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ABSTRACT: The reactive intermediate produced upon photolysis of 8-azidoadenosine was studied by
chemical trapping studies, laser flash photolysis with-tiié and IR detection, and modern computational
chemistry. It is concluded that photolysis of 8-azidoadenosine in aqueous solution releases the corresponding
singlet nitrene which rapidly tautomerizes to form a closed adenosine diazaquinodimethane in less than
400 fs. A perbenzoylated derivative of 8-azidoadenosine cannot undergo this tautomerization, and instead,
it fragments upon photolysis to form an opened adenosine diazaquinodimethane. The singlet nitrene is
too short-lived to be observed and, thus, to relax to the lowest triplet state or to become covalently attached
to targeted biological macromolecules. The pivotal closed adenosine diazaquinodimethane, the product
of nitrene tautomerization, has a lifetime of ca. 1 min or longer in water and in HEPES buffer at ambient
temperature. However, this intermediate reacts rapidly with good nucleophiles such as amines, thiols, and
phenolates, and significantly more slowly with weak nucleophiles such as alcohols and water. On the
basis of these studies, it is clear that the closed adenosine diazaquinodimethane, and not the singlet or
triplet nitrene, is the pivotal reactive intermediate involved in photolabeling and cross-linking studies
using the 8-azidoadenosine family of photoaffinity labeling reagents.

Haley first investigated the possibility that 8-azidoadeno-
sine,1la, might serve as a photoaffinity label20 years ago

(1). A family of reagents based updra has since become i, Substrate anl::l\;or \H,

widely used in photoaffinity labeling and in cross-linking '3,.)\'1 pr P ;o.,g catalysis 'i;?lzfgﬂaozg‘o
studies ). Since adenosine is an integral part of many of g8 — oo 8°

the most important cofactors, ATP, NAD, FAD, CoA, and Covalent
Sadenosylmethionine, this technology has been primarily PAL Probe Modification

developed for the study of adenosine cofactors and their + e 9
. L L Enzyme Product—0-P-0R-Q
interactions in numerous enzyme systems. However, the g 8

e ©

same technology offers great promise in defining interactions Figure 1: General photoaffinity labeling strategy assuming that
in many RNA-RNA and RNA-protein systems as well.  the reactive intermediate responsible for labeling is a nitrene species.
As a foundation in the design of experiments of this type, it

is most important to understand the processes by whichthe pentabenzoylated derivative of 8-azidoadenogir@en
intermediates derived frorha bind to and react with targeted ~ the basis of these studies, reported below, it is evident that
proteins and nucleic acids, and the limitations of these the pivotal intermediate in this type of photoaffinity labeling
processes. It has been assum@xtifat the photochemistry IS not the nitrene itself, but closed and opened adenosine
of 1a will resemble that of aryl azides and produce short- diazaquinodimethanes instead, presumably derived from the
lived nitrenes 4, 5) that will indiscriminately react with ~ singlet nitrene.

residues of the macromolecular target present in the binding

site (Figure 1). - 2 NBz,
In this work, we have investigated the photochemistry of N3E</N | SN 1 N _</N | SN
8-azidoadenosind §), 8-azidoN°®-benzyladeninel(), 8-azido- oN NS 2 * W N/)
9 . . . | 3 BzO
N°-methyladeninec), and 8-azidoadenind ), as well as R o
1a 2, Bz = benzoyl
. BzO OBz
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MATERIALS AND METHODS fundamental €1%) into a 1 cmwater cell. The probe beam
] ] is passed through an optical delay line consisting of a
General Supporting Information retroreflector mounted on a computer-controlled motorized

Unless stated otherwise. all reactions were carried out {ranslation stage. This is followed by interference filtering.
under argon. All chemicals were purchased from Aldrich and 1ransmission signals were detected by Si photodiodes and

Acros Organics. Preparative irradiations were conducted Measured with a digital lock-in amplifier (SRS 830). The
using an argon ion laser with the appropriate wavelengths samples were qrcu]ated in a flow cell with optical path length
provided in the text. Removal of solvents under reduced ©f 2 mm. Polarization of the pump and probe was set to the
pressure was performed with a"@hi rotary evaporator ~Magdic angle (547. The instrument response was ap-
connected to a water aspirator. Trace solvents were removedroximately 400 fs [Gaussian full width at half-maximum
from products using a high-vacuum pump. Analytical TLC (fwhm)], which was determined by difference frequency
was conducted using E. Merck plastic-backed sheets of silicaM*ing between the 270 nm pump beam and the 10 nm
gel 60 F254. Column chromatography was performed using POrtion of the continuum in a thin BBO crystal.

E. Merck silica gel 236-400 mesh size. Infrared spectrom- _. .
etry was carried out using a Perkin-Elmer 1600 Series FT- Time-Resaled Infrared (TRIR) Studies

IR or a Perkin-Elmer Spectrum v3.02 FT-IR spectrometer. The TRIR apparatus (JASCO TRIR-1000) and technique
Infrared spectra were recorded in KBr pellets. Ultravielet  have been described elsewher@. @riefly, a reservoir of
visible (UV—vis) absorption spectra were obtained with a deoxygenated sample solution (10 mL of 5 nid or 2)
Hewlett-Packard 8453 U¥Vvisible spectrometetH NMR was continuously circulated in a cell between two barium
spectra were obtained with a Bruker Avance 400 instrument. fluoride salt plates with a 0.5 mm path. The cell was
All chemical shifts are reported in parts per million downfield connected to a peristaltic pump by Teflon tubes. The sample
(0) from TMS, using the residual DMSO as an internal was excited by 266 nm laser pulses from a Nd:YAG laser
standard. Abbreviations s, d, t, g, qt, and m refer to singlet, (50 Hz repetition rate, 0:60.9 mJ/pulse), which is crossed
doublet, triplet, quartet, quintet, and multiplet, respectively. with the broadband output of a Mg3R source (JASCO).
Coupling constantsJf are reported in hertz. In the NMR  The detection system includes a MCT photovoltaic IR
characterization of the following compounds, we have detector (Kolmar Technologies, KMPV11-1-J1), with a 50
assigned a resonance to a particular carbon or proton usingns rise time, amplified with a low-noise differential amplifier
the numbering system shown above. These signals have bee(NF Electronic Instruments 5307), and digitized with a
assigned through a combination'sf NMR, 3C NMR, *H— Tektronix TDS784D oscilloscope.

IH COSY, NOESY, HSQC, and HMBC experiments. High-

resolution mass spectra (HRMS) were obtained using a Computational Chemistry

Micromass QTOF 2 instrument. The geometries of the singlet and triplet state2oivere

fully optimized at the CASSCF/6-31G* (5D) leve8,(9).
Dynamic electron correlation was included using CASPT2/
A Nd:YAG laser (Spectra Physics LAB-150-10, 266 nm, 6-31G* (5D) calculations¥0) with the CASSCF optimized
5 ns, 50 mJ) or XeCl excimer laser (Lambda Physik, 20 ns, geometries. Both CASSCF and CASPT2 calculations were
50 mJ, 308 nm) was used as the excitation light source. Thecarried out with MOLCAS (version 5.0)1().
spectrometer has been described previoudly Typically, To compute the possible reaction pathways of the singlet
solutions were prepared in dry spectroscopic grade solventsnitrene, geometries of proposed reactive intermediates and
to an optical density (OD) of-1.5-2.0 at the excitation  transition states were fully optimized using the B3LYIR)
wavelength (266 or 308 nm). Doubly distilled water was used method with the 6-31G* (6D) basis set. Vibrational frequen-
to prepare water and buffer solutions. In these experiments,cies were calculated to analyze the nature of the stationary
the samples were contained in a quartz cuvette placed in apoints (minimum or transition state) and were used to account
quartz cryostat at ambient temperature. The sample solutiongor ZPE differences. For the transition states connecting the
were changed after every laser shot, unless otherwiseclosed-shell singlet nitrene and a closed-shell intermediate,

Nanosecond Time-Reseld Laser Flash Photolysis (LFP)

indicated. standard DFT calculations were used. The solvent effect
was modeled using the PCM methdd). All charge density
Ultrafast Spectroscopy data were obtained by a natural population analysis at the

A Ti:sapphire laser/amplifier system consists of a short MP2/6-31G* level (4). Time-dependent DFT (TD-DFT)
pulse oscillator (Coherent/Positive Light, Mira) generating calculations {5) were performed at the B3LYP/6-315*
~40 fs pUlSGS at800 nm that seeds a regenerative amp”fier level. All DFT calculations were carried out with GAUSS-
(Coherent/Positive Light, Legend HE USP). The amplifier AN 98 (16) at the Ohio Super Computer Center.
provides a 1 kHz train of~50 fs pulses, centered around
800 nm, with 2.7 mJ of energy/pulse. A portion of the outpu
of the amplifier (0.9 mJ) is used to pump the optical  preparation of 8-Azidoadenosineld) and 8-Amino-
parametric amplifier (Coherent, OPerA) equipped with the Ns N 0?,0%,0°-pentabenzoyladenosing) (Azidoadenosine
sum frequency mixing module (Coherent, SFG) to generate 153 was prepared from adenosine via bromination and reaction
pump 270 nm pulses. Typical probe pulse energies wete 3
wJ at the sample location. The pump beam is chopped with 1 Abbreviations: DFT, density functional theory; TD-DFT, time-

a frequency of 500 Hz. Probe pulses betV\_/een 370 and 750gependent density functional theory; 2MTHF, 2-methyitetrahydrofuran:
nm were generated by focusing a portion of the laser NBS, N-bromosuccinimide.

; Preparation of Adenosine and Adenine Compounds
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with sodium azide 17, 18). Its pentabenzoylated analogue
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Isolation of 8-Amino-2-methoxy-6-formamidoadenosine

2 was prepared by the benzoylation of adenosine with (5a). The formamide of 8-amino-2-methoxyadenosiBa,

benzoyl chloride followed by bromination and reaction with
sodium azide 19). Both materials,la and 2, had spectro-

was obtained as a colorless solid (0.024 g, 0.071 mmol, 7%
yield): Ci2Hi16NeOs; molecular weight 340.29 g/mol; mp

scopic properties consistent with those reported in the >150°C dec;R = 0.36 (30% CHOH in CHCL); *H NMR

literature.

Preparation of 8-Aminoadenosine3d). The 8-amino
derivative of adenosin8a was prepared by a modification
of the procedure of Holmes and Robids), and its detailed

(DMSO-ds, 400 MHz) 6 10.63 (d,J = 10.0 Hz, 1H,
exchangeable with f), 9.33 (d,J = 10.0 Hz, 1H), 6.83
(s, 2H, exchangeable with;D), 5.89 (d,J = 7.2 Hz, 1H),
5.51 (t,J = 4.8 Hz, 1H, exchangeable with,D), 5.32 (d,

NMR spectroscopic properties are reported here, since theyd = 6.4 Hz, 1H, exchangeable with,D), 5.13 (d,J = 4.0
provide important standards for compounds subsequentlyHz, 1H, exchangeable with D), 4.63 (ddJ = 12.4 Hz,J

described. A stirred solution of 8-azidoadenosiha) (0.5

g, 0.162 mmol) and rhodium on carbon (0.20 g), at’€3

in H,O (50 mL), was placed under,H>1 atm). After 5 h,
the catalyst was removed by filtration and the solvent
removed to yield3a as a white solid (0.450 g, 0.159 mmol,
98% vyield): GoH14NeO4; molecular weight 282.26 g/mol;
mp 165-167°C. UV—vis and'H NMR consistent with ref
18 UV —Vis (Amax H20) 274 nm, reported 273 nm (16 400
M~ cm1); IH NMR (DMSO-dg, 400 MHz)d 7.91 (s, 1H),
6.66 (s, 2H, exchangeable with®), 6.60 (s, 2H, exchange-
able with D,O), 5.88 (s, 1H, exchangeable with®), 5.87
(d, J = 7.2 Hz, 1H), 5.30 (dJ = 6.5, 1H, exchangeable
with D;0), 5.22 (s, 1H, exchangeable with@®@), 4.71 (dd,
J=6.0 Hz, 1H), 4.14 (m, 1H), 3.98 (m, 1H), 3.63 (m, 2H);
13C NMR (DMSO-ds, 100.6 MHz)0 152.8 (G), 152.1 (G),
149.7 (G), 148.8 (G), 117.5 (G), 87.1 (G'), 86.2 (C),
71.4 (G or G3'), 71.3 (G or G3'), 62.2 (G').

Irradiation and Product Characterization

Irradiation of 8-Azidoadenosinel®) in Methanol. A
solution of 8-azidoadenosinéd) (0.308 g, 1.0 mmol) at 23
°C, in dry MeOH (8 mL), was irradiated f® h with all the
UV lines (1.38 W) of an argon ion laser open to the

= 6.4 Hz, 1H), 4.12 (m, 1H), 3.98 (s, 3H), 3.93 (m, 1H),
3.62 (m, 2H);*3C NMR (DMSO-ds, 100.6 MHz)5 163.8
(formamide), 156.8 (&), 154.1 (G), 152.9 (G), 149.1 (G),
116.2 (G), 86.8 (G'), 85.9 (C'), 71.2 (G'), 70.7 (G'), 61.8
(Cd'), 54.1 (OCH); IR (KBr) vmax 3356 (s and br), 2929
(w), 1647 (s), 1603 (s), 1475 (m), 1369 (m), 1076 (m)ém
HRMS (ESI, Q-TOFMSz calcd for GoH17NgOs 341.1210,
found 341.1212; UV-ViS (Amax H20) 284 nm (12 500 M*
cm).

Isolation of 8-Amino-&methylguanosine6g). The iso-
meric methanol addu&a was obtained as a colorless solid
(0.021 g, 0.067 mmol, 7% vyield): 1@H16NeOs; molecular
weight 312.12 g/mol; mp>140 °C dec;R = 0.34 (30%
CH;OH in CHCL); 'H NMR (DMSO-ds, 400 MHz) 6 6.34
(s, 2H, exchangeable with,D), 5.91 (s, 2H, exchangeable
with D20), 5.83 (d,J = 7.6 Hz, 1H), 5.61 (tJ = 5.2 Hz,
1H, exchangeable with J®), 5.24 (d,J = 6.4 Hz, 1H,
exchangeable with @), 5.05 (d,J = 4.0 Hz, 1H, exchange-
able with D:O), 4.58 (dd,J = 6.4 Hz, 1H), 4.09 (m, 1H),
3.90 (m, 1H), 3.88 (s, 3H), 3.62 (m, 2HFC NMR (DMSO-
ds, 100.6 MHz)6 157.5 (G), 157.5 (G), 155.0 (G), 151.
(Cy), 111.5 (G), 86.5 (G'), 85.7 (C'), 71.3 (G), 70.7 (G'),
61.9 (G') 53.4 (OCH); IR (KBr) ¥max3360 (s and br), 2934

atmosphere. The solvent was removed under reduced presfw), 1630 (s), 1606 (s), 1472 (m), 1242 (m), 1076 (m)ém

sure to yield a red oil. The red oil was purified by flash
chromatography (24 g of silica gel, 20% gbH in CHCE)
to afford the following products.

Isolation of 8-Aminoadenosingd). The 8-amino com-
pound3awas isolated as a white solid (0.056 g, 0.198 mmol,
20% vyield): GoH14NeO4; molecular weight 282.26 g/mol;
mp 165-167 °C. The spectral data were consistent with an
authentic sample prepared as described abd8 #énd
previously observed by Bose@Q).

Isolation of 8-Amino-2-methoxyadenosid@)( The metha-
nol adduct4a was obtained as a colorless solid (0.014 g,
0.045 mmol, 5% vyield): GH16NsOs; molecular weight
312.12 g/mol; mp not availabl& = 0.26 (30% CHOH in
CHCl3); *H NMR (DMSO-ds, 400 MHz) 6 6.55 (s, 2H,
exchangeable with ), 6.34 (s, 2H, exchangeable with
D.0), 5.87 (d,J = 7.2 Hz, 1H), 5.56 (tJ = 5.6 Hz, 1H,
exchangeable with @), 5.24 (d,J = 6.4 Hz, 1H, exchange-
able with D:O), 5.15 (dJ = 4.4 Hz, 1H, exchangeable with
D;0), 4.70 (dd,J = 6.0 Hz, 1H), 4.13 (m, 1H), 3.91 (m,
1H), 3.75 (s, 3H), 3.60 (m, 2H}3C NMR (DMSO-ds, 100.6
MHz) 6 159.6 (G), 153.6 (G), 151.4 (G or GCg), 151.1 (G
or Gg), 112.8 (G), 87.0 (G'), 85.8 (@), 71.2 (G or G3),
71.1 (G or G3'), 62.1 (G') 54.2 (OCH); IR (KBr) vmax 3352
(s and br), 2926 (w), 1628 (s), 1606 (s), 1472 (m), 1242
(m), 1077 (m) cm?; HRMS (ESI, Q-TOFMS)z calcd for
C11H17N6Os5 313.1260, found 313.1272; UWis (Amax H20),
257, 283 nm.

HRMS (ESI, Q-TOFMS)1/z calcd for G;H;7NgOs 313.1260,
found 313.1275; UV-vis (Amax H20), 256 (12 580 M?
cmt), 293 nm (10 090 M! cm™Y).

X-ray Crystallographic Structure Determination of 8-Amino-
O8-methylguanosinesg). Crystals were obtained as colorless
blocks from CHOH. For X-ray examination and data
collection, a suitable crystal, with approximate dimensions
of 0.19 mmx 0.15 mmx 0.15 mm, was mounted in a Cryo
loop with paratone-N and transferred immediately to the
goniostat bathed in a cold stream.

Intensity data were collected at 150 K on a standard Bruker
SMART6000 CCD diffractometer using graphite-monochro-
mated Cu K radiation ¢ = 1.54178 A). The detector was
set 5.165 cm from the crystal. A series of 10 s data frames
measured at 0°3ncrements oty were collected to calculate
a unit cell. For data collection, frames were measured for a
duration of 10 s at 0:3intervals ofw with a maximumé
value of ~135°. The data frames were processed using
SAINT. The data were corrected for decay, Lorentz, and
polarization effects as well as absorption and beam correc-
tions based on the multiscan technique.

The structure was determined by a combination of direct
methods SHELXTL version 6.14 and the difference Fourier
technique and refined by full-matrix least squareg-arNon-
hydrogen atoms were refined with anisotropic displacement
parameters. Weights were assigned as follows: 1 =
[0%(Fo?) + (0.1612P)? + 5.1309], whereP = 0.3333F,?
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+ 0.6666F>2 H atoms were either located directly or Scheme 1

calculated on the basis of geometric criteria and were treated NH,

with a riding model. The isotropic displacement parameters ) SN NH,

for the H atoms of the cation were defined as #igy of 3{,, I N/) hv, CH;0H HN _</" [N

the adjacent atoma(= 1.5 for—OH and—CHgs; a = 1.2 for N N/)

all others). The methanol solvent of crystallization is T 3a-20% "o o 3a

disordered. The model for two reasonable alternate oxygen =~ OH OH fa o

atom (O1S and 0O2S) positions is presented with the 6a=7% ocy, °'jr°“ NHR

conformers in an 85/15 ratio. The disorder for the carbon N— Ny /NfN

atom (C1S) was not addressed, and the methyl H atoms for HN—C T H’N_<N | N

the minor conformer are not included. Partial occupancy HO NTONTONH, HOS o _ OCH

waters are also present in the lattice. The best fit model is 6a  + ‘;:;E;EHO

presented; however, large thermal motion is associated with OH OH OH OH NBz,

some of the oxygen atoms which is indicative of unresolved N

disorder. There may well be other partial water molecules HN— ]| /)N

in the lattice; some voids are present in the lattice where NBz, Bz0. N

diffuse, disordered water may potentially reside. The refine- N— XN 7

ment converged with the following crystallographic agree- N3_</N | _J hv, CH;0H OBzOBz

ment factors: R1= 6.89% and wR2= 19.79% for 5762 BzO. N— + NBz,

reflections wheré > 20(1) (R1= 6.99% and wR2= 20.00% O ) N _</N SN

for all data) and 471 variable paramete2q)( BzO OBz B20 N N/)\ocm
Irradiation of 8-Azido-M,N°¢,0?,0%,0°-pentabenzoyl- o s

adenosineZ) in Methanol A solution of 8-azidoN®,N6,0%,0% - OezoBs

O°-pentabenzoyladenosing) ((0.020 g, 0.024 mmol) and
ammonium tetrafluoroborate (0.0029 g, 0.028 mmol) inCH

OH (20 mL) and benzene (2 mL) was degassed and irradiate 30 nm (61 700 M cm-2), shoulder at 273 nm (10 500 M

for 60 min in a Rayonet photoreactor with 350 nm lamps. cm-Y), shoulder at 281 nm (9120 Mcm-Y), 326 nm (10 700
The solvent was removed under reduced pressure and tthl_l c’m‘l) '

residue purified by HPLC.
Isolation of 8-Amino-RIN¢,0?,0%,0°-pentabenzoyl-

adenosine¥). The amine7 was obtained as a colorless solid . o
(1.2-1.5 mg, 0.00140.0019 mmol, 6-8% yield): GeHarr (oD (0.085 g, 0.3 mmol) in CEDH (150 mL), at—77°C,

. . : o 1 was added a solution of NBS (0.059 g, 0.33 mmol) ins€H
HR?I% Encoéecclulzzrsv(\)/eﬁ/?n;)s g%g%%mTH;n%%igéﬁ 272 OH (10 mL). The reaction mixture was allowed to slowly
Hz, 2H), 7 937 dJ =81 Hz 2H), 7901 (d,] -~ 7.3 Hy warm to room temperature over the course of 2 h. After 12

2H), 7.81 (d,J = 7.7 Hz, 4H), 7.56 (tJ = 7.3 Hz, 3H) h, the reaction was quenched with solid NaQGHequiv),
7997 44 (c,omple.x 12|’_|) 6 ,23.(ddl Z51HzJ=51 and the solvent was removed. The crude mixture was purified
H.z 1Hj 6.18 (d,J=’55 Hz’ iH) 6(58 (déiJ _ é4 Hz.J by column chromatography (silica gel, 20% @»H in
— 5.4 Hz iH) 5.97 (bé 2H5 4.721.82 m 3H)'13C NMR CHCly) to provide 8-amino-2-methoxyadenosins) as a

(CDCl, 62.5 MHz) 6 172.1, 166.2, 165.4, 15434, 154.0 slightly yellow solid (0.062 g, 61%). All spectral data were

149.0, 145.6, 134.3, 133.9, 133.8, 133.6, 132.7, 129.8, 129_7’consistent with an authentic sample obtained as described

129.4, 129.2, 128.6, 128.4, 85.7, 81.0, 72.7, 70.8, 63.7; IR APOVE:
(CDCl) vimax 3468, 3384, 3067, 2982, 2874, 1729, 1637, ResULTS AND DISCUSSION
1602, 1585, 1545, 1452, 1392, 1375, 1316, 1265, 1265, 1178,

179, 1125, 1094, 1070, 1026, 820 MUV —Vis (Amay

Oxidation of 8-Aminoadenosine3d) with N-Bromo-
succinimide (NBS)o a stirred solution of 8-aminoadenosine

1123, 1094, 1070, 786 criy UV—Vis (Amay 231 (53 700 Chemical Analysis of Photolysis Mixturdhe photolysis
M-t cm™1), 283 (10 960 M* cm™1), 305 nm (12 300 M* (4 > 290 nm) ofla has been studied previously in water
cm) and found to afford the simple reduction product 8-amino-

Isolation of 8-Amino-2-methoxy8W¢,0?,0%,0%-penta- adenosine 3a) as the only identified produc®(). In the
benzoyladenosine (8fhe methanol addu@& was obtained  work presented here, the irradiations were conducted using

as a glassy yellow solid that turned red with time (1102 all of the UV lines of an argon ion laser (333:863.8 nm)

mg, 0.0012-0.0014 mmol, 56% vyield): CigHzsNgOxg; and the reaction products were identified in both methanol
molecular weight 832.81 g/mol; mp not availablel, NMR and water. Only the products of the methanol reactions have
(CDCls, 250 MHz)¢6 8.32 (d,J = 7.7 Hz, 2H), 7.94 (dJ = been examined in detail and fully characterized. These are

6.9 Hz, 2H), 7.92 (dJ = 6.5 Hz, 2H), 7.81 (dJ = 7.6 Hz, summarized in Scheme 1 along with the products of the
4H), 7.277.59 (complex, 1516H), 6.39 (d,J = 5.9 Hz, benzoylated analogu2 The structures ofla and 5a were
1H), 6.15 (ddJ = 6.1 Hz,J = 6.1 Hz, 1H), 6.04 (ddJ = confirmed by NMR spectroscopy, and the structure8af
5.4 Hz,J = 5.4 Hz, 1H), 5.80 (bs, 12H), 4.76-4.89 (m, and7 were confirmed by comparison with authentic samples.
3H) 3.62 (s, 2H);33C NMR (CDCk, 62.5 MHz) 6 172.0, The structure oBawas confirmed by X-ray crystallography
166.2, 165.4, 134.4, 133.8, 133.6, 132.7, 130.0, 129.7, 129.3(Figure 2).

129.1,128.7,128.6, 128.5, 128.4,85.4,81.1, 72.2, 70.7, 63.8, At this point, it is significant to note that the simple
55.2, 29.7; IR (CDG) vmax 3462, 3381, 3067, 2957, 2928, 8-amino products3a and 7, constitute reduction products
2856, 1728, 1639, 1590, 1557, 1480, 1452, 1368, 1316, 1264 when referenced to the expected primary photoproduct, the
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0.6 »

0.4 =

AOD

0.0 i

T T T T T
350 400 450 500 550
wavwelength, nm
Ficure 3: Transient absorption spectrum obtained upon irradiation
of 8-azidoadenosinda in water (curve 1), persistent spectrum
produced by irradiation oib in 2MTHF at 77 K (curve 2), and
absorption spectrum dfa in water (curve 3).

Scheme 3
NH, NH, NH,
Ficure 2: X-ray crystal structure oba (only one of the two Ny hv, N, .. Ny IsC .. Ny
crystallographically independent molecules is shown). N~ ] By N )N — N | B
N N/ NN : "‘l N
Scheme 2 I‘? 1b ||a T9p R 3gp
NH, NH, i
N— Xy  hv,CH;OH N
N 3 -
Ns{/ | /) H;N—</ | /)N\J' H,C=0 Long-lived
1a T N 4a T N” "OCH; Transient Intermediate
R R
o Hcla There was no evidence of the presence of a triplet nitrene
/E\ NH/CHZ signa]; thus3 by EPR spectroscopy, the orange species is not
NH™ "H 4a 1a the triplet nitrene’db (Scheme 3).
/NfN N {H N%Nﬁ Laser Flash Photolysis (LFP) Studies of 8-Azidoadenosine
HZN{N |N/)\ocu N ocH la and Its Pentabenzoylated Deative 2. Laser flash
5a I|2 s ‘|‘ : photolysis (LFP) of 8-azidoadenosifa in water produces

the transient spectrum shown as curve 1 of Figure 3. This

nitrene at the 8-position. All of the other photoproducts are SPectrum is remarkably similar to that produced by photolysis
at the same oxidation level as this nitrene. The formation of Of 8-azidoN®-benzyladenindb in 2MTHF at 77 K, indicat-
formamide5a is evidence that the solvent methanol is the iNg that related species are observed under both sets of
reducing agent necessary for the formatior8afand 7. A conditions. The species produced by LFPlafshows no
possible mechanism for the formation B4 is outlined in ~ decay after 30@s in water (the maximum observation time
Scheme 2. Of course, the ribose moieties might also serveOf the spectrometer), indicating that its lifetime in water is
as reducing agents in these reactions, which might help toin €xcess of 1 ms. In addition, LFP of 8-azidoadenodiae
account for the complexity of the reaction mixtures observed in water produces the same transient absorption in the-400
in this chemistry. 500 nm range within 400 fs of being irradiated by the
Aside from the reduction to the 8-amino compounds, the €Xciting laser pulse (the minimum resolvable time of the
recurrent theme in these reactions is the addition of the SyStém) (see the inset in Figure 5). The consistency of these
solvent methanol to the purine six-membered ring to form SPectroscopic properties over a time ranging from femto-
4a, 53, 6a, and8. Apparently similar adducts can be formed S&conds to seconds and even minutes (vide infra) rules out
in water and in the presence of secondary amine, but thesdhe possibility that this species is a nitrene, in either its singlet

materials were not characterized because of problems with | | | . .

their purification. 08 _
Photolysis of 8-Azido-Mbenzyladeninelb in Glassy 9
2MTHF at 77 K. Cooling of a solution of 8-azidd- 06 . R

benzyladenindb (22) in 2-methyltetrahydrofuran (2MTHF)

to 77 K leads to the formation of a clear, rigid glass suitable $
for optical spectroscopy. Upon brief exposure of the glass o2 -
to 254 nm radiation, the glass turns orange. The orange color
does not decay over many hours at 77 K. When the glassis %07 B
melted, the orange color gradually fades. The -tiN& T T T T T T

spectrum of this photoproduct is given as curve 2 of Figure 350 400 A avelength. e 550 600

3, and resembles that mbenzoqumc’d'me‘,thane@j The FIGURE 4: Transient absorption spectra produced upon LFPaof
orange species was generated by irradiation of atdiie a in a 50/50 water/acetonitrile mixture (curve 1) and that obtained
cold 2MTHF glass in the cavity of an EPR spectrometer. from LFP of2 in a 50/50 water/acetonitrile mixture (curve 2).
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| | 1

06 Table 1: Absolute Bimolecular Rate Constants of the Reaction of
1[cysteine] = 0 2-5“20_'; the Transient Intermediate Produced by LFPLafin the Presence
05 g{gzﬁgx};};ﬁw 8 s 4 of Nucleophiles at Ambient Temperature
0.4 oe 9 L nucleophile solvent k(M~1s)
00 o _2o|oo 4000 6000 cysteine HEPES 6.5x 10
g 034 1 fme fo B sodium hydroxide water 3.6 10°
< diethylamine water 1.2 10
02 B sodium phenoxide water b
3 L-tyrosine ethyl ester HEPES c
0.1 2 - L-methionine ethyl ester HEPES c
L-tryptophan methyl ester HEPES c
0.0 = adenosine smonophosphate HEPES c
. . : uridine HEPES c
5 0 5 10 15ps cytidine HEPES3 C
time guanosine HEPES c

Ficure 5: Quenching of the 460 nm absorption signal (produced 2In 50 mM HEPES and 50 mM KCl at pH 7.6The reaction

b%/ LFP of1g) in HEPE% UQIE)hn a_dditionr(])f increhasifng con.centr?tir(])ns kinetics are complex because the product of the reaction also absorbs
of cysteine (curves 33). The inset shows the formation of the at 400 nm and is meta-stabkToo slow to measure.

460 nm signal on the femtosecond time scale obtained in a pump
and probe experiment (curve 4, fwhm 400 fs).

. . Table 2: Absolute Bimolecular Rate Constants of the Reaction of
1 3
or triplet state,’9a or 39a, respectively. Furthermore, the the Transient Intermediate Produced by LFF26f the Presence of

rapidity with which this intermediate is formed would seem  nycleophiles at Ambient Temperature
to indicate that it is derived from the singlet nitrene, if that
species has a finite existence at all. Correspondingly, these

nucleophile  k(M™1s™?) nucleophile k(M~1s™)

observations would seem to cast serious doubt on the often- ﬁ:gg}g'ami”e a3'5’< oy ]Eﬁg]f%?]ﬂcr’iféhy'e”e e
_stated view_that nitren_@is thg reactive_ intermedif_;lte present  phenol a tetrahydrofuran a
in photoaffinity labeling using 8-azidoadenosine and its pyridine a

analogues. aToo slow to measure.

The known pentabenzoylated derivative of 8-azidoadenos-
ine 2 (19) was prepared and its LFP in acetonitrile studied. i i
This compound produced a long-lived species>(100us) products observed in these reactiods, (5a, 6a, and g)
upon LFP with an absorption maximum shifted 50 nm to certainly confirm that this is the case for methanol.
shorter wavelengths compared to that observed upon LFP Furthermore, the rate constants of these reactions dem-
of 1ain water. The transient spectra produced by LFRaf  onstrate that the reactive intermediates formed are not so
and2 in a common solvent, 50/50 (v/v) acetonitrile/water highly reactive that they react indiscriminately with-@
mixture, are shown in Figure 4. Since different transient Ponds and all nucleophiles in the vicinity of an 8-azidoad-
spectra are observed from the two precursors in the sameenosine-targeted binding site. For the purposes that these
medium, the blue shift of the transient derived frans not ~ Photoaffinity labels have been traditionally used, attaching
a solvent effect, but must be attributed either to a rather radiolabels to protein molecules and the identification of
significant electronic effect associated with the two benzoyl Nucleic acid-protein interactions, this highly selective
groups on the 6-amino group or to an intermediate distinctly "€activity may not be desirable. Unless tightly held in a
different from that produced fronia. Subsequent data Protein binding site, the photogenerated reactive intermediate
support the latter alternative thag and 2 produce two  Produced upon photolysis of 8-azidoadenosine and its

different types of intermediates, vide infra. derivatives may report the presence of potent nucleophiles
Quenching of Transient Intermediates Produced by Laser that are not associated with the natural binding pocket.
Flash Photolysis (LFP) of 8-Azidoadenosida and Its Nitrenium lon Intermediate§.he same transient spectrum

Pentabenzoylated Derative 2. The presence of amines, is observed upon LFP & in acetonitrile (where nitrenium
thiols, hydroxide ion, and phenolate ion accelerates theion formation is not possible) and in @EH,OH where
disappearance of the transient absorption spectra shown imitrenium ion formation is most plausible. This argues against
Figure 4. Plots ok.s the pseudo-first-order rate constant assigning the carrier of the aforementioned transient spectra
of transient decay, versus the concentration of nucleophile (Amax = 400 nm; Figure 4) to the corresponding nitrenium
are linear (Figures 5 and 6) with slopes equal to the absoluteions. Furthermore, the long lifetimes of the transients derived
bimolecular rate constants for the reaction of the nucleophile from both 1a and 2 further argue against assigning these
with the transients. The experimentally determined rate transients to nitrenium ion24, 25).

constants are given in Table 1. Computational Chemistryhile nitrenes and nitrenium
These data indicate that the reactive intermediates pro-ion intermediates have been eliminated as viable intermedi-
duced both upon photolysis ofa in water and2 in ates in these reactions, the question remains with regard to

acetonitrile have long lifetimes and high selectivity toward the identities of the pivotal 460 and 400 nm absorbing
reaction with nucleophiles. At least in the caselaf strong transient intermediates (Figure 4) derived from irradiation
nucleophiles such as alkoxides, phenoxides, thiols, andof azidesla and 2, respectively. Modern computational

aliphatic amines are effective trapping agents. However, methods can be extremely helpful in the determination of
weaker nucleophiles such as alcohols, phenols, sulfides, andrarious alternatives in cases such as this. For example,
arylamines probably also react with the intermediate, albeit CASSCF theory has successfully predicted the energy
too slowly to be characterized by this LFP method. The separation of singlet and triplet phenylnitrenes, their spec-
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Scheme 4
/\H\ N
Ors e Obe— @m —
Opened-shell

Singlet Nitrene

-0.
troscopic properties, and the barrier to rearrangement of

singlet phenylnitrene into the azepine shown in Scheme 4
(4 andb).

Consequently, the singlet 8-adenylnitrel®el has been
studied with CASSCF (8,8) calculations, and the results are
summarized in Figure 7. Singlet phenylnitrene (Scheme 4)
has an opened-shell, biradical-like, electronic configuration.
In contrast, singlet 8-adenylnitred®d has a closed-shell
electronic configuration, because of the presence of zwitter-
ionic resonance structures. The opened-shell singlet config-
uration of the nitrene is 11 kcal/mol higher in energy than
the closed-shell configuration.

As seen in Figure 8, the lowest singlet state of 8-adenyl-
nitrene'9d has substantial negative charge on the nitrene
nitrogen atom {0.43) as calculated by a natural population
analysis (NPA) 14). In contrast, the charge on the same atom
in triplet state®dd is positive and electron density is shifted
into the five-membered ring. The shift in NPA charges upon
formation of singlet 8-adenylnitren®d can be calculated

by subtracting the charge on the atom of interest in the parent

R=0.99

0.8
0.6
0.4+

0.2

0.0

T T T T T 3
0 5 10 15 20x10
[Cysteine], M
FIGURE 6: Plot of the observed rate constant of the reaction of the
species absorbing at 460 nm (produced by LFPapfnith cysteine.
The second-order rate constant is 6510 M~1 s71,

'9d
11.0 keal/mol

—
(opened-shell
CASSCF(8,8))

Transition
State
0.3 kcal/mol

(TS \
B3LYP/6-31G*)

l9d
0 kcal/mol
(closed-shell

CASSCF(8.8)
B3LYP/6-31G*)

394
-14.3 kcal/mol
——
(CASSCF(8,8)
UB3LYP/6-31G*)

Relative energy, kcal/mol

syn cis-10d
N\, -16.9 keal/mol
—

20— (B3LYP/6-31G*)

39d
-26.4 kcal/mol
—
CASPT/2

Ficure 7: Relative energies of nitren@d and opened diaza-
quinodimethane syn ci$0d, obtained by different computational
methods.
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Ficure 8: Natural population analysis of closed-shell singlet and
triplet 8-adenylnitrene'@d and®9d), 8-azidoadenineld), and the
shift of charge upon formation of the singlet nitrerd (Calculated
using MP2/6-31G*.

Scheme 5
. _H H .. H ” O
\N/ ~n—"
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/‘ ~
~—> N - N:< f\
{ ) "j<i/ . ) )
/ ®
R 1g
Pathway a \ Pathway b ‘
H .. . H
\N/ ’N/
YN
~C N= |
N N/) {T \N)
\ I

10 1"

azide moleculeld from that of the singlet nitren&d for

the same atomA in Figure 8). According to this analysis,
formation of singlet nitrené9d is associated with a shift of
negative charge to the nitrene nitrogen and its attached carbon
from nitrogens at positions 7 and 9, the 6-amino group, and
the six-membered ring in general.

This general charge redistribution is consistent with the
selected resonance structures shown in Scheme 5. These
resonance structures suggest alternative nitrene reaction
pathways that might lead to less reactive intermediates,
intermediates that would be expected to be much longer lived
then the parent closed-shell singlet nitrene. Pathawapuld
lead to the opened diazaquinodimethd®eand pathwayb
to the closed diazaquinodimethah#

Fragmentations such as that in pathwayare well-
documented in heterocyclic azide chemistry as illustrated by
the example in Scheme 85, 26). DFT calculations (B3LYP/
6-31G*) predict that the barrier to this ring opening is only
0.3 kcal/mol for'9d (Figure 7). It is conceivable that this
small gas phase barrier may disappear entirely at higher
levels of theory or in the condensed phase. In any case, theory
predicts that closed-shell singlet nitretd will fragment
in less than 1 ps to form opened diazaquinodimethkde
which is a process that is much faster than that by which
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Scheme 6 The second consideration concerns the photochemical
H X Ns H X N behavior of benzoylated adenosi@eBenzoylation of the
N, /// 6-amino group of adenosine will prohibit the proton shuttle
\ / _ ¢ mechanism (pathwaly in Schemes 5 and 7). Consequently,
— the 400 nm transient observed upon photolysi® eannot

X=0orN-CHy be a closed diazaquinodimethane relatetiidBenzoylation
will not affect fragmentation pathwag (Scheme 5). How-

Scheme 7 ever, it will prevent formation of the syn trans and anti cis
i H tautomers related t@0, and probably significantly inhibit

@/o """ /,._,1 H nCH.., H formation of the anti trans tautormer due to the large size of

H*?" 8 H—0" N the benzoyl groups (Scheme 8). Therefore, of the possible
(';l N X 'f' N N intermediates suggested in Schemes 5 and 8, only syn cis-
N4</J b g :N% J 10 would seem to be a viable candidate for the 400 nm

Y N = NSy transient species observed in the photolysig.of
R/ 19 R/ 1 The situation is by no means as straightforward in parent

adenosine systeria, where all intermediates outlined in
Scheme 8 Schemes 5 and 8 would seem to be viable candidates. DFT
calculations of the relative energies dbfc and the family

N
Hoy-H A H of isomeric tautomers ofOc shown in Scheme 8 afforded
N rla Q the values shown in Figure 9. These energies were deter-
19 N2 m/s\ N anti J‘ mine(_j in the gas phase using density fu_ncti(_)nal thebﬁy(
Q N NT N and in water using the PCM approximatiod3). It is
" ||a syn cis-10 ,L anti trans-10 interesting to note that in aqueous media the initially formed

syn cisd10c is not the most stable isomeric tautomer, and
might be expected to readily isomerize and tautomerize to
vans M IH W the most stable anti cisoctautomer. No indication of this
. type of equilibrium, which might lead to a shift of the ribose
NZC/N%N moiety from the 9-position of the adenine ring to the amino
Hoy— J H\ ) group in the 6-position (see Scheme 10), was observed in
the products isolated in the photolysis of azidoadenonsine
R syn trans-10 R anti cis-10 la Furthermore, and most significantly, these calculations
indicated that the closed diazaquinodimethahées the most
singlet'9d will relax (5) to the lower-energy triplet nitrene  stable of all intermediates evaluated to da28)( At this
%9d [which is —14.6 kcal/mol lower in energy by CASSCF  point, the closed diazaquinodimethadda became the
(8,8)] or become attached to a biological macromolecular primary candidate for the 460 nm absorbing transient
target. produced in the photolysis of 8-azidoadenosini@).( A
While pathwayb does not seem to have any parallel in complete tabulation of these intermediates along with their
the literature, it might be particularly favorable in the case calculated relative energies and spectroscopic properties is
of adenylnitrené9d. Thus, the requisite hydrogen or proton shown in Figure 10.
shift might occur in a solvent-assisted manner, as shown in  TD-DFT (15) calculations predict that closed diazaquino-
Scheme 7, or directly via a tunneling mechanig) (n the dimethanel 1cshould exhibit a moderately intense absorption
absence of a protic environment. Such a tunneling mecha-maximum at 430 nm and opened diazaquinodimethane syn
nism would be necessary to account for the formation of cis-10c a maximum at 449 nm, both of which are in quite
11b in 2MTHF at 77 K. This type of proton shuttle good agreement with the observed value of 460 nm. In
mechanism can proceed on an ultrafast time scale in proticcontrast, the calculated strong absorption maxima for diben-
solvents, and may well be competitive with the fragmentation zoylated analogud4 are 422 and 411 nm, in excellent
shown in pathway. agreement with the observed maximum at 400 nm. Thus,
In the evaluation of the relative merits of putative benzoylated adenosirgeclearly affords opened diazaquino-
intermediated0and11, at least two additional factors must dimethanel4, but the 460 nm transient associated with the
be taken into consideration. The first of these is that in the parent systemla, might be either the opened or closed
case of the opened diazaquinodimethdrfe arising via diazaquinodimethane related to eithEka or syn cisi0a
pathwaya in Scheme 5, a family of isomeric tautomers based upon these data alone. However, DFT calculations also
should be in equilibrium with each other as shown in Scheme predict thatllcis 7.8 kcal/mol more stable than syn cis-
8. Thus, the isomer formed initially in fragmentation pathway 10c in water. Furthermore, the 460 nm transient species
a is syn cis10 with the nitrile group syn to the nitrogen formed upon photolysis ofia remains unchanged from
bearing the R group and cis with respect to the exocyclic within 400 fs of photolysis to the millisecond time domain.
carbor-nitrogen double bond to which it is not directly If this intermediate were an opened diazaquinodimethane,
attached. If ring opening td0 does occur, then over the then the equilibrium outlined in Scheme 8 should be active
long lifetime of the observed intermediate, the initially and cause a shift in the transient absorption from ca. 449 to
formed tautomer should have adequate time to become474 nm. No such time-dependent red shift was observed. In
equilibrated with the three other isomeric tautomers of the addition, the DFT calculations indicate that within the family
family. of tautomeric isomers in Scheme 8, anti &3+s the most
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FicurRe 9: Relative energy diagram obtained by B3LYP(6-31G*) calculations for different intermediates in the gas phase (dashed line) and
in water using the PCM solvent model (solid line).
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d 1 N of Figure 11 in which a peak at 1229 chis detected. The
a w’“ R carrier of the 1229 crm band reacts with diethylamine with

::ih: :);:r;?: e approximately the same absolute rate constant as does the
/N NN B carrier of the 400 nm transient absorptidn=t 3.5 x 10"
“2"4< | /)\ M~ s71) within experimental error. This is further evidence
N N OCHs that the nitrene produced by photolysistleaves to the
R/ 4a benzoylated opened diazaquinodimethane analogue of syn

cis-10. Unfortunately, TRIR experiments are not feasible in
stable, and were this form to undergo nucleophilic addition water because of the broad IR absorbance of this solvent.

(see Scheme 10), the product would have the ribose attachedVe could not study the photochemistry Ix in acetonitrile
to the 6-amino group instead of its usual site of attachment P€cause of its poor solubility in this solvent.
at the 9-position. No such products were observed. Finally, On the basis of the aforementioned evidence, it is clear
the assignment of the 460 nm transient to the closedthat while a nitrene species is probably involved in the
diazaquinodimethanglais also consistent with the forma-  photochemistry of 8-azidoadenosiria) and its derivatives,
tion of the same intermediate via the NBS oxidation of it very rapidly (femtoseconds) undergoes a hydrogen reloca-
8-aminoadenosine discussed in a later section (see Schem#on to form closed diazaquinodimethah&a In the absence
9). of nucleophiles, this species has a lifetime of seconds to
DFT calculations predict that syn ci®c will have a minutes and is the pivotal reactive species involved in
C=N ring vibration at 1229 cm' [after applying a scaling  photoaffinity labeling. If the pathway tb1 is blocked, as in
coefficient 0.98 29)]. LFP of benzoylated analogu2 in the case o2, the corresponding nitrene can rapidly undergo
acetonitrile with IR detection gives the transient spectrum fragmentation of the five-membered ring to form opened
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Ficure 10: Relative energies df1 and the tautomers dfO in water as determined by DFT, their principle vibrations, and gas phase
electronic transitions predicted by TD-DFT.
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Ficure 11: Transient absorption IR spectrum obtained upon LFP wavelength, nm
of the pentabenzoylated 8-azidoadenogrie acetonitrile. FiGURE 12: Persistent UV spectrum dfla produced by NBS
oxidation oflain methanol at-75 °C. Curve 1 is the spectrum of
the starting material, curve 2 when a small amount of NBS was
added, curve 3 after further addition of NBS, curve 4 upon
completion of the reaction at ambient temperature, and curve 5 the

1300

diazaquinodimethan&0, which seems to have chemistry
quite similar to that ofl 1 : ¢

Chemistry of Diazaquinodimethan&® and 11. As their ggzgﬁitt'ﬁlne %’&fﬁi‘éﬂzl%r%i“;;gr‘iﬁgnptg Igtafm a 50/50 water/
names imply, the opened and closed diazaquinodimethanes
10and11would be expected to have quinone-like chemistry.
If this is true, then they should undergo rather facile
oxidation—reduction chemistry. This correlation is shown in

observe its trapping with methanol. A number of oxidizing
agents and conditions were examined with this end in mind.

Scheme 9 fod 1a Thus, it is probably the simple reduction  1he best of these was found to be NBS in methanol as a
of 114 and not of nitrend9a, that accounts for the formation ~ Solventat=75°C. Thus, wherBais dissolved in methanol,

of 3ain the reactions shown in Scheme 9, and the formation the solution cooled te-75°C, and a solution of NBS added,

of 7 from the corresponding opened diazaquinodimethanethe reaction mixture immediately becomes bright orange with
related tal0. This correlation is supported by the observation the UV—vis spectrum shown as curve 3 in Figure 12. This
of formate5a (Scheme 2). Furthermore, we reasoned that if spectrum agrees well with the spectrum produced upon LFP
this oxidation-reduction chemistry is facile, then it should of lain water. It was most interesting to observe that when
be possible to oxidize 8-aminoadenosida)(to the same  the solution is warmed to ambient temperature, the orange
intermediate that was observed in the azide photolysis andintermediate persisted for minutes before the solution faded
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Ficure 13: Active site for the binding of 'Sphosphate of '25'-triadenylate to human ribonuclease L. Panel A emphasizes-gtacking

interactions between Trp60 and thet@minal adenylate and the remaining two adenylates and Phel126. Panel B emphasizes the hydrogen

bonding interaction at the WatserCrick edge between thé-ferminal adenylate and Glu131 and between the central adenylate and Tyr135.

to pale yellow as shown in Figure 12. Furthermore, only a not afford any detectable quantities @ Singlet oxygen
single product was formed in this NBS reaction, and upon might conceivably give rise tdba from 3a. However,
isolation and characterization, this product proved to be irradiation of3ain a methanolic solution of rose bengal using

methanol adducd#a. No trace of isomeric methanol adduct
6a could be found in this reaction. This NBS oxidation

visible light does not afforda. The only firm correlation
that we have been able to establish at this time is that the

experiment provides further strong evidence that the reactiveformation of6afrom lais oxygen-dependent. Thus, irradia-

intermediate produced upon LFPId s closed speciekla
(corresponding to pathwayof Scheme 5) as we think it is
unlikely that 8-aminoadenosine will both oxidize and ring
open to the higher-energy tautomer syn bi&under these
conditions.

tion of a degassed solution dé& affords only4a and no6a.

In contrast, irradiation ofLla under aerobic conditions or
under an oxygen atmosphere affords the usual amount of
6a reported earlier in this paper. Since singlet nitréda,

43, and6a are all at the same oxidation level, the role of

On the basis of these observations, it seems reasonable t@xygen in the formation dba cannot be that of an oxidizing
assign the pivotal trapping reaction of 8-azidoadenosine agent. Consequently, oxygen is most likely serving simply

photoaffinity labeling to a Michael addition or 1,4-addition
of nucleophiles to closed diazaquinodimethah®a as
outlined in Scheme 10. A closely related Michael addition
should also be active in open diazaquinodimeth&0Bz
derived from benzoylated analogRewhich also is outlined
in Scheme 10.

Finally, it is interesting to note that this work explains
why previous investigator80—32) have identified tyrosine

as a spin trap in a radical reaction the exact nature of which
is unknown at this time.

Implications of Photoaffinity Labeling with 8-Azido-
adenosinea) and Its Dervatives.It is conspicuously clear
from this study that photolysis of 8-azidoadenosiha) @nd
its derivatives does not produce a highly reactive species
that reacts indiscriminately with proteins and nucleic acids
in its immediate vicinity at a rate approaching diffusion

residues as the sites of covalent attachment of the intermedi-controlled. Instead, such photolyses produce the reactive, but

ate produced upon photolysis dfa and its analogues.
Particularly interesting is the observation of Wower et al.

selective, closed diazaquinodimethakiethat reacts fairly
rapidly with amines and thiols, but only relatively slowly

(33), who obtained the same labeling of bovine ribonuclease with weak neutral oxygen nucleophiles such as alcohols and

A upon irradiation of a solution of the protein and 8-azi-

phenols. This means that caution needs to be exercised to

doadenosinéatogether, and when the azide was irradiated be sure that the binding site is indeed effectively targeted.

alone in buffer, followed by the addition of the previously
photolyzed solution ofla to the protein in the dark. The
very long lifetime of reactive diazaquinodimethah#a is
completely consistent with these observations.

If diazaquinodimethané&1 does not react effectively at the
original binding site, but wanders and becomes attached to
a remote site, false binding site information will be obtained.
This is not a serious problem in studies where the goal is

One question remains. What is the mechanism of forma- simply to label or cross-link protein targets. However, it

tion of rearranged methanol add&? This isomer consti-

might become a significant issue in studies aimed at obtaining

tutes the result of a trapping mechanism that is apparentlyspecific binding site information. In cases such as these,

significantly different from that leading tda. Adducts of
type 6 may be particularly significant, since if water were

the trapping agent, which preliminary studies indicate occurs

transient spectroscopic studies will become a requisite
component of any photoaffinity labeling study.
As the photoaffinity labeling technique becomes increas-

in a manner comparable to trapping with methanol, 8-ami- ingly refined and extended to more complex systems
noguanosine would be the expected trapping product. Thatinvolving oligonucleotides, the binding problems should

is, insofar as the WatsefrCrick binding edge of the

become less of a concern, since the labeling compound will

nucleotide is concerned, an adenosine edge could be photobe held in place by multiple binding interactions. An
chemically transformed into a guanosine edge. For theseexcellent example of how this might work can be seen in
reasons, we have explored a number of possible mechanismshe interaction of the'Sphosphate of'25'-linked triadenylate

for the formation of6. A priori, one might conceive of a
photoisomerization of to 6. However, irradiation ofladoes

with the N-terminal repeat domain of human RNase4)(
As shown in Figure 13, the triadenylate is bound by many
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hydrogen bonding and-stacking interactions. Thus, along- ACKNOWLEDGMENT
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