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Abstract: The mechanism of methanol photorelease from 2-nitrobenzyl methyl ether (1) and 1-(2-
nitrophenyl)ethyl methyl ether (2), and of ATP release from adenosine-5'-triphosphate-[P5-(1-(2-nitrophenyl)-
ethyl)] ester (‘caged ATP’, 3) was studied in various solvents by laser flash photolysis with UV—vis and IR
detection. In addition to the well-known primary aci-nitro transients (A, Amax ~ 400 nm), two further
intermediates preceding the release of methanol, namely the corresponding 1,3-dihydrobenz[c]isoxazol-
1-ol derivatives (B) and 2-nitrosobenzyl hemiacetals (C), were identified. The dependencies of the reaction
rates of A—C on pH and buffer concentrations in aqueous solution were studied in detail. Substantial revision
of previously proposed reaction mechanisms for substrate release from 2-nitrobenzyl protecting groups is
required: (a) A novel reaction pathway of the aci-tautomers A prevailing in buffered aqueous solutions,
e.g., phosphate buffer with pH 7, was found. (b) The cyclic intermediates B were identified for the first time
as the products formed by the decay of the aci-tautomers A in solution. A recently proposed reaction pathway
bypassing intermediates B (Corrie et al. J. Am. Chem. Soc., 2003, 125, 8546—8554) is shown not to be
operative. (c) Hemiacetals C limit the release rate of both 1 (pH < 8) and 2 (pH < 10). This observation
is in contrast to a recent claim for related 2-nitrobenzyl methyl ethers (Corrie et al.). Our findings are important
for potential applications of the 2-nitrobenzyl protecting group in the determination of physiological response
times to bioagents (‘caged compounds’).

Introduction Here, we report a study of the model compounds 2-nitroben-
zyl methyl ether {) and 1-(2-nitrophenyl)ethyl methyl ethez)(

by picosecond pumpprobe spectroscopy, nanosecond laser
flash photolysis (LFP), and time-resolved infrared (TRIR)

The 2-nitrobenzyl functionality is the most widely used
photoremovable protecting group for application in synth&sis,

photollthogr?phy (DNA m_|croarray§)and _blocheml_stry (‘caged spectroscopy. Two additional intermediates that are formed from
compounds’}. Phy3|olog|cal response tumes .to bioagents such the primaryaci-nitro photoproducts were identified and the rate
as neurotransmitters may be determined, if the release of ay¢ o1hanol photorelease from nitrobenzyl-protected substrates
signaling molecule following pulsed excitation of the protected was found to be orders of magnitude slower than that for the
precursor is faster than the response time under investigation. decay of the primargci-nitro transients in aqueous solution at
The primary photoreaction of 2-nitrobenzyl compounds is pH ~ 7. ‘Caged ATP® the disodium salt of adenosiné-5
intramolecular H-atom transfer affordiragi-nitro tautomers that triphosphate2-(1-(2-nitrophenyl)ethyl)] ester3j was also
are readily detected by their strong absorption around 400 nm'briefly investigated. A related study on derivativesloind?2
Their decay is often taken to indicate the release rate of the was publishe#lafter the completion of our workand will be
protected agents. However, the subsequent reactions leading WQeferred to in the discussion. A well-known problem with the
release of the protected leaving groups are not well understood.use of 2-nitrobenzyl and 2-nitrophenethyl protecting groups in

; " e S — P— biological preparations is that the release of the desired bioactive
Present address: Wichita State University, Department o emistry, ; ; ; _ni _
1845 Fairmount St.. Wichita, KS 67260-0051. compounds is accompanied by the formation of 2-nitrosoben

#Present address: MDL Information Systems GmbH, Theodor-Heuss- Zaldehyde or 2-nitrosoacetophenone, respectively, which may

Allee 108, D-60486 Frankfurt/Main, Germany. inactivate the biological preparations or give rise to further,

(1) Pillai, V. N. R. Synthesisl98Q 1—26. Greene, T. W.; Wuts, P. G. M. . . .
Protective Groups in Organic SynthesBrd ed.; Wiley-Interscience: New undesired but harmful photoreactions. Secondary photoreactions

York, 1999. of the nitroso products were not investigated here. In a previous
(2) Chee, M.; Yang. R.; Hubbell, E.; Berno, A.; Huang, X. C.; Stern, D; . . . . .
Winkler, J.; Lockhart, D. J.; Morris, M. S.; Fodor, S. P. 8ciencel996 publication, we have reinvestigated the largely reversible
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Scheme 1. Phototautomerization of 2-Nitrotoluene man-Harris apodization function, Mertz phase correction, zero-filling
factor of 4) gave a set of IR difference spectra (post-flash minus pre-
flash absorbance) at varying delay times, which was subjected to factor

CHg CH, OH CHy O~
NO, 5,
©/ <—L> analysis. A few significant factors (usually 2) were generally sufficient
A to reproduce the time evolution of the spectra within experimental

| - |
N pK =3.6 N
7 ‘O a — \O
- +HY
accuracy. This procedure resulted in a substantial reduction of noise.

phototautomerization of parent 2-nitrotoluene (Scheme 1) to Mono- or biexponential decay functions, as required, were fitted to
identify the elementary steps of the thermal back reaction in the reduced set of spectra so obtained. The temperature in the sample
aqueous solution as a benchméik. a forthcoming paper, we  compartment was 30C during operation. Fast-scan spectra for
will discuss the photoreactions of 2-nitrobenzyl alcolfols. transients with a lifetime exceeding 100 ms were recorded on standing

solutions of 100-500um path length after exposing the sample to one
MeO. MeO._ _CHg Y.__CHs
Ej/noz E NO, \I/ _NO,
1 2

or several laser flashes.
3 (Y =ATP)
Experimental Section

Materials. Doubly distilled water was used to prepare agueous
solutions. All other solvents were of spectroscopic grade and were used
as received. The absorbance of the neat solvents at 248 nm was less
than 0.01 at 1-cm path length. Etheksand 2 were synthesized by
methylation of the corresponding alcohols with dimethyl sulfate using
phase transfer catalysis.!> Caged ATP 8) was purchased from
Molecular Probes.

Methods. Reaction quantum yields were determined by spectro-  2_Nitrosobenzaldehyde (4} A solution of anthranil (3 g, 25.2
photometric monitoring of the absorbance changes. A medium-pressuremmol) in aqueous HCI (37 g, 23%) was cooled-80 °C. Powdered
mercury lamp equipped with a 365-nm band-pass filter was used as aNaNO, (1.75 g, 25.3 mmol) was added in small portions. The resulting
light source. Actinometry was done with a solution of azobenzene in yellow-brown slurry was stirred for 20 min at20 °C and filtered.
methanok? The solid was washed with cold aqueous HCI (6 mL, 23%) and water,

The nanosecond kinetic and spectroscopic laser flash photolysis setupand redissolved in 10 mLf® M NaOH at 0°C. Insoluble material
was of standard design. An excimer laser operated mostly on KrF (248 ywas removed by filtration and the filtrate was added to a cold solution
nm), but also on XeCl (308 nm) or XeF (351 nm), was used as an of 4 mL of concentrated S0, in 75 mL water with vigorous stirring.
excitation source with a pulse duration of about 25 ns and pulse energiesthe resulting brown suspension was stirred &€dor 3 h and filtered.
of <200 mJ. Neither degassing nor changing the excitation wavelength The brown solid was washed with 5 mL of aqueous®Bs (5%),
had a noticeable effect on the transient intermediates. Therefore, mOStcopious|y with cold water, and dissolved in CH@O mL) Addition
measurements were done with aerated solutions. All kinetic measure-of 10 mL petrol ether, bp 6870 °C, precipitated brown flakes, which
ments with aqueous solutions were done at ambient temperatures (23yere removed by filtration. The green filtrate was shaken with 2%
+ 2°C) and at ionic strength= 0.1 M, which was adjusted by addition  aqueous NaHC§) washed, evaporated to 5 mL and slowly cooled to
of NaClQ,. Consequently, all the equilibrium constants so determined —40 °C. 2-Nitrosobenzaldehyde (0.35 g, 2.52 mmol, 10.3% vyield)
are molar concentration quotients, for | = 0.1 M. Transients with crystallized as bushy needles, mp 110 (£133.5}¢ °C. *H NMR (300
lifetimes exceeding 1 ms were measured on a conventional kinetic flash\pHz, CDClY/TMS): 6 = 6.44 (dd,J; = 8, J, = 0.8 Hz, 1H), 7.68 (dt,
apparatus with a thermostated sample cell (25.0.1 °C) using a J1=8,J,= 1.3 Hz, 1H), 7.91 (dt}; = 8, J, = 0.8 Hz, 1H), 8.21 (dd,
discharge flashlamp<(1000 J) for excitation. Ji = 8,J, = 1.3 Hz, 1H), 12.1 (s, 1H, CHOJC NMR (75 MHz,

The picosecond pumjprobe setup has been descriBe8olutions CDCl): & = 193.3, 162.0, 136.5, 134.0, 132.7, 127.7, 106.5 ppm.
with an absorbance of 0.5 (1 mm path length) were circulated in a Ms (El) nve (relative intensity): 50 (44), 51 (98), 52 (34), 62 (6), 63
flow system, pumped at 248 nm (4 mJ, 0.7 ps half-width, 10 Hz) and (18), 64 (28), 74 (22), 75 (14), 76 (27), 77 (100), 78 (9), 79 (43), 91
probed by a delayed continuum pulse (37®0 nm) of the same (50), 90 (8), 104 (3), 135 (61). UV/Vis (D, 2%THF), Ama/nm (l0g
duration. Transient absorption spectra were recorded at ca. 50 different¢/m-t cm-1) 238 (4.05), 287 (3.78: 0.02), 310 (3.73k 0.03), 750
time delays ranging from 2 ps to 1.8 ns relative to the excitation pulse (1,34 + 0.04).
and subjected to factor analysis. _ _ Calculations. Density Functional Theory (DFT) calculations were

The step-scan instrument was built by the design 6digand performed with the GAUSSIAN 98 package of programs. We used
Siebert? using a Bruker IFS 66v/s Fourier transform infrared spectro- e g3 YP hybrid functional, which combines Becke’s three-parameter
photometer equipped with a globar IR source, a KBr beam splitter, @ eychange functiondiwith the Lee-Yang—Part? correlation functional
nitrogen-cooled MCT detector (KV100-1-B-7/190) and an external DC- i, 4 glightly modified form?® Geometries were optimized using the

coupled preamplifier from Kolmar Inc. (KAO20-E6/MU/B). A Quantel g3 yp functional with the 6-31G(d) and 6-315(d) basis sets for
Brilliant W Nd:YAG laser (266 or 355 nm, pulse width 6 ns, pulse

energy<5 mJ, pulse frequency 10 Hz) was used for excitation and a (13) Seebach, D.: Kalinowski, H.-O.; Bastani, B.; Crass, G.: Daum, Fir,Do

Germanium filter was positioned behind the cell to absorb the laser
beam. The spectral window was restricted to 202000 cn1* by using

a cut-on/cutoff filter combination from LOT Oriel. Solutions with an
optical density of 0.4 were pumped through the sample cell {CaF
windows, 100xm path length) to avoid re-irradiation of transient
intermediates and photoproducts. The Fourier transformed interfero-
grams (128 accumulations, spectral resolution 8%cr-term Black-

(8) Schwawer, M.; Wirz, J.Helv. Chim. Acta2001, 84, 1441-1458.
(9) Iichev, Y. V.; Kombarova, S. V.; Mac, M.; Schwer, M.; Wirz, J. in
preparation.

(10) Gauglitz, G.; Hubig, &Z. Phys. Chem., N..A984 139, 237-246. Gauglitz,
G.; Hubig, S.J. Photochem1985 30, 121—-125. Persy, G.; Wirz, EPA
Newslett 1987, 29, 45—-46.

(11) Hasler, E.; Homann, A.; Persy, G.; Platsch, H.; Wirz, J. Am. Chem.
So0c.1993 115 5400-54009.

(12) Rddig, C.; Siebert FAppl. Spectrosc1999 55, 893-901.
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H.; DuPreez, N. P.; Ehrig, V.; Langer, W.; ssler, C.; Oei, H.-A.; Schmidt,

M. Helv. Chim. Actal977 60, 301—325.

Merz, A.Angew. Chem1973 85, 868—869.

Gonzalez, M. A.; Meyers, A. Tetrahedron Lett1989 30, 47—55.
Bamberger, E.; Fodor, Ber. Dtsch. Chem. Ge491Q 43, 3321-3335.
Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Rega, N.; Salvador,
P.; Dannenberg, J. J.; 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.; Pople,
J. A. Gaussian 98, Revision A.11, Gaussian, Inc., Pittsburgh, PA, 2002.
(18) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(19) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-797.

(14)
(15)
(16)
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Figure 1. Absorption spectra of 2-nitrobenzyl methyl ethet, (),

2-nitrosobenzaldehydél(----) and of the primary photoproduct af(- -)
in 1 x 103 M aqueous HCI@as determined by EFA.

neutral and anionic species, respectively. B3LYP/6-83&{2d,p) single-
point energies include zero-point vibrational corrections that were scaled
with a factor of 0.9808! This level of theory gave satisfactory results

in a related study of 2-nitrotolue@Calculated vibrational frequencies
were scaled with a factor of 0.9613 for comparison with IR spéétra.
Self-consistent reaction field (SCRF) calculations with the polarized
continuum model (PCM) of Tomasi and co-worké&nwere utilized to
estimate solvent effects. The scaling factor for solvent accessible

surfaces and the initial number of tesserae on the surface of each spher

were set to the default values of 1.2 and 60, respectively. Electronic
excitation energies were calculated using the random phase approxima
tion for a time-dependent DFT calculatfdnvith the B3LYP/6-313#G-
(2d,p) basis set.

Results

Photoproducts and Quantum Yields. Irradiation of the
methyl etherdl and2 at 254 nm (low-pressure mercury arc) in
acetonitrile or in agueous solution at pH-8 generates
2-nitrosobenzaldehydel) and 2-nitrosoacetophenong),(re-

spectively. The reaction produces strong absorption in the range

of 280—350 nm as well as very weak absorption at 750 nm.
Due to secondary photolysis of the photoprodL@&-nitrobenzyl
methyl ether {) could not be converted quantitatively. A series
of UV spectra obtained by monitoring the reaction progress
during irradiation ofl was analyzed by the method of “Evolving
Factor Analysis (EFA)25 The method does not rely on a kinetic

reaction model. Concentration changes are obtained from the

weight of the linearly independent spectral components, which
are determined iteratively for increasing irradiation doses. The
result is shown in Figure 1. The spectrum of the first photo-
product, as estimated by EFA, is close to that of an authentic
sample of 2-nitrosobenzaldehydd).(The photoproduct was
further identified by GG-MS analysis of the irradiated mixture
and comparison with an authentic sample4ofOn the other
hand, irradiation o induced essentially clean and complete
conversion tdb.

(20) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch M. Phys.
Chem.1994 98, 11 623-11 627.

(21) Scott, A. P., Radom, L1. Phys. Chem1996 100, 16 502-16 513.

(22) Ilichev, Y. V.; Wirz, J.J. Phys. Chem. £00Q 104, 7856-7870.

(23) (a) Miertus, S.; Scrocco, E.; Tomasi,Chem. Phys1981, 55, 117-129.
(b) Miertus, S.; Tomasi, Lhem. Phys1982 65, 239-245. (c) Cossi, M.;
Barone, V.; Cammi, R.; Tomasi, Chem. Phys. Lett1996 255 327—
335.

(24) Casida, M. E.; Jamorski, C.; Casida, K. C.; Salahub, OJ. Rhem. Phys.
1998 108 4439-4449.

(25) Gampp, H.; Maeder, M.; Meyer, C. J.; Zubénter, A. D. Talanta1986
33, 943-951.

0.04

0.02

0.00

1 1
400 500 600 700

Figure 2. Transient absorption spectrum observed by picosecond pump
probe spectroscopy df in acetonitrile.

Scheme 2: Intermediates Observed in the Photoreaction of
2-Nitrobenzyl Methyl Ether (1)

MeO. I ? MeO, ? MeO. OH
[v j/ Noom [ gN’“OH [ }NO
PRy G
Quantum vyields for the conversion &fto 4 (¢ = 0.49 +
0.05, aqueous acetate buffer 1:1, 3 measurements) aAtbof
5 (¢ = 0.484 0.05, aqueous phosphate buffePd, :HPO2~

= 1:1, 3 measurements) were determined spectrophotometrically
&excz 365 nm,Aops= 310 nm) using azobenzene actinometry

and assuming clean reactions bto 4 and of2 to 5 at low

conversions. The extinction coefficients 4fin water were
determined with an authentic sample (Experimental Section).
Those of 2-nitrosoacetophenor®, dmadnm (log /M~ cm™1])
287 (3.78), 311 (3.82), 750 (1.3), were estimated from the
essentially clean conversion @&fto 5. In the dark, the nitroso
compounds4 and 5 were stable for hours in the pH-range of
3—6, but decomposed at higher or lower acidities. The rate
coefficients for the acid- and base-catalyzed decay$wére
found to beky ~ 20 M1 standkoy ~ 5 x 1 M~1s1. The
decomposition products were not investigated. The equilibrium
with nitroso dimers lies far on the side of the monomers at the
low concentrations<1 x 10~4 M) used in these experimerd%.
Picosecond Pump-Probe Spectroscopy.Broad transient
absorption {max= 413 nm, Figure 2) appeared within 5 ps after
excitation ofl with 248-nm subpicosecond pulses in acetonitrile
and persisted up to the maximum delay of 1.8 ns. Similar results
(Amax= 415 nm) were obtained witA The transient absorption
is attributed to theci-nitro tautomers formed by intramolecular
hydrogen transfer in the singlet excited state. Only very weak
absorption was observed at wavelengths550 nm, and no
resolved growth of thaci-absorption due to a slower reaction
via the triplet state of or 2 could be detected. Such observations
had been reported for related nitrobenzyl compouids.
Nanosecond Laser Flash Photolysis (LFP) of 1Five
kinetically distinguishable transient intermediates were detected
by nanosecond LFP of in aqueous solution and in other
solvents. For the following discussion the transient intermediates
are labeled a#\, B, andC (Scheme 2). StereoisomersAfand
B exhibiting different reaction kinetics are distinguished?ds

(26) Azoulay, M.; Wettermark, GTetrahedron1978 34, 2591-2596.

(27) Yip, R. W,; Sharma, D. K.; Giasson, R.; Gravel, DPhys. Cheml984
88, 5770-5772. Yip, R. W.; Sharma, D. K.; Giasson, R.; Gravel, D.
Phys. Chem1985 89, 5328-5330. Yip, R. W.; Sharma, D. K.; Giasson,
R.; Gravel, D.; Wen, Y. XJ. Phys. Chen1l991, 95, 6078-6081. Yip, R.
W.; Sharma, D. K.; Giasson, R.; Gravel, D.; Blanchet,dan. J. Chem.
1991, 69, 1193-1200.
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Figure 3. Kinetic traces obtained by LFP dfat 30°C (for comparison Lf | —— p—)-
with the FTIR measurements). Trace 1: Acetonitrile. Trace 2: Acetonitrile '21' : 3' : 5 : .'/ : 9‘ : 1‘1 1'3
with 75 mM D,SO,. Trace 3: CHCI,.

Figure 4. pH—Rate profiles of reactionabl (®), ab2 (O), bcl (+), bc2

. e : (x), andc4 (O) initiated by LFP of1. The solid lines were obtained by
andA2 and asB1 andB2. The identification of these transients nonlinear least-squares fitting of eq 1 to the data points (Tablé® &)

as theaci-tautomersA, or their anionsA~, 1,3-dihydrobenz- abl and ab2 and of eq 3 to those fobcl, bc2, andc4. The resulting
[clisoxazol-1-ol intermediated, and hemiacetalC, rests on parameters are given in Table 1.

the TRIR data, absorption spectra, pH-rate profiles, and

observations of general acid and base catalysis reported below. Rate constants determined with buffer solutions (pH-3.5
ReactionAl — B1is labeled asbl, A2 — B2 asab2, and so 10.5) were found to increase linearly with buffer concentration

on. The same symbol&—C will be used to designate the indicating general acid and/or base catalysis. Data points for

1

corresponding intermediates formed fr@and 3. the pH-rate profile were, therefore, obtained by linear extrapola-
Nonaqueous SolventsExcitation of 1 in acetonitrile by a tion of buffer dilution plots (vide infra) to zero buffer concentra-

nanosecond laser pulse (308 nm) produced trangienithin tion. The pH-rate profiles for reactiorbl1 andab2 are shown

the duration of the laser pulse. The spectrumAafas identical ~ in Figure 4. The data points are given in Table S1 of the

to that seen in the pumgprobe experiment (Figure 2), and its Supporting Informatio?

decay obeyed a biexponential rate law, with rate constapis The rates of reactiorebl andab?2 are constant at pk& 10,

~ 6 x 10 and ka2 ~ 9 x 107 s71 (trace 1 in Figure 338 and rise steadily with increasing acid concentration atpH

Reactiongblandab2 were strongly accelerated in the presence 10. The slope of lodops for reactionab2 clearly drops below

of a mineral acid. They merged to a monoexponential decay, —1 in the pH range of 46. The solid lines were obtained by

kap &~ 3 x 107 s71,2%in the presence of 0.02 M 430,. The nonlinear least-squares fitting of the parametggs, kap', and

decays were also, but less strongly, accelerated by acetic acidka/Ka1 in eq 1 to the observed first-order rate constants of

(1.7 M), Kapr &~ 2 x 10°P and Kapp =~ 5 x 10* s71.28 For reactionsabl and ab2 Equation 1 will be derived in the

comparison with the TRIR experiments discussed below, the Discussion. The acidity constarig , of A1 andA2 were more

growth of absorbance at 33330 nm (formation ofC, vide accurately defined by the buffer dilution plots (vide infra) and

infra) was measured by LFP &fin CH;CN that was acidified were thus fixed to the valueg€, (A1) = 3.2 x 105 M and

with 75 mM D,SOy, koe = 7.7 x 10% s71 (trace 2). LFP ofL in KaAA2) = 1.0 x 10~* M for fitting of eq 1.

CHCI, showed biexponential growth of absorption at 310 nm

gﬁl)lrmatidog of CI), kb(;l ~ 16@3 tanjl kk,lcz ~90.3187_2, a?c(it was log (kobJS_l) = log{ (Ky"Kq o+ kab'[H+] + ko\b[HJr]Z/Ka,J)/

ollowed by a slow decay 04, Kea =9 x s 1 (trace _

3). (Ms™)} —log{ ([H"] + K, )M} (1)
pH-Rate Profiles in Agueous Solution. The absorption

spectra of theciintermediatesA observed immediately after [N pure water with no buffer added, a small time-resolved
LFP of 1 in aqueous solutions were similar to the purgobe increase in absorbance was observed following the sudden rise

spectra obtained wittl in acetonitrile (Figure 2), but the in absorption at 420 nm. This is attributed to ionization of the
absorption maximum was shifted to slightly longer wavelength, &Ci-nitro transientsA to the conjugate anior&™, k-y = (2.7

Amax = 420 nm. The decay of this transient absorption obeyed T 0-3) x 10° s+ (ca 10% of the total amplitude), which appear
a biexponential rate law at p# 5. The amplitudes of the two ~ t© show stronger absor_ptlon at 420 nm. This rqte constant is
components were approximately eqefThe decay of the short- nearly an order of magnitude lower than that of #itetautomer
lived component was accompanied by a 15-nm blue shift of of 2-nitrotoluené indicating that the acidity constants of the
the absorption maximum (measured in phosphate buffer, pH 8C-tautomersA, Ka» = k-u/ ky, are about an order magnitude

6.8). This indicates that transiemt is a mixture of two smaller than that of the latterKg , = 3.6. Combination ok_y
kinetically distinct speciesA1 and A2. with a typical rate constant for the reaction of protons with a

weak oxygen basey ~ 5 x 101 M1 s71, provides a first

(28) The decay traces clearly deviated from a simple first-order rate law and estimate of the acidity constant of thei-tautomersA, pKa 2~
gave excellent fits with two exponentials, but the two close-lying rate '
constants and their amplitudes were not defined with high accuracy.

(29) This value is close to the time resolution of our instrument that was limited (30) Supporting Information: See paragraph at the end of this paper regarding
by the 30-ns duration of the laser pulse. availability.
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Figure 5. Kinetic traces obtained by LFP dfin aqueous solutions. Trace
1: ionization ofA in 5 x 1074 M NaOH. Trace 2: decay okl andA2 in
phosphate buffer (0.0143 M KIROy, 0.0286 M NaHPO,, pH 7.08). Trace
3: reactiorbclandbc?2in acetate buffer (0.0072M HAc, 0.00144 M NaAc,
pH 3.87). Trace 4: reactiocd in 0.1 M HCIO;.

4,33 |onization of theaci-tautomersA was accelerated by the
addition of NaOH or buffers. Measurements in the range of 5
x 1074 (Figure 5, trace 1) to & 102 M NaOH gave a rate
constant okopy = (8 £ 2) x 10° M~1 s71 for the deprotonation

of A to A~ by hydroxyl ions. A very weak transient absorption

that was observed at 500 nm decayed with a rate constant of

ca. 5x 1 s, independent of pH (upotl M NaOH) and
oxygen (up to 1 atm). We cannot offer a convincing assignment
for this transient.

The decay of transietA was clearly biexponential at pH
5 (trace 2 in Figure 5). With increasing acidity the decay rate
of the slower componerA2 increased more rapidly than that
of Al, such that the two decays merged to an essentially single
exponential with a rate constant of abouk61(® s 1 at pH 3
(cf., however, the buffer dilution plots discussed below). The
absorption due to transiem®d andA2 decayed to the baseline
in agueous solutions with pH 6, leaving no residual absorption
above 300 nm. Subsequently, a slow, biexponential growth in
absorbance was observed at 3B30 nm (trace 3 in Figure 5:
formation of intermediateC). These observations require
intervention of some intermediateB1 and B2, which are

transparent above 300 nm. The pH-dependence of the two first-

order rate constants for the formation ©ffrom B1 and B2,
determined at 330 nm, is shown in Figure 4 (reactiocsand
bc2). Formation ofC is also accompanied by the growth of a
very weak absorbance at 740 nm, which is characteristic for
the formation of nitroso compound3However, the measure-
ments at 330 nm gave more accurate results, because th
absorbance changes associated with the reacBonsC are
much larger at this wavelength. The decay of transiénis
catalyzed by base. At pi 6 the decay rates d81 and B2

exceed the rates of formation of these intermediates, so that

the decay rates oAl and A2 coincide with the rates of
formation of C.

In general, the time-dependent concentration of a pro@uct
that is formed in a sequential reaction scheme of the #ype
B — C with rate constantk,, andky. is given by eq 2. Thus,
the formation ofC by the two parallel reaction sequencks

(31) A similar estimate based on the ionization kinetics of 2-nitrotoluesae‘s
nitro tautomer in pure water gavéKp~ 3.4, in good agreement with<p
= 3.6 determined independenfly.

(32) Walker, J. W.; Reid, G. P.; McCray, J. A.; Trentham, DJRAmM. Chem.
So0c.1988 110, 7170-7177.
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Figure 6. UV —vis difference absorbance spectra monitoring reaatibn
in aqueous solution. The first spectrum was recorded about 10 s after LFP
of 1in 5 x 1074 M HCIO,.

— B1 — C andA2 — B2 — C is expected to obey a four-
exponential rate law.

1= €79 — k(1 — &)
kbc - kab

However, eq 2 rapidly approaches a single-exponential rate law,
[Clt ~ [Ali=0o(1 — €K, as the two rate constanks, and kyc
become different in magnitude, with the observable rate constant
k becoming that of the slower (rate limiting) step. A reliable
determination of four rate constants was not possible from the
absorbance growth waveforms monitored at 330 nm. Growth
curves determined in the pH range of 5&5, whereky, ~ ke

and a four-exponential fit would have been required, were
disregarded in the analysis. Traces obtained outside that range
were adequately fitted by a sum of two exponentials (Figure 5,
trace 3). The two rate constants for the formatioCdhat were
determined at 330 nm in solutions of pH6.5 are limited by

and equal to the rate constants of the reactiaint and ab2,

kap1 andkapz, whereas those at pH 5.5 are slower and provide
the rate constants of reactiohs, kyc1, andKkpco.

Finally, the lifetime of producC is around 40 s in the pH-
range of 3-6, and the absorbance changes arising from reaction
c4 were sufficiently slow to be recorded with a diode array UV
spectrometer. The absorbance at 320 nm du€ tiecreases,
while that at 230 nm increases strongly (Figure 6). A global fit
of the data obtained with &% 104 M aqueous HCIQ@gave a
rate constant of (2.5% 0.01) x 1072 s! and provided UV

[Cli=[Ali—o )

Spectra of the initialt(= 0) and final species. These were nearly
superimposable with the UV spectra of 2-nitrosobenzyl alcohol
(as a stable analogue for the hemiac&aland authentict,
respectively, in the same solvent. The higher rate conskants
outside the range of 3 pH < 6 were determined by kinetic
flash photolysis analyzed at 320 nm.

The pH-rate profiles for reactiortscl, bc2, andc4 (Figure
4) indicate acid catalysis at pH 3 and base catalysis at pH
5. Equation 3 describes a reaction that has a pH-independent

log (kopds ") = 10g { (ky[H T + kopKu/[H T+ ko)/s ™} (3)

componentko, but also exhibits catalysis by protoris,, and
by hydroxide ionskon. The hydroxyl ion concentration was
replaced byKw/[H], where Ky = 1.59 x 10" M? is the
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Table 1. Rate Coefficients Determined by Fitting of Egs 1 and 3 those ofA2. This led to a clear-cut separation of the two reaction

to the pH-Rate Profiles of 1 to 3 S . S . .
rates with increasing buffer concentration in acetic and formic

reaction  ka'/s ™! ka'ls (ka/Kals ™ KaalM acid buffers, and proves that the near coincidence of the decay

abl(l) 2.14+0.4 (8.74£0.8)x 10 (5.0+0.6)x 1(® ~1.0x 104b rate constant&,p; andkapz in wholly aqueous solutions at pH
ab2(1) 0.23+0.08 (1.44+0.3)x 10 (7.8+1.5)x 10° ~3.2x 1075b < 5 is fortuitous

ab1(2) (5.1+£0.2) x 100 ~7 x 1¢° Y

ab2(2) (9+2)x 10 (1.1+0.2)x 10° (1.8+£0.8)x 10 1x 104 Solvent Kinetic Isotope Effects.The decay rates ¢kl and

ab@3) 15+£05  (7£2)x10*  ~5x 10 3.2x 10 A2 were determined in O and QO solutions with equal

reaction kM5t kst e nominal concentration of added acid or balggk® = 0.97 +

0.03 in 1.1x 1072 M aqueous perchloric acid (single expo-

bcl(L 2.6+ 0.4)x 100 (1.8+0.2)x 1  ~1x 101

bl etoseie 13iz (11 0.2) x 10 nential), anck"/kP = 1.08-+ 0.18 (@b1) and 0.84+ 0.18 @b2)

34((2 ZTi 41103 ((i.gi (2)% X ig3 (i-Zilé)le) x 108 in 0.1 M sodium hydroxide. Relatively large error limits in the
Cf ~1 x 0+ 2.7)x ~1 x . : . :

052  (23+£0.9)x 1 ~1x 102 3% 10 Igt_ter values arise bgcause of the uncertainty assomateo_l with

bc(3) (2.0£0.2)x 100 (7.740.9) x 10° fitting decay traces with a sum of two close-lying exponentials.

TRIR-Measurements of 1.The IR-spectrum ofl in CDs-
CN is dominated by strong bands arising from the symmetric
(1343 cn?) and antisymmetric (1526 cm) stretching vibra-

aValue taken from a fit of buffer slopes to eq 5value was kept
constant in fitting.

1-106 . | tions of the NQ group. Medium intensity bands are seen in
the range 280083000 cnt! (C—H stretch) and at 1109 crh

T Kobs / 871 (antisymmetric G-O—C stretch). The corresponding frequencies
8105 | predicted by the DFT calculations (1329 and 1353 trfor

the symmetric N@ stretch, 1551 and 1564 crh for the

] antisymmetric N@ stretch, 1109 and 1111 crh for the
C—OMe stretch in theanti- and synconformations of1,
respectively) are in satisfactory agreement with the experimental
. data.

_ CDsCN and CDCI, were used as solvents for the TRIR
experiments. Measurements with the same (nondeuterated)
solvents were done by optical LFP for comparison. Readiion

— B in CD3sCN was followed by the step-scan method with a

6:10°

4105

210° | A A o o—67 : 7 .
© < bl ~ ~ 9 x 1073 M solution of 1. The kinetic analysis of TRIR spectral
0.0 ' OI 1 : OI > data is less precise than that of kinetic traces obtained by optical

LFP and the TRIR data for reactioab andbc were adequately
fitted with a single exponential function. Hence, only a single
IR spectrum is available foA (representing a mixture Al
andAz2), and one foiB.
ionization constant of water at ionic strength= 0.1 M33 Reaction A— B. The spectral matrix covering a time range
Nonlinear least-squares fitting of eq 3 to the observed rate from 2.5 to 50Qus after flash photolysis (Figure 8) was subjected
constants for reactiori®1, bc2, andc4 provided the parameters  to factor analysis. Two components were sufficient to reconstruct
ko, ku, andkon for each reaction, which are given in Table 1. the spectra within experimental accuracy. Prominent features
The coincidence of the reaction rates &l andbcl and for are the decaying bands in the region of 130@00 and 1546
ab2andbc2at pH > 6 (Figure 4) proves that intermediatel 1650 cnml. A band at 1080 cmt grows in simultaneously, but
is the precursor dB1, andA2 of B2. Consistently, the amplitude  otherwise no strong absorption bands, particularly reNor
ratio of reactionsbl andab2in the kinetic traces measured at  C=0Q bands, are present in the last spectra. The strong negative
420 nm was about equal to that of reactidiesl and bc2 at bands in the difference spectra did not show a significant change
320 nm. in position or intensity during the time span covered. The
Buffer Dilution Plots. Measurements in aqueous solutions positions of these negative bands correspond to those of the
of pH 3.5-10.5 require the addition of buffers, which, however, apsorption bands dfindicating depletion of the starting material
may influence the reaction rates by general acid and generalq,
base catalysis. These measurements were made in series of |ntermediates A. The data matrix represented in Figure 8
solutions of varying buffer concentration but constant buffer ¢ adequately fitted by a single-exponential rate law. The
ratio and, hence, constant pH. Catalysis by buffers was found resulting rate constarts, = (6.6 + 0.2) x 10® s~1 is in good
for all reactions and buffer dilution plots at constant buffer ratio agreement with that for the major componegb; ~ 6 x 103
were linear (e.g., Figure 7). The intercepts represent the decays-12s of the biexponential decay observed by LFP lofin
rates at zero buffer concentration, which were used for the pH- 5atonitrile. The negative bands due to the depletichwére
rate profiles (Figure 4). The buffer catalytic coefficienits,, removed by adding an appropriate amount of the IR spectrum
which correspond to the slopes of the buffer dilution plots, are f 1 1 the first spectrum of Figure 8 to obtain the absorption
given in Table 2. As shown in Figure 7, the slopks, spectrum of transient, Figure 9. It is in qualitative agreement
determined for the decay &f1 were about 10-fold higher than  \ith the much more highly resolved spectrum that was reported
by Dunkin et aP* for the same product formed by irradiation
of 1in Ar and N, matrixes at 12 K.

Figure 7. Buffer dilution plot for the decay rate constants of transients
Al (@) andA2 (O) in acetic acid buffer 1:1 (pH 4.57).

(33) Bates, R. GDetermination of pH, Theory and Practic@/iley: New York,
1973.
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Table 2. Buffer Slopes kg, Obtained with 1 by Linear Regression of Buffer Dilution Plots?
buffer Xug Cpu/MP ko, (M~ 1s71) ko, (M~ s71) kp,2H(M~1s71) ko 2?I(M~1s71) ko, 2(M~1s71)

phthalic 1/2 0.0£0.05 (2.70£ 0.45)x 10 ¢ (7.1+0.7)x 108 (4.5+ 0.6) x 1

formic 4/5 0.05-0.50 (4.8+£0.3) x 10f¢ c

formic 2/3 0.03-0.30 (6.2 1.9) x 107 (5.04£0.3) x 10°

formic 1/3 0.015-0.15 (3.1 0.3) x 10P (1.9+0.2) x 10°

formic 1/5  0.01250.125  (1.3+0.1)x 107 (1.44+0.1)x 108

acetic 5/6 0.0130.60 (1.18+ 0.03) x 107 (1.16+0.14)x 10°  (2.9+0.2) x 10* 143+ 9

acetic 2/3 0.020.12 (7.6+1.1) x 10° (45+£1.2)x 10P (7.2+£0.3) x 10* 261+ 18

acetic 1/2 0.020.2 (3.5+0.1) x 10° (1.464+ 0.13)x 1C° (1.104+ 0.05) x 1P 287+ 17 0.09+ 0.03

acetic 1/3 0.0150.15 (1.1£0.1) x 1° <6 x 10° (1.5+£0.1)x 1® 385+ 19

acetic 1/9 0.0+0.11 (5.8+ 1.0) x 10* <6 x 104 (1.1£0.1)x 10P 431+ 46

phosphate 6/7 0.0680.078 (8.6 3.8) x 10° (1.9+£0.1) x 10* d (5.9+0.5) x 1C°

phosphate 3/4 15+04

phosphate  2/3 0.039.060  (1.5+ 1.0) x 10° (3.6+0.2)x 108 <3x 108 (34+0.2)x 108

phosphate 1/2 0.009.050 <7 x 1C° (1.440.2)x 10° <5x 10° (1.44+0.2)x 10° <1

phosphate 1/3 0.0H0.043 <1 x 1C® (3.24+0.1)x 1 <2 x 10° (454 0.8)x 107

tris 1/2 0.02-0.2 <50 6+3 55+ 14

borate 1/2 0.0%40.05 <50 <5

aExperimental data are given in Table334 Total buffer concentration, [HB}- [B~]. ¢ The decay rates o&l andA2 were too close to be separated.

4 The buffer dilution plot was nonlinear, because reactiba becomes rate-limiting at high buffer concentrations (Figure 4).
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Figure 8. TRIR difference spectra df in CD3CN measured by the step-
scan technique. Time after excitation increases from back to front.
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Figure 9. IR spectrum of intermediate# (both upper and lower)

determined by adding an appropriate amount of the IR spectruintof
the initial TRIR difference spectra of Figure 8. Vertical bars indicate IR
frequencies and intensities predicted by DFT calculations for the four
isomers ofaci-1 (Table S5§° The first label E or Z) denotes the
configuration of the exocyclic €C bond, the second that of the=®l bond.

Dunkin et al®* attributed their matrix spectrum to tHgE-
isomer ofaci-1. Spectra for all four possible isomers ai-1
were calculated with DFT techniques (Table $5An identi-
fication of structural isomers based on the solution spectrum,

Figure 9, is hardly warranted, but theE-isomer appears to be
present in significant amount, because strong absorption in the
range 1356-1400 cnt! was predicted only for this isomer. The
three bands in the 155650 cnt! region suggest that other
isomers are also formed. The biexponential decay kinetics
observed for transiem (Figures 3 and 5, cf. Discussion) indeed
indicates formation of at least two geometrical isomerA @fs
primary photoproducts in solution, whereas the rigid environ-
ment in an argon matrix appears to favor formation of a single
isomer. From the qualitative agreement of the IR-spectrum of
A in acetonitrile with the matrix spectrum reported by Dunkin
et al. and with the calculations, it is clear that the nitronic acids
A do not ionize in acetonitrile. The IR spectra calculated for
the twoaci-anionsA~ (Table S63° are substantially different.

Methyl vinylethers commonly show a strong asymmetric
C—0—C stretching band around 1200 chAccording to our
DFT calculations the strongest feature in the IR spectra of the
E,E- andE,Z-isomers ofaci-1 (1230-1245 cn1?) corresponds
to the CG-OMe stretch. Thus the band observed at 1248%cm
is attributed to this mode. The next strong band in the spectrum
can be assigned to the NOH bending mode, which is predicted
to be located in the 12701293 cn! region. The band at 1211
cm~! was attributed to the NO stretching vibration which is
strongly coupled to ring deformations according to the DFT
results. The calculated frequencies for the ©H stretch vary
from 928 to 952 cm! (outside the range covered). The strong
band at 1144 cmt seems to arise from the ring CH bending
vibrations and Chldeformation modes. Our assignment of the
C=C and G=N bands differs from that of Dunkin et &.We
attribute the 1620-crt band to the &N group, the band at
1550 cn1? to the exocyclic &C(O) group, and the 1580-crh
band to skeletal double bond stretching.

Intermediates B. Transientd do not absorb in the near UV.
In time-resolved optical measurements their presence was
inferred only from the delayed formation of prod@t The IR
spectrum ofB (Figure 10) was obtained by addition of the

(34) Dunkin, I. R.; Gebicki, J.; Kiszka, M.; Sanin-Leira, D.Chem. Soc., Perkin
Trans. 22001, 1414-1425. Dunkin, I. R.; Gebicki, J.; Kiszka, M.; Sanin-
Leira, D. Spectrochim. Acta, Part A997 53A 2553-2557.

(35) Three bands are observed in the range of 33@%0 cnt! (1550, 1580,
1620 cnt?). The band at 1550 cmd would be unusually low for either a
C=C or a G=N stretching band. Additional conjugation tends to lower
the position of &N bands less than that o€ bands (ref 37). Our DFT
calculations predict the €N stretching vibrations near 1620 cin
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Figure 10. IR—Spectrum of intermediateB determined by adding an o
appropriate amount of the IR spectrum bfo the final TRIR difference viem
spectra of Figure 8. Vertical bars indicate IR frequencies and intensities Figure 12. Fast-scan IR difference spectrabfn CD.Cl,.
predicted by DFT calculations for the two isomers @iged, dotted) and
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Figure 13. IR-spectrum of intermediat€ in agqueous solution determined
200 by adding an appropriate amount of the IR spectrunl @b the initial
: - 100/ TRIR difference spectra of Figure 12. IR frequencies and intensities
1200 1400 1600 1800 Y tipus predicted by DFT calculations for the hemiacetadre shown as vertical

Slem™! bars.

Figure 11. TRIR difference spectra df in CDsCN with 75 mM D,SOx. . .
Time evolution is from front to back. Cl,. Figure 12 shows the resolved growth of an intenseCC
band at 1700 cmt. The N=O band is fully developed already
spectrum of depleted to the last spectrum of Figure 8. It shows in the first spectrum, and its intensity hardly changes during
only one prominent band at 1080 ctnIndeed, DFT-calcula-  the reaction, but its position gradually shifts from 1495 to 1501
tions for the two isomers of 3-methoxy-1,3-dihydrobefz| cm!as the G0 band develops. Global analysis of the spectral
isoxazol-1-ol 6) predict only one strong band (GCHjs stretch) matrix gave two significant components and their temporal
located around 1100 crh The two other features in the evolution was fitted well by a first-order rate law. The resulting
predicted IR spectra around 1180 and 1370 talso coincide rate constankes = 1.3 x 1072s71, is close to that observed by
with observed bands. Dunkin et #lreport that irradiation of LFP in the same solvenks, = 9 x 1073 s71 (Figure 3, trace
aci-1 in an argon matrix yields a product with weak bands at 3).
1637, 1091, and 756 cm, which they attributed to the Removal of the negative peaks that are due to depletidn of
formation of6. The most important aspect in the spectrum of from the first spectrum of Figure 12 provided the IR spectrum
B is thelack of any strong bands in the range of 1440700 of C (Figure 13), which is shown together with the calculated

cm™! that would indicate the presence of &0 or an N=O frequencies for the conformer with an H-bond between the OH

group. Thus, our assignment Bfto the cyclic intermediaté group and the oxygen atom of the NO group. This conformer

rests mainly on the subsequent evolution of the TRIR spectra s expected to be the primary product produced by ring-opening

described below. of cis-6.2238 A similar experimental spectrum @ (not shown)
TRIR spectroscopy ot in CDsCN containing 75 mM B was obtained from the last spectrum of Figure 11.

SOs showed partially resolved growth of a0 band at 1500 The IR spectrum of the final photoprodut(Figure 14) was

cm™* (Figure 11), but still no absorption indicating the formation  obtained by correction for depletedin the last spectrum of
of a carbonyl group. Hence, reacti&h— C is attributed o Figure 12. Comparison with the spectrum of authentic 2-ni-
ring opening of the bicyclic compourglyielding the hemiacetal  trosobenzaldehydd) unambiguously identifies the end product

methoxy-(2-nitrosophenyl)-methanal)( The rate constanks. as4. The band positions and intensities calculated4f¢Fable

=(1.1£0.1) x 10* s}, is in reasonable agreement with that  Sep0 are in satisfactory agreement with experiment.

obtained by LFP in the same mediuky. = 7.7 x 10° s™* Further support for the assignment of intermedi@ateo the

(Figure 3, trace 2). hemiacetal7 stems from the IR spectral changes observed in
Reaction C— 4. The final reactiorc4 was followed by fast-

scan IR spectroscopy following 266-nm excitatioriLof CD,- (36) Ilichev, Y. V. J. Phys. Chem. 2003 107, 10 159-10 170.
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Figure 14. IR-spectrum of photoproduct df (final spectrum of Figure

12, blue dotted line) compared to a spectrum of authentic 2-nitrosobenzal-
dehyde 4) in CD.Cl, (solid red line). IR frequencies and intensities predicted
by DFT calculations fo# are shown as vertical bars.
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Figure 15. Left-hand graph: IR spectra & (- — -, red) and of the final
products4 and methanol (-, black) in the range of 25663800 cnt!

obtained by TRIR. Right-hand graph: IR spectra of methanel ¢ red)

and dilute methanol in CETI, (solid black line).
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the OH-stretch region during the conversion®fo 4 in CD,-

Cl. As shown in the left-hand part of Figure 15, the broad OH
band of C ranging from 3200 to 3600 cm changes to a
substantially narrower band at 3500 chin the last spectrum.
The broadness of the OH band Gfis attributed to intramo-
lecular H-bonding in the hemiacetaland its narrowing in the
course of the reactio@ — 4 to the release of methanol. Only
quite low concentrations of methanol are released in the IR

pH

e —
1 1 1

2 4 6 8 10 12

Figure 16. pH-Rate profiles of reactionsbl (®), ab2 (O), bcl (+), bc2

(x), andc5 (O) initiated by LFP of2. The data points are given in Table

S239The solid lines were obtained by nonlinear least-squares fitting of eq

1 for reactionsabl andab2 and of eq 3 for reactionbcl, bc2, andc5.
The resulting fit parameters are given in Table 1.

formation of C occurs in two waves, the slower one being
limited by the decay of the precursé? in basic solutions.
The rate of the faster componebtl, increased linearly with
increasing base concentration up to about pH 12, where its
amplitude vanished and that of the slow componbog, was
doubled. The slopes of buffer dilution plots are given in Table
3. The intrinsic decay rate constant&f, kyp; = 5.1 x 107 s71

is too fast to be affected by the acidic buffers. The deca§af
exhibits general acid catalysis, the formatiorGo§eneral base
catalysis (Table 3).

Caged ATP (3).LFP (351 nm, pulse energy 100 mJ) ®f
(104 M) was done in aqueous solutions at various pH. Buffer
concentrations were kept sufficiently high to damp any effect
of the disodium salB on pH, but as low as possible to avoid
buffer catalysis. The rate constants for the first-order decay of
intermediateA (aci-3) were measured at 420 nm. The formation
of the 2-nitrosophenyl chromophor€ er 5) was monitored at

experiment, so that it will not form H-bonded methanol clusters. 320 nm (Figure 17, Table S3It was delayed with respect to

The OH stretch bands of H-bonded alcohols are generally broad

and lie at lower frequencies than those of the free spé¢ies.
illustrate the band shift and broadening resulting from the
association of alcohols, the spectrum of a dilute solution of
methanol in CRCl; is compared to a spectrum of neat methanol
in the right-hand part of Figure 15.

LFP of 2. The pH-rate profiles for the transierds B, and
C produced by LFP o2 in aqueous solution are shown in Figure
16. The decays of thaci-transientsA are biexponential with
roughly equal amplitudes of the two components at 420 nm.
Only one of theaci-decays A2, is pH-dependent. The faster,
pH-independent componeAt absorbs at longer wavelengths;
its amplitude dominates over that AR at Aops > 420 nm. The
decay rate oA2 approaches a constant value around pH 4, but

theaci-decay at pH< 6, indicating the intervention of a bicyclic
intermediateB that does not absorb above 300 nm. The acidity
constant oA, K, 13, was not adequately defined by the rate data
(Table S3§° and was therefore fixed akp; = 4.5. Nonlinear
least-squares fitting of eqgs (1) and (3) to the rate data for
reactionsab andbc, respectively, gave the fitting parameters
listed in Table 1.

Discussion

We begin with a brief review of previous mechanistic studies
of the disodium salt of adenosinéBiphosphate3-(1-(2-
nitrophenyl)ethyl)] ester3, 'caged ATP), which was introduced
by Kaplan et aP The first detailed study of the reaction
mechanism o8 was reported by Walker et 8.The decay rates

re-accelerates below pH 3, so that it escapes detection byt the aci-nitro intermediate were monitored by its absorption

nanosecond LFP at pH 2.6. The decay rates fok2 were
fitted with eq 1 and the resulting parameters are given in Table
1. The growth of producf at 320 nm was monoexponential at

at 400 nm, and appearance rates were determined for each of
the three products formed by LFP &fnamely ATP (bioassay),
2-nitrosoacetophenone (absorption at 740 nm), ah@rdlicator

pH < 6, exhibiting both acid and base catalysis. The parametersgye) Two steps were kinetically resolved in aqueous solution

resulting from a fit with eq 3 are given in Table 1. At pH8,

(37) Bellamy, L. J.The Infrared Spectra of Complex Molecyledd ed.;
Chapman and Hall: London, 1975.

at neutral pH. A fast step indicated release of a proton due to
ionization ofaci-3 to 3~. In a slower reactiork = 86 s* (pH
7.1, 21°C), the free nucleotide and the side product 2-nitroso-
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Table 3. Buffer Slopes kg, Obtained with 2 by Linear Regression of Buffer Dilution Plots?

buffer XHg Cpu/MP ko, ®2I(M~1s71) ko,2?(M~1s7) ko, 2(M~1s71)
acetic 2/3 0.030.2 (3.0£0.4) x 1¢® (3.64+0.1)x 10*
acetic 1/2 0.020.2 (2.2+£0.3) x 107 (5.2+ 0.4) x 10* 0.09+ 0.03
acetic 1/3 0.0%0.15 (1.19+£ 0.03) x 1C° (6.9+£0.2) x 10*
phosphate 6/7 0.610.08 (9.1+£0.8) x 1C° (1.344+0.02) x 10°
phosphate 3/4 0.610.07 (7.7£0.7) x 10° (2.3£0.2) x 10°
phosphate 1/2 0.009.05 (4.44+0.1) x 108 (3.1£0.2) x 10° 0.3+0.2
phosphate 1/4 0.030.04 (2.4£0.1) x 1C° (25+£0.3) x 1C°
tris 1/2 0.02-0.2 (7.0£0.3) x 10* (8.44+0.5)x 10*
borate 1/2 0.0050.05 (4+ 1) x 10¢ (4.4+0.8) x 10*

aExperimental data are given in Table 4P Total buffer concentration, [HB} [B~].

8 N — authors, including ourselvéd, have implicitly or explicitly
assumed this mechanism to hold in general, ancatielecay
—e— ab Iog(kfs-1)T | rates were taken to indicate substrate release rates.

- Several groups have questioned the validity of Scheme 3 in
recent years. Ab initio and density functional theory calculations
for the potential energy surface of 2-nitrotoluene and its isomers
predicted a much higher activation barrier for cyclization of
theaci-anion than for the neutralci-tautome? These calcula-
tions also predicted cyclization of the neuteali-tautomer to
be highly exothermic, i.e., irreversible, whereas that of the anion
was calculated to be endothermic. Similar conclusions were
independently reached on the basis of semiempirical AM1
calculations for several 2-nitrobenzyl derivativ@sThis sug-

2 4 6 8 10 12 gested that the obseed acid catalysis arises from a rapid
Figure 17. pH-Rate profiles for the dark reactions initiated by LFP3of preequilibrium of3~ with its conjugate acicci3, whereby the
concentration of the reacate speciesaci3 increases with
HC. Y MG, Y MG, Y increasing acidity Experimental support for this hypothesis

| 0 %| 0 comes from a recent paper by Walbert et&who studied 2-(2-
N /N\O_

Scheme 3: Reaction Mechanism Proposed3? for Caged ATP (3)

NOz v Nooy - nitrophenyl)-ethyl cages. From the dependence of the product
H,0 PH distribution on pH they concluded that cyclization of their
3 (Y = ATP) aci3 . compounds proceeds only from the neutai-tautomer.
The present study deals with 2-nitrobenz§) @nd 1-(2-
H fast nitrophenyl)ethyl methyl ether2}, which are transformed to
Os__CHs H$C o 2-nitrosobenzaldehydef) and 2-nitrosoacetophenong),( re-
5N\
o

spectively, releasing methanol with quantum yields of about
50%. A brief reinvestigation of caged ATR)(follows.
TRIR Measurements with 1. Three transient intermediates,
5 A—C (Scheme 2), were detected by time-resolved infrared
. . spectroscopy (TRIR) df in aprotic solvents. The first transient,
acetopheponeﬂ[ were formed congomnantly with the decay A, was formed within a:s after excitation ofl in acetonitrile
of 3" An |mpor.tar?t conc.lu5|on of this work was _thatfhe release (Figure 8) and is attributed taci-1. The characteristic absorption
rate of ATP coincides with the decay of thei-anion3~ under bands due theci-nitro group (1106-1400 and 15461650
the conditions of _the experiment. This finding was si_nce cm-L, Figure 9) disappeared within 1 ms (reactt) leaving
corroborated gby t|me-re_solved R a_md by phqtoacousnc a single prominent IR band at 1080 chwhich is attributed
spectroscopflc.j The relaptlorr: mechlanlsm shown in Scheme 3 to the cyclic intermediate 1,3-dihydrobenji§oxazol-1-ol 8).
was proposed to explain the results. The observed spectrum d agrees well with theoretical

‘ "Cycllgz:)tlon Ofd37 was ,aSSl‘:,me,d tp bef fﬁ; t:\Jt.(;everflbI.e, predictions, but its assignment rests mainly on the fact that the
ollowed by rate-determining elimination o - Acld catalysis 45 characteristic for the nitroso and carbonyl group appear

on the qbserved decay r_ateajf was attributed to prot_onat@or? only in the subsequent reactions. Ring openin@ofields the
of the triphosphate substituent, thereby accelerating its elimina- . 12 ~atac (reactionbc, Figure 11). The IR spectrum &
tion from the cyclic intermediate. Walker et ®&l.carefully _ (Figure 13) shows the presence of a nitroso group (1500)5m

declared their hypothesis as a minimal scheme to explain thelrbut carbonyl absorption is still lacking. Finally, formation of
results on caged ATRB), and in a later review the same authors

have expressed doubt about its generdfitjevertheless, many

NO rate-determining

+ATPT

acid-catalyzed

(40) Corrie, J. E. T.; Trentham, D. Bioorg. Photochem. Vol.,Morrison, H.,
Ed., 1993 243-305.

(38) Barth, A.; Hauser, K.; Matele, W.; Corrie, J. E. T.; Trentham, D. B. (41) Peng, L.; Nachon, F.; Wirz, J.; Goeldner, Ahgew. Chem., Int. Ed. Engl.
Am. Chem. Soc1995 117, 10 31110 316. Barth, A.; Corrie, J. E. T.; 1998 37, 2691-2693.
Gradwell, M. J.; Maeda, Y.; Matele, W.; Meier, T.; Trentham, D. R. (42) Schaper, K.; Dommaschke, D.; Globisch, S.; Madani-Mobarekeh, &. A.
Am. Chem. Socl997 119 4149-4159. Rammelsberg, R.; Boulas, S.; Inf. Rec.200Q 25, 339-354.
Chorongiewski, H.; Gerwert, KVibr. Spectrosc1999 19, 143-149. (43) Walbert, S.; Pfleiderer, W.; Steiner, U.Hely. Chim. Acta2001, 84, 1601~
(39) Choi, J.; Terazima, MPhotochem. Photobiol. S&2003 2, 767—773. 1611.
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2-nitrosobenzaldehydet), which exhibits strong KO (1501
cm™ 1) and G=0 (1700 cn1?) bands, was observed on a time
scale of seconds in CIOI, (reactionc4, Figure 12). The release

of methanol in the course of the last reaction is demonstrated
by a substantial narrowing of the OH-stretch absorption (Figure
15). The pH- and buffer dependencies of reactiabsbc, and

c4 in aqueous solution were studied in detail by optical LFP.
For comparison with the TRIR measurements, LFPLafas
also done in aprotic solvents and acetonitrile-water mixtures to

establish that the same sequence of reactions occurs in protic

and aprotic solvents.

A Revised Mechanism for the Light-Induced Reactions
2-Nitrobenzyl Ethers in Aqueous Solution.The neutralaci-
tautomer of 2-nitrotoluene has &pof 3.68 We expected that
of aci-1 to be similar, because the delocalization of charge from
the methoxy substituent{M) should be largely counteracted
by its inductive effect {1). Indeed, the rate of ionization of
the aci-transientsA, k-y = (2.7 & 0.3) x 10° s71, indicated
pKa(A) ~ 4. The IR-spectra oA show that these weak acids
do not ionize in acetonitrile, suggestingkp=> 3. In aqueous
solution at physiological pH thaci-transients will be predomi-
nantly converted to their ionized foriA~, and the observed
acid catalysis may be attributed to an increase in the equilibrium
concentration of the more reactive neutral speckesas
discussed above. Assuming & 0A) of about 4, one would
then expect acid catalysis to saturate at pH. However, the
decay rates of the twaci-nitro transientsAl and A2 formed
from 1 do not reach a constant value at pH4 but increase
further down to pH 2 (Figure 4), where they escape detection
by nanosecond LFP. Moreover, the addition of acid also
accelerated the decay rate of transieits aprotic solvents,
where ionization toA~ does not occur.

We conclude that the lifetime of treciintermediates is
shortened by an additional, acid-catalyzed reactiorfact, the
slope of logkops for reactionab2(1) approaches a value ef2
between pH 46 in the pH-rate profile, Figure 4, indicating
that two protonation steps must be involved in the decay of
A2~ in that pH region. On the other hand, an onset of saturation
in acid catalysis is discernible from a short plateau at ptb4
in the pH-rate profile of transiem2 formed from2 (Figure
16), but its decay rate starts to rise again below pH 4. An acid-
catalyzed reaction for transiemsis introduced in the revised
mechanism shown fofl in Scheme 4. Here, thaci-nitro
intermediateA is considered to be both an acikg~ 4, and
a weak base. In our previous study of parent 2-nitrotoltiene
we have shown that protonation a€i-nitrotoluene leads to a
Neftype reaction yielding 2-nitrosobenzyl alcoH6IThe pro-
tonatedaci-cationA™ of 2-nitrotoluene was found to be a strong
acid, K51 < —3. We may anticipate that the corresponding
cationA* derived from1 is substantially less acidic due to the
stabilizing effect of the methoxy group. By analogy with
nitrotoluene, hydration of the protonated intermediateis then
assumed to yield a nitroso hydra®. The acid-catalyzed
reaction viaA* accounts for the observation of acid catalysis
at pH values below g, » in aqueous solution as well as for the
acceleration of the decay of neutralin acetonitrile solution
by acids.

(44) This product could not be isolated from the strongly acidic solutions, but
was tentatively identified on the basis of its transient UV spectrum and the
rate of dehydration of its nitroso hydrate precursor.

Scheme 4: Revised Mechanism for the Thermal Reactions of the
Primary Photochemical aci-Transients A Formed from 1 in
Agqueous Solution.2

+
MeOx OH 0 0
| PKa1<0 } pKa 2~4 4
N_ OH = H* 7 N\ = N\
+ H+ + H+
A" A
Kap + kelB] k l Kap"
MeO.
MeO ? ?
N N
“OH { \0-1
(Nu= OH or B) H
- 1
MeO. OH o\
NO  _MeOH NO
C 4

a20nly one isomer is shown for intermediaté@sandB.

To derive the rate law for the decay of intermediateffom
Scheme 4, we assume that the adidse equilibria between
At, A, andA~ are fully established within the lifetime of the
aci-intermediates and thit, ;> [H™] for pH > 1, i.e., thatA
is quantitatively protonated only at pH values well below the
range investigated. With these assumptinsnalysis of
Scheme 4 leads to eq 4 for the pH- and buffer-dependent first-
order decay rate constakgys of the aci-transientsA. In the
absence of buffers, [ = 0 M, eq 4 simplifies to eq 1, which
was used to fit the pH-rate profile of theci-transients ofl
(Figure 4).

_ ke Koo T ke TH] + (ko + kg[B DIH /K,
> H'] + Ky,

(4)

Geometrical Isomerism of the Transient Intermediates A
and B Formed from 1. The decay of the primargci-transient
A of 1 (Amax = 420 nm) is clearly biphasic at p& 5, in
common with some otheaci-nitro decay°46:47Below pH 5,
the two decay rates nearly merge, but they become clearly
separated with increasing buffer concentrations (Figure 7).
Several observations show that transi@ris a mixture of two
speciesAl andA2. The two rate constants obtained from the
biexponential fits obeyed distinct pH-rate profiles and buffer
dependencies. Moreover, the decay of the short-lived component
was accompanied by a noticeable blue shift of the absorption
maximum. Following a suggestion of Zhu et &P we attribute
the biphasic decay oA to the presence dE- and Z-isomers

(45) The preequilibrium assumption is not required for the protonatioA.of
As long asK,, 1> [H*], A* will always be present in low concentration,
and the steady-state approximation holdsAdr In this case the ternk,

+ ks[B~]) in eq 4 is replaced byky, + kg[B~])ki/(kap + ks[B~] + k_n),
whereky andk—y are the rates of protonation éf and deprotonation of
A*, respectively. The preequilibrium assumption clearly holds for inter-
mediatesA andA~ formed from1, because reactiorab are rate-limiting

for the formation ofC at pH > 6. The case o2 will be discussed below.

(46) Peng, L.; Goeldner, Ml. Org. Chem1996 61, 185-191.

(47) (a) Schupp, H.; Wong, W. K.; Schnabel, W.Photochem1987, 36, 85—
97. (b) Zhu, Q. Q.; Schnabel, W.; Schupp, H.Photochem1987, 39,
317-332.
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EE-aci-1 18.8 (432) ZE-aci1 26.3 (415)

»
EZ-aci-1 238 Z,7-aci-1 285

E-aci-1~ 0 (505) Z-aci-1” 7.6 (491)

Figure 18. Calculated structures of the foaci-isomers of2-nitrobenzyl
methyl ether {). The energies of the nitronic acids are given in kcal Thol
relative to that of theanti-conformer of1 (structure shown in Figure 1),
that of Z-aci-1~ relative toE-aci-1~. The wavelengthsi(nm) of the first
electronic transitions that were predicted by TD-DFT calculations are given
in brackets.

with regard to the=C—OCH; group, which cyclize with
different rates.

The calculated geometries of the four isomexistautomers
of 1 and their energies relative to that bare shown in Figure
18. Least-motion hydrogen transfer from the benzylic carbon
of 1 to the nitro group would form thg,Z- andZ,Z-isomers as

the primary photoproducts. The calculations indicate that the

E,E- and Z,E-isomers, in which the OH group of the nitronic
acid is situated trans, are several kcal mdbwer in energy.

We may assume that the equilibrium between the two proto-
nation sites on the nitronic acid function is established on the

ns time scale in aqueous solution. lonizationaaf-1 occurs
with a rate constant of 2.¥ 10° s 1in water, and is accelerated

in the presence of buffers or base. Moreover, separation of the

ion pair formed upon protonation of water is not required for
proton transfer between the O atoms of the nitronic acid

2108 — T 2107 r —
khu”‘aT | kbu"XBT

ab1 (acetic) ab2 (acetic)

1-108 q 0T .
ab1 (formic) ab2 (formic)

pH I pH
—_— e

35 40 45 50 55 35 40 45 50 655

Figure 19. Buffer slopesky, (Table 2) obtained for transientsl (left)
andA2 (right) formed froml in acetic @, red) and formic ©, blue) acid
buffers plotted as a function of buffer pH. The solid lines were obtained by
nonlinear least-squares fitting of eq 5.

do not support this, predicting longer wavelengths of absorption
for the E-isomers (Figure 18). Also, one would expect the
twisted Z-isomer to be the more reactive. However, SCRF
calculations in water predicted a smaller barrier for the cycliza-
tion of E,E-acil (8.4 kcal/mol) than ofZ,E-acil (10.3 kcal/
mol).38 In view of these rather conflicting indications, we refrain
from attempting an assignment of transieAtsand A2 to the
structural isomers.

Catalysis by Buffers. Protonation Equilibria of Transients
A Formed from 1 in Aqueous Solution. Unambiguous
evidence for the occurrence of an acid-catalyzed path involving
protonation ofA to AT comes from the observation géneral
acid catalysis on the decay @&f (Table 2). Buffer catalysis
affecting reactionsbl andab2 must be due to the acidic buffer
component, because the decay Afis not accelerated by
hydroxyl ions, the strongest possible base in aqueous solution.
Rapid equilibration oA~ with A, followed by rate-determining
cyclization ofA to B, would give rise taspecificacid catalysis
on the decay oA, because the general acid does not participate
in the rate-determining cyclization stép— B.

The additional reaction path via™ introduced in Scheme 4
accounts for the effect of buffers on the decay rate ofatie
transients. Protonation @& might be the rate-determining step
followed by rapid hydrolysis td3' (Nu = OH). This would
give rise to general acid catalysis, but is considered unlikely,
because even protonation of the weaker tedanitrotoluene
is reversibleé® Alternatively, the cationA™ may be trapped
preferentially by the basic buffer component & giveB' (Nu
= B). The combination of preequilibrium protonation (specific
acid catalysis) with a rate-determining general-base-catalyzed
step results in apparent general acid catalysis.

Three buffer systems were studied at various buffer ratios,

function. A hydrogen-bonded water molecule may act as a namely formic acid/sodium formate, acetic acid/sodium acetate,

proton shuttle through a six-membered ring. Indeed, the
calculated barrier for intramolecul&rto Z isomerization in the
aci-tautomer of nitrotoluene was 20.3 kcal mblin the gas
phase, but was lowered to 10.1 kcal mioin the presence of
one water moleculé In the following discussion we will,
therefore, assume thainly geometrical isomerism at the
exocyclic G=C double bond, designated by the first laBebr
Z, gives rise to kinetically distinguishablacktransients in
aqueous solution

Steric congestion in the isomers wifhconfiguration at the

methylene group is apparent from both the structures and the

relative energies given in Figure 18. The blue shift of the

absorption maximum associated with the decay of the short-

lived componentAl~ suggests that its exocyclic groups are
twisted at the double borf§.However, TD-DFT calculations

4592 J. AM. CHEM. SOC. = VOL. 126, NO. 14, 2004

and potassium dihydrogen phosphate/disodium monohydrogen
phosphate. The slopég, obtained from the buffer dilution plots
(e.qg., Figure 7), correspond to the derivative of eq 4 with respect
to the total buffer concentration, [bej [HB] + [B~]. Making

use of the relation [B] = xg[bu], wherexg = [B~]/([HB] +
[B7]), we obtain eq 5.

kb — (8k0bs) =x (akobs) —
© bW VB ey

Plots of the dependence &f/xs on pH in acetic and formic
acid buffers are shown in Figure 19.

Xgke[H T?
Ka,l(Ka,Z + [H +])

(5)

(48) Quinkert, G. Wiersdorff, W.-W. Finke, M.; Opitz, K. von der Haar, F.-G.
Chem. Ber1968 101, 2302-2325.
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Figure 20. Buffer slopesky, (Table 2) obtained for reactiora2 (O) and

bc2 (@) in phosphate buffers (left-hand figure) aalll (O) andbcl (@) in
acetic acid buffers (right-hand figure) plotted as a function of buffer
compositionxys. The curved lines for reactionab were obtained by
nonlinear least-squares fitting of eq 5 to the buffer slopes for reactibns
To express eq 5 as a function of the variakig only, [H*] was replaced

by KUus/(1 — xus). The red straight lines indicate thg-dependence
for reactionsbc that would be expected in the absence of the rate-limitation
by reactionsab.

Equation 5 simplifies td, ~ xgkg[H1]/Ka1for [HT] > Ky o
and tokpy ~ Xgka[H1%(Ka,1Ka 9 for [HT] < Ka2 Thus, in plots
of log(kp/xs) versus pH, the slope should change frera to
—1 in buffer systems with pH pK, 2 That was found to be
the case and provided the most reliable estimate¥gbprhe
values obtained for reacti@b2 were—2.23+ 0.07 (phosphate
buffers, pH 6-7),%° —1.63 £ 0.15 (acetate buffers, pH-6),
and—1.14+ 0.12 (formate buffers, pH-34). The g5, 0of A2
must, therefore, be close to 4.5. ThKp of A2 so obtained
agrees well with that estimated from the negative curvature
around pH 4.5 in the pH-rate profile of reactiabh2 (Figure
4). Similarly, reactionabl gave slopes for logg/xg) versus
pH of —1.96+ 0.12 for acetate anet1.00+ 0.08 for formate
(the value in phosphate buffers was not defined accurately for
reactionabl), which indicates that thelf » of Al is about 4.0.
Acid and Base Catalysis of bcl and bc2Reactionsbcl
andbc?2 also exhibited buffer catalysis. In contrast to the rather
exceptional buffer dependence discussed above (eq 5), plots o
buffer catalytic coefficientsky,, versus the molar fraction of
the acidic buffer componenkys = [HB]/([HB] + [B7]), are
commonly linear, eq 6. This allows separationkgf into its
general acidkyg (Xus = 1), and general bas&g (xnug = 0),
components.

Kou = Kg T (Kug — Kg) X5

Plots of the buffer coefficients obtained in acetic acid buffers
(Table 2) were indeed linear in most cases, and indicated that
catalysis is due to the basic buffer componds(bcl) = (2.3

+ 0.5) x 1 Mt standkg(bc2) = (5.54+ 0.4) x 1P M1

s™L The intercepts atyg = 1 were not significantly different
from zero. The buffer slopés,, for reactionbc2 in phosphate
buffers (Figure 20, left) and for reactidotl in acetate buffers
(right) changed in a strongly nonlinear fashion witl. These
anomalies arise from a change in the rate-limiting step of the
reactions. As can be seen from the pH-rate profile, Figure 4,
reactionsbc limit the rate of formation ofC at pH < 6, but
reactionsab become rate-limiting at p 6. Thus, in the basic
phosphate buffer compositiong;g < 0.5, the rate-limiting step
for the slower component in the formation©fis reactionab?2,

(6)

(49) The value somewhat below2 may be due to a contribution of catalysis
by HsPQ, in this buffer system. Loudon, G. M.; Ryono, D. E.Org. Chem.
1975 40, 3574-3577.

°

which is not catalyzed by general base and only weakly by the
weak general acid #0,~. As we move to more acidic buffer
compositions, reactioab2 becomes faster thalpc2, and the
latter now limits the rate of formation d. The acceleration

of reactionbc2 by the buffer atxyg = 0.85 may be attributed

to the remaining fraction of the general base HPOSimilarly,

the rate of reactiobcl increases linearly in the acetate buffers
down toxps = 0.3, but then suddenly drops, because reaction
abl becomes rate-limiting.

pH-Rate Profiles of Transients A—C Formed from 1 in
Aqueous Solution (Figure 4).Inspection of Figure 4 reveals
the sequence of reactions from the primacgynitro transients
A to the final product 2-nitrosobenzaldehyd® &énd methanol
in aqueous solutions of various pH. The release of methanol
coincides with decay of the two isomergi-nitro transients
only at pH values> 9. Calculation®-3suggest that the reactions
of the aci-anions A1~ and A2~ proceed directly to the
hemiacetalC; the anions of the cyclic intermediat® were
found not to be stable intermediates. The hemiac&akpidly
eliminate methoxide in basic solutions.

Carbon protonation oA~ by water to regeneraté is too
slow to compete with the formation &. That reaction, which
was observed for thaci-tautomer of 2-nitrotoluene in basic
aqueous solutions, exhibits a large kinetic isotope eftegl/
kan® = 7.28 The kinetic isotope effects for the decay At~
andA2-, on the other hand, are unity within experimental error.
The decay of the hemiacet& (compound?) is the rate-
determining step for the release of methanol atpi8. At pH
values in the range of-36 its lifetime reaches nearly 1 min
and is 5-8 orders of magnitude longer than those of the primary
aci-intermediatesA.

The cyclic intermediateB (compoundb) are observable only
at pH < 6 in water and in aprotic solvents. At pH 6 they
decay more rapidly than they are formed. Assignment of reaction
c to ring-opening of the cyclic intermediate8 to the
-nitrosohemiacetal is based on the TRIR measurements. Why
do we observe biexponential kinetics for reactibe? The
inversion barriers of amines increase strongly upon electrone-
gative substitutioR® Amines carrying two oxygen atoms reach
inversion barriers of up to 30 kcal mdl>! The nitrogen
inversion barriers for a number of isoxazolidine derivatives were
found to be in the range of 16 kcal mof1>522 that in
1-hydroxy-2,2,4,4-tetramethylpyrrolidine is 12 kcal mb$2°
DFT calculations for the inversion barrier éxgave 16.8 kcal
mol~! (Figure 21)3¢ Apparently, the flattening effect of the
conjugated aromatic ring iiis overcompensated by substitution
with a second oxygen atom on nitrogen. Thus, we may assume
that equilibration between the two stereoisomer$ i§ slow
compared to ring opening to the hemiacétal

Ring opening ofB might be concerted with elimination of
CH30H yielding the aldehydd directly. For aprotic solvents
this is ruled out by the results of the TRIR-measurements. The
intermediateC formed fromB does not carry a carbonyl group.

In aqueous solutions the final reactiodwas monitored by its
UV-spectral changes (Figure 6). The initial spectrum recorded
a few seconds after photolysis corresponds to that expected for

(50) Lehn, J. M.Top. Curr. Chem197Q 15, 311-377.

(51) Miller, K.; Eschenmoser, AHelv. Chim. Actal969 52, 1823-1830.

(52) (a) Hassan, A.; Wazeer, M. |. M.; Perzanowski, H. P.; Ali, SJAChem.
Soc., Perkin Trans. 2997, 411-418. (b) Perrin, C. L.; Thoburn, J. D;
Elsheimer, SJ. Org. Chem1991], 56, 7034-7038.
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by a-substituents, from 20 kcal mol for the aci-tautomer of
nitrotoluene, to 14 kcal mot for that of 2-nitrophenethyl, and
to 8 kcal mot? for that of 1. We have performed the same
calculations for thée,E- andE,Z-actisomers of2, which gave

5 kcal mol?! for the more reactivés, E-isomer in water. This
low barrier, combined with an Arrhenius preexponential factor
of A= 103 s provides an estimate of the rate of cyclization,
kan &~ 107 s71, which is comparable to the rate of ionization,
k-y ~ 10’ s7L. The fit of eq 1 to the observed rate constants

trans-6 E,=168 giveska, = 5.2 x 107 s71 for transientAl formed from2, but
6.55 541 much smaller valueka,’ = 8.7 x 1P and 1.4x 10* s, for
Figure 21. Geometries and energies (kcal mblof intermediate® = 6. transients folAl andA2, respectively, formed fror. (ii) The

formation of C(2) is biphasic at pH> 8. The rate of the slow
wave is limited by the decay @2, but that of the fast, major
wave continues to rise linearly with increasing base concentra-
tion until it vanishes at pH 12 (Figure 17). This proves that the
major part of intermediat® is formed directly from nascent
Al by the fast, pH-independent reactioiii.)(Deprotonation of
Al is accelerated by hydroxyl ions in aqueous basg,~ 1 x
10 M~1 571, and this will diminish the amount d8 formed
by the fast reaction. Deprotonation Afl to A1~ by hydroxyl
ions becomes faster than cyclizatiég,' (A1) = 5.2 x 10° s,
at about pH 12.5. Consistently, the fast wave in the formation
of C was still detectable at pH 12, but vanished, leaving only
the slow wave, at pH 13.

The pH-rate profile obtained by LFP of caged ATS) (s
shown in Figure 17. First we note, in agreement with previous
work,? that the decay ofci-3 obeys a first-order rate law

acid and base catalysis. I_n buffer solutions both general ac!d accurately. The bulky ATP substituent may favor formation of
and general base catalysis were observed. The correspondln% single aci-isomer in the primary photoreaction, or the

buffer slopes (Table 2) are comparable to those determined foroccurrence of a fast wave, asanmay have escaped observa-

Lhed d;f;";‘}’rh"f t?e mit]hyl- Iand et?yl rlﬁmlalcetalsbof benlzaldte;jtion' Otherwise, the analogy to the behavior of dloetransients
yae: erelore, the release of methanol can be acceteraledy o med from1 and 2 is evident. The decay rates increase

slightly by the addition of buffers. The final product 2-ni- from pH 10 down to pH 2, where they exceed the time resolution

trozotl;)enzalldehydmx IS s?nts_ltlve tto "ghtt as Welltas tothamd fof nanosecond LFRAt pH > 6, the appearance rate of product

ficients for acid and base.catalyzed decompostorkare 20 5 Maiches the decay rate of the aci-itro tautorer as
- . established by Walker et &.However, for pH < 6 the deca

M~1slandkoy ~ 5 x 10° M~ s71, respectively. Product ! y w P y

. | detectable at pH 9 where its d i d rate of A exceeds the rate of formation &f requiring an
IS no o_nger € e_c able al pri 9, where Its decay rate exceeds additional intermediateB, which does not absorb abe 300
that of its formation froml.

. ) nm. IntermediateB does not delay the release of ATP at
pH-rate Profiles of Transients A—C Formed from 2 and

. i . physiological pH values, because triphosphate is a much better
3 (Figures 16 and 17)The pH-rate profiles obtained f@show leaving group than methoxide ihor 2. The decay o8 could
many similarities with those of, but a qualitative difference '

hould b 4 Th fthe f however, become rate-limiting in different media.
shou'd be noted: The rate constant of the fast °°m9‘mm Comparison with a Related Study of Derivatives of 1 and
is independent of pH. Scheme 4 (adapted2tby adding a

vl h for this ch _f 2. A study of several derivatives df and 2, in particular the
methyl group to the structures) accounts for this change, if we glycolic acid ethers8 and9, by fast-scan FTIR and LFP was

drop.the preequm.brlu'm assumpt[on for the faster-de(.:aylng published recently by Corrie et &lTheir experimental data for
transientAl. I.f CYCI'Z.at'On of the primary photoproduétl is 8 and9 are largely in agreement with our results dand 1,
f‘?‘S‘er than_ ionization tA17, then we e_xpect to see a respectively, inasmuch as the conditions of measurement are
blexponentlal decay ok, because the tranS|e_nt abs_orptlon by comparable. It should be noted that the IR-spectrum reported
Al g |s?ppear? todthe '-[rap‘r\g[)arer?t Erogililiﬂ:tbwmls A2 |22(|)zes by Corrie et al. (Figure 3)for the aci-nitro intermediate formed
to the onger-lived anio » Whic St_' absorbs at M- from 9 bears no relation to that of transiehtdetermined here
Calculations and several observations strongly support the g re 10). Their spectrum was obtained in aqueous solution
hyp_otheS|s_ thgt:)_/cllz_atlon of |nt_ermed|atef\1 co_mpetes ef- at pH 8.5. Itis, therefore, the spectrum of the ioniaedanion
fectively with |on|za.1t|on toAlf. (!) DFT <.:alculat|on§>6 have A~. Our spectrum was recorded in acetonitrile, whardoes
shown that the barrier of cyclizatioh— B is strongly reduced ¢ jonize. Surprisingly, Corrie et al. report first-order decay

rates for theaci-nitro transient formed fron®, while that from
1 exhibits dual exponential decay as shown here and else-

the hemiacetalC (7), which has a lifetime of nearly one min
and limits the release rate of methanol froiin aqueous
solutions of pH< 8. There is no indication for a direct decay
path of B to 4.

Scheme 4 introduces an acid-catalyzed path affording nitroso
hydratesB' via the protonatedici-nitro intermediatesA™ in
strongly acidic and in buffered solutions. We cannot distinguish
between intermediateB and B’ (Nu = OH or B) by optical
LFP. Thus, the rate constants determined for readimat pH
< 5 should probably be attributed to dehydratiorBof/ielding
the hemiacetaC. The rate constantk, determined for these
reactions agree well with those reported for related nitroso
hydrates$3

The pH-rate profile of reactioo4 shown in Figure 4 exhibits

(53) Grinbein, W.; Fojtik, A.; Henglein, AMonatsh. Cheml97Q 101, 1243~
1252.

(54) Capon, B.; Nimmo, K.; Reid, G. L1. Chem. Soc., Chem. Comma876 h 40,56
871-873. where.
(55) McClelland, R. A.; Kangasabapathy, V. M.; MathivananQsdn. J. Chem.
1991 69, 2084-2093. (56) Corrie, J. E. TJ. Chem. Soc., Perkin Trans.1D93 2161-2166.
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We concur with two important conclusions drawn by Corrie
et alb from their study of compound$§ and 9. First, the
intermediateC formed from the nitrophenethyl ethe2sand 8
is a hemiketal that is much longer-lived than the readily
observableaci-intermediatesA, and determines the rate of
alcohol release under physiological conditions H). Second,
at pH> 7 the formation of the hemiket& from 2 and8 takes

at 1497 cml, bands around 11661200 and 1420 cmi) as
that of the hemiacetal intermedia@ formed from1 (Figure
14). We surmise that the failure of Corrie et al. to detect the
hemiacetal formed fron® may be attributed to their reaction
conditions: At pH 8.5 intermediat& decays more rapidly than
it is formed (Figure 4). We maintain that the findings of Corrie
et al. as well as our more extensive observations are fully
compatible with the single mechanistic Scheme 4 presented
above.

Conclusion.Photorelease of methanol from 2-nitrobenzyl and
2-nitrophenethyl methyl etherd @nd 2) in wholly aqueous

place in two waves of substantially different rates, whereas only solutions and in organic solvents proceeds via three intermedi-

a single wave is found with the nitrobenzyl ethérand9.

ates, the primanaci-nitro transientsA (Amax ~ 400 nm), the

However, we disagree on essential points regarding the 1.3-dihydrobenzflisoxazol-1-ol derivative8 observed here for
reaction mechanism: (1) Corrie et al. claimed that the fast the first time, and 2-nitrosobenzyl hemiacet@lsA general-

formation ofC from 8 proceeds directly fron&, bypassing the
cyclic intermediateB (“two-path mechanism”). To explain some
difficulties with this hypothesis, they had to invoke reaction
from a vibrationally excited state @&. We have identified the
short-lived precursofAl formed from2 with a lifetime of about
20 ns, which is much too long for a vibrationally excited

acid-catalyzed reaction, which proceeds via nitroso hydilies
prevails in buffered aqueous solutions. This process was not
previously taken into account. At pH values above 10, where
the lifetime of transient®\~ becomes independent of pH, the
release of methanol occurs in a single step. The decay of
intermediateC limits the release rate of methanol up to pH 8

molecule, and have shown that it does react via a cyclic and 10 forl and 2, respectively. An intermediate of typ#

intermediateB1. (2) Buffer catalysis accelerating the decay of
the ionizedaci-anionsA~, which was noted by Corrie et al.

limits the release rate of ATP from ‘caged ATB) @t pH values
< 6. The rates of the reaction paths shown in Scheme 4 may

and defined here as general acid catalysis, is not consistent withvary strongly with the nature of the reaction medium (solvent,

any of the previously proposed mechanisms. An additional,

pH, and buffer concentration) and of the leaving group. The

general-acid catalyzed reaction must be operating. (3) Corrie lifetimes of the secondary intermediatBsor B’ and C may

et al. explicitly excluded reaction & via a hemiacetaC, and
concluded that the cyclic intermediaRe in this case decays
directly to the end product 2-nitrosobenzaldehy@je lowever,
intermediateB formed from 1 does react via a long-lived
hemiacetalC, which limits the release rate of methanol in
aqueous solution up to pH%.The IR spectra of the hemiketal
intermediates reported by Corrie etaxhibit much the same

exceed that of the primargci-nitro transientsA by orders of
magnitude. Therefore, the easily observable decay rates of
transientsA are not, in general, a good indicator for the release
rate of the leaving group.
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