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A nanosecond time-resolved resonance Raman (i#-SRectroscopic study of the reactions of the
2-fluorenylnitrenium ion with several C8-substituted guanosine derivatives is reported. Flspddra show

that the 2-fluorenylnitrenium ion reacts with the C8-substituted guanosine derivatives (C8-methylguanosine
and C8-bromoguanosine) to produce C8 intermediates with the methyl and bromine moieties still attached to

the intermediate species at the C8 position. The C8-bromoguanosine species was observed to be less reactive

toward the 2-fluorenylnitrenium ion compared to the guanosine and C8-methylguanosine species. Comparison
of the TR spectra to the results obtained from density functional theory calculations was used to characterize
the C8 intermediates observed to learn more about their structure and properties. The implications of these
results for the chemical reactivity of arylnitrenium ions toward substituted guanosine derivatives are briefly
discussed.

Introduction reactions of the 2-fluorenylnitrenium ion with several C8-

N . . substituted guanosine derivatives. We observed intermediates

Because arylnitrenium ions are thought to be key reaction : Lo T .
formed from the reactions of the 2-fluorenylnitrenium ion with

intermediates in the chemical carcinogenesis of aromatic amines’c&bromo Lanosine and C8-methvlauanosine and compare the
there has been a great deal of interest in studying their properties 9 Y9 P

and reaction$- 18 Some arylnitrenium ions have been found to results obtained for the vibrational spectra, structure, and
be selectively trapped by guanine bases in DNA, and in many properties to those previously reported for the analogous reaction

: s ‘ -
cases these reactions produce noticeable amounts of CéN'th. .guanosmé. The bromine atom substitution at the C?’
adduct$-1014.18AryInitrenium ions are typically very reactive position was found to moderately influence the 2-fluorenylni-

. . X e ! - - trenium ion reaction with C8-bromoguanosine compared to the
and short-lived species which are difficult to investigate in room- . : ; ; ;
. . reactions with guanosine and C8-methylguanosine. Substituent
temperature solutions. To better study the properties and

reactions of arylnitrenium ions, several groups have developed effepts at the .C8 position on the reactions of the 2 fluorenylni

. L trenium ion with substituted guanosines and their relevant C8
photochemical methods to generate arylnitrenium ions so that. . . .
. . - intermediates are discussed. The structure, properties, and
time-resolved spectroscopic techniques can be used to study

them19-3 One of the photochemical methods developed to chemical reactivity of the substituted C8-intermediates are also
produce arylnitrenium ions employs the photolysis of aryl azides discussed.

to generate a singlet arylnitrene which then reacts very quickly

with water to form a singlet arylnitrenium iof-2° Picosecond ~ Experimental and Computational Methods

transient absorption and time-resolved resonance Ramai (TR

experiments have directly observed that the 2-fluorenylnitrenium
ion is generated about 100 ps after photolysis of 2-fluorenyl

azide in a mixed aqueous solveht*

There are not many reports of time-resolved vibrational
spectroscopic studies of arylnitrenium ions and their reactions
in room-temperature solutions. Time-resolved infrared (TRIR)
has been used to study several arylnitrenium ions in some
organic solvent§%35We have recently demonstrated the utility
of using time-resolved resonance Raman JjT&pectroscopy
to study a range of arylnitrenium ions in mixed aqueous
solvents®®:38 Recently we have reported the first time-resolved
vibrational spectroscopic observation of an arylnitrenium ion
reaction with a guanine derivative to make a C8 intermedfate.
This study also provided the first time-resolved vibrational
characterization of the structure and properties of a C8
intermediate®® In this paper, we report a PRstudy of the

The samples of C8-bromoguanosine and guanosine were
purchased from Aldrich and used as is in the*ERperiments.
The preparation of the 2-fluorenyl azide precursor for the
2-fluorenylnitrenium ion was done by following literature
method4® and is detailed in the Supporting Information. The
C8-methylguanosine sample was prepared following literature
methodg®41and is also detailed in the Supporting Information.
Spectroscopic grade acetonitrile and deionized water were used
in preparing samples in conjunction with a 0.002 MbNRO,—
0.002 M NaHPQ, buffer. Samples of 0.3 mM 2-fluorenyl azide
and 0.9 mM C8-bromoguanosine or C8-methylguanosine or
guanosine were prepared in a watacetonitrile (50:50 by
volume) solvent with a 0.002 M NBIPO;—0.002 M NaHPO,
buffer for use in the TRexperiments.

The experimental apparatus and methods used to obtain the
nanosecond time-resolved resonance Raman (AeXjierimentgds8
have been detailed previously so only a short description will

* To whom correspondence should be addressed. Phone: 852-2859-21600€ presented here. The hydrogen Raman shifted laser lines for
Fax: 852-2857-1586. E-mail: phillips@hkucc.hku.hk. the harmonics of a Nd:YAG nanosecond pulsed laser system
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produced the 309.1 nm pump (first anti-Stokes Raman shifted
line of the 355 nm third harmonic) and 368.9 nm probe (second
anti-Stokes Raman shifted line of the 532 nm second harmonic)
wavelengths employed in the ns-TBxperiments. The ns-TR
experiments utilized two Nd:YAG lasers electronically syn-
chronized to each other by a pulse delay generator used to
control the relative timing of the two lasers that was monitored
using a fast photodiode and a 500 MHz oscilloscope. The jitter
between the pump and probe laser pulses was observed to be
<5 ns, and the laser beams were lightly focused onto a flowing
liquid stream of sample using a near collinear backscattering
geometry. The Raman scattered light was collected using a
backscattering geometry and reflective optics that imaged the
light through a depolarizer and entrance slit of a 0.5 m
spectrograph that dispersed the light onto a liquid-nitrogen-
cooled CCD detector. The Raman signal was accumulated for
about 36-60 s before being read out to an interfaced PC
computer, and about H#20 of these read outs were summed

to obtain the Raman spectrum. The3Hpectra were determined LI L A S R R
]E)y sutEtracting the bpumppr;)be Spe'Ctr:ijt at n_ti_gati(;/el 10t(_) ns 1200 1300 B0 an Shift (13‘?":.1) 1700 1800
rom the pump-probe spectra acquired at positive defay imes igure 1. Selected TRspectra obtained by 368.9 nm probe after 309.1
S0 as to remove the solvent a.nd precursor Ramah .bands' Th rrg1 photolysis of 0.3 ml\a 2-fluorenyl azid)(/a in the pregence of 0.9 mM
known wavenumbers of the mixed solvent acetonitrile Raman g,anosing in a wateracetonitrile (50:50) mixed solvent with a 0.002
bands were employed to calibrate the wavenumber of the TR M Na,HPQ,—0.002 M NaHPQ, buffer. The time delays between the
spectra to an absolute accuracy of abhe8tcn (and a relative pump (309.1 nm) and probe (368.9 nm) laser beams are shown to the
accuracy of+1—2 cnr! from scan to scan), and a Lorentzian right of each spectrum, and the Raman shifts of selected bands are
function was utilized to integrate the relevant Raman bands to Presented at the top of the 15 spectrum. An overview of the TR

find their areas and determine the decay and growth kinetics of spectra with more time delays and wider wavenumber range is presented

the species observed in the TBxperiments in Figure 1S in the Supporting Information. See text for more details.
All of the density functional theory calculated reported here SPecies observed in the ns-YBpectra of Figures 13 is the
made use of the Gaussian program stfitdhe complete 2-fluorenylnitrenium ion. Inspection of the ns-¥Rpectra of
geometry optimization and vibrational frequency computations Figures -3 reveals that the Raman bands of the 2-fluorenylni-
were done analytically using the BPW91 method with the cc- renium ion decrease in intensity over the hundreds of nano-
PVDZ basis set for the species of interest. A Lorentzian function S€conds to microseconds time scale and Raman bands due to
with a 20 cnt! bandwidth was used in conjunction with the SOme reaction and another species are formed. The growth in
calculated Raman vibrational frequencies and relative intensitiesthe intensity of the new species Raman bands appear to be

to find the calculated BPW91/cc-PVDZ Raman spectra pre- correlated with the decay of the 2-fluorenylnitrenium ion.
sented here. The larger Raman bands in the 1600 ¢megion of the ns-

TR2 spectra in Figures43 (the~1630 cnt! Raman band for
the 2-fluorenylnitrenium ion, the 1618 crh band for the
intermediate shown in Figure 1, the 1613 énband for the

Relative Intensity

Results and Discussion

A. Time-Resolved Resonance Raman (T8 Spectroscopy intermediate shown in Figure 2, and the 1614 ¢érand for
of the 2-Fluorenylnitrenium lon Reactions with Guanosine, the intermediate shown in Figure 3) can be used to monitor the
C8-Methylguanosine, and C8-Bromoguanosindzigures -3 decay of the 2-fluorenylnitrenium ion and the growth of the

display the selected ns-PRpectra acquired at varying time second species. Figure 4 displays plots of the integrated
delays after photolysis of 0.3 mM 2-fluorenyl azide in water  intensities of the relevant Raman marker bands for the reaction
acetonitrile (50:50 by volume) solvent with a 0.002 M Na  of the 2-fluorenylnitrenium ion with guanosine (Figure 4A), C8-
HPQO,—0.002 M NaHPO, buffer that contain 0.9 mM guanosine  methylguanosine (Figure 4B), and C8-bromoguanosine (Figure
(Figure 1), 0.9 mM C8-methylguanosine (Figure 2), and 0.9 4C). The decay of the 2-fluorenylnitrenium ion and the growth
mM C8-bromoguanosine (Figure 3). The overview of nS$TR of the new species were simultaneously fit satisfactorily (see
spectra with more time delays and wider wavenumber rangesline fits to the data of Figure 4) by common time constant
are displayed as Figures 4£8S in the Supporting Information.  exponential decay and growth functions, respectively. This and
The time delays between the pump (309.1 nm) and probe (368.9the fact that the new species are only observed in the presence
nm) laser pulses are shown to the right of each spectrum, andof the guanosine derivatives indicate that the new species are
the Raman shifts of selected bands are presented above thelirectly formed from the reaction of the 2-fluorenylnitrenium
Raman bands of several spectra. Theé $Rectra displayed in  ion with the respective guanosine derivative. The fits to the data
Figures -3 are all almost the same at early time delays (see shown in Figure 4 found time constants of about 840 ns for the
the 10 ns spectra in the figures), and this indicates that the sameaeaction with guanosine, 835 ns for the reaction with C8-
species is observed at early times. This first species can bemethylguanosine, and 1765 ns for the reaction with C8-
readily assigned to the 2-fluorenylnitrenium ion that we have bromoguanosine.

observed after photolysis of 2-fluorenyl azide in aqueous  Our previous study showed that the 2-fluorenylnitrenium ion
environments in previous wo:374:38The 10 ns spectra shown reacts with guanosine to directly produce a C8-intermediate
in Figures 3 are compared to the PRspectrum of the species® The ns-TR spectra shown in Figure 1 for the reaction
2-fluorenylnitrenium ion reported in ref 36a in Figure 4S of of the 2-fluorenylnitrenium ion with guanosine are in excellent
the Supporting Information. This comparison confirms the first agreement with similar spectra from our previous study of this
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Figure 3. Selected TRspectra obtained by 368.9 nm probe after 309.1
10 ns nm photolysis of 0.3 mM 2-fluorenyl azide in the presence of 0.9 mM
———— C8-bromoguansoine in a wateacetonitrile (50:50) mixed solvent with
. 4 between the pump (309.1 nm) and probe (368.9 nm) laser beams are
Raman Shift (cm”) shown to the right of each spectrum, and the Raman shifts of selected

Figure 2. Selected TRspectra obtained by 368.9 nm probe after 309.1 bands are presented at the top of theuSGpectrum. An overview of
nm photolysis of 0.3 mM 2-fluorenyl azide in the presence of 0.9 mM the TR spectra with more time delays and wider wavenumber range
C8-methylguansoine in a wateacetonitrile (50:50) mixed solvent with s presented in Figure 3S in the Supporting Information. See text for
a 0.002 M NaHPQ,—0.002 M NaHPQ, buffer. The time delays more details.

between the pump (309.1 nm) and probe (368.9 nm) laser beams are

shown to the right of each spectrum, and the Raman shifts of selectedthe C8-methyl intermediate, and the C8-bromo intermediate,

bands are presented at the top of theuSGpectrum. An overview of respectively, hereafter. The BPW91/cc-PVDZ calculations were
the TR’ spectra with more time delays and wider wavenumber range performed to predict the total energies, optimized geometries,
is presented in Figure 2S in the Supporting Information. See text for 51 vibrational frequencies for the C8 intermediate, the C8-
more details. methyl intermediate, and the C8-bromo intermediate species.
reaction reported in ref 38 under somewhat different reaction Figure 6 presents simple schematic structures of the BPW91/
conditions. Figure 5S in the Supporting Information displays a cc-PVDZ optimized geometries for the C8 intermediate, the C8-
comparison of the 1xs spectrum of Figure 1 with the &s methyl intermediate, and the C8-bromo intermediate species
spectrum obtained in ref 38 for the C8 intermediate species, with selected bond lengths (in A) indicated next to the
and these spectra are very similar and due to the same speciesippropriate bonds, and Table 1S lists selected structural
Thus, the second species observed in thé §gctra of Figure parameters for the optimized geometries. Figure 7 compares
1 is due to the C8 intermediate formed from the reaction of the the ns-TR spectra in Figures-13 (time delays of 15, 50, and
2-fluorenylnitrenium ion and guanosine. Figure 5 shows a 50 us, respectively) for the new species observed from the
comparison of the ns-TRspectra observed for the new species reactions of the 2-fluorenylnitrenium ion with the guanosine
after the reaction of the 2-fluorenylnitrenium ion with guanosine derivatives to the BPW91/cc-PVDZ calculated normal Raman
(B), C8-methylguanosine (C), and C8-bromoguanosine (A). spectra (whose relative intensities were convoluted with a
Inspection of Figure 5 reveals that all three species have Lorentzian function) for the C8 intermediate, the C8-methyl
similar vibrational frequencies and relative intensities although intermediate, and the C8-bromo intermediate species. Tables
they are not identical with one another. This similarity of the 2S-4S compare the experimental Raman band vibrational
ns-TR spectra indicates the second species observed in thefrequencies from the ns-PRpectra of Figure 7 to the BPW91/
reactions of the 2-fluorenylnitrenium ion with C8-methylgua- cc-PVDZ calculated normal Raman vibrational frequencies for
nosine and C8-bromoguanosine are likely the correspondingthe C8 intermediate, the C8-methyl intermediate, and the C8-
substituted C8 intermediates formed from the reaction of the bromo intermediate species.
2-fluorenylnitrenium ion with these substituted guanosine Inspection of Figure 7 reveals that the experimentaP TR
derivatives. To check this hypothesis, we performed BPW91/ spectra show reasonable agreement with the calculated normal
cc-PVDZ density functional theory calculations for the C8 Raman spectra for the C8 intermediate, the C8-methyl inter-
intermediates produced from the reactions of the 2-fluorenylni- mediate, and the C8-bromo intermediate species, respectively,
trenium ion with guanosine, C8-methylguanosine, and C8- with some moderate differences in the relative intensities that
bromoguanosine where the nitrogen of the 2-fluorenylnitrenium can be easily accounted for by the fact that the experimental
ion attaches to the C8 position of the guanosine derivatives, spectra are resonantly enhanced while the calculated spectra are
and these species are tRgguanosine-C8-yl)-2-aminofluorene  for normal (or nonresonant) Raman spectra. Examination of
cation, theN-(C8-methylguanosine-C8-yl)-2-aminofluorene cat- Tables 254S shows there is generally good agreement between
ion, and theN-(C8-bromoguanosine-C8-yl)-2-aminofluorene the experimental and calculated vibrational frequencies with the
cation species, which are referred to as the C8 intermediate,calculated vibrational frequencies being within about 4.5, 5.5,




2-Fluorenylnitrenium lon with C8 Guanosines J. Phys. Chem. B, Vol. 111, No. 44, 2001”2679

(A (B) (€)
the major species
= jor i i [
g Tgmwth 840 ns P the mfjor intermediate 3
< o T oun =835 NS < the major intermediate
< c -
S < s T, =176 1
® 2 s =
Y ® =3
o = Qo
£ g £
- £
_’I‘_i‘re”i;’:oim nitrenium ion nitrenium ion
=840 ns - =
decay T,on, =835 NS T docay 1765 ns
T T T T T T T T T T T T T T T T T T T — T T ‘T
40 6000 8000 0 1000 2000 3000 4000 5000 6000 7000 8000 0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Time Delay (ns) Time Delay (ns) Time Delay (ns)

Figure 4. Plots of the integrated areas for the characteristic Raman bands for the species observedirspeetfaRof Figure 1 (graph A), Figure

2 (graph B), and Figure 3 (graph C). The data for the about 1633 &aman band for the 2-fluorenylnitrenium ion are shown as open squares,

and the data for the characteristic Raman band for the respective major intermediate Raman bands at about 264 gigen as open triangles

as a function of time delay between the pump and probe laser pulses. The data were fit to simple exponential growth and/or decay functions as
shown by the curves in the graphs. The time constants for the best fit exponential kinetics are indicated next to the appropriate curves for the
2-fluorenylnitrenium ion decay and the growth of the major intermediates.

0.0190 and 0.0640 A in the C8-bromo intermediate compared

to C8 intermediate. These values indicate that attachment of
* the 2-fluorenylnitrenium ion at the C8 position of C8-methyl

M A) guanosine leads to weaker C3M34 and C8-N34 bonds in

the C8-methyl intermediate compared to the C8 intermediate

produced from the analogous reaction with the guanosine

substrate. In contrast, the attachment of the 2-fluorenylnitrenium

%* * (B) ion at the C8 position of C8-bromo guanosine results in stronger
C37—-N34 and C8-N34 bonds in the C8-bromo intermediate

* compared to the C8 intermediate produced from the analogous

reaction with the guanosine substrate. The qualitatively different

x © behavior in the C8-methyl and C8-bromo substituents on the
— T T T T T C37—N34 and C8-N34 bonds in their respective C8 intermedi-

600 800 1000 1200 1i°° 1600 1800 ates can be attributed to the methyl moiety being an electron

Raman Shift (cm") donor and the bromo moiety being an electron acceptor. The

Figure 5. Comparison of (A) the 5@s TR’ spectrum from Figure 3 (jffering character of the C8-methyl and C8-bromo substitutions
(in the presence of C8-bromoguanosine) and (C) thesSIR spectrum 5,4 yagyits in similar qualitatively different behavior on the

from Figure 2 (in the presence of C8-methylguanosine) to (B)a 8 . . .
TR® spectrum previously reported for the C8 intermediate in ref 38 C8~N9 and C8 N7 bonds of ring 1 of the guanosine moiety

that was obtained after photolysis of 2-fluorenyl azide in the presence in the intermediates. For example, the 189 and C8-N7

of guanosine in a mixed aqueous solvent. Star symbols mark solvent-bonds of ring 1 of the guanosine moiety in C8-methyl

subtraction, stray-light, and ambient-light artifacts. See text for more jntermediate increase 0.0142 and 0.0066 A compared to C8

details. intermediate but in the C8-bromo intermediate decrease 0.0395
N i and 0.0332 A, respectively, compared to the C8 intermediate.

and 6 cm* on average for the 17 experimental Raman band 1,4 changes in the C3N34, C8-N34, C8-N9, and C8-N7

fregl:ﬁn%%sgor the C? mter(;r.letdlate, the C8-metf1yl |r|1termed|ate,40onds in the substituted C8 intermediates compared to the C8
and the L.c-bromo intermediaté SpeCIes, respectively, COmpareq, o megijate are generally noticeably larger for the C8-bromo

to cglculated ones. These results suggest that the ﬁsﬁgétra substitution than for the C8-methyl substitution. It is interesting
In Figures 1-3 (time delays of 15, 50, and 36, respectively) 0 that the N7.C5, N9-C4, and C4C5 bonds of ring 1

for the new species observed from the reactions of the of the guanosine moiety are not affected as much as the-C37
2-fluorenylnitrenium ion with the guanosine derivatives can be N34 CgS—N34 C8-NO9 yand C8-N7 bonds in the substituted
tentatively assigned to the C8 intermediate, the C8-methyl C8 intermediates compared to the C8 intermediate, and all three

intermediate, and the C8-bromo intermediate species. . . A .
B. Discussion of the Structure and Properties of the C8 intermediates have similar carbenitrogen double bond char-
' acter for the N#C5 and N9-C4 bonds.

Intermediate, the C8-Methyl Intermediate, and the C8- o ; .

Bromo Intermediate SpeciesExamination of Figure 6 reveals 1€ C8-methyl substitution results in only small differences
that there are moderate differences in the structure and propertied? fing 1 of the 2-fluorenylnitrenium ion moiety of the
of the C8-methyl intermediate and the C8-bromo intermediate C8-methyl intermediate compared to the C8 intermediate, and
species. These differences in the structure appear mainly in thePoth of these intermediates have similar cyclohexadienyl
ring 1 of the guanosine moiety, the carbamtrogen bonds character in ring 1 of the 2-fluorenylnitrenium ion moiety. For
connecting the guanosine and 2-fluorenylnitrenium ion moieties, €xample, C3#C36, C36-C41, C37#C38, and C38C39

and ring 1 of the 2-fluorenylnitrenium ion moiety of the bonds in ring 1 of the 2-fluorenylnitrenium ion moiety of the
respective intermediates. Some selected bonds lengths aré8 intermediates have bond alternations of 0.0223 and 0.0239
presented in Table 1. For example, the €3I84 and C8& A for the C8 intermediate and 0.0213 and 0.0245 A for C8-
N34 bonds connecting the guanosine and 2-fluorenylnitrenium methyl intermediate. However, the C8-bromo substitution leads
ion moieties increase 0.0093 and 0.0317 A, respectively, in C8- to noticeably more cyclohexadienyl character in the €336,
methyl intermediate compared to C8 intermediate and decreaseC36—C41, C37#C38, and C38C39 bonds in ring 1 of the

Relative Intensity
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P T e Figure 7. Comparison of the ns-TRspectra (curves A) in Figures

Hag C8-bromo intermediate 1-3 (time delays of 15, 50, and %, respectively) for the new species

) ) . observed from the reactions of the 2-fluorenylnitrenium ion with the

Figure 6. Simple schematic structures of the BPW91l/cc-PVDZ  guanosine derivatives to the BPW91/cc-PVDZ calculated normal Raman

optimized geometries for the C8 intermediate, the C8-methy! intermedi- spectra (curves B, whose relative intensities were convoluted with a

ate, and the C8-bromo intermediate SpeCies with selected bond Iengthq_orentzian function) for the C8 intermediate (top)' the C8-methy|
(in A) indicated next to the appropriate bonds shown. intermediate (middle), and the C8-bromo intermediate (bottom) species.
See text for more details.
2-fluorenylnitrenium ion moiety for the C8-bromo intermediate
where the bond alternations are 0.0264 and 0.0358 A, respecthe degree of imino/cyclohexadienyl character of the arylnitre-
tively. nium ions30:35.36-38 \We found that the strongest Raman feature
The preceding results suggest that the bromine and methylin the ns-TR spectra of the C8 intermediate is also associated
group substitutions at the C8 position of the C8 intermediate with the C—C aromatic stretch vibrational band(s) and that the
only have modest perturbations on the overall structure and vibrational frequency of these Raman bands also appear to
properties. This is consistent with the vibrational frequencies correlate reasonably well with the degree of imino/cyclohexa-
and experimental ns-TRspectra of the three C8 intermediates dienyl character of the C8 intermediate speéfes.
being very similar to one another. Figure 8 shows a comparison Inspection of Figure 8 shows that the strong Raman features
of the ns-TR spectra for the largest Raman bands in the 1600 in the 1600-1630 cnt! region due mainly to the €C aromatic
cm1 region for the C8 intermediate (dashed line), the C8-methyl stretch vibrational modes of the three C8 intermediates appear
intermediate (dotted line), and the C8-bromo intermediate (solid to have some noticeable differences in their band maxima and/
line). The carbon double bond aromatic stretch modes for all or bandwidth. For example, the strong Raman feature for the
of the arylnitrenium ions studied so far by YRpectroscopy C8-methyl intermediate (dotted line) is downshifted by about
appear to be resonantly enhanced the most and are the stronge&t cnmt to 1613 cnt! compared to the analogous band of the
resonance Raman feature in theERectra?*36-38 Both TRIR C8 intermediate (dashed line) that has a maximum at 1618.cm
and TR studies have shown that the vibrational frequencies of This downshift in frequency occurred consistently for the ns-
the C-C aromatic stretch vibrational band(s) correlate well with  TR2 spectra of the C8-methyl intermediate-C aromatic stretch

Relative Intensity
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C8 intermediate at 1606 and 1613 chand for the C8-methyl
intermediate at 1607and 1610 cinTherefore, the three-€C
aromatic stretch vibrational modes in the C8-bromo intermediate
span a range of about 17 cfwhile they only span a range of

7 and 3 cm! respectively in the C8 intermediate and C8-methyl
intermediate spectra. This suggests that resonance enhancement
of the C-C aromatic stretch vibrational modes in the C8-bromo
intermediate TR spectra would lead to a noticeably broader
Raman feature than for the analogous Raman feature in the C8
intermediate and C8-methyl intermediate®&pectra, and this

is consistent with the experimental observations here (see Figure
8). The DFT calculations indicate that substitution of a methyl
group or a bromine atom at the C8 site of guanosine in the C8
intermediates appears to lead to noticeable perturbation of the
) character of the €C stretch aromatic stretch vibrational modes
with more C-N stretch motions becoming mixed with the-C
Figure 8. Comparison of the ns-TRspectra around 1600 crhin stretch motions_ (see basic description _of theCCaromatic
Figures -3 (time delays of 50, 50, and 5@, respectively) for the  Stretch modes in the 168630 cn1* region in Tables 28

new species observed from the reactions of the 2-fluorenylinitrenium 4S for the C8 intermediates). This appears to lead to a modest
ion with the guanosine derivatives, the C8 intermediate (dashed line), amount of downshift in the frequency of this Raman feature in
the C8-methyl intermediate (dotted line), and the C8-bromo intermediate the TR spectra of the C8-methyl intermediate and the C8-bromo
(solid line). See text for more details. intermediate relative to the C8 intermediate as well as to

vibrational feature relative to that of the C8 intermediate (even Noticeable additional broadening of this Raman feature in the
when the alignment and experimental conditions were the sameC8-bromo intermediate TRspectra.

but the sample solutions only changed for the experiments). C. Discussion of the 2-Fluorenylinitrenium lon Reactions
Examination of Tables 2S and 3S in the Supporting Information with Guanosine, C8-Methylguanosine, and C8-Bromogua-
reveals that there are two modes in the 160630 cn1? region nosine. The major products typically produced from the
mainly due to G-C aromatic stretch motions that are predicted reactions of arylnitrenium ions with guanine derivatives are
to be at 1607 and 1610 crhfor the C8-methyl intermediate  believed to be C8 adducts like those reported from in vivo and
and at 1606 and 1613 crh for the C8 intermediate. The in vitro studies*®44But the C8 position is not regarded as the
predicted downshift of 3 ¢ of the v146 (C—C stretch, both normal position for electrophilic addition in guanine, so the
ring 1 and 2 and €N stretch of F) mode to about 1610 cin detailed mechanism(s) for the reactions of arylnitrenium ions
in the C8-methyl intermediate compared to the predicted 1613 with guanine derivatives are of great interest. C8-substituted
cm L for thev139 (C—C stretch of F, ring 1 stronger) mode for guanine derivatives have been used as effective reactants to
the C8 intermediate can possibly account for the experimentally study the reaction mechanism by several groups. For example,
observed downshift in the frequency of the strong Raman featureNovak and co-workers employed C8-methylguanosine and the
for the C8-methyl intermediate relative to that for the C8 N-acetyl and the parent 4-biphenylinitrenium ions to study the
intermediate insofar as the two modes in the 160630 cntl reaction of these arylnitrenium ions with the C8-methylgua-
region mainly due to &C aromatic stretch motions are both nosine substrat®. Using characterization of the products by

------ C8 intermediate
C8-methyl intermediate g
C8-bromo intermediate £\

Relative Intensity

AL AL IS I BB
1580 1600 1620 1640

Raman Shift (cm™)

T T
1820 1540 1560

strongly resonantly enhanced in the °TBpectra for both
intermediates. The downshift to 1610 cthin the v;46 mode of

HPLC and NMR, two intermediates were observed to form
rapidly and then to subsequently decompose slowly to a stable

the C8-methyl intermediate appears to be due to some moreC8 adduct3 (see Scheme 1 adapted from ref 39). Since the

mixing of the C-N stretch motion in this mode combined with
the C—N bonds connecting the nitrenium ion group to the C8

HPLC and NMR data showed that there are two intermediates
leading to the final adduct, these two intermediates were

atom of guanosine being weaker in the C8-methyl intermediate believed to be a pair of diastereomers of the C8 intermegiate

compared to the analogous-8l bonds in the C8 intermediate.

These experimental results clearly demonstrated that deproto-

The C-C aromatic stretch Raman feature for the C8-bromo nation of the H atom at the C8 position is not necessary for the

intermediate also shifts down in frequency (by about 48m
relative to the C8 intermediate feature in the nsiERectra. In

formation of the C8 adducts. Considering the basicity of the
N7 position, Novak and co-workers proposed N7 as the position

addition, the G-C aromatic stretch modes Raman feature for of initial attachment in guanine and proposed a reaction
the C8-bromo intermediate becomes noticeably broader (by mechanism, as shown in Schemé1.

about 5 cm! more bandwidth) than either the analogous Raman

C8-methylguanosine has also been used by Humphreys and

features for the C8 intermediate and the C8-methyl intermediate co-workersd® in some mechanistic studies. However, it was

(see comparison in Figure 8). Examination of Tables-2S
shows that the DFT calculations predict there are thre€€C
aromatic stretch vibrational modes at 1604, 1615, and 1621 cm
in the 1606-1630 cnt! region for the C8-bromo intermediate

difficult to directly determine whether the product had a N7 or
C8 structure only from the mass spectra, because the N7
reduction product and the C8 product have the same molecule
formula. However, bands ofVz477 and 479 in the mass spectra

while there are only two analogous vibrational modes for the demonstrated that the GHjroup is still attached to the final

TABLE 1: Selected Bonds Lengths (in A) for the BPW91/cc-PVDZ Optimized Geometries for the C8 Intermediate, the

C8-Methyl Intermediate, and the C8-Bromo Intermediate

compd C37#N34 C8-N34 C8-N9 C8-N7 C37-C36 C36-C41 C37C38 C38-C39
C8-bromo intermediate 1.3969 1.3913 1.4594 1.4226 1.4207 1.3943 1.4231 1.3873
C8 intermediate 1.4159 1.4553 1.4989 1.4558 1.4186 1.3963 1.4165 1.3926
C8-methyl intermediate 1.4252 1.4870 1.5131 1.4624 1.4188 1.3975 1.4170 1.3925
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product, and this is consistent with the results of Novak and greater than the concentration of the unphotolyzed 2-fluorenyl
co-workerg® that the deprotonation of the H atom at the C8 azide. This is consistent with our observation that, in the
position is not necessary for the formation of the C8 adducts to presence of guanosine, C8-methylguanosine, and C8-bromo-
take place. Humphreys and co-workém@lso examined similar ~ guanosine, the 2-fluorenylnitrenium ion decays to produce new
reactions for C8-bromoguanosine. The major product producedspecies assigned to the C8 intermediate, C8-methyl intermediate,
from the reaction of C8-bromoguanosine and the arylnitrenium and C8-bromo intermediate species. At present, it is beyond
ion used in this study had a UV spectrum identical with that of the capability of our apparatus to observe the decay of the C8
the authentic C8 adduétisolated from a similar reaction with  intermediates, which are still stable on the several hundreds of
guanosiné? The [M + H]* band atmVz 463.2 in the mass  microseconds time scale.
spectrum indicated that the bromine atom is not attached to the The C8-bromo intermediate is formed with a time constant
product molecule. It was also noted that the yield of the C8 of about 1765 ns, and this is somewhat slower than 840 and
adduct was only about 4% and this was attributed to the small 835 ns time constants for formation of the C8 intermediate and
solubility of C8-bromoguanosine. They proposed a reaction the C8-methyl intermediate from the similar reactions with
mechanism as shown in Schemé&®2. guanosine and C8-methylguanosine, respectively (see Figure 4),
Photolysis of 2-fluorenyl azide in the presence of C8- under the same reaction conditions. This indicates the 2-fluo-
methylguanosine and C8-bromoguanosine in agueous environ-enylnitrenium ion is probably somewhat less reactive toward
ments resulted in fast formation of a 2-fluorenylnitrenium ion C8-bromoguanosine than toward guanosine or C8-methyl-
that subsequently reacted with the C8-substituted guanosineguanosine. Table 5S of the Supporting Information presents
molecules to produce new intermediates that were observed inselected structural parameters determined for guanosine, C8-
our TRE experiments. These intermediates were assigned to themethylguanosine, and C8-bromoguanosine from BPW91/cc-
C8-methyl intermediate and C8-bromo intermediate species PVDZ calculations, and Figure 6S presents schematic diagrams
respectively from comparison to a C8 intermediate spectrum for the structures of these species and the 2-fluorenylnitrenium
formed from a similar reaction with guanosine and DFT- ion. It is not exactly clear what property causes the chemical
calculated normal Raman spectra for all of the respective C8 reactivity for the 2-fluorenylnitrenium ion to be less toward C8-
intermediate species as detailed in the previous section. Transienbromoguanosine and somewhat more reactive toward guanosine
absorption quenching experiments determined that the 2-fluo-and C8-methylguanosine. Inspection of Table 5S shows that

renylnitrenium ion reacts with the azide anions(lNand water
with rate constants of about6 10° M~*s *and 3x 10*s™?,
respectively?? In addition, time-resolved transient absorpfibn
and TR experiment® indicated that the 2-fluorenylnitrenium
ion reacts with guanosine with a rate constant of aboutx7.6
108 M~1 s7L. Our previous work indicates that 2-fluorenylni-

the structures of guanosine, C8-methylguanosine, and C8-
bromoguanosine are predicted to be very similar to one another;
however, there are some moderate differences for theNGg
C8—N9, and N9-C13 bond lengths. The G8\9 bond becomes
weaker in both the C8-bromogaunosine (1.4028 A) and C8-
methylguanosine (1.4074 A) predicted structures compared to

trenium ion also can be quenched by the remaining unphotolyzedguanosine (1.3959 A). The €87 bond becomes stronger in

precursor 2-fluorenyl azide with a rate constant of abowt 3

C8-bromoguanosine (1.3111 A) compared to guanosine (1.3187

108 M~ 571370 Thys, guanosine or other guanine derivatives A) but weaker in the C8-methylguanosine (1.3239 A). The-N9
can compete with quenching of the 2-fluorenylnitrenium ion C13 bond becomes weaker in C8-bromoguanosine and has a
by the parent 2-fluorenyl azide species when the guanosine orbond length of 1.4704 A, which is about 0.0106 A longer than
other guanine derivatives have concentrations similar to or the bond lengths of those in guanosine and C8-methylguanosine
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(1.4598 and 1.4597 A), and this appears to correlate with the of the guanine derivative to form the C8 intermediate species
chemical reactivity with the 2-fluorenylnitrenium ion, where the directly. However, we do observe that the reaction of the
reactions with guanosine and C8-methylguanosine are essentially2-fluorenylnitrenium ion with the guanosine, C8-methyl-
the same but the reaction with C8-bromoguanosine is noticeablyguanosine, and C8-bromoguanosine substrates produce their
slower. The modest changes in the-N®13 bond length and  respective C8 intermediates very fast and this formation is
possibly the pattern of changes in the bond lengths of the C8 correlated with the decay of the 2-fluorenylnitrenium ion signal,
N7 and C8-N9 bonds may be factors influencing the chemical which does place lower limits on the rates of any processes
reactivity of the 2-fluorenylnitrenium ion toward the guanosine, that might occur between the generation of the 2-fluorenylni-
C8-methylguanosine and C8-bromoguanosine molecules. trenium ion and the formation of the C8 intermediate.

With ns-TR experiments, we observed the fast reaction of

the 2-fluorenylnitrenium ion with guanosine, C8-methyl- Conclusions
guanosine, and C8-bromoguanosine to produce their respective
C8 intermediate, C8-methyl intermediate, and C8-bromo inter-
mediate species. It is necessary to point out that in these thre
C8 intermediate structures, the C8 moiety of the original
substrate (H atom or methyl group or bromine atom) still
attached to the C8 position in the C8 intermediate species. This
is strongly supported by the results that the*EBectra of these
three C8 intermediate are similar but not identical, especially
the Raman band at1614 cnt! of C8-bromo intermediate being
broader than those of C8 intermediate and C8-methyl intermedi-
ate, which agrees very well with the DFT-calculated vibrational
frequencies of these three structures. The observation of thes
three C8 intermediates is consistent with the reaction Schemey o tormation of a C8 intermediate cation species that then

1 Of_ Novak gnd co-vyorke?g that proposed the formation of a subsequently produces the stable C8 adduct product. The present
C8 intermediate cation species that then forms the C8 adduct.tgs regyits (that directly examine the reaction as a function of

Our results are also constituent with the results of McClelland time) in conjunction with the observation by Humphries and

and co-workers that observed formation of C8 intermediates . _\orkerd® that the C8 addud is produced from the reaction
for reactions of a number of arylnitrenium ions with guanine o 4y aryinitrenium ion with C8-bromoguanosine indicate that
derivatives using time-resolved absorption experiméntd® 0 jehalogenation step occurs after formation of the C8-bromo
In addition, our TR results are consistent with results of jyermediate species. The C8-bromoguanosine molecule was
Humphries and co-worketsthat demonstrated that the @H  gpserved to have a lower chemical reactivity toward the
group is still attached to the final product, which is also 5 fygrenylnitrenium ion than the guanosine and C8-methyl-
consistent with the results of Novak and co-worRetkat the guanosine molecules. The experimental né-pectra of the
deprotonation of the H atom at the C8 position is not necessary three C8 intermediates are similar to one another, and this is
for the formation of the C8 adducts to take place. Our results ¢onsjstent the results of DFT calculations that found bromine
do differ from the sequence of events suggested by Humphriesang methyl group substitutions at the C8 position of the C8
and co-worker¥ (on the basis of the limited data available at jntermediate species only have modest perturbations on the
that time) for the formation of the C8 adduct from the reaction gyerall structure and properties. The DFT calculations indicate
of the arylnitrenium ion with C8-bromoguanosine shown in that substitution of a methyl group or a bromine atom at the
Scheme 2 in which the bromine atom is not present in the cation cg site of guanosine in the C8 intermediates results in
intermediate species. Our results indicate that the 2-fluorenylni- perturbation of the character of the—C aromatic stretch
trenium ion reaction with C8-bromoguanosine leads to a C8- yiprational modes with more €N stretch motions becoming
bromo intermediate species in which the bromine atom is still mixed with the G-C stretch motions and that this in turn results
attached to the C8 position just as in the analogous reactions ofin a modest amount of downshift in the frequency of this Raman
the 2-fluorenylnitrenium ion with guanosine and C8-methyl- feature in the TR spectra of the C8-methyl intermediate and
guanosine to produce their respective C8 intermediate speciesthe C8-bromo intermediate relative to the C8 intermediate as

Our TR® results that directly observe the reaction in conjunction ell as to noticeable additional broadening of this Raman feature
with the observation by Humphries and co-worketkat the in the C8-bromo intermediate PRpectra.

C8 adduci is produced from the reaction of an arylnitrenium

ion with C8'br0m0guanosine indicate that the dehalogenation Acknow|edgment. This work was supported by grants from
step occurs after formation of the C8-bromo intermediate the Research Grants Council (RGC) of Hong Kong (HKU 7040/
species. Since this reaction takes place in agueous environmentgep to D.L.P. and HKU 7045/06P to P.H.T.). D.L.P. thanks
this dehalogenation reaction step may occur via a water-assistedhe Croucher Foundation for the award of a Croucher Foundation
dehalogenation mechanism similar to those found for the Senior Research Fellowship (2068007) and the University
dehalogenation of isopolyhalomethanes, halogenated methanolsgf Hong Kong for an Outstanding Researcher Award (2006).
and halogenated formaldehydes in aqueous solutfons.

It is important to note that our present results do not tell us  Supporting Information Available: Descriptions of the
where the initial position of the attack of the 2-fluorenylnitre- preparation and characterization of the 2-fluorenyl azide precur-
nium ion occurs on the guanine derivative to form the C8 sor and the C8-methylguanosine sample used in thé TR
intermediate species. For example, we cannot distinguish theexperiments, overviews of the ns-¥Rpectra with more time
possibility of initial attack at the N7 position of the guanine delays and wider wavenumber range obtained after photolysis
derivative followed by fast conversion to the C8 intermediate of 2-fluorenyl azide in the present of guanosine, C8-methylgua-
species versus a mechanism of initial attack at the C8 positionnosine, and C8-bromoguanosine, comparison of the 10 ns

A nanosecond time-resolved resonance Raman (if-TR
spectroscopic investigation of the reaction of the 2-fluorenylni-
Srenium ion with guanosine, C8-methylguanosine, and C8-
bromoguanosine was presented. The® Rectra showed that
the 2-fluorenylnitrenium ion reacts with guanosine, C8-methyl-
guanosine, and C8-bromoguanosine to form their respective C8
intermediate, C8-methyl intermediate, and C8-bromo intermedi-
ate species with the C8 moiety of the original substrate (H atom
or methyl group or bromine atom) still attached to the C8
position in the C8 intermediate species. This is consistent with
reviously suggested reaction mechanisms of Novak and co-
orkers® and McClelland and co-worke®s®2:3%that proposed
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spectra shown in Figures-B of the paper to the TRspectrum
of the 2-fluorenylnitrenium ion reported in ref 36a, comparison
of the 15us spectrum of Figure 1 with the Bs spectrum

obtained in ref 38 for the C8 intermediate species, selected

structural parameters for the BPW91/cc-PVDZ optimized

geometries for the C8 intermediate, the C8-methyl intermediate,
and the C8-bromo intermediate species, comparison of the
experimental Raman band vibrational frequencies from the ns-

TR® spectra of Figure 7 to the BPW91/cc-PVDZ calculated

normal Raman vibrational frequencies for the C8 intermediate,
the C8-methyl intermediate, and the C8-bromo intermediate
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