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Abstract: Rapid scan Fourier transform infrared (FTIR) spectroscopy and time-resolved single wavelength infrared
(IR) spectroscopy have been applied to study the mechanism of photochemical release of adetrgsinsEhate

(ATP) from its P3-[1-(2-nitrophenyl)ethyl] ester (caged ATP). Bands arising from phosphate and non-phosphate
vibrations characteristic of theeci-nitro anion intermediate and from free ATP and byproducts of the nitrophenylethyl
group have been assigned usiig, 1°N, and180 isotopomers of caged ATP. Monitoring several of these bands
using time-resolved single frequency IR spectroscopy confirms that release of ATP occurs in a single exponential
process synchronous with the decay of #@-nitro anion intermediate. Spectral characteristics of the reaction
products arising from the 1-(2-nitrophenyl)ethyl group in the absence and presence of dithiothreitol (DTT) have
been determined. The major final byproduct from photolysis conducted in the presence of DTT is 3-methylanthranil.
The mechanism of formation of this compound from 2-nitrosoacetophenone has been investigated in detail by a
combination of spectroscopic, kinetic, and chemical methods and reconciled with earlier data. The byproduct species
likely to be present on the time scale of most biological experiments using caged compounds is 2-hydroxyl-
aminoacetophenone as a mixture of ring-chain tautomers.

Introduction Scheme 1
Me O [¢] (o]

Over the last decade flash photolysis of photolabile but A . _
biologically inert molecules (“caged” compounds) to release 1a v HY o+ C(‘\O"?0’(5?0'0?0’5'ade”°5'"e

biological effectors has had significant impact on the analysis >10%s"
of rapid physiological processes. By their nature such processes o 2
demand kinetic analysis, and the rate and mechanism of the
photorelease are an integral part of this. Therefore it is desirable
to have a direct, noninferential method for measurement of
photorelease rates from caged compounds. We recently de-
scribed the use of rapid scan Fourier transform infrared (FTIR)
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spectroscopy and time-resolved single wavelength infrared

spectroscopy to determine the rate of ATP release upon

photolysis of caged ATP, thie3-[1-(2-nitrophenyl)ethyl] ester

of adenosine triphosphatia! The spectroscopic data in the measured by IR and that expected from previous measure-
earlier paper were principally concerned with interpretation of ment&3 that were based on transient UV spectroscopy of the
changes in phosphate vibrational modes among the startingaci-nitro chromophore.

material 1a, the intermediateaci-nitro anion2, and the final The present paper gives near-complete band assignments
free ATP (see Scheme 1). TH® isotopomerdbandlcwere  through the use of further isotopomers of caged ATP which
used to help make secure assignments of phosphate-associateghntaini>N in the nitro group {d) or 13C in the benzylic carbon
bands in the intermediaand the ATP end product. Based (1¢), together with corresponding isotopomers of caged methy
on these assignments, time-resolved single wavelength IRpnosphateda and the B,By-180s]caged ATP isotopomeb.
spectroscopy enabled direct measurement of the rate of free ATPgpectra of caged methyl phosphate are not described in detalil
formation. Several matters remained unanswered, including apt are used to clarify particular assignments. Discrepancies
lack of specific assignments for non-phosphate vibrational bandsjp, the rates of ATP formation measured by different techniques
associated with thaci-nitro intermediat. In additonwe had  have been resolved and rationalized by a combination of
been unable to make definitive assignments of particular transient UV spectroscopy of solutions of caged ATP photolyzed
phosphate bands, especially in the region near 126G,cand  ynder the conditions of the IR measurements, together with
there was a discrepancy between the rate of ATP formation consideration of the pH of solutions used for measurements.
We have also used IR spectroscopy to aid identification of
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Figure 1. Infrared difference spectra of caged ATP photolysis at pH 8% tecorded 4-60 ms after the photolysis flash. Solid line, compound
1a; dashed line, compountd; dotted line, compounde Labels refer to peaks in the solid line spectrum.

byproducts which arise from the cage group after photolysis downshifted by 28 and 17 crhrespectively. The negative band
and especially to unravel the multistep process which occurs from the symmetric’PN]nitro vibration overlaps with a positive
when photolysis is performed in the presence of a thiol. Thiols band at 1318 crrt, and its true position is probably nearer to
have been used since the first descriptions of caged compound4.325 cnt! where it appears without overlap in the spectrum
in biology* to remove 2-nitrosoacetophenoBdormed as the recorded after 2.7 s (data not shown). The true downshift is
initial byproduct (Scheme 1), but the underlying chemistry had therefore~22 cnt?, consistent with the reported shift of 24
not been defined. Since byproducts are likely to be formed in cm™ for thevs vibration of [PN]nitrobenzené. Three positive
millimolar concentrations in parallel with release of the biologi- bands at 1465, 1330, and 1179 ¢nare downshifted 1215
cal effector species, it is desirable to have information about cm™! by 15N substitution to 1451, 1318, and 1164 chn
their nature. respectively. Similar bands and shifts are observed foatie
nitro intermediate from caged methyl phosphédeand its15N
Results and Discussion

The IR difference spectra shown in the figures follow the 7. _P. _P___P_ _5.adenosine
same convention as previoudlye., negative bands are associ- E:[ X oo
ated with absorption by the starting caged compound and
positive bands represent absorption by the species present at
the time of acquisition of the spectrum. Difference spectra of
Figures 1 and 2 were acquired at pH 8.5 arfiClas described 1e Q=N z="2C Xy =0
previously! The unphotolyzed caged compound served as the 1d Q- 15N'_2=1201 X1Y= 185
reference spectrum, and spectra recorded in the first 60 ms after fe Q="N.Z="C. Xy =0
the photolysis flash represent almost entirely the transition from
caged compound to theei-nitro intermediate, whereas spectra

1a Q="%N,z="2c X,y ="®0
1b Q="N,z="2c x="%0,v="%0

accumulated from 2.7 to 23 s after photolysis represe39% fle O 4aQ="Ny ="02z="C
of the transition from caged to free ATP. As discussed below @:Z‘v’g?we 4b Q="N,Y="00,2="%c
and depending upon the experimental conditions, chemistry 0, 4c @="N.v="0z="
involving the byproducts may not be complete until more time 4d Q="N.v="0,z="c
has elapsed.
Transition of Caged ATP to the aci-Nitro Intermediate. Me @ 2 2 _
Figure 1 shows difference spectra in the range-90850 cntt 070zl orgrSadencsine
for the absorption of theaci-nitro anion 2 and relevant NO,
isotopomers minus absorption of starting material for caged ATP 5
laand isotopomerdd andle Figure 2a shows corresponding
aci-nitro anion spectra fota and thes,fy-1803 isotopomers. isotopomerb. The isotopic shifts of the three bands are smaller
Related spectra for the-180 isotopomerslb and 1c were than those for the nitro bands of the starting compounds and
reported previously. suggest that the corresponding vibrations are less localized in

(a) 15N Isotopomer. For the 15N isotopomer1ld, large theaci-nitro intermediates. We refer at other points in the text
spectral shifts arising from the isotopic substitution are only to the high degree of coupling which is apparent among
observed in the region above 1160 ¢m As expected, the  Vibrational modes of these intermediates. Proposed assignments
negative bands at 1527 and 1347-érfrom the antisymmetric ~ are that the 1465 cm band corresponds to the stretching

and symmetric N@ vibrations of caged ATP are strongly vibration of theaci-nitro C=N bond, while the 1330 and 1179
cm! bands derive from antisymmetric and symmetrie ®

(4) Kaplan, J. H.; Forbush, B.; Hoffman, J. Biochemistryl978 17,
1929-1935. (5) Déhne, S.; Stanko, HSpectrochim. Actd962 18, 561-567.
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Figure 2. Infrared difference spectra of caged ATP photolysis at pH 8.8;.1Solid line, compound.a dashed line, compounsl (a) Spectra
obtained 460 ms after the photolysis flash. (b) Spectra obtained-23¥s after the photolysis flash. The labels refer to peaks in the solid line

spectrum.

stretching vibrations of the nitronate. The positions of the latter at 1260 cm! were subjects of some conjecture in our earlier
two bands are at the upper end of the range of values given bypaper: where it was proposed that the band at 1260-tm

Feueret al® for alkylnitronate salts, i.e., 12651316 and 1048

involved PQ~ vibrations but the band at 1245 cindid not.

1175 cm'y, for the antisymmetric and symmetric stretches. The In the spectrum of the intermediate from caged methyl phosphate

same authors reported the=Bl stretching frequency for these
nitronates in the range 1587605 cnt?, compared to our value
of 1465 cml.  Evidently bond orders in thaci-nitro intermedi-
ate differ substantially from those indicated by struct@re

4a, a comparable band appears at 1244 t(shifted to 1242
cm~tin 0 isotopomertd) and is downshifted to 1233 crh
in the 13C isotopomer4c. The shift observed uporiC
substitution in the benzylic carbon of both caged compounds,

implying that other canonical forms make significant contribu- together with the lack of a comparable shift ugé@ substitu-

tions to the resonance hybrid. Small downshifts ef3lcnt?

tion of the bridging oxygen, indicates that the band involves a

are observed for bands that appear in the spectrum deriving fromcarbonr-carbon vibration in the €C(Me)O system of theci-

photolysis of the nonisotopic compoufdat 1379, 1245, 1123,
1031, and 1014 cmi. These shifts suggest that the nitrogen
atom of the nitro group is involved to a minor extent in the
corresponding vibrations.

(b) 13C Isotopomer. The largest effect in the spectrum of
the intermediate from3C isotopomerleis a downshift of the
band at 1245 to 1234 cth This band and its adjacent shoulder

(6) Feuer, H.; Savides, C.; Rao, C. N. 8pectrochim. Actd963 19,
431-434.

nitro intermediate. A shift of 11 cnm! is smaller than expected
(~25 cnt?) for an isolated G&C oscillator and indicates that
other parts of the molecule are also involved, as is supported
by the small80 and!>N shifts described above. TReC shift
also confirms the presence of two separate vibrational modes
(1260 and 1245 cmt) in this region of the spectrum.

The only other substantial isotope effect for € isoto-
pomer is in the positive band at 992 chwhich shifts to 985
cmL. This is consistent with the previous interpretation that
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absorptions in this region are associated with couple®D&
(PGs)3—C backbone modes perturbed by formation of dlee

in caged ATPla by an overlappingss negative band at 1251
cmt involving the a- and S-phosphates. When this band is
nitro intermediate. Small downshifts{2 cnrt) are evident absent as in caged methyl phosphta®r downshifted bys-180

for several bands below 1380 cfp which again indicates  substitution (see below), the absorption intensity in the region
extensive coupling of vibrations involving the benzylic carbon 1245-1260 cnt! is substantially enhanced. Thesg PO~
with other vibrational modes. An unassigned positive band at bands are overlaid by the=€C(Me)O band at 1245 cm as

1379 cntl, which was hardly affected biN substitution, is
downshifted by 2 cm! while the positive 1330 cri band,
tentatively assigned above tas of the =NO,~ system is
downshifted by 4 cm!. Both bands have the same shifts in
spectra from photolysis ot{C]caged methyl phosphate and
must be associated with tlei-nitro portion of the intermediate
2.
of theaci-nitro moiety that there should be small effects &
substitution on many of the vibrational modes. More surprising
are the respective 4 and 2 chdownshifts of the strong positive
bands at 1123 and 1092 cfnand the 2 cm! downshift of the
negative band at 1076 crh We previously assigned these
bands to symmetrical PO modes on the basis of our oWfO
results and those of Takeudadt al,” who assigned the highest
wavenumber vibration to an in-phase mode and the two lower
wavenumber bands to out-of-phase modes. Since the vibration
of the entire triphosphate chain are coupled, the effe¢fof
substitution inle could be expected to be felt by all three of
the observed symmetrical BOmodes. Similarly the negative
band at 1059 crrt, previously assignédo avs PO, vibration
predominantly involving the/-phosphate, shows a downshift

It appears reasonable in view of the extended conjugation

discussed above and by a positive band at 1209'amhich
probably involves thei-phosphate, since it is unaffected By
or y-180 labeling.

Thevs PO~ stretching modes around 1100 chare affected
by 5-180 substitution. Most notably the intense positive band
at 1123 cmt! in the spectrum of theci-nitro intermediate
derived from the unlabeled compoufd splits into two bands
at 1127 and 1110 cm in the difference spectrum arising from
photolysis of compound. This double peak probably does
not represent two different vibrational modes but instead arises
from overlap of a negative band near 1120¢mwith a positive
band in the region 11101130 cn1!. The negative band can
be assigned to & PO,~ vibration of caged ATP, seen as a
band in the absorbance spectrum (not shown) at 1132 fon

ﬁlaandlb, at 1123 cm? for 1c, and at 1115 cmt for 5. Upon

ormation of theaci-nitro intermediate?, the vibration appears
to intensify and shift slightly, as indicated by the positive band
in the range 112681130 cnt! in the difference spectra for
isotopomersla—c and 5. Only for 5 do the positive and
negative bands overlap in such a way that the difference

of 4 ol with 13C substitution. These small effects on SPectrum shows two separate positive peaks. The mode appears
phosphate modes are similar in magnitude to the effecti\of to be more delocalized in theei-nitro intermediate than in caged
substitution on the phosphate bands at 1123, 1031, and 1014ATP and to involve vibrations other than plurePO[ modes,

cmt (see above). However it is notable that the shifts caused SiNce its position is less affected By or y- 1803 substitution

by the two isotopic substitutions affect different subsets of than in caged ATP but is sensitive ®C and**N substitution.

phosphate modes.

(c) B,By-180; Isotopomer. As expected from our previous
results! the spectrum ofci-nitro intermediate formation from
B,By-1803 isotopomers showed no isotopic shifts in the range
1550-1300 cn1! (Figure 2a). In common with the spectrum
of aci-nitro intermediate formation from-isotopomerlc, the
positive band seen for the unlabeled intermediate at 1266 cm
is downshifted and overlaps with the vibration at 1245¢m
which does not involve the PO group (see above), to give an
intense positive band with a maximum at 1246¢ércf. 1242
cm1for 1¢).r Since this 1260 cm' band is similarly affected
by bothS- andy-180 substitution, it is evident that at least some
of the v, PO~ modes in theaci-nitro intermediate2 are
coupled. The negative band at 1219 @nwas previously
assignelito av,s PO, vibration of caged ATP to which the

Takeuchiet al.” suggested that there was extensive mixing of
the vs PO, vibrations among the three phosphate groups of
ATP at pH 3, where protonation of the terminal phosphate
simulates the effect of alkylation in caged ATP. Our results
indicate that coupling is also possible with groups remote from
the triphosphate. Similar effects are observed in the spectrum
of aci-nitro formation from caged methyl phosphdt& where

the band at 1126 cm shows downshifts of 3 cri for 15N
substitution 4b), 4 cnr? for 13C substitution 4c), and 2 cn1?!

for 180, substitution 4d).

The positions of the positive band at 1092¢mand negative
bands at 1076 and 1059 cfnare essentially unaffected B
although a small new shoulder appears at 1047cnThese
bands were previoushassigned ta’s PO~ modes following
Takeuchiet al” and because they were shifted uppA®O;

y-phosphate contributes and as expected remains unaffected bgubstitution. The lack of a significant isotope effect upetiOs

B-labeling in compound, while a shoulder at-1205 cnt?
suggests the presence of a weak positive band. Forkhlgeled
compoundlc, where the negative 1219 cthband is down-
shifted to~1180 cnTl, it is notable that a well-resolved positive
band is present at 1209 ¢ while bothla and 1b show an
inflection at this point in the profile of the 1219 cthnegative
band.

To summarize this spectral region for thei-nitro intermedi-
ate?2, it appears that the,s PO, vibration of they-phosphate
is upshifted in frequency when tlaei-nitro intermediate forms
to give the positive band at 1260 cfand the negative band
at 1219 cmi?, both of which are sensitive 101805 substitution.
In caged ATP itself thig-PO,~ vibration is not coupled to the
B-PO,~ vibrations but does couple in tlei-nitro intermediate.
The intensity of the absorption around 1260ris diminished

(7) Takeuchi, H.; Murata, H.; Harada,J. Am. Chem. S0d.988 110
392-397.

substitution shows that the vibrations of thes-PO,~ group
do not contribute.

The positive band at 1031 crh which is downshifted to
1020 cn1t in the y-180; isotopomerlc, is unaffected in the
B,By-180; isotopomer5 but the remaining band profile below
1020 cnt?l is characterized by splitting of the sharp bands at
1014 (negative), 992 (positive), and 970 cninegative) to give
broadened bands at 1019/1014, 995/984, and 967/95%, cm
respectively. This pattern is more complex than the generalized
downshift that was observed for the'®0s isotopomerlc but
is in line with the previous assignment to delocalized@-
(PGs);—C backbone modés.

The information gained from isotopometsl, 1e and5 is
consistent with the previous interpretatioof the difference
spectra for formation of theaci-nitro intermediate2. In
particular the band at 1245 crh which contributed intensity
to the previoussingle wavelength kinetic monitoring at 1251
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cm™1, has been shown to involve a vibrational mode associated bands at 1076 and 1059 cfrpresent in the difference spectrum
with the aci-nitro portion of the intermediat2. of aci-nitro formation are unaffected in the-isotopomer5.
Overall Transition from Caged To Free ATP at pH 8.5 Shoulders remain at these positions in the end spectrum (Figure
in the Absence of a Thiol. This section is principally concerned  2b) but with diminished intensity. The 1059 chmegative band
with analysis of changes in phosphate modes when ATP is was previously assigned tovaPO,” mode of caged ATP with
released from thaci-nitro intermediate?. Experiments under  a strong contribution of thg-phosphaté,that is perturbed in
different conditions have enabled characterization of the byprod- the aci-nitro intermediate and absent from the final free ATP.
ucts arising from the 1-(2-nitrophenyl)ethyl group and are The diminished intensity for thg-isotopomer5 is evidently
described in later sections. Figure 2b shows difference spectracaused by a further component of the intensity in the end
of the photolyzed solution accumulated in the time range-2.7  spectrum that shifts fronvy1070 cnv? for unlabeled caged ATP
23 s after the photolysis flash for caged ATR and itsg,5y- lato 1047 cni! for 5. For both isotopomers the negative band
180; isotopomer5. Corresponding spectra for the-180 intensifies at these positions as tE-nitro intermediate reacts
isotopomerslb and 1c have been published previouglyEnd to give the final productscf. Figure 1c of Ref. 1). The
spectra for thé®N and!3C isotopomerdd andleare not shown, additional negative band at 1047 chevidently represents a
since with a few exceptions there were only very minor vsPQO,~ mode with a large contribution from th2phosphate,
perturbations of weak bands in the region 180@50 cnt?, that is little perturbed by formation of thei-nitro intermediate
The exceptions include the large shifts for the negative bandsbut is sensitive to unmasking of the terminal phosphate. In
arising from the nitro group irld already described above. summary, our observations of thePO,~ modes for caged ATP
Changes in the intensity and position of the nitro bands during are that the high wavenumber modes are less localized on
the transition from theaci-nitro intermediate to ATP and individual phosphate groups than the low wavenumber modes.
byproducts are discussed in the following section on single These data are consistent with Takeuchi’'s findings for ATP
wavelength kinetic measurements. The remaining exceptionsitself.”
are a shift of the carbonyl absorption of the 2-nitrosoaceto-  Fjnally, at frequencies below 1030 cinthere are a number
phenone byproduct for théC compoundle (see below) and @ of changes caused k§:labeling. This spectroscopic region
weak positive band at 1265 cwhich is evident in the end  jpyolves R—O—P;—O—P, vibrational modes, often coupled
spectrum of photolysis of caged methyl phospH&and shifts o 4 modes of the P@ or PQ?2~ groups. The intensity of the
to 1249 cnt* with *3C substitution. This band is also present pegative band at 1019 crhin the spectrum frorais reduced
in the caged ATP spectra but is obscured by the large negativein the spectrum frons, probably because of the downshift of
band at 1251 cmt. However itis visible at 1268 cntinthe 3 negative band from this position to a region close to the
spectrum of thes,f3y-1%0; isotopomerS because of the down- inflection observed at 998 crh. The negative band at 938 cin
shift of the negative band (see below). The magnitude of the j5 downshifted to 920 cri. The 1019 and 938 cm bands
13C-induced shift is compatible with a localized-C vibration were previously assignédo backbone &0 and P-O vibra-
and a reasonable assignment is to the-Brbond of the  tions of caged ATP, possibly with a contribution from the
byproduct3.? nonbridging P-O vibrations, and the present data support this.
In the region of thevas PO,~ vibrations, the strong negative Ty positive bands at 989 and 917 chthat appear on
band at 1251 cm' in the spectrum ola, which is downshifted  formation of free ATP are affected to differing extents by
by only 2 cnt in the y-1%0; isotopomerlct is shifted to 1238 g_japeling. The former is weakly downshifted by 3 chwhile
cm~tin the B-isotopomer5. A new positive band appears for  the |atter is strongly downshifted with a maximum apparently

Satl1l77 cm?, and there is a marked inflection point-a1220  pelow the 900 cmt limit of our spectral range. These findings
cm™* which is absent in the spectrum @f. These results  ingjcate that the vibrational modes corresponding to the higher
confirm our previous interpretation of thgs PO,~ vibrations? frequency difference bands at 1019 and 989 tivave only a

namely that the negative 1251 chband arises from an  gmall contribution ofvs B-PO,;~ and R—O-P, vibrations,
alteration in the vibrational modes of the and-PO,” groups  \yhereas the lower frequency bands at 938 and 917 trave

consequent on the change from caged to free ATP, now j significant contribution from these modes, in agreement with
supported by the shift to 1238 cthin 5. In the region around  Takeuchi's original assignme#t.

1220 cn! a positive band for the,smode of thex- andS-PO,~
groups of free ATP overlaps with a negative band fromithe
mode of the disappearing-PO,~ group of caged ATP. The
result of the overlap for the unlabeled compourads to cancel
absorption in this region. For th@g-isotopomer5 these
absorptions no longer fully cancel because of the downshift of
the positive band to 1177 cth

Absorption by antisymmetric modesof the newly formed
y-PQOs2~ group of ATP dominates the spectrum around 1120
cm™%, and the position of the absorption envelope is not shifted
by p-labeling. However, the fine structure of the band profile
is significantly altered because of overlappingPO,~ modes

Single Wavelength Kinetic Measurements.As mentioned
in the Introduction, the rate measured by time-resolved single
frequency IR spectroscopy in our previous wdide photolytic
release of ATP was unexpectedly fast (24833 s at pH 7
and 22°C) compared to an estimated valug 50 s under
the experimental conditions. We have been concerned to
examine the basis of this discrepancy.

The kinetic measurements in the earlier paper were made at
frequencies (1119 and 1251 cHthat reported directly on the
rate of free ATP formation. In light of the additional informa-
tion obtained from the new isotopomers in the present work,
of caged and free ATP. As also seen in the spectruracef we extended these kinetic measurements to other bands, some
nitro formation, a minimum appears at 1121 @naue to avs OT which _have now been shown to t,’e characteristic ofeitie
PO~ mode of5, shifted from its position at 1131 crh in nitro portion of the overall intermediat The new measure-

unlabeled compounda As described above, the negative MeNts were made at I, and results are shown in Table 1.
Figure 3b shows a typical kinetic trace to illustrate the
(8) Barabia, K.; Keszthelyi, L Acta Biochim. Biophys. Acad. Sci. Hung.  “instantaneous” transition from caged ATP to thei-nitro
1984 19, 305-309. i i
(9) Colthup, N. B.; Daly, L. H.; Wiberley, S. Bntroduction to Infrared |nt$rmed|ate2 and"SUbfsequem ;Iower breal;dovlvn of ;he latter
and Raman Spectroscaprd ed.; Academic Press: San Diego, 1990; p 0 free ATP. Atall IR frequencies studied the slow phase was

296. monoexponential, and the measured rate constants agree well




4154 J. Am. Chem. Soc., Vol. 119, No. 18, 1997 Barth et al.

Table 1. Transient Kinetics of the Photochemical Cleavage of As well as these IR measurements, the transient absorbance

Caged ATP change at 420 nm was recorded under identical conditions in

wavenumbeP,  step  exponential k(pH7.0), k(pH 7.9), thesameexperimental cell (see Experimental Section for details)
cm? sigrf sigrf st s and showed the expected instantaneous increase in absorbance
1060 negative e e e upon flash irradiation, followed by an exponential decay at 52
1119 positive positive 53 3 7.4+04 + 3 s (pH 7.0, 10°C), that is concordant with the IR
1251 positive  negative St 2 7.5+0.5 measurements (Table 1). Thus the data conclusively equate the
34319 ﬁgggt\i/\?e r;)eogs?ttii)’; fei 8 ¥'7i 08 decay rates of theci-nitro intermediate measured by different
1465 positive negative 629 85+1.9 techniques with the rate of release of the ATP product.
1527 negative  positive 4710 9.0+138 Nevertheless we were concerned to resolve the discrepancy

X - — between our earlier IR measuremeaof the ATP release rate
@ Measurements at 11C; data are given as mean SD forn = 4. 1
The rate constark corresponds to that shown in Schemé $pectral (mean 218 s* at pH 7.0, 22°C) and the values now reported.

resolution 20 cm! except for bands at 1330 and 1347 dnwhere As one approach we used transient Y¥sible spectroscopy
spectral resolution was 10 ¢ © Sign of the “instantaneous” absorb-  in a larger optical cellto obtain a reference decay rate of the
ance charige conseguent on phololytic formation of denitro  aci-nitro intermediate2 for comparison with the IR kinetic
aci-nitro inter'medigatez decayg.e Step changg in absorbance only. mgasuremgnts. Begause O,f the longer optical path Iength in
" Absorbance change subsequent to initial step too small to determinethis UV-visible experiment, it was necessary to use a solution
accurately. with a much lower concentration of caged ATP. The solution
had a sufficiently large volume to ensure accurate pH determi-
nation and was supplemented with ADP to mimic the ionic
strength contribution made in the IR solutions by caged ATP.
The measured rate @fci-nitro decay had a mean value of 92
s1at pH 7.0 and 20C, i.e., approximately 2.4-fold slower
than the rate previously determifday IR measurements under
similar conditions. We believe the likely source of the
discrepancy is a variation of pH: the difficulties for accurate
pH control when mixing concentrated solutions of caged ATP
and buffers in the small (22 uL) volumes used for the IR
measurements are illustrated by the systematic difference
between the rates measured in our earlier and present studies.
Furthermore the buffering of the IR solutions may be insufficient
to compensate for the protons released by photolysis of the high
concentration of caged ATP. Thus while the IR measurements
are able to provide an excellent linkageadfi-nitro decay and
product release rates, for accurate estimation ofaitienitro
decay rate it is desirable to work in dilute, well buffered
10 T T T solutions.

T
3.2 3.4 3.6 In the final part of this section, we determined the temperature
1/T x 1000 (K'1 ) dependence of the decay rate of #n@-nitro intermediate at
. . N pH 7.0 over the range-240 °C, using measurements at three
Figure 3. (a) Arrhenius plot of the kinetics of selected IR bands IR frequencies (1119, 1251, and 1330 of which the first

following flash photolysis of caged ATP, pH 7.@, 1119 cmt; O, - L
1251 cnt}; A, 1330 cn?, (b) Kinetic IR absorption recording of caged and last are specific for release of ATP anddaf-nitro decay

ATP photolysis measured at 1251 chat pH 7.9 and 10C. The flash respectively, while the middle value reports a combingtion pf
artefact has been subtracted. these. Measurements at each frequency showed identical

temperature dependence, and the results are shown as an

at the different frequencies. Further discussion of results at Arrhenius plot (Figure 3a), from which the measured activation
individual frequencies is not required, except to comment on €nergy is 62+ 2 kJ mol%. This value agrees with work by
the data for the negative 1527 chband, which arises from  Baraba and Keszthelyl,who reported an activation energy in
the nitro group of caged ATP that disappears upon conversionthe range 5267 kJ mot* for data from UV measurements in
to theaci-nitro intermediate. We noted previousipat in the 10 mM buffer over the pH range-.

transition from the intermediate to the end products the intensity ~Characterization of Byproducts from the 1-(2-Nitro-

of the negative band diminishes and the minimum shifts by 2 phenyl)ethyl Group at pD 6.0. (a) In the Absence of a Thiol.

10007 a

500

to 1525 cml. Comparable effects are seen for thaN For reasons outlined in section (b) below, experiments to
isotopomerld, where the observed shift is from 1500 to 1499 characterize the photolysis products that arise from the 1-(2-
cm L. The effect is less clear for the symmetric N@bration nitrophenyl)ethyl group were performed under mildly acidic

because adjacent positive bands may distort the band profile.conditions at 35C. These experiments were performed gD
With this caveat, the observed absorption minimum shifts from buffer solutions in order that the spectral region 15%@00
1347 to 1344 cm! between the intermediate and final spectra cm™! was not obscured by solvent absorption: changing
(see Figure 1 of ref 1). These observations, together with the between HO and QO did not otherwise affect the spectra.
kinetics reported here for the 1527 thnband, confirm our Spectroscopic features were essentially identical over the pH
previous report. Nevertheless, changes of intensity and fre-range 6.6-7.5, but at the lower pH the time courses of their
qguency of the nitro bands as thei-nitro intermediate decays evolution were more accessible to observation. Figure 4a shows
are inconsistent with the mechanism shown in Scheme 1, wheredifference spectra of photolysis of caged AT&performed in

the nitro group is transformed within the time of the light pulse. the absence of a thiol. Acquisition of spectra began 4 ms after
Further investigation will be required to probe this phenomenon. the photolysis flash, by which time at pH 6 and 35 decay of
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15 — (shifted to 1393 and 1348 crh by 15N substitution) that are
close to positions of 1409 and 1388397 cn1? reported for
cis-nitroso dimerd? The disappearance of the monomer band
at 1425 cm! and its replacement by the dimer band at the same
position could only be observed in tAeN compoundld, for
which the two bands were shifted to different extents. Upon
longer incubation at 35C (spectrum acquired at 452 s; not
shown) a positive band appears at 12697€(243 cnt! with

15N substitution), close to the position-1257 cnt?) at which
transnitroso dimers absor¥. The growth of the 1269 cn
band was accompanied by a decrease in the absorption bands
of the cis-dimer. Evidently the chemistry of the photolysis
byproduct at neutral or weakly acidic pH and in the absence of
athiol is essentially that expecféd?for the known byproduct,

10 7

& 15 2-nitrosoacetophenon8. At pH 8.5 none of the bands

= o [ L ' ' characteristic of the nitrosoketone was observed, except for a
e carbonyl absorption at 1686 cth Evidently other reactions

g 15 supervene at higher pH, but we have not pursued this matter as
< b it is of little relevance to uses of caged compounds in biology.

(b) In the Presence of a Thiol. The most striking differences
between the IR spectra recorded after photolysis &3@ith
and without dithiothreitol (DTT) present are in the region 1600
1700 cnt! (compare Figure 4a,b). In the presence of DTT the
first spectrum, recorded-460 ms after the photolysis flash,
shows almost no absorption in this region, but in the second
spectrum, recorded 0-3.6 s after the flash, a strong band
appears at 1641 cri. The intensity of this band diminishes
upon further incubation, and its maximum shifts to 1645 &m
with a shoulder at higher frequency (third spectrum, at-120
140 s). The intensity of the negative band at 1528 &in the
third spectrum is diminished by the appearance of an over-
a5 e — lapping positivg band (see below). These phanges Igetween the
1700 1600 1500 1400 1300 1200 second and third spectra were paralleled in the region 1450

1480 cnt?, where two medium intensity bands at 1451 and 1475

cm~1in the second spectrum were replaced by a single stronger
Figure 4. (a) Infrared difference spectra of caged ATP photolysis in band at 1466 cm' in the final spectrum. The bands at 1475
the absence of dithiothreitol (DTT) at pD 6.0, 3€. Spectra were (second spectrum) and 1466 chithird spectrum) are down-
obtained 460 ms (solid line) and 1:324 s (dotted line) after the shifted by 2 and 3 cri, respectively, uporSN substitution
F*;Oto'%sgfp“h- Labe'strefefr to p%aKST g‘ tL‘etSIO"‘?' ”,”ethSpe‘:””m- (b)f (isotopometid). The most pronounced effect BE substitution
mirared difference spectra ot cage photolysis In the presence ot isatopomerte) is a downshift of 32 cmt for the band at 1641
200 mM DTT at pD 6.0, 35C. Spectra were obtained-£0 ms (solid cmtin the second spectrum. In the final spectrum the bands

line), 0.3-3.6 s (dashed line), and 12040 s (dotted line) after the -
photolysis flash. Labels refer to peaks in the dashed line spectrum. ?;st?a?:ﬁvael{;d 1466 cnt are downshifted by 6 and 5 crh

theaci-nitro intermediate is-99% complete. Thus the spectra 10 9@in further information about this reaction sequence, we

represent only reactions of the 2-nitrosoacetophenone byproducfnonitored the UV spectral changes which took place when
3and itscis- andtransdimers. They were acquired principally 2 Nitrosoacetophenone was treated with excess Difd 1 cm

as part of our investigation of the end product formed in the path length cuvette, where times to add reagents and record

presence of a thiol [see section (b) below], but they are discussedSPectra were each 2(30 S- Therefor e the first intgrmediate
briefly here as they also reveal features of the chemistry of SE€N by IR spectroscopy is missed in these experiments. The

2-nitrosoacetophenone. As would be expected, there were noresults are given in Figure 5a, which shows that the spectrum

significant changes in phosphate modes as ATP release isof the nitrosoketone is promptly converted to a much less intense
already complete. Therefore this spectral region is omitted from SPECTUM4max343 nm) upon addition of the thiol. Upon longer

Figure 4. incubation ¢a.1 h at pH 7, 35°C for completion) this spectrum
The spectra in Figure 4a were acquired in the time frames

was transformed to a final spectrum with a maximum at 316
4—60 ms and £3.6 s after the photolysis flash, and the changes ™™ and several smaller peaks between 265 and 280 nm. Single
between the two are a consequence of dimerization of the nitros

owavelength kinetic monitoring at 316 nm under the same
group of3. The first spectrum shows positive bands at 150

©
B
2

Wavenumber (cm™)

1 conditions (Figure 5b) showed a half-time of 9 min for the
and 1425 cm’ (shifted to 1485 and 1417 crhrespectively by development of the final spectrum. The rate of this absqrbance
15\ substitution). The band at 1501 cfy characteristic for phange was unaffected by doqbllng the thiol concentration but
the nitroso monome® decayed with an estimated 0.17 s half- increased by an order of magnitude at _pH 6.0 (data not shov_vn).
time as the nitroso dimer formed. The carbonyl absorption W€ note that at the=1 mM concentrations used here and in

moves from 1684 to 1686 crh as the dimerization proceeds related kinetic experiments below, the nitrosoketone is entirely

(1647 and 1649 crrt, respectively upoi®C substitution). The (11) Azoulay, M.; Fischer, E1. Chem. Soc., Perkin Trans1982 637—

spectrum after dimerization has bands at 1425 and 1383 cm 642
(12) Zuman, P.; Shah, BChem. Re. 1994 94, 1621-1641 and
(10) Reference 9, p 353. references therein.
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Figure 5. (a) Ultraviolet spectra showing the reaction of 2-nitrosoacetophenone (0.118 mM) with DTT (5 mM) at pH 70, 3blid line,
2-nitrosoacetophenone; dashed line, 2-nitrosoacetophenone within 30 s after addition of excess DTT; dotted line, spectrum after 1 h. (b) Time-
dependent absorbance at 316 nm. The arrow shows the time of mixing excess DTT with the 2-nitrosoacetophenone solution.

ks OH
e 0
N
7 H

in the monomeric form, as shown By NMR spectra run at ~ Scheme 2

varying concentrations (see Experimental Section). The dimer ~H on
is undetectable at 2 mM concentration in either CPGIH @ELO ka @jéo
CD3;0D solution. Also the UV spectrum (Figure 5a) shows the N° N
double peak typical of monomeric aromatic nitroso com- 3 (S 6 \s

+

poundst! Therefore the spectral changes seen here and in . Ko
previoug kinetic experiments are not influenced by the mono- *<sh G e fa “ ks
mer—dimer equilibrium of 2-nitrosoacetophenone. X= ‘g:f”’z H*

Previous kinetic workbased on absorbance measurements -H0
at 380 nm had found two steps in the reaction of DTT with @( ©5LO
2-nitrosoacetophenone. The final, slow step identified in the \N,O H
present work was beyond the time scale of the earlier experi- . s (”.‘)H
ments. At pH 7.0, 2EC the first process had a second-order

rate constant of 3.5 10® M~ s™1. The second process was _
independent of DTT concentration, with an observed first-order Furthermore, the band at 1.641 C.h'n the. IR spectrum at 0:3
rate constant of 45-4. The product of the second step had a 3.6 s (Figure 4b, dashed line) is consistent with an internally
UV spectrum with a maximum at 373 nm (measured in ethanol hy(irlofgenzbon(_jed ca[borr:yl as would beteprCJdﬂ[Fft‘.m?g D
by difference spectroscopy against the starting nitrosokefone). C(;nt or t-ahmlnoace 9I'Fr)1 eno_?elasta sa ufrase hso u |2n2 .
When the experiment of Figure 5a was repeated in ethanol( ata not s .own)].. € initial steps ot scheme 2 are in
solution, a similar absorbance maximum was observed at 380agreement with previous st_udles O.f thiol rea_lctlons with aromatic
nm instead of the 343 nm value found in aqueous solution. nitroso compounds an_d n parncular_ with a report that_
The results of the previous kinetic measurements and the4-n|trosoac¢top:1enone is reduced by thiols to the corresponding
present IR and UV spectroscopic studies have been interpreteJ\ydrOXylammel' - ] ] ]
for the case where DTT is the thiol in Scheme 2. The sequence The overall transition fron to 7/8 involves an irreversible
is initiated by nucleophilic addition of a thiolate anion to the reduction of the N-S bond followed by a ring-chain tautom-
nitroso group of3 to give the intermediaté, which is inferred ~ €rism, and we wished to establish which of these steps
to exist predominantly in its cyclic form (see below). By Corresponded to the 455process seen previouslyThe best
contrast, the product of the second step appears to exist as &tudied analogy for the intramolecular reductionéos from
mixture of the closed and open fornfsand 8, respectively. the extensive studies by Whitesides al. of thiol-disulfide
The long-wavelength absorption band in the intermediate UV interchange reactions: with DTT the second (intramolecular)
spectrum at 343 nm is unlikely to arise frofbut would be step to cleave the mixed disulfide is faster than the initial
consistent with the presence of a proportion of the open-chain interchang&because of the high effective concentratiiof
form 8 [cf. 2-aminoacetophenokehas Ama(EtOH) 359 nm]. the intramolecular thiol group of DTT. Thus the reduction of

(13) Weast, R. C.Handbook of Chemistry and Physics, 50th ed.; (14) Diepold, C. H.; Eyer, P.; Kampffmeyer, H.; ReinhardtA¢w. Exp.
Chemical Rubber Co.: Cleveland, OH, 1969; p C-93. Med. Biol. 1982 1368 1173-1181.
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Table 2. Rate Constants for Ring-Chain Tautomerism of
2-Hydroxylaminoacetophenon#8 at 15°C

pH ks, st

1.32
4.5
15.0

k-3, s1

0.33
1.15
4.7

aSee Experimental Section for details of solution conditiérior
definitions ofks andk-; see Scheme 2.

J. Am. Chem. Soc., Vol. 119, No. 18,4197

0.8

:|:A 0.D.0.018

0.7

6 might be expected to be a rapid step. By contrast, rates of
ring-chain tautomerism within one set of related compounds
can be modulated by substituent effects to span at least three
orders of magnitudé€ and prediction of th = 8 interchange
rates was uncertain. We measured these two rate constants

0.6

Normalized peak height

0.5

using a saturation-transfer NMR techniduéor solutions of
the ring-chain tautomer§ and 8 prepared by treating a
choloroform/methanol solution of 2-nitrosoacetophen®méth
aqueous solutions of DTT buffered over the pH range-7.5

8.5. The spectra showed two singlets with an intensity ratio of

~1:4 ato 1.83 and 2.63, respectively. The latter overlapped
with a multiplet in the rang@ 2.6—2.75 arising from DTT but
could readily be deconvoluted (see Experimental Section)

Continuous irradiation of the upfield singlet caused a marked

decrease in the peak height of the singleba.63, thereby

0.4

*
20

05 1.0 15 25 3.0

Saturation time (s)

Figure 6. (a) Height of the NMR signal ai 2.63 as a function of the
saturation time at 1.83 for a pH 8.0 solution of 2-hydroxylamino-
acetophenon@/8 at 15 °C (see Experimental Section for details of
solution composition). Peak heights are normalized to the height of
the signal without irradiation. (b) Absorbance transient at 380 nm

confirming that the two signals arose from species in chemical fo|lowing flash photolysis of 1-(2-nitrophenyl)ethyl phosphate in the

exchange. The signal at 1.83 corresponds to the cyclic
tautomer7 and the signal at 2.63 to the open forrB. Details
of the saturation-transfer experiments are given in the Experi

presence of 100 mM DTT at pH 8.0, P& (deuterated solvent, see
Experimental Section for details of solution composition). The arrow
- on the abscissa marks the time of the laser flash. The optical path length

mental Section and the derived rate constants for ring openingwas 4 mm.

(ks) and closing K-3) are given in Table 2. Figure 6a shows
data for the measurements at pH 8.0.

of consecutive reactions (analogous @o— 7 = 8) with

Assuming that Scheme 2 correctly interprets the overall comparable rates for each step may explain the complex thiol

process, the observed rate of the 380 nm trangigrt,is given
by (ks + k—3). Extrapolation from the data of Table 2 suggests
that at pH 7.0 and 158C, kops Would be~0.56 s, i.e., much
slower than the value of 455 measured at pH 7.0, 29C2

dependence for the rate of formation &fwvhen a monofunc-
tional thiol was used. For DTT (Scheme 2) the initial adduct

6 appears not to be present in significant concentration. Thus
the IR spectrum recorded in the-80 ms time frame principally

Since the NMR data were obtained under different conditions renresents the reduced compoddSubsequent establishment

of solvent, temperature, and ionic strength to the original flash ¢ ihe7 =

8 equilibrium is represented in the spectrum acquired

photolysis measurements, we repeated the latter under conditiong, 0.3-3.6 s. The initial formation of implies that its precursor

identical to one set of the NMR experiments (pH 8.0,°C5.
2-Nitrosoacetophenone was generated rapidly by flash photolys
of 1-(2-nitrophenyl)ethyl phosphate (caged fr which the
decay of theaci-nitro anion has a half-time-0.1 ms under these

conditions? The observed rate constant of the 380 nm transient

was 14 st in protiated solvent (HD—CH3sOH) and 8.6 st in
deuterated solvent @@—CH3OD; Figure 6b). These rate

iS6 is also in the cyclic form shown and it is of interest why
exists in the cyclic form, whereas f@f8 the equilibrium favors

the open form. The open for@ is stabilized by its strong

internal hydrogen bond. By contrast, in an open tautomer of

6, there would be steric interactions between the substituents

on the nitrogen and theacetyl group. These interactions would

constants were unaffected by changing the DTT concentration € relieved by cyclization.

from 100 to 300 mM, and the value in the deuterated solvent

agrees well with that of 5.65°$¢ measured by NMR. These

The final step of Scheme 2 proposes an acid-catalyzed
dehydration of7/8 to generate 3-methylanthrar@l(3-methyl-

data provide strong evidence that the rate-determining step of2,1-benzisoxazole) as the end product responsible for the IR

the 380 nm transient is the ring to chain tautomerigm 8,
i.e., ko> (ks + k_3). There are insufficient data to determine

bands at 1645 and 1466 ci(Figure 4b) and the UV absorption
at 316 nm (Figure 5a). The final UV spectrum closely matches

whether the approximately 2-fold decrease in rate in the that of 3-methylanthrani®® and the absorbance at 316 nm

the two solutions or from a kinetic isotope effect.

With a monovalent thiol, the previous analogy with thiol/
disulfide interchange reactiol¥ssuggests that reduction of the
analogue o to give 7 may be much slower. The possibility

(15) (a) Whitesides, G. M.; Lilburb, J. E.; Szajewski, RJPOrg. Chem.
1977, 42, 332-338. (b) Burns, J. A.; Whitesides, G. M. Am. Chem. Soc.
1990 112 6296-6303.

(16) Valters, R. E.; Flitsch, WRing-Chain TautomerismPlenum
Press: New York, 1985; Chapter 2.

(17) Cayley, P. J.; Albrand, J. P.; Feeney, J.; Roberts, G. C. K.; Piper
E. A.; Burgen, A. S. V.Biochemistryl979 18, 3886-3895. Hyde, E. I.;
Birdsall, B.; Roberts, G. C. K.; Feeney, J.; Burgen, A. SBibchemistry
198Q 19, 3738-3746.

1521 cm! in the IR spectrum of 3-methylanthranil (see
Experimental Section) is obscured by the negative band at 1528
cmtin the final difference spectrum arising from photolysis
of the unlabeled compourith but is observable at 1525 crh
in the corresponding spectrum from theN isotopomerld
where the negative band is strongly downshifted. The small
isotopic shifts observed in the IR spectrum of 3-methylanthranil
(see above) indicate that the bands do not arise from localized
' vibrational modes. By comparison, the IR spectrum of

(18) Yates, P.; Hand, E. S. Am. Chem. Sod 969 91, 4749-4760.
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[13Cj]benzene has been analyzed in detail and shows similarly photocleavage af-nitrobenzyl derivatives has played a pivotal
small shifts for almost all band$. role in the development of caged compounds for rapid release
The data presented above in support of Scheme 2 are allof biological effectors. The results presented above demonstrate
spectroscopic, and we wished to obtain some additional chemicalthe utility of time-resolved infrared spectroscopy as a tool for
evidence. To confirm the intermediacy of the hydroxylamine mechanistic and product investigations of the photolysis of caged
8, a solution of 2-nitrosoacetophenone in chloroform (with added compounds. Provided that the necessary stable isotopomers of
triethylamine to maintain a basic environment and suppress a compound under study can be synthesized to enable definitive
dehydration to the anthranil) was treated with excess DTT. The identification of relevant IR bands, the method is capable of

major product isolated was the azoxybenz&f@geformation of
which provides evidence for the presence of hydroxylan8ine
since it would be generated by condensation8oivith the

unequivocal and direct determination of the rate of product
release from its caged precursor. Notably it should enable
detailed investigation of caged compounds that show biphasic

starting nitrosoketone. The result also suggests that the reactiordecay of putativeaci-nitro anion intermediates when observed

kinetics in chloroform differ from those in aqueous solution,

by transient UV spectroscopy. The capacity of the method

since in the latter case the nitrosoketone would mostly be to aid identification of photolysis products has also been

consumed by the first reaction with thiol before a significant
concentration of the hydroxylamine could be formed.

0" COCH,
,1‘+
N

COCH,
10

To confirm the formation of 3-methylanthranil, caged ATP

demonstrated in this work and in a further recent application
where we have confirmed an unexpected decarboxylation which
occurs during photolysis of sulfonamide-protected derivatives
of amino acid$®

Experimental Procedures

Materials. Caged ATPlawas prepared by esterification of ATP
with 1-(2-nitrophenyl)diazoethane as previously describadd the
B.,By-*80; analogues was prepared similarly fromg[3y-0s]ATP,?"

solutions at pH 7 that contained excess DTT were photolyzed for which the overall isotopic enrichment was 90%. T and**C

using a single 50 ns pulse of 347 nm light from a frequency-
doubled ruby laset2® and the products were analyzed quanti-

tatively by reverse-phase and anion-exchange HPLC. Single

flash photolysis of 9.8 mM caged ATP released 1.0 mM ATP

(anion-exchange HPLC). Reverse-phase HPLC showed a majo

analogues of caged ATR(, 1€) and of caged methyl phosphath(
4¢) were prepared as describ®aind [f0]caged methyl phosphatiel
was prepared similarly from'§OJcaged phosphafé. For FTIR
measurements at pH 8.5, solutions contained the caged compound (85
120 mM) inN,N-bis(2-hydroxyethyl)glycine KOH (Bicine) buffer (200

mM, pH 8.5). For measurements at pD 6.0 to study the byproducts,

hydrophobic component which coeluted with authentic 3- ajiquots (1uL each) of solutions in kD of the caged compound (85
methylanthranil and corresponded to formation of the compound 120 mM) and 24-morpholino)ethanesulfonic acikOH (MES)

at a concentration of 0.74 mM, i.e., 74% of the released ATP buffer (200 mM, pH 6.0) plus DTT (200 mM) where required were
concentration. Several unidentified minor peaks presumably evaporated on the IR window under a nitrogen stream and reconstituted
account for the remaining materials balance. In keeping with in D20 (1 uL). For the single-frequency kinetic measurements,

the time course of formation of 3-methylanthranil shown in

solutions contained caged ATP (90 mM) Ma(2-acetamido)iminodi-

Figure 5b, it was notable that the height of the HPLC peak acetic acid-KOH (ADA) buffer (800 mM, pH 7.0) or Bicine buffer

corresponding to this compound did not stabilize until the
photolyzed solution had been allowed to stand+dr h after

irradiation. Chromatograms run at earlier times showed a peak, ,

(800 mM, pH 7.9).
chromatography.

Spectroscopy.Details of the FT and dispersive IR spectrometers
ve been given previoushfFor measurement of transient signals at

Silica gel (Merck 9385) was used for flash

with a shorter retention time, '.[hat disappeared as t.he 3-methyl- 450 nm in the same cell as used for the FTIR and single-frequency
anthranil peak stabilized. This peak was present in chromato- experiments, the sample was placed in a spectrometer fitted with the
grams run immediately after mixing 2-nitrosoacetophenone with same xenon flash tube as used in the IR spectrometers, a monochro-
DTT and evidently corresponds to the equilibrium mixture of mator (H20, Jobin Yvon, Longjumeau, France), and a photodiode
7 and 8. Reduction of 2-nitrosoacetophenone to 3-methyl- detector and preamplifier built in W.M.’s laboratory. The sample
anthranil has previously been reported by electrochemistry undercomposition was the same as for the IR measurements. Separate
acidic conditiong! with triphenylphosphir® and with bisulfite?3 measurement of the UV transient with a dilute solution of caged ATP

: : : - was performed as previously descriBddr a solution containing caged
Nevertheless, on the time scale of most biological expenmentsA_I_P (0.5 mM). ADP (90 mM), and K-ADA buffer (800 mM, pH 7.0).

that use caged compounds, the major byproduct species present X .

t be the taut ic formiz and 8 of 2-hvd lami 2-Nitrosoacetophenone 3This compound was prepared as de-
must be the tautomeric Torms and o of 2-nydroxylamino- scribed® The!H NMR spectrum (2 mM in CDG) hadd (400 MHz)
acetophenone, although when a monofunctional thiol is used; 75 (s 3H), 7.00 (d, 1H), 7.60 (t, 1H,), 7.71 (d, 1H) and 7.78 (t, 1H).
S|grj|f|cant concentrations of the initial thiol adduct with At 100 mM in CDCE all these signals were still present but were
2-nitrosoacetophenone may also be present. complemented by a further set of signals from the dime¥ 2168 (s,

Conclusion. Photochemical rearrangements and photo- 6H), 7.66 (t, 3H), 7.78 (t, 3H), 7.90 (d, 1H), and 7.91 (d, 1H). The
chromism ofortho-substituted nitro compounds have been of intensity of the latter set of signals was reduced in a spectrum at 15

fundamental interest for almost 100 ye&fsln particu|ar’ the mM concentration (1:11 molar ratio of dimer:monomer) Compared to
a spectrum at 100 mM (1:3 dimer:monomer).

(19) Brodersen, S.; Christoffersen, J.; Bak, B.; Nielsen, $pEctrochim.
Acta 1965 21, 2077-2084.

(20) McCray, J. A.; Herbette, L.; Kihara, T.; Trentham, D.FRoc. Natl.
Acad. Sci. U.S.A198Q 77, 7237-7241.

(21) Le Guyader, MC. R. Seances Acad. Sci., Serl956 262, 1383
1386.

(25) Corrie, J. E. TJ. Chem. Soc., Perkin Trans.1D93 2161-2166.
Peng, L; Goeldner, MJ. Org. Chem1996 61, 185-191. Ellis-Davies, G.
C. R.; Kaplan, J. H.; Barsotti, R. Biophys. J.1996 70, 1006-1016.

(26) Caorrie, J. E. T.; Papageorgiou, &.Chem. Soc., Perkin Trans. 1
1996 1583-1592.

(27) Cohn, M.; Hu, AJ. Am. Chem. S0d.98Q 102 913-916.

(28) Caorrie, J. E. TJ. Labelled Compd. Radiopharrh996 38, 403—

(22) Shabarov, Y. S.; Mochalov, S. S.; Fedotov, A. N.; Kalashnikov, V.
V. Khim. Geterotsikl. Soedirl974 9, 1195-1197.

(23) Fedotov, A. N.; Mochalov, S. S.; Shabarov, Y Z8. Prikl. Khim. 410.
1977, 50, 1775-1777. (29) Corrie, J. E. T.; Reid, G. B. Labelled Compd. Radiophari995
(24) Wettermark, G.; Black, E.; Dogliotti, IPhotochem. Photobiol 965 36, 289-300.

4,229-239. DeMayo, P.; Reid, S. Quart. Re. (London)1961, 15, 393—
417. Morrison, H.; Migdalof, B. HJ. Am. Chem. Sod 965 30, 3996.

(30) Shabarov, Y. S.; Mochalov, S. S.; Stepanova, Dékl. Akad. Nauk
SSSRI969 189, 1028-1030.
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3-Methylanthranil 9. Prepared as descrit®@dby reduction of of the measured line height for the signalda®.63 versus saturation
2-nitrosoacetophenone with triphenylphosphine to give a colorless oil: time were fitted to a single exponential using the Kaleidagraph
bp (Kugelrohr oven temperature) 198G (2 mmHg); UV [25 mM Na softwaré® running on an Apple PowerMacintosh, and the lifetim&of
phosphate, pH 7:0EtOH (9:1)] Amax NmM (¢, M~ cm™t) 257 (1270), was calculated as previously descriéd.
261 (1360), 266 (1640), 271 (1500), 278 (1900), 316 (6100); IR (film) The relative concentrations @fand8 were estimated from the areas
1643 (vs), 1566 (m), 1521 (s), 1463 (s), 1441 (m), 1401 (m), 1377 of Lorentzian-shaped peaks fitted to the signal® &t.83 and 2.63
(w), 1284 (w), 1220 (m), 1163 (m), 1144 (m), 1081 (w), 1032 (w), using the line deconvolution methodology within VNMR 5.1. The

987 (m) cntl; IH NMR (CDCl;, 90 MHz) 6 2.78 (s, 3H), 6.827.57 lifetime of 7 and the corresponding rate constants were calculated from
(m, 4H). these data’
2,2-Diacetylazoxybenzene 10Dithiothreitol (75 mg, 5 mmol) was To study the formation of 2-hydroxylaminoacetophenone by transient

added in one portion to a stirred solution of 2-nitrosoacetophenone (250absorption spectroscopy at 380 nm following flash photolysis (Figure
mg, 1.67 mmol) and triethylamine (505 mg, 5 mmol) in chloroform 6b), a solution containing 1-(2-nitrophenyl)ethyl phospfaig mMm),

(50 mL). After 10 min, the solution was washed with water, dried, DTT (200 or 600 mM), and Tricine (20 mM) was diluted with an equal
and concentrated. The residue was flash chromatographed [EtOAc Volume of methanol. For corresponding experiments in deuterated

hexanes (20:80)] to givd0: mp 115-116.5 °C (from EtOAc- solvent, the buffer and DTT were exchanged witfODas described
hexanes); UV (EtOHYimax nM (€ M1 cmY) 243sh (13 100), 313 above, and the final D solution was diluted with C#DD. Solutions
(5700); IR (Nujol) 1690, 1685, 1595, 1265, 765 CirtH NMR (CDCl) were equilibrated at 18C and photolyzed with a ks pulse of 320

0 2.56 (s, 3H), 2.59 (s, 3H), 7.277.83 (m, 7H), 8.048.19 (m, 1H). nm laser light, and the absorption at 380 nm was recorded as previously
Anal. Caled for GeH1N-Oz: C, 68.07; H, 5.00; N, 9.92. Found: C,  described.

67.86; H, 4.95; N, 9.89. Identification and Quantification of 3-Methylanthranil from

Reaction of 2-Nitrosoacetophenone with DTT Studied by Uy~ Photolysis of Caged ATP in the Presence of DTTAn aliquot (20
Spectroscopy. A solution of 2-nitrosoacetophenone (1 mL, 1.48 uL) of a solution of caged ATRa (9.8 mM) and DTT (20 mM) in Na
104 M) in 10 mM Na phosphate, pH 7-€EtOH (9:1) was equilibrated ~ Phosphate buffer (25 mM, pH 7.0) was placed in gi2%ell at 19°C
at 35°C in a 1 cmpath length quartz cuvette placed in a Beckman and irradiated with a single 50 ns pulse_ of_347 nm I|g_ht from a
DU70 spectrophotometer, and the absorbance spectrum was recordedrégquency-doubled ruby laser (Laser Applications Inc., Winter Park,
An aliquot (25uL) of a solution of DTT (200 mM) in 10 mM Na  FL). The average energy of the light flash was 93 mJ (rangel10
phosphate, pH 7.0 was added, and the spectrum was recorded withifnJ). Six irradiated aliquots were combined and _analyzed by anion
30 s. Incubation was continued for 1 h, and a further spectrum was €xchange and reverse-phase HPLC. HPLC mobile phase flow rates

recorded. In a subsequent experiment, this protocol was repeated, butvere 1.5 mL min*, and compositions were as follows: for anion
absorbance at 316 nm was monitored continuously. exchange [Whatman Partisphere SAX column, Cat. no. 4621-0505;

detection at 254 nm, 0.25 M (NjH.PO, (adjusted to pH 5.5 with 2
M NaOH) plus 13% MeOH (v/v)]; for reverse-phase [Merck Lichro-
sphere RP8 column, Cat. No. 50832; detection at 313 nm, 25 mM-NaH
PO, (adjusted to pH 6.5 whit2 M NaOH)}-MeOH (3:2 v/v)]. Retention
times (min) were as follows: (anion exchange), caged ATP 3.4, ATP
14.0; (reverse-phase), 3-methylanthranil 11.7. The different analytes
caused no mutual interference on their respective columns.
Concentrations of ATP and 3-methylanthranil in the photolyzed

Ring-Chain Tautomerism of 2-Hydroxylaminoacetophenone.
Solutions of 20 mM Tricine were adjusted it M NaOH to pH values
of 7.5, 8.0, and 8.5, lyophilized, and redissolved OCio restore the
original concentration. Each solution was made to 5 mM with DTT.
Aliquots (30uL) of a CDCk solution of 2-nitrosoacetophenone (100
mM) were diluted with CRQOD (470uL), and these solutions were
mixed with aliquots (50Q«L) of the buffered DTT solutions. Each
solution for NMR was prepared immediately before the measurements solution were determined b , f ch hi K
began and equilibrated at 2& in the probe of a Bruker AM 400WB . . y comparison of ¢ romato_grap Ic pea
NMR spectrometer. Spectral data were processed and analyzed usingi'welghts with those from reference solutions of the authentic c_ompounds.
the Varian VNMR 5.1 software packagerunning on an Axil n the re_verse-phase_chromatogram of the photolyzed solutlc_)ns, minor
Sparcstation 10/40 clone. The experimental protocol was designed topeaks W|th.retent|on times 3.6, 7.0, and 8.'4 min were present in addition
correct for the slow dehydration of tf7é8 mixture to 3-methylanthranil. tq the main peak for 3-methylanthranil. Th_e f|rst_ .Of these peaks
Thus for each sample a series of interleaved FIDs was collected with disappeared as the peak for 3-methylanthranil stabilized.
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