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Lifetimes and Reactivities of Some 1,2-Didehydroazepines Commonly Used in
Photoaffinity Labeling Experiments in Aqueous Solutibns
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ABSTRACT. The reactive 1,2-didehydroazepine (cyclic ketenimine) intermediates produced upon photolysis
of phenyl azide, 3-hydroxyphenyl azide, 3-methoxyphenyl azide, and 3-nitrophenyl azide in water and in
HEPES buffer were studied by laser flash photolysis techniques with\iB/detection of the transient
intermediates. The lifetimes of the 1,2-didehydroazepines were obtained along with the absolute rate
constants of their reactions with typical amino acids, nucleosides, and other simple reagents present in a
biochemical milieu. The nitro substituent greatly accelerates the bimolecular reactions of the cyclic
ketenimines, and the 3-methoxy group greatly decelerates the absolute reactivity of 1,2-didehydroazepines.
The intermediate produced by photolysis of 3-hydroxyphenyl azide is much more reactive than the
intermediate produced by photolysis of 3-methoxyphenyl azide. We propose that the hydroxyl-substituted
1,2-didehydoazepines rapidly L0 us) tautomerize in water to form azepinones and much more rapidly
than the corresponding 3-methoxy-substituted cyclic ketenimines undergo hydrolysis. Azepinones react
more rapidly with nucleophiles than do methoxy-substituted 1,2-didehydroazepines and are the active
species present upon the photolysis of 3-hydroxyphenyl azide in aqueous solution.

Photoaffinity labeling (PAL) was invented by Westhe- intermediates proposed with the aid of time-dependent
imer, Singh, and Thorntorl) more than 40 years ago. Their density functional theoretical (TD-DFT) calculatior.(
original studies used diazo esters and carbene intermediates
to label amino acids in the binding pocketwsthymotrypsin.  MATERIALS AND METHODS

Bayley and Knowles introduced aromatic azide reagents for  sgneral Supporting Informatiotunless stated otherwise,
photoaffinity labeling shortly afterwar®). Aryl azides are all reactions were run under argon. All chemicals were
generally easier to synthesize and handle than diazo and,rchased from Aldrich and Acros Organics. Phenyl azide
diazirine precursors, but they also suffer some complicationsm’ 3-hydroxypheny! azideg], 3-methoxyphenyl azide,

(3). Photolysis of phenyl azidepromotes nitrogen extrusion 3-nitrophenyl azide 10), and 3,3-dinitroazobenzenel()

and the release of singlet phenyl nitreBebut unlike its  \yere prepared as described in the literature. An HP 6890
carbene analogue cyclizes rapidly {-1 ns in organic  geries GG-MS spectrometer was used to analyze samples
solvents) to form benzazirirg@which immediately opens to by gas chromatography. MS spectra were obtained using a
form 1,2,4,6-azacycloheptatetraene (a 1,2-didehydroazeping;g73 Mass Selective detector. YVis spectra were obtained

or cyclic keteniming)tl (Scheme 1)4)_. Although the lifetime using an HP 8452 diode array spectrophotometer. An
of singlet phenylnitrene in water is not currently known, - gjectrothermal melting point apparatus was used to determine
McClelland and co-workers have demonstrated that the melting points. IR spectra were obtained using a Perkin-

photochemistry of Scheme 1 also largely proceeds in aqueousgmer 1-19 spectrometetH NMR spectra were recorded
solution §). It therefore seems likely that cyclic ketenimines 5 5 Bruker AC-250 MHz spectrometer.
and not aryl nitrenes are the reactive intermediates generated | Fp siydiesEach of the samples prepared for LFP studies
in typical PAL experiments utilizing aryl azides. contained 2 mL of the aryl azide in either water, 50 mM

Herein, we investigate the photochemistry of phenyl azide, HEPES solution (pH 7.6), methanol, or acetonitrile with
3-hydroxypheny! azide, 3-methoxyphenyl azide, and 3-ni- concentrations such that the optical density at the excitation
trophenyl azide in water and in HEPES buffer solution using wavelength was between 0.5 and 1.0. The excitation wave-
laser flash photolysis (LFP) techniques. The lifetimes of the |engths used were either 308 or 355 nm. In each kinetic
intermediates produced by photolysis of these azides arestudy, a few microliters of the quencher was added to the
measured, absolute rate constants with simple amino acidspitial 2 mL of the aryl azide solution. The LFP spectrometer
and nucleosides determined, and the identities of the labelinghas been described in the literatude?), Briefly, the LFP
system employed a Lambda Physik LPX-100 excimer (308

t This work was supported by The Ohio Supercomputer Center and Nm) and a Spectra-Physics Quanta-Ray (355 nm) laser. The
the* #lgwﬁgkigﬁggeo%ﬂ%?géuId be addressed. Phone: (614) 262 transient absorption spectra were collected using an EG&G
0401. Fax: (614) 29p2-5151. E-mail: platz@chemis.try.ohio.-state.edu.-pARC 1460 opiical mUItI.thannel analyzer with an EG&G

L Abbreviations: DFT, density functional theory; PAL, photoaffinity 1304 PARC pulse amplifier, an EG&G PARC 1024 UV
labeling; TD-DFT, time-dependent density functional theory. detector, and a Jarrel-Ash 1234 grating.
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FiGure 1: Transient spectrum produced by LFP (308 nm) of phenyl Ficure 2: Calculated UV-vis spectrum of cyclic keteniminé
azidel in water. The spectrum was recorded immediately after by TD-DFT.
the laser pulse over a window of 30 ns.

280000 | 4

TD-DFT CalculationsUV —vis spectra of the ketenimines
and other intermediates were calculated in the gas phasem
using the TD-DFT B3LYP/6-31G* TD level of theory) g 240000 1
using the Gaussian 98 suite of prograrh®)( The energies = 220000

260000 -

*
y = 1.1E+07x + 1.7E+05

. . 4 ? R? = 9.8E-01
of some intermediates were calculated in water using the 550000 -
solvent polarizable continuum model4). 180000
RESULTS 0 0.002 0.004 0.006 0.008 0.01 0.012

[Adenosine]
Phenyl AzideLFP of phenyl azide in acetonitrile, water, ggyre3: Adenosine quenching of ketenimidén water measured
and 50 mM HEPES buffer produced very similar transient at 400 nm.
spectra. In all three solvents, the transient spectra show a
broad peak starting at¢300 nm and ending at450 nm Table 1: Summary of Quenching Studies of Cyclic Ketenindne
with Amax at ~360 nm (see Figure 1 and Figures S1 and S2 Determined at Ambient Temperature

of the Supporting Information). quencher ko (M~1s7D) solvent
The transient spectrum of Figure 1 is assigned to keten-~ zgenosine 1% 10 water
imine 4 on the basis of extensive prior study of this system uridine 3.3x 10 water
(4). In the most relevant study, the McClelland grou) ( GMP 22x 10° water
. . . cytidine a water
reported a 72% yield of products derived from cyclic  jgenosine 1.3 10P 50 mM HEPES
ketenimine4 upon photolysis of phenyl azide in water. The uridine 3.7x 108 50 mM HEPES
yield of azobenzene, the product formed by dimerization of ~GMP 4.2x 10° 50 mM HEPES
. . . . p-ribose a 50 mM HEPES
triplet phenylinitrene, was not reported and most likely is very  gogium hydroxide 3.9 107 water
small. Protonation of singlet phenylnitrene does not proceed  sodium acetate 1.4 10 water
in neutral water and only becomes an important process in Methionine methyl ester 1910 water
- - sodium phenoxide 9.6 10 water
the presence of strong acig)(Our spectroscopic assignment gy athione 1.5¢ 107 water
is strongly supported by TD DFT calculations which predict  phenol _ a water
that the cyclic ketenimine has vertical absorption bands at  ammonium chloride a wg{g;
342 and 371 nm (See Figure 2 and Tables S1 and Sl) methionine methyl ester 1% 107 50 mM HEPES
The lifetime of ketenimine4 in water is several micro- sodium acetate 4310 50 mM HEPES
seconds. The observed first-order rate constant of disappear- gwtatf}'one 6.8< 10° gg mm :EEEE
ance ko9, measured at 400 nm, increases in the presence pheno — a m
of nucleophiles. For example, a plot &f,s versus the ? The reaction is too slow to measure.

concentration of adenosine is linear (Figure 3) with a slope

equal to the absolute second-order rate constant of theconstants are always larger in buffer than in water. Cyclic

reaction of the nucleophile with cyclic ketenimideSeveral ketenimine4 reacts rapidly with negatively charged nucleo-

absolute rate constants were determined in this manner anghiles such as sodium hydroxide, sodium phenoxide, and

are collected in Table 1. sodium acetate. Sulfur nucleophiles also react rapidly with
Didehydroazepinel reacts very rapidly with guanosine 4. Phenol, ureap-ribose, cytidine, and ammonium chloride

monophosphate (GMP), adenosine, and uridine. Reaction ratedo not react with4 at a measurable rate.

Scheme 1: Photolysis of Phenyl Azide
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Scheme 2: Photolysis of 3-Methoxyphenyl Azide in Aqueous Solution
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3-Methoxyphenyl Azidé€?hotolysis of 3-methoxyphenyl We attempted to study the kinetics of reaction of keten-
azide5 is expected to produce singlet 3-methoxyphenylni- imines 8a and 8b with numerous quenchers in a manner
trene6. We expect tha6 reacts in a manner similar to that similar to that of parent cyclic keteniming The kinetics
of singlet phenylnitren® to form the ketenimine8a and were monitored at 375 nm. The quenchers used were 1,3-
8b through azirine intermediatéa (or 7b by cyclization in dimethyluracil in methanol and uridine triacetate in aceto-

the other direction). Singlet 4-methoxyphenylnitrene abstracts
protons from water to form a highly stabilized nitrenium ion  gox10® -
(15). The corresponding reaction of the meta isomer should
be much less facile because the 3-methoxy group can no
longer interact with the nitrenium ion by resonance. The
singlet nitrene can, in principle, also relax to lower-energy
triplet nitrene9 which will eventually form 3,3dimethoxya-
zobenzenel().

LFP of 3-methoxyphenyl azidg was studied in acetoni-
trile and in agueous HEPES buffer. The transient spectrum I
so produced contained a peak witli gy of 375 nm. Even 0
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10 us after the laser pulse, the peak intensity is almost 200
unchanged. The carrier of the transient spectrum is attributed
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to a mixture of cyclic ketenimine8a and 8b because of  Figure 5: Calculated UV-vis spectrum of ketenimine8a and

their similarity to the spectrum of parent cyclic ketenimine 8b by TD-DFT.

4. TD DFT calculations (Figure 5) predict that the methoxy
group will have little influence on the spectrum of the 1,2-

didehydroazepine. 80x10™
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40x10 a
Q
<
20
a
o
< 0
-20
T T T T !
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250 300 350 400 450 wavelength (nm)
wavelength (nm) FIGURE 6: Formation of ketenimine8a and 8b in water in the

FiGure 4: Transient spectra produced by 308 nm LFP of 3-meth- presence of 0.18 M sodium acetate. There is no evidence of decay
oxyphenyl azide in 50 mM HEPES. The spectrum was recorded of the ketenimines. The slight growth is an artifact due to baseline

over a 30 ns window, 1@s after the laser pulse. drift.
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Scheme 3: Photolysis of 3-Hydroxyphenyl Azidi2 in Solution
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Scheme 4: Rearrangement of Cyclic Ketenimités
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nitrile. Uridine, guanosine monophosphate, sodium acetate,expected chemistry of this singlet nitrene is summarized in
sodium hydroxide, and sodium phenoxide were studied in Scheme 3.
aqueous solution. No measurable decay of the mixture of Upon photolysis of 3-hydroxyphenyl azide (308 nm
keteniminesBa and8b was observed even at very long time excimer laser) in water and in 50 mM HEPES buffer, a
delays (tens of microseconds) and at very large concentra-transient UV spectrum is observed which exhibits two peaks.
tions of the quenchers. Buchmueller and co-workers identified the peak withyax
The low reactivity of ketenimine8aand8b was surprising at 314 nm as triplet 3-hydroxyphenylnitreh®, and the peaks
because LFP of 3-hydoxyphenyl azide produces intermedi- at 340-360 nm were thought likely, but not definitively, to
ates with reactivity comparable to that of parent cyclic be a mixture of ketenimine45 (16). In this work, the
ketenimine4 (16). This prompted our further investigation transient UV spectrum shows a small peak~800 nm,
of the photochemistry of 3-hydroxyphenyl azide. corresponding to triplet 3-hydroxyphenylnitred6, and a
3-Hydroxyphenyl AzidePhotolysis of 3-hydroxyphenyl  much stronger and broader peak withlgx at ~350 nm
azide 12 produces singlet 3-hydroxyphenylnitret8. The presumably corresponding to ketenimiris
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Table 2: Summary of Reaction Rate Constants of the Intermediates
Produced by LFP of 3-Hydroxyphenyl Azide at Ambient
Temperature

quencher ko (M~ts™) solvent
uridine 8.0x 1¢° water
uridine? 7.4x 1P water
sodium hydroxide 9.6 1¢° water
sodium acetate 18 10¢° water
methionine methyl ester 2210 water
sodium phenoxide 7.8 10° water
glutathione 1.4x 10° water
phenol 1.4x 1P water
methionine methyl ester 16 10 50 mM HEPES
sodium acetate 3.6 10 50 mM HEPES
glutathione 4.7% 10° 50 mM HEPES
phenol 1.5x 10/ 50 mM HEPES

aValue obtained by Buchmueller and co-worket$)(
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Ficure 7: Transient spectrum produced by 308 nm LFP of
3-hydroxyphenyl azidd.2 in 50 mM HEPES. The spectrum was
recorded over a 30 ns window, ks after the laser pulse.

I
450

Laser flash photolysis (308 nm excimer laser) kinetic

experiments were performed to study the rate of reaction of £

the transient absorbing between 350 and 500 nm with
several different quenchers. The wavelength chosen to
monitor the decay was 400 nm. A typical quenching plot is
shown below.

The uridine quenching rate constant is &A® M~1s™1,
This is in excellent agreement with the previously reported
value of 7.4x 10° M~1 s71 obtained by Buchmueller et al.

Biochemistry, Vol. 45, No. 2, 200647
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Ficure 8: Calculated UV-vis spectra of cyclic keteniminekba
and15b by TD DFT.
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Ficure 9: Uridine quenching of the reactive intermediates produced

upon LFP of 3-hydroxyphenyl azide at ambient temperature, in
water, measured at 400 nm.
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Ficure 10: Calculated UV-vis spectra of20a and 20b by TD

0=
200

1
600

T
500

(16). Several absolute rate constants were determined anthfrT,

are given in Table 2. It is obvious that the intermediate or
intermediates produced upon LFP of 3-hydroxyphenyl azide

co-workers 7). We expect that th&5—20 isomerizations

in water are much more reactive than the intermediates will be as fast or faster than those previously reported because
produced by LFP of 3-methoxyphenyl azide in aqueous of their greater exothermicity and the possibility of a proton
solution. shuttle mechanism involving a hydrogen bond water network
Although the transient spectra produced by LFP of involving the nitrogen atom of the azepinones.
3-hydroxyphenyl azidd2 and 3-methoxyphenyl azidgin Azepinones (isomeric tB0aand20b) have been observed
aqueous solution are very similar, the kinetics of the transient by Dunkin and co-workersl@) using matrix IR spectroscopy
intermediates they produced upon LFP are very different. It following photolysis ofp-hydroxyphenyl azide in solid argon.
seems likely that we were not quenching ketenimitebut Thus, there is a precedent for this rearrangement even at very
rather another intermediate that it rearranges to form, speciedow temperatures.
such asl9 and ther20 (Scheme 4). The U¥vis spectra of We conclude that azepinones suct?8aand20b, rather
20a and 20b predicted by TD DFT calculations have than singlet nitrenes or ketenimines, are the reactive inter-
significant absorption above 300 nm, and their t\s mediates involved in our previous studyef and in PAL
spectra may well resemble those of ketenimit&sand15b. studies using the 3-hydroxyphenyl azide family of reagents.
Such rearrangements are predicted by DFT to be highly  3-Nitrophenyl AzideThe photochemistry of 3-nitrophenyl
exothermic. Similar results are predicted for the gas phaseazide21 has been thoroughly studied by Schuster and co-
(Figure 11a) and in water (Figure 11b). workers in typical organic solvent&9). The nitro substituent
Rapid (microseconds) tautomerization of enols and their is an attractive moiety in PAL studies because it shifts the
analogous ketones has been reported by Kresge, Wirz, andabsorption spectrum of the aryl azide and thereby allows its
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Ficure 11: (a) Comparison of energies of products derived from ketenirhinie the gas phase as predicted by DFT calculations. (b)
Comparison of energies of products derived from cyclic ketenimifteis water as predicted by DFT calculations.

selective excitation in the presence of proteins and nucleic ketenimines have a shorter lifetime than the triplet nitrene

acids.

Photolysis of 3-nitrophenyl azid@1 produces singlet
3-nitrophenylnitrene22. Singlet 3-nitrophenylnitrene can
react, in principle, with sulfoxides and alkenes. It can
possibly react with proton donors, yielding 3-nitrophenylni-
trenium ion27, but this seems highly unfavorable. Moreover,
22 can reversibly 19) form the azirine intermediate®3,
which can form the 1,2-didehydroazepines (ketenimi2ds)

In addition, 22 can irreversibly intersystem cross to triplet
3-nitrophenylnitren&25. Triplet 3-nitrophenylnitrene reac-

does in water.

TD-DFT calculations predict that the nitro groups shifts
the spectra of the cyclic ketenimines to longer wave-
lengths (Figure 13), as seen in Figure 12 as observed in LFP
studies.

Laser flash photolysis (308 nm excimer laser) Kkinetic
experiments were performed in an attempt to study the rates
of reaction of ketenimine24 with several different quench-
ers. The wavelength chosen to monitor the decay was 400
nm. The kinetics at 400 nm show a fast decay of the

tions include reactions with oxygen to give nitrobenzene and ketenimine and a slow growth of 3;8initroazobenzen26,

abstract electrons from reducing agents. Moreo26rcan
react with itself or with azid®1 to form 3,3-dinitroazoben-
zene26 (Scheme 5).

Laser flash photolysis of 3-nitrophenyl azidé& (308 nm
excimer laser) in both water and 50 mM HEPES buffer

which is formed by the reaction of the triplet nitrene with
itself or with azide. The UV-vis spectrum oR6 (Figure S6

of the Supporting Information) demonstrates that it has
substantial absorption at 400 nm; the extinction coefficient
of 26 in water at 400 nm is 570 L mot cm™%. The time

produces transient UV spectra with two major peaks (Figure dependence of the absorbance at 400 nm is shown in Figure

12). The first has dmax 0f 320 nm corresponding to triplet
3-nitrophenylnitren&5 (19). The second has Anax 0f 400
nm corresponding to cyclic ketenimin24. This band was
previously observed but was not assignéé)( The cyclic

1l4a,b.

The ketenimine mixture was quenched with several
nucleophiles. The glutathione reaction rate constant in water
is 2.7 x 18 M~ s71, for example (Figure 15).
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Ficure 15: Glutathione quenching of ketenimir} in water

80x10° | 242 measured at 400 nm.
24b
Table 3: Summary of Quenching Studies with Nitro-Substituted
g 80 Ketenimines24
[=
8 w0 quencher ko (M~1s7D) solvent
§ sodium hydroxide 1.6 10° water
sodium acetate 2.5 10 water
20 methionine methyl ester 68 10° water
| I I sodium phenoxide 1.8 1¢° water
o - ll . | glutathione 2.7 10° water
5610 400 400 el i phenol 3.9x 1P water
Wavelength, nm GMP 4.6x 1¢° water
) ) o uridine 1.2x 10° water
Ficure 13: Calculated UV-vis spectra of the cyclic ketenimines AMP 3.0x 108 water
24aand24b. methionine methyl ester 8.9 10° 50 mM HEPES
glutathione 4.0 10 50 mM HEPES
The optical yield of 3,3dinitroazobenzeng6 decreased phenol 5.6x 10 50 mM HEPES

in the presence of methionine. The sulfur atom of methionine
methyl ester likely reacts with singlet nitre@&, a reaction
known for polyfluorinated singlet arylnitrene@d). Me-
thionine also reacts with keteniminggl. The lifetime of
ketenimine24 is much shorter than that af in aqueous
solution. The nitro group is a powerful electron-withdrawing  Nitro-substituted keteniminez4 are generally more reac-
group and increases the electrophilicity 2 (21). Keten- tive than parent keteniminé. Ketenimine24 reacts more
imines 24 were quenched with sodium hydroxide, sodium rapidly with sodium hydroxide, sodium phenoxide, and
phenoxide, glutathione, uridine, guanosine monophosphate phenol than doed. Sodium acetate and glutathione ti2p¢

adenosine monophosphate, and sodium acetate. It seems that
adenosine quenche® but at a modest rate. Adenosine
monophosphate (AMP) quenched ketenimiféaand24b

with a rate constant similar to that of uridine.
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Scheme 5: Photolysis of 3-Nitrophenyl Azi@4 in Solution
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and4 with comparable rates. Curiously, methionine methyl substituted ketenimines tautomerize to azepinones. The

ester reacts witll approximately twice as rapidly &34 azepinones have a reactivity with nucleophiles comparable
to that of the parent ketenimirke
CONCLUSIONS In summary, the ketenimine and azepinone intermediates

; : ; duced upon photolysis of phenyl azide and 3-methoxy,
Photolysis of phenyl azide, 3-methoxyphenyl azide, 3-hy- pro X . d
droxyphenyl azide, and 3-nitrophenyl azide in aqueous 3-hydroxy, and 3-nitrophenyl azide have been observed in

solution promotes nitrogen extrusion and release of the 2dUeous solution by laser flash photolysis techniques. The
corresponding singlet aryl nitrenes. Singlet phenylnitrene lifetimes and bimolecular reactivities of these intermediates

isomerizes cleanly to the corresponding didehydroazepinehayef been c.jetermme.d under conditions relevant to photo-
(cyclic ketenimine), which was monitored by nanosecond 2ffinity labeling experiments.

time-resolved UV spectroscopy. Absolute rate constants of ACKNOWLEDGMENT

the reaction o#4 with amino acids, nucleosides, and other

reagents found in a biological milieu were obtained. Reaction =~ We thank Dr. Jerry Kresge for useful conversations.

rate constants are generally larger in HEPES buffer than in
pure water. SUPPORTING INFORMATION AVAILABLE

Singlet 3-methoxy- and 3-nitrophenylnitrenes relax to form  Figyres depicting transient spectra of ketenimines in
a mixture of triplet nitrenes and ketenimines in aqueous aqueous solvents and in organic solvents along with the
solution. The 3-methoxy substituent greatly reduces the cartesian coordinates of the optimized geometries of the
reactivity of the ketenimine. The nitro substituent shortens reactive intermediates and the exact positions of their vertical

the lifetime of the ketenimine in aqueous solution and transitions and oscillator strengths are provided. This material
generally increases its biomolecular reactivity. These effectsis available free of charge via the Internet at http:/

are not surprising as Li et al2() found that electron-  nyps.acs.org.
donating groups decrease and electron-withdrawing groups
increase the reactivity of ketenimines toward diethylamine REFERENCES

n C.yCthexane' . . . 1. (a) Singh, A., Thornton, E. R., and Westheimer, F. H. (1962) The
Singlet 2-hydroxyphenylnitrene also isomerizes to form a photolysis of diazoacetylchymotrypsih, Biol. Chem?237, 3006~
mixture of ketenimines. In agueous solution, these hydroxy- 3008. (b) Chowdry, V., and Westheimer, F. H. (1978)



Lifetimes and Reactivities of Some 1,2-Didehydroazepines

10.
11.

12.

13.

Toluenesulfonyl diazoacetates: Reagents for photoaffinity label-
ing, Bioorg. Chem. 7189-205. (c) Chowdry, V., and Westheimer,
F. H. (1978) Photoaffinity labeling of biological systendginu.
Rev. Biochem 48, 294-325. (d) Westheimer, F. H. (1980)
Photoaffinity labeling: Retrospect and prospedain. N.Y. Acad.
Sci. 346 134-143.

. Bayley, H., and Knowles, J. R. (1977) Photoaffinity labeling,

Methods Enzymol6, 69—114.

. (a) Bayley, H. (1983photogenerated Reagents in Biochemistry

and Molecular Biology Elsevier, New York. (b) Fleming, S. A.
(1995) Chemical reagents in photoaffinity labelifiggtrahedron

51, 12497-12520. (c) Meisenheimer, K. M., and Koch, T. H.
(1997) Photocross-linking of Nucleic Acids to Associated Proteins,
Crit. Rev. Biochem. Mol. Biol. 32101—-140. (d) Cartwright, I.

L., and Hutchinson, D. W. (1980) Azidopolynucleotides as
Photoaffinity ReagentdNucleic Acids Res8, 1675-1691. (e)
Hatanaka, Y., Nakayama, H., and Kanaoka, Y. (1996) Diazirine-
Based Photoaffinity Labelling: Chemical Approach to Biological
InterfacesRev. Heteroat. Chem. 14213-243.

. (@) Platz, M. S. (2004) Nitrenes, iReactve Intermediate

Chemistry(Moss, R. A., Platz, M. S., and Jones, M., Jr., Eds.) pp
501-560, Wiley, New York. (b) Gritsan, N. P., and Platz, M. S.
(2001) Kinetics and Spectroscopy of Substituted Phenylnitrenes,
Adv. Phys. Org. Chem36, 255-304. (c) Platz, M. S. (1995)
Comparison of Phenylcarbene and Phenylnitréme, Chem. Res.

28, 487-492. (d) Schuster, G. B., and Platz, M. S. (1992)
Photochemistry of Phenyl Azidé&\dv. Photochem17, 69—143.

. McClelland, R. A., Kahley, M. J., Davidse, P. A., and Hadzilalic,

G. (1996) Acid-Base Properties of Arylnitrenium long, Am.
Chem. Soc. 1184794-4803.

. Casida, M. E., Jamorski, C., Casida, K. C., and Salahub, D. R.

(1998) Molecular excitation energies to high-lying bound states
from time-dependent density-functional response theory: Char-
acterization and correction of the time-dependent local density
approximation ionization threshold, Chem. Phys. 1081439-
4449.

. Lindsay, R. O., and Allen, C. F. H. (1963) Phenyl Azide, in

Organic Synthesgglorning, E. C., Ed.) Collect. Vol. Ill, pp 710
712, Wiley, New York.

. Smith, P. A. S., and Hall, J. H. (1962) Kinetic evidence for the

formation of azene (electron-deficient nitrogen) intermediates from
aryl azidesJ. Am. Chem. So@&4, 480-485.

. Di Nunno, L. (1986) Decomposition of aryl azides by THF-

butyllithium. 1l. Isolation of 1-aryl-4,5-5-hydroxy-1H-1,2,3-tria-
zoles, Tetrahedron 423913-3920.

Kuz’'menko, V. V. (1979) Synthesis of aryl azide from 1-ami-
nobenzimidazoleZh. Org. Khim. 151108.

Firouzabadi, H., Vessal, B., and Naderi, M. (1982) Bis pyridine
silver permanganate [Ag&BsN),]JMnO,: An efficient oxidizing
reagent for organic substrat8strahedron Lett. 2817), 1847
1850.

Gritsan, N. P., Zhai, H. B., Yuzawa, T., Karweik, D., Brooke, J.,
and Platz, M. S. (1997) Spectroscopy and kinetics of singlet
perfluoro-4-biphenylnitrene and singlet perfluorophenylnitrene,
Phys. Chem. A 102833-2840.

Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E.,
Robb, M. A., Cheeseman, J. R., Zakrzewski, V. G., Montgomery,
J. A., Stratmann, R. E., Burant, S. D., Millam, J. M., Daniels, A.

Biochemistry, Vol. 45, No. 2, 200651

D., Kudin, K. N., Strain, M. C., Farkas, J. T., Barone, M. C.,
Cammi, R., Mennucci, B., Pomelli, C., Adamo, C., Clifford, S.,
Ochterski, J., Petersson, G. A., Ayala, P. Y., Cui, Q., Morokuma,
K., Malick, D. K., Rabuck, A. D., Raghavachari, K., Foresman,
J. B, Cioslowski, J., Ortiz, J. V., Baboul, A. G., Stefanov, B. B.,
Liu, G., Liashenko, A., Piskorz, P., Komaromi, |., Gomperts, R.,
Martin, R. L., Fox, D. J., Keith, T., Al-Laham, M. A., Peng, C.
Y., Nanayakkara, A., Challacombe, M., Gill, P. M. W., Johnson,
B., Chen, W., Wong, M. W., Andres, J. L., Gonzalez, C., Head-
Gordon, M., Replogle, E. S., and Pople, J. A. (1988)ussian
'98, revision A.9, Gaussian, Inc., Pittsburgh, PA.

. (@) Miertus, S., Scrocco, E., and Tomasi, J. (1981) Electrostatic

interaction of a solute with a continuum. A direct utilization of
ab initio molecular potentials for the prevision of solvent effects,
Chem. Phys. 55117—-129. (b) Miertus, S., and Tomasi, J. (1982)
Approximate evaluations of the electrostatic free energy and
internal energy changes in solution proces&dsem. Phys. 65
239-245. (c) Barone, V., Cossi, M., and Tomasi, J. (1997) A
new definition of cavities for the computation of solvation free
energies by the polarizable continuum modelChem. Phys. 107
3210-3221. (d) Barone, V., Cossi, M., and Tomasi, J. (1998)
Geometry optimization of molecular structures in solution by the
polarizable continuum model.. Comput. Chem. 13104-417.

. Sukhai, P., and McClelland, R. A. (1996) Direct observation of

4-alkoxyphenylnitrenium ions upon irradiation of 4-alkoxyphenyl
azides in aqueous solutiah, Chem. Soc., Perkin Trarg 1529~
1530.

. Buchmueller, K. L., Hill, B. T., Platz, M. S., and Weeks, K. M.

(2003) RNA-tethered phenyl azide photocrosslinking via a short-
lived indiscriminant electrophile]. Am. Chem. Sod25 10856~
10861.

. (@) Hochstrasser, R., Kresege, A. J., Schepp, N. P., and Wirz, J.

(1988) Are the halogenations of simple enols in aqueous solution
really diffusion controlled reactions?. Am. Chem. Soc. 110
7875-7876. (b) Chiang, Y., Kresege, A. J., Tang, Y. S., and Wirz,
J. (1984) K, and keto-end equilibrium constant of acetone in
aqueous solution]. Am. Chem. Soc. 10860-463. (c) Chiang,

Y., Kresege, A. J.,, Tang, Y. S., and Wirz, J. (1984) Flash
photolytic generation of acetophenone enol. The keto-end equi-
librium constant and I§, of acetophenone in agueous solutidn,
Am. Chem. Soc. 106392-6395.

. Dunkin, I. R., Ayeb, A. A., Gallivan, S. L., and Lynch, M. A.

(1997) 4H-Azepin-4-ones from 4-azidophenols in low-temperature
matrixes,J. Chem. Soc., Perkin Trans, 2419-1427.

. Liang, T., and Schuster, G. B. (1987) Photochemistry of 3- and

4-Nitrophenyl Azides: Detection and Characterization of Reactive
Intermediates,]). Am. Chem. Sod.09, 7803.

. Poe, R., Schnapp, K., Young, M. J. T., Grayzar, J., and Platz, M.

S. (1992) Chemistry and kinetics of singlet (pentafluorophenyl)-
nitrene,J. Am. Chem. Soc. 115054-5067.

. Li, Y.-Z., Kirby, J. P., George, M. W., Poliakoff, M., and Schuster,

G. B. (1988) 1,2-Didehydroazepines from the photolysis of
substituted aryl azides: Analysis of their chemical and physical
properties by time-resolved spectroscopic methddam. Chem.
Soc. 1108092-8098.

BI10516632



