture. The absence of oxidized
trapping agents may be due to the low concentration of the

second O atom must attach to the same carbon without breakingyjoxirane during the photooxidation as a result of its instability.

the O-0 bond. If the G-O bond breaks before the second O
attacks the 8-C, we would expe®O scrambling in the C®
Under the experimental condition) does not build up in the
reaction mixture but rapidly rearranges €and 7. Some
probably also decomposes directly to 8-Cé&hd 5, since we
observed that, even atLl00°C, there is already a certain amount
of CO, and5 present in the reaction mixture (Scheme 5). An
alternative explanation (as pointed out by a reviewer) for the
incorporation of two O atoms from a single; @to the CQ
involves the formation of a caged pair (radical or ionic) from
O—0 cleavage of the hydroperoxid4. This could in principle
produce6 and?. The absence of scrambling of the O-atom label
in the CQ formed requires that there be almost no diffusion
out of the cage, which could be possible at low temperature.

4870 J. AM. CHEM. SOC. = VOL. 124, NO. 17, 2002

Compoundll could be formed by rearrangement of endoper-
oxide 13 via intermediatel 2 (a similar intermediate was shown

to be the rearranged product of the 2,5-endoperoxide in the low-
temperature photosensitized oxidation of 4,5-diphenylimida-
zole*®) or directly from 13 (Scheme 6). Support for the
rearrangement froni3 to 11 comes from the fact that this
guanosine derivative reacts with the singlet oxygen mimics,
N-phenyl-1,2,4-triazoline-3,5-dione (PTAD) ahemethyl-1,2,4-
triazoline-3,5-dione (MTAD) to form hydroperoxide analogues
whose structure was established by X-ray crystallography

(43) Song, J.; Khait, Y. G.; Hoffmann, M. R. Phys. Chem. A999 103 521—
526.
(44) Kang, P.; Foote, C. S. SubmittedioAm. Chem. Soc.
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Scheme 5
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(Scheme 7%° Hydroperoxidel 1 undergoes ring closure to give  ylimidazole decomposes to the starting material while the 2,5-
dioxirane10. endoperoxide of 4,5-diphenylimidazole decomposes to a com-
The presence of a labile 8-H or NH is important for the plex mixture of products (Scheme ®).When the labile
rearrangement of the endoperoxide to form the decomposedhydrogens are not present, the endoperoxides are more stable.
products. Substitution of the 8-H with methyl in the photosen- The 2,5-endoperoxide of 4,5-diphenylimidazole begins to
sitized oxidation of 8-methylguanosine TBDMS derivative decompose at—88 °C whereas that fromN-methyl-4,5-
causes the endoperoxide formed at low temperature to bediphenylimidazole is stable untit28 °C. The endoperoxide of
relatively stable and undergo a retro-Dielsider reaction to the 8-methylguanosine was observed-&0 °C and did not
regenerate the starting 8-methylguanosine and singlet oxygen
upon warming® The 2,5-endoperoxide of-methyl-4,5-diphen- (45) Kang, P.; Foote, C. Setrahedron Lett200Q 41, 9623-9626.
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Scheme 8 observed two transient intermediates that decompose directly
to the final major producs and CQ. Carbamic acid structures
HN /“gvMe -30 °C HN ry are proposed for the two intermediates based od¥BeNMR
NJ\\N Ny PN | Me + 1o, and 2D NMR tH—13C HMQC, HMBC) spectra and the
2 - N '|\‘ formation of final product5 and 8-CQ. Although neither
R R endoperoxide nor dioxetane intermediates were directly detected
p P by low-temperature NMR spectroscopy even-dt00 °C, we
':j\fhgf"' 228 °C ;)I\ng + 1o, propose a reaction mechanism that involves initialH{42]
P L NO P N cycloaddition of singlet oxygen with the imidazole ring to form
© ll/le ,\I,,e an unstable endoperoxide, subsequent rearrangement of the
endoperoxide to a dioxirane via a ring-opened peroxide, and
Scheme 9 decomposition of the dioxirane to the two observed intermedi-

Hz ates. The!80 experiment strongly suggests that a dioxirane is
Y [P s
S S 0
p H hv, Sens, O, p =N OH P =N
B

a likely structure for the precursor of the two observed
A

intermediates. This novel dioxirane distinguishes itself from
other dioxiranes by decomposition without appreciable oxidative
ability at low temperature. The distribution of products estimated
by 13C NMR accounts for all thé3C-containing products. The

decompose untit-30 °C. In the guanosine derivative, where g|ycidation of the structure of the compound (probably a
both a labile 8-H and a labile NH on the six-membered ring gjastereomeric mixture) with thEC chemical shift of 155.5

are present, we could not observe the endoperoxide even abnm requires further investigation, but seems consistent with

—100°C. the spiroiminodihydantoin.
Recently Tannenbaum et al. found the major product of

photosensitized oxidation of guanosine in aqueous media to beExperimental Section

spiroiminodihydantoin instead of 4,8-dihydro-4-hydroxy-8- 14 NMR and®3C NMR spectra were recorded on Bruker ARX-400,
oxoguanosine previously assigned by C&ddthe structure of ARX-500, and Avance 500 spectrometers. Low-temperature NMR
spiroiminodihydantoin was unequivocally confirmed b@ele- spectra were taken in a precooled probe maintained at the desired
tive Inadeuate experiment carried out by Adam et 4l The temperature. The solvent for low-temperature NMR was EBwith
spiroiminodihydantoin is the ubiquitous oxidation product of several drops of acetortg-added as reference (the chemical shift of
dG by metal-based one-electron oxidants, triplet ketones, singletthe carbonyl was set to 207.1 ppm) and locking solvent. GC/MS spectra
oxygen, and oxyl radicals. However, the mechanism of the were recorded on a HP GlE}OO A GCD with HP-5 GC column (cross-
formation of spiroiminodihydantoin from a singlet oxygen I|nk§(_i 5% phenyl methyl siloxane, 30 m 0.25 mm x 0.25 xm).
reaction is not certain. A major product from photosensitized Positive ion FAB mass spectra were collected on a VG ZAB-SE reverse

idati f L I . I d geometry, extended mass range, magnetic sector mass spectrometer.
oxidation of guanosine in nonpolar organic solvent under very Thin-layer chromatography (TLC) was done using either DC-Fertig-

mild conditions is5, whereas the main products from photo-  y|atten Kieselgel 60 F254 or DC-Plastikfolien Kieselgel 60 F254 from
sensitized oxidation of'Zleoxyguanosine in aqueous medium E. Merck. Column chromatography was performed on silica gel 60,
are the diastereomers of spiroiminodihydantoin. The reason for 70-230 mesh or 238400 mesh from E. Merck.
this difference is not clear. However, in both cases, the yields  Materials. CaH, AICI3, palmitoyl chloride N,N-dimethylformamide
are less than 50%. (DMF), chlorobenzene, and dibromodifluoromethane were from Al-
In a detailed mechanistic study of low-temperature photo- drich. 2,4,5-Triamino-6-hydroxypyridine sulfate, 1,2,3,5-teracetyl-
sensitized oxidation of an isotope-labeled imidaZélee found ~ A-D-ribofuranose, morpholine, antert-butyldimethylsilyl chloride
many similarities with the oxidation of guanosine. In that (TBDMSCI) were from Sigmai“*C-Sodium formate’fC >99%) was
reaction, we characterized a transient intermediate as aAljol ( from Isotec Inc. NgQ;, KOH, MeOH, EtOAC, CHCl,, and CHCN

; L were from Fisher. Deuterated solvents were from Cambridge Isotope
that dgcomp_oses to QQI.a a_carba_mate der_lvatl\_/BI (Scheme . Laboratory. Anhydrous DMF was prepared by stirring DMF with GaH
9). It is possible that a diol is the intermediate in the guanosine

2 E o overnight and distilled under reduced pressure. Chlorobenzene was dried
reaction instead of the dioxirane. with Linde 4A molecular sieves. Dry pyridine was prepared by standing
The peaks at 155.5 ppm may well be that of the spiroimino- with solid KOH (20 g/kg) followed by distillation. CBE, was purified
dihydantoir?® or of the 4,8-dihydro-4-hydroxy-8-oxoguanosine by distillation.
(155.0 ppm) observed by Sheu et al. in the low-temperature  Preparation of Morpholinium 3C-Formate. To sodium 3C-
photooxidation of 7,8-dihydro-8-oxoguanosine derivative. The formate (0.500 g, 7.3 mmol) in 5 mL of distilled water was added
FAB-MS spectrum of the reaction mixture did not show this 0.75 mL of 12 M HCI. Freshly distilled morpholine (0.696 g, 8.0 mmol)
peak, and the only observed peak was tha.dfiowever, our was added dropwise to the acid solution at@ The solution was
conditions could have caused loss of this compound. OtherSti”ed for 1.5 h and evaporated to dryness under reduced pressure.
possible products in the complex peak could be Gh and Ia Absolute ethanol was added to the solid residue and filtered to separate

NacCl. The filtrate was washed with ethanol. The combined solution
(156.3, 157.2 ppm) reported by Burrows et al. from the one- was evaporated and used directly for the next stépNMR (CDCl;

electron oxidation of 7,8-dihydro-8-oxoguanosfeFurther 6 7.26 ppm)o 8.41 (1H,Je_n = 200.6 Hz, H¥C=0), 8.06 (2H, s

experiments are needed to identify these products. NH,), 3.97 (4H, t.J = 5.0 Hz, CHO), 3.21 (4H, tJ = 5.0 Hz, CHN);
13C NMR (CDCl, 6 77.0 ppm)d 168.40 (1C13C=0, Jc_y = 200.7

Conclusion
_ _ _ Hz), 63.74 (2C, ChD), 43.32 (2C, CEN).
In the reaction of singlet oxygen with an '8z-labeled Preparation of 8-1°C-Guanine. 2,4,5-Triamino-6-hydroxypyrimi-
guanosine derivative at low temperature 100 °C), we dine sulfate (0.50 g, 2.09 mmol) was mixed with morpholiniti@-
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formate and heated at 10CQ in an oil bath for 1.5 h. The temperature  gave almost the same integration as tHedecoupling method. These
was then raised to 20TC and heating continued for a further 2.5 h.  experiments also showed that the intensity o, @@ not change from
Excess formyl reagent was recovered by refluxing the reaction mixture —90 to —20 °C, which suggests that GQvas still dissolved in the
with absolute ethanol. &C-Guanine was filtered from the ethanol solvent. Since we were following the same carbons in the reaction
solution (0.39 g, 75% yield)H NMR (D,O and NaODY) 7.62, 7.22 mixture, integratingH-decoupled*C NMR peaks can provide reliable
(1H, C8-H, Jc—n = 195.9 Hz);*3C NMR (DMSO-ds, 4 39.40 ppm)) information about concentration changes in the reaction mixture.
149.52. Quantitative studies usintH-decoupled*C NMR spectra have also
Preparation of N?-Palmitoyl-8-13C-Guanine. To a suspension of been reported in other cas¥s’
8-13C guanine (0.30 g, 1.97 mmol) in 15 mL of dry pyridine was added ~ CO, Distribution and an 80, Tracer Study. Photosensitized
palmitoyl chloride (1.20 g, 4.36 mmol), and the reaction mixture oxidation was carried out in the same manner as above. After the
refluxed overnight. Pyridine was evaporated under reduced pressure.solution in a 5-mm NMR tube was purged with argor, gas was
The residue was put in absolute ethanol (100 mL) and refluxed for 2 introduced into the solution by a gastight syringe every 0.5 h. The NMR
h. The solution was filtered while hot. The filtrate was washed with tube was capped with a septum rubber cap. After completion of
hot ethanol and dried to give*-palmitoyl 843C-guanine (0.44 g, 57%).  photolysis, the NMR tube was slowly warmed to the desired temper-
Preparation of 2',3,5-O-tert-Butyldimethylsilyl- N-tert-butyldi- ature. A gas sample above the solution was taken with @l 2§astight
methylsilyl-8-**C-guanosine. N*-Palmitoyl-8+°C-guanine (0.585 g,  syringe and analyzed by GC/MS. The data shown in Table 1 are the
1.50 mmol), 1,2,3,5-tetr®-acetylf-p-ribofuranose (0.382 g, 1.20 mean values of four to five determinations that are with®o from
mmol), and AIC} (200 mg, 1.50 mmol) was refluxed in dry chlo-  the mean value. The measurements of¥8©,/4CO; ratio were carried
robenzene (40 mL) for 4.5 h. The reaction mixture was evaporated to out at room temperature using the'®-guanosine derivative and
dryness under reduced pressure. The residue was stirred in 80 mL ofnormal oxygen. The CQisotopic distribution was measured at room
H2O overnight. The water solution was filtered and water was temperature using unlabeled guanosine derivative 8@genriched
evaporated. To the residue were added DMF (4 mL) and TBDMSCI. O, gas $20,:3%0:%0, = 100:0.98:5.40). The CfOdistribution was

The solution was filtered into a 10-mL round-bottom flask. Imidazole calculated as follows.

(0.90 g, 13.2 mmol) and additional TBDMSCI (combined weight of

(1) 2-O: Assuming that the two O atoms of the resulting,€@me

0.99 g, 6.6 mmol) were added. The reaction mixture was stirred under from one @ molecule and using natural carbon distributié@:13C =
Ar for 4 days. The resulting mixture was poured into EtOAc and water. 100:1.10, the C@distribution is#C0y45C0O, :46C0O, 45CO, = 100:

The organic layer was dried over anhydrous®@, and evaporated.
Column chromatography (2:1 GHI, and CHCN) gave 23,5-0O-
tert-butyldimethylsilylN-tert-butyldimethylsilyl-843C-guanosine (0.110
g, 10%): *H NMR (CDCl;) 6 12.37 (1H, s, N+H), 8.07 and 7.68
(1H, d, C8-H, Jc-w = 212.3 Hz), 6.00 (1H, dd}, = 5.2 Hz,J, = 7.8
Hz, CI—H), 5.21 (1H, s, C2NH), 4.37 (1H, dd,J = 4.2 Hz, 4.3 Hz,
C2—H), 4.14 (1H, dJ = 4.2 Hz, C3—H), 4.01 (s, C4-H), 3.76 (2H,
dd,J = 8.0 Hz, 2.4 Hz, C5-H), 0.98, 0.94, 0.93 (s, 36 Hiert-butyl),
0.12, 0.11, 0.09, 0.08, 0.06, 0.05 (24H, s, 6M&L, NMR (CDCk) 6
158.13 (s, C6), 154.66 (s, C2), 152.41 (s, C4), 134.68 (sJER, =
212.0 Hz), 116.94 (s, C5), 86.22 (s, '§;1B4.67 (s, C3, 76.81 (C2),
73.46 (s, C3, 63.70 (s, CH, 26.41, 25.79, 25.52, 25.38CBCH)s3),
18.30, 17.78 (s, G(CHg)s), —5.01, 5.80 (6CH); FAB/MS m/z 741.5
[M + H]*. The*C abundance estimated from MS is almost 96%.
Photosensitized Oxidation of 23,5-O-tert-Butyldimethylsilyl-
N-tert-butyldimethylsilyl-8- 1*C-guanosine A total of ~20 mg (0.027
mmol) of 2,3,5-O-tert-butyldimethylsilyl-N-tert-butyldimethylsilyl-
8-13C-guanosine in 0.5 mL of CBF, in a 5-mm NMR tube was
irradiated below—100 °C (in a slush of 1:1 THF, MeOH, and liquid
N,) with ~5 x 1075 M 2,9,16,23-tetraert-butyl-19H,31H-phthalo-

cyanine as sensitizer and a Cermax 300-W xenon lamp as the light

1.10:0.98:5.40. IféCQO; is derived solely from the 8-C, then the ratio
of CO, derived from 8-C to C@derived from other carbons is equal
to the ratio of#%CQO, to “CO, which is 1:1.37 obtained from the
photooxidation of 8¥C-guanosine at-100 °C and warmed to room
temperature. Assuming the distribution of €@erived from carbons
other than 8-C is the same as the natura} @iStribution*/C0,:4°CO,
46CO, #8CO, = 100:1.18:0.4:0, then the corrected £distribution is
H“COCO, *5CO, :48CO, = 100:1.15:0.64:2.28.

(2) 1-O: Assuming that the two O atoms of the resulting,CO
come from two @ molecules and using natural carbon distribufiéx
13C = 100:1.10, the C@distribution is*COx:4*CO; :46CO, :47CO,:48-
CO, = 100:3.06:10.83:0.22:0.29. After the correction for Qi@rived
from carbons other than 8-C, the g@stribution is**CO,:4°CO, :#6CO,
47COx%8CO, = 100:2.09:4.80:0.09:0.12.

In the above calculations, we assume @k consists of twd’O.
340, could also consist of on®O and onetO. In that case, the 2-O
result is the samé*C0O,:*5CO; :46CO, :*8CO, = 100:1.15:0.64:2.28;
1-0 is*COx:4CO; #6CO, :48CO, = 100:1.15:5.17:0.15, which is not
much different from the above calculation.
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Supporting Information Available: H NMR, 33C NMR, H—
13C HMQC, and'H—'2C HMBC spectra of 83C-guanosine;
13C NMR, H—-13C HMQC, and'H—13C HMBC spectra of the
reaction mixture at-70 °C (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.

MS: m/z 729.4, 12 mass units less than that of the starting material. j0012038x

Quantitative analysis of th&C NMR spectrum was carried out by
integrating'H-decoupled*C NMR peaks with a pulse delay of 2 s. A

(46) Mareci, T. H.; Scott, K. NAnal. Chem1977, 49, 2130.

control experiment showed that the inverse gating acquisition method (47) Allerhand, A.; Doddrell, D.; Komoroski, Rl. Chem. Physl971, 55, 189.
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