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(Coumarin-4-yl)ymethyl esters (CMA) are caged compounds that, upon excitation, release the masked
biologically active acid HA and the highly fluorescent (coumarin-4-ylymethyl alcohoHCW very rapidly

and in part with high efficiency. The results of photostationary and time-resolved investigations of-28 CM
esters and corresponding CNDH alcohols with varying substitution on the (coumarin-4-ylymethyl moiety
and a wide variation in the structure of the acidic part have been analyzed. The initial step of the photoreaction
is heterolytic ester cleavage leading to the singlet ion &M+ A~] with rate constank;. [CM* A™]
hydrolyzes to CM-OH and HA with rate constamt or recombines to ground-state CM with rate constant

ke {CM™ A7]is the key intermediate of the reaction. Stabilization of both'ad using electron-donating
substituents and Aby increasing the acid strength leads to a strong enhancemé&ntaofl simultaneously

to a diminution ofk.. Therefore, stabilization of the ion pair has a two-fold positive effect on the photocleavage
of (coumarin-4-yl)methyl esters: increasing the rate of the initial reaction step, which might require less than
30 ps, and increasing the efficiency of product formation.

Introduction SCHEME 1

Caged analogues of biologically active compounds receive "lom-Al* ‘
widespread attention as temporally and spatially controlled \
probes of cell-based procesded.The biological activity is
disabled in caged compounds by modification of an essential
functionality via a photolabile chemical bond to a protecting
(caging) group. Photoexcitation of the caging group induces
cleavage of that bond and activates the probe. abs Ko + Koy
(Coumarin-4-yl)methyl derivatives have been developed as
a new class of efficient caging groups. They have been
successfully applied to mask biological activity in phosphétés, HO | Ky
carboxylate$;1*15sulfates'® sulfonates? diols 16 and carbonyl
compounds? Amino and hydroxyl functionalities have also
been protected via carbam#té®2° or carbonat&?? linkers. CM-A CM-OH + H* +A-
In addition to the important applications of (coumarin-4-yl)-
methyl esters (CMA), their photochemistry is also of particular  ion pair [CM* A~] with rate constank; in the initial reaction
interest. CM-A compounds are among the fastest-reacting step® Recombination of{CM™ A~] leads back to ground-state
caged compoundsi*23and it is of great interest to learn how  (S;) CM—A with rate constantke. Product formation is
the molecular properties of their alcoholic and acidic moieties proposed to happen in two stepsEscape from the solvent
influence the rate and efficiency of the uncaging reaction. cage affords first the solvent-separated ions'GiMd A~. Then,
Recently, we developed Scheme 1 to describe the principal stepshe (coumarin-4-yl)methyl cation CMreacts with water and
of the photosolvolysis of esters CMA that lead to (coumarin- undergoes a very fast deprotonation to yield the product alcohol
4-yl)methyl alcohol (CM-OH) and the corresponding acid HA CM—OH and H" in addition to the acid anion A The

fcmt A

k,

esc
rec

cM* + A Ky

or the acid anion A and H".6:23 respective first-order and pseudo-first-order rate constants are
After absorption of a photon by CMA, relaxation to the Kesc and Kpya.

lowest excited singlet state {$ [CM—A]*, takes place. The rate constank; of the initial bond cleavage is an

Deactivation of{{CM—AJ* occurs by fluorescence and non- important parameter because it influences both the rate and the

radiative processes with rate constaateindk,,, respectively, efficiency of the overall uncaging reaction. Scheme 1 allows

and competes with heterolytic bond cleavage forming the singlet the calculation ok; if the fluorescence quantum yielgh; ©H,
and the $ state lifetime, 7oy, of CM—OH as well as the
* To whom correspondence should be addressed. E-mail: r.schmidt@ fluorescence and photochemical quantum yied$, andgerC,
Ch?““'e-“”"fra”kf“”-qe' . respectively, of CM-A are known. For two different (6,7-
J. W. Goethe-University. - . .
* Leibniz Institute of Molecular Pharmacology. dimethoxycoumarin-4-yl)methyl esters, we obtained the value
$ Humboldt University. ki = 2 x 10 s71, corresponding to a lifetime of the
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photochemically activa[CM—A]* of 50 ps. Complementary

time-resolved measurements yielded significantly longer but still
fast product rise times of about 0.4 ns for both caged

compoundg?
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the resulting carbocation Cvto the corresponding acid anion
A~

The structural formulas of the acid anions are drawn in such
a way that, in all cases, the leftmost negatively chargedsO
the ester binding position of A irrespective of eventual charge
delocalization. The abbreviations used in this work for esters
CM—A are additive composites of the abbreviations of the
alcohols and the acid anions in Schemes 2 and 3. (ax) and (eq)
indicate axial and equatorial diastereomers, respectively.

Experimental Details

The synthesis and purification of the alcohols and esters
investigated has already been decribed as follows: 6-MCM
OH, 7-MCM—-OH, DMCM-OH, DMACM-OH, and
DEACM—OH and their cAMP(ax) and cAMP(eq) esters in ref
9; the HEP, MB, B, CB, MS, and DEP esters of 7-MEI®H
in ref 6; BCMACM—OH and its cAMP(ax) and cGMP(ax)
esters in ref 14; DMACM-OH and its P ester in ref 10; the
DEP, S, and MS esters of DMACMOH in ref 13; and the
OC—Glu, MEP, and GTP derivatives of DMACMOH in ref
24. Contamination of the caged compounds with product alcohol
was less than 0.1%. The compounds were stored in the dark.
The methods of determining fluorescence quantum yield and
photochemical quantum yield have been repoft@he photo-
physical and photochemical experiments were carried out under
yellow light in HEPES-buffered (pH 7.2) GIEN/H,O or
CH30H/H,0O solvent mixtures or in HEPES buffer (pH 7.2) at
about 23°C. Time-resolved fluorescence rise and decay curves
were recorded in a right-angle arrangement. The excitation
source was an MSC 1600,Naser from LTB (337 nm, 0.5 ns
pulse width, 0.7 mJ maximum pulse energy). The fluorescence
was excited in 1 cmx 1 cm fluorescence cells and focused
through suitable interference filters by a wide-aperture collection
lens on an amplified AD 110 silicon avalanche diode from
Optoelectronics with a rise time of 600 ps. All signals were
digitized and fed to a Tektronix TDS 620A storage oscilloscope.
Variation of the laser pulse energy was achieved by use of
suitable glass filters attenuating the laser beam. The apparatus
function, AF{), was obtained by irradiating a layer of MgO
with N3 laser pulses and recording the light reflected by the
setup. The AR] curve comprises the deformation of an
instantaneously decaying signal due to the finite laser pulse
profile and the time response of the overall detection system.
Convolutions of suitable kinetic equatioig) with AF(t) were
fitted to the experimentally recorded florescence rise and decay

Such quantitative stationary and time-resolved measurementscurvesl(t) by nonlinear least-squares fitting routirfégs

of the photochemistry and fluorescence of (coumarin-4-yl)-

methyl esters and the corresponding alcohols have beenResults and Discussion

performed previously and are continued in the present work
for a large number of esters with systematic variations of both

the alcohol CM-OH and the acid HA:%10.13.14.24Thjs very

valuable set of data is used in the present work to test the
consistency of the assumed kinetics of photocleavage and to

Table 1 lists the photophysical and photochemical data of
esters 7-MCM-A. Almost no changes in the wavelengffax
or the molar absorption coefficientyay, Of the maximum of
the long-wave absorption band are observed, despite the
significant variations in the acid moiety. The comparison with

determine which properties of the esters most strongly influence the respective data for 7-MCMOH in Table 2 demonstrates

the rate and efficiency of the reaction.

Scheme 2 lists the (coumarin-4-yl)methyl alcohols, and
Scheme 3 shows the structures of the acid anionghat are
products of the photosolvolysis of the investigated estersCM
A. The prefixes of the alcohols CMOH in Scheme 2 represent
the following substitutions: 6-M= 6-methoxy, 7-M= 7-meth-
oxy, DM = 6,7-dimethoxy, DMA= 7-(dimethylamino), DEA
= 7-(diethylamino), and BCMA= 7-[bis(carboxymethyl)-
amino]. The structures of the investigated esters-@Mare
obtained by removal of OHfrom CM—OH and addition of

that the exchange of OHby A~ leads only to a sligtht red
shift of 7 nm without any further change in they S S
absorption band.

Variation of the (coumarin-4-yl)methyl substituents, however,
can strongly affect the S— S transition, as is illustrated by
the data for the five alcohols CMOH in Table 2. Bothimax
and emax Vary considerably with the electron-donating ability
of the substituents, i.e., with the electron density in the aromatic
system. It is worth noting that, for the axial and equatorial-€M
cAMP esters of each of these five alcohols, almost the same
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TABLE 1: Photophysical and Photochemical Data for (7-Methoxycoumarin-4-yl)methyl Esters in 30:70 (vol/vol) CECN/

H,O—HEPES Buffer (pH = 7.2}

caged compound  Ama? (NM) €ma’ (M~cm™) @1 @et’ ki (10°s™) 7c (ns) @1 fa Kred Ko
7-MCM—HEP 324 13500 0.37 0.0043 0.32 0.98 0.31 0.014 72
7-MCM—MB 324 13600 0.42 0.0045 0.20 1.1 0.22 0.020 48
7-MCM—-B 324 13000 0.43 0.0052 0.18 1.1 0.20 0.026 38
7-MCM—CB 324 13700 0.08 0.0064 4.0 0.21 0.85 0.008 132
7-MCM—MS 325 13000 0.007 0.081 52 0.02 0.99 0.082 11
7-MCM—DEP 324 13900 0.052 0.037 6.6 0.14 0.90 0.041 23

aData from ref 6.° Absorption maximum of §— S, transition.

TABLE 2: Photophysical Data for Differently Substituted
(Coumarin-4-yl)methyl Alcohols in CH30OH/H,O0—HEPES
Buffer (pH = 7.2)

alcohol Amas? €mad ToH’ (ﬁﬂOHb ki Kar
(nm) M~tcm™) (ns) (1¥sY (1sY
6-MCM—OH°¢ 337 4800 2.67 0.16 0.60 3.15
7-MCM—OH°¢ 317 13300 3.50 0.65 1.86 1.00
DMCM—-0OH® 341 11700 4.90 0.59 1.20 0.84
DMACM—OH! 378 17800 2.190.21 1.00 3.76
DEACM—OH! 387 20900 0.910.082 0.90 10.1

a Absorption maximum of §— S; transition.” Unlabeledron and
@r°" data are from ref % 20:80 (vol/vol).450:50 (vol/vol). This
work.

red shift of Amax and the same increase @f.x are observed

Table 1 also presents the fluorescence and photochemical
quantum yieldsgy © andgeC, respectively, of the 7-MCMA
esters as determined in a buffered {MI/H,0 (30:70 vol/vol)
mixture. The esters with largeq© values of about 0.4 have
only very small values ofc°. Obviously, the photochemical
path contributes only a small amount to the overall deactivation
of the § excited 7-MCM-A esters in those cases. Therefore,
we expect fluorescence quantum yielgg®H, of similar size
for these esters and for 7-MCMDH. Actually, for 7-MCM—

OH, in addition toron = 1.43 ns, we determineg;°" = 0.54

in that solvent mixture. The deviation of this slightly larger-
than-expected value af°" still lies within the limits of our
simplifying assumptions about the radiative and nonradiative
S; — S deactivation of CM-OH and corresponding CMA.

(see Table 3). The average red shift between the ester and thdJsing the two results, we calculatg = 3.78 x 10° s andky,

corresponding alcohol is, at 10 nm, similarly small as in the
case of the 7-MCM esters in Table 1.

Variation of the electron density of the aromatic systems
influences Amax and emax Of the alcohol CM-OH and the
corresponding ester CMA in much the same way. Thus, the
S, — S absorption changes only slightly between €MIH
and CM-A. The unchanged values efyax indicate that the
fluorescence rate constarks, are the same for the alcohol and

=3.22x 1@ st for 7-MCM—OH in 30:70 (vol/vol) CHCN/
HEPES buffer. Assuming that these values are also valid for
the 7-MCM—A esters and using the previously published
experimental values afq© and¢¢C in Table 1, we obtain via
egs 3 and 4 the rate constakisand the $ state lifetimesrc
listed in Table 1. According to these new results, we see a
strongly graduated rate of photoheterolysis. The reaction is very
fast for 7-MCM—MS and fast for 7-MCM-CB and 7-MCM-

the corresponding ester. In fact, the fluorescence quantum yieldsDEP. The rest of the esters in Table 1 react more slowly.

@0, and lifetimesyc, of the esters CMA are of similar size
as the respectivey°" and 7oy values for the corresponding
alcohols CM-OH for esters CM-A with very low photochemi-
cal qguantum yieldspqC, as will be shown later. This indicates
that the nonradiative deactivation S Sy occurs in the ester
CM—A and the corresponding alcohol CMOH at the same
rate. Thus, for corresponding CMDH/CM—A pairs, we assume
ki = kﬂOH = kﬂC andky = knrOH = knrc-

Our previously publishegq© andgcC data for the axial and
equatorial CM-cAMP esters in Table 3 have also not been
evaluated in this way befofeUsing theky andky, values of
the corresponding (coumarin-4-yl)methyl alcohols in Table 2,
we obtain the values df; and ¢ listed in Table 3. A quick
inspection of these new results reveals that alFGMMP esters
of the five alcohols react rapidly. However, particularly rapid
initial reactions should be noted for the cAMP esters of

The rate constants of the physical and chemical processesDMACM—OH and DEACM-OH.
given in Scheme 1 are related to the experimentally accessible Table 4 collects the new fluorescence and photochemical

quantitieseq ", tom, ¢rC, @erC, andrc by egs 5

@™ = Kl (g + Ky) (1)
Ton = Ul + k) 2)
@ = kel (kg + Ky T k) €)
7= LKy + Ky + k) (4)

Pon = [kl (kg + ko + K] X [l (Ko + K] = @i, (5)

whereg; is the quantum yield of ion-pair formation arfgis
the efficiency of CM-OH formation in the decay off[CM™
A~]. Our experiments allow no distinction between the two
reaction steps on the way frofCM™ A~] to CM—OH given

guantum vyields of two esters of BCMACMOH and seven
esters of DMACM-OH. Figure 1 shows the rise and decay of
the fluorescencd(t), of BCMACM—OH measured after laser
pulse excitation in 5:95 C¥CN/H,O (HEPES buffer, pH= 7.2),
as well as the fit of the convolution of(t) = A exp(—t/ton)
with the apparatus function Ag(to I(t). The fluorescence
lifetime ton = 1.59 ns results as the average of several
measurements. Results of an analogous experiment with
DMACM —OH, for which a mean value afoq = 1.15 ns is
obtained, are shown in Figure 2. The corresponding fluorescence
quantum yieldsgpq°H = 0.17 (BCMACM—0OH) and¢;°H =
0.13 (DMACM—OH), were measured in the same solvent
mixture. Combining thep;© and ¢ data with these results
leads to the values df; andzc listed in Table 4.

Again, very different rates of photoheterolysis are found. The
calculated $state lifetimeszc, of the OC-Glu, P, MEP, and

in Scheme 1. Therefore, we combine the two together into a GTP esters of DMACM-OH are, at about 1 ns, rather long.

single step with rate constaki ~ Kesknyd/(Kesct Knyd), Where

Because short-lived intermediates have to be passed on the way

the smaller of the two rate constants mainly determines the valuefrom the singlet excited CMA to CM—OH, the rise timera,

of k2.23

of the product alcohol should be significantly larger than
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TABLE 3: Photophysical and Photochemical Data for Cyclic Adenosine Monophosphate Esters of Differently Substituted
(Coumarin-4-yl)methyl Alcohols in CH3;OH/H,O0—HEPES Buffer (pH = 7.2

caged compound Ama® (NM) €ma’ (M~cm™?) @n® @er ki (10°s™) 7c (ns) @1 fa kredko
6-MCM—CcAMP(axy 346 4500 0.008 0.03 7.1 0.13 0.95 0.032 31
7-MCM—CcAMP(axy 328 13200 0.030 0.13 5.9 0.16 0.95 0.14 6.3
DMCM—cAMP(axy 349 11000 0.021 0.04 55 0.17 0.96 0.041 23
DMACM —cAMP (ax)' 394 17200 0.0085 0.28 11 0.09 0.96 0.29 2.4
DEACM—cAMP(axy 402 18600 0.0055 0.21 15 0.06 0.93 0.23 3.4
6-MCM—CcAMP(eqy 345 4200 0.0085 0.02 6.7 0.14 0.95 0.021 46
7-MCM—CcAMP(eqy 325 13300 0.040 0.07 4.4 0.22 0.94 0.075 12
DMCM—cAMP(eqy 346 11500 0.023 0.04 5.0 0.19 0.96 0.042 23
DMACM *CAMP(eq)’ 387 16100 0.007 0.26 14 0.07 0.97 0.27 2.7
DEACM—cAMP(eq} 396 20200 0.006 0.23 14 0.07 0.93 0.25 3.0

aData are from ref 92 Absorption maximum of $— S, transition.¢ 20:80 (vol/vol).450:50 (vol/vol).

TABLE 4: Photophysical and Photochemical Data for (Coumarin-4-yl)methyl Esters in CHCN/H,O—HEPES Buffer Mixtures
of Various Concentrations* ¢ (pH = 7.2) As Determined in the Present Work

caged compound @n® @er ki (1°s™) 7c (ns) v (NS) Ton Or 7¢ (NS) @1 f, Kredk2
BCMACM—cAMPH 0.00”¢ 0.26+ 15 0.0 0.36 1.97 (OH) 0.96 0.2 2.7
BCMACM—cGMM 0.008=® 0.25+ 130 0.0P 0.219 1.66" (OH) 0.95 0.26 2.8
DMACM —DEP 0.006¢ 0.36+ 18 0.09 <0.2i 1.03' (OH) 0.95 0.38 1.65
DMACM—S 0.012¢  0.46f 9.5 0.10 <0.24 1.08 (OH) 0.92 0.50 1.00
DMACM—MS 0.002¢ 0.79f 569 0.02 0.98 0.8 0.25
DMACMOC—Glu 0.106+ 0.0Zh 0.26 0.88 1.08 (C) 0.23 0.0 11%
DMACM —P 0.14f 0.03h —0.06" 1.23 1.26% (C)
DMACM —MEP 0.16f 0.03h 0.26 0.88 0.96* (C) 0.23 0.1% 7*
DMACM—-GTP 0.12f 0.05* 0.0% 1.0@ 1.2¢% (C) 0.0& 0.65¢ 0.5

a¢CH3CN/HO: (vol/vol): a, 5:95;b, 20:80;c, 0:100.¢ (ax). *" Average uncertaintiese, £15%;f, £10%; g, +30%;h, £20%.' Single-pulse
experiment! Limit of accuracy.k Factor of 2.! Factor of 6.™ Meaningless negative value kf is caused by the fact that;© > ¢4, @€ — ¢4°"
= 0.01 lies in the mutual error limits af;© and ¢4° (5%).
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Figure 1. Normalized fluorescence decay of BCMACADH in 5:95 Figure 2. Normalized fluorescence decay of DMACMDH in 5:95
(vol/vol) CHsCN/HO (HEPES buffer); 496 nm interference filter. Fit  (vol/vol) CH;CN/H,O (HEPES buffer); 496 nm interference filter. Fit
is a convolution of AR() with Y(t) = A exp(—t/Ton). is a convolution of AR with Y(t) = A exp(—t/Ton).

Therefore, formation of DMACM-OH during the excitation We therefore measured fluorescence rise and decay cufyes,
pulse, which has a half-width of 0.5 ns, is not expected. upon single-pulse excitation for most of the esters in Table 4.
However, the situation could be different for the (coumarin-4-  The question of whether the product alcohol is already formed
yl)methyl esters in Table 4, for which values of 0.827¢ < during the laser pulse can be answered by analysis of(the

0.1 ns were obtained. In fact, it has recently been demonstratedcurves. It is important that the ester and alcohol absorb and
for DMCM—DEP and DMCM-S by time-resolved fluorescence emit via the same (coumarin-4-yl)methyl chromophore, i.e., in
measurements that the product DMEI@H is formedand the same spectral region. If the product alcohol is already formed
excited during the same single excitation pulse with rise time during the laser pulse used for excitation of the ester, its
7a ~ 0.4 ns® Because Table 4 also includes data on very rapidly fluorescence can be excited by a second photon of the same
reacting esters, the verification of the evaluation of the photo- laser pulse, thus adding to the direct fluorescence of the ester
stationary data by eqs 3 and 4 according to Scheme 1 is possibldo yield the overall fluorescence rise and decay sidi(@l

by means of a complementary time-resolved fluorescence study.Whereas the concentration of the ester is almost constant during
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Figure 4. Normalized fluorescence decay of BCMACMGMP(ax)
in 5:95 (volivol) CHCN/H,O (HEPES buffer); 496 nm interference
filter. Fit is a convolution of AF() with Y(t) = A exp(~t/ton).

Figure 3. Normalized fluorescence decay of BCMACMGMP(ax)
in 5:95 (vol/vol) CHCN/HO (HEPES buffer); 496 nm interference
filter. Fit is a convolution of AF() with eq 6.

the low-energy pulse excitation, the concentration of the product ) o ]
alcohol follows a sigmoidal rise function whose width and Of BCMACM—OH. Averaging over the individual experiments

location on the time scale depend on the laser pulse width and!€2ds to theron andzy values reported in Table 4. We note the
7. For the very rapidly reacting esters;®" > ¢4C. In these very gopd agreement between the average time constants,
cases, the contribution of the ester fluorescence to the overall©f the first four CM-A esters and the fluorescence lifetimes,
fluorescence signal dominates only in the very early part because?or: Of the corresponding CMOH alcohols (for DMACM-

7c < 7a. At later times, the fluorescence of the just-formed OH:7on=1.15 ns). Only for BCMACM-cAMP is the fit value
alcohol prevails, because < ron andgs®H > ¢4C. We have too large by 25%. These rt_asults verify that the product alcohol
recently shown that, in such a case, where monophotonic andiS actually formed and excited by a second photon of the same
biphotonic fluorescence signals contribute, the time course of laSer pulse for the very rapidly reacting esters. )

the overall signal(t) can be fitted by the convolution of the The second time constant, obtained in these experiments

single-photon apparatus function AF@ith the simplified provides information about the rate of product formation.
biexponential kinetic&/(t) of eq 623 Consideringry as the mean value ot andza, very short rise

times for BCMACM-OH of 0.4-0.7 ns and for DMACM-

Y(t) = Aexp(-t/ry,) + B exp(~tizgy) (6) OH of <0.4 ns are estimated, which fit into the width of the
exciting laser pulse. Therefore, the evaluations of the time-
resolved and photostationary experiments are consistent.

Figure 5 illustrates the fluorescence rise and decay recorded
for DMACM—MEP as an example of the relatively slowly
with four variables 4, B, 7u, ToH) could well be fitted to the reacting esters. None of the fluorescence curves, including that
experimental fluorescence curvl$). The quality of the fits of DMACM —MEP, could be fitted by a convolution of Ag(
obtained is very good, as illustrated in Figure 3, although the with Y(t) in the form of eq 6. Different kinetics have to be used.
I(t) curves are somewhat noisy results of being single-laser- A comparison of Figures 5 and 2 shows almost identical
pulse experiments. fluorescence increases for DMACMMEP and DMACM-OH.

For comparison, Figure 4 displays the fit of the convolution Obviously, the very fast component of the biphotonic contribu-
of AF(t) with Y(t) = A exp(—t/ton) to the experimental rise  tion to the overall fluorescence seen with BCMACMGMP
and decay curvi(t) of Figure 3, which results imoy = 1.3 ns. in Figure 3 is missing. In other words, the rise of the product
The description of the experiment is significantly worse. This alcohol absorbance is so slow that excitation of DMAEM
can also be seen by the larger residuals and by the 3-times-OH by a second photon of the photolysis pulse is impossible.
largery? value of the monoexponential fit. Therefore, Figure 5 simply illustrates the rise and decay of the

The comparison of the rise and decay curves of Figures 3 monophotonic ester fluorescence, which follows first-order
and 1 shows a clearly steeper rise of the fluorescence forkinetics. The good fit td(t) of the convolution of AR) with a
BCMACM—cGMP than for BCMACM-OH. The steeper rise  monoexponential decay function yields the lifetime= 0.99
can qualitatively be explained by the rapid increase of the ns for § excited DMACM-MEP. However, no information
product alcohol absorbance occurring already during the exciting about the rate of product alcohol formation is gained in the
laser pulse in the first case, whereas in the latter case, no increasexperiments with the relatively slow esters. The lower four
of alcohol absorbance takes place. This leads to a biphotonicentries of the last column of time constants in Table 4 represent
origin of the BCMACM-OH fluorescence in the case of the the average experimental State lifetimeszc, of the relatively
photolysis of the BCMACM-cGMP ester. The time constant slowly reacting DMACM esters. A good agreement between
Ton = 1.58 ns obtained for the BCMACMcGMP experiment these values and thq State lifetime of DMACM-OH (ton =
of Figure 3 agrees with the fluorescence lifetimg = 1.59 ns 1.15 ns) is found, confirming the above assumption Kpat

Here, the individual time constants andza have been replaced
by a common time constang;, which is interpreted roughly as
the mean value of the two. Convolutions of AFith eq 6
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Figure 5. Normalized fluorescence decay of DMACMMEP in 5:95
(vol/vol) CHsCN/HO (HEPES buffer); 496 nm interference filter. Fit
is a convolution of AR) with Y(t) = A exp(-t/zc).

ki OH = kq© andkn, = kn°H = k,,© for corresponding CM-OH/
CM—A pairs. In fact, we calculate from the experimentaf
andtc values of these four DMACM esters average values of
ke€ = 1.0 x 108 st andk,® = 8.0 x 10® s 1 in accordance
with the results ok;®" = 1.1 x 1® st andk,°" = 7.6 x 10°

s~1 found with ¢4 °H andron of DMACM —OH. Furthermore,
we note that the calculated, State lifetimestc agree rather
well with the respective experimenta] data. We conclude that
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Figure 6. Correlation of logk;) with the wavenumberynay, of the
maximum of the §— S, absorption band of CMcAMP esters of
differently substituted (coumarin-4-yl)methyl alcohols in {HH/
HEPES. The straight line with slope —0.086 per 1000 cmt and
intercept= 12.3 results from a linear fit to the respective data in

Table 3.
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the photostationary and complementary time-resolved studiesgjgyre 7. Linear free energy relation between lag(and the fa
lead to a completely consistent picture. Therefore, we can rely values of the acids released during the photolysis of DMACM and
7-MCM esters in CHCN/HEPES. The straight line with slope—0.35
Insertion of electron-donating substituents into the coumarin- and intercept= 10.26 results from a linear fit to the respective data in

on thek; values listed in Tables 1, 3, and 4.

4-yl system leads to strong bathochromic shift of the-§S;
absorption of CM-OH and CM-A as well. The effect is
significantly larger at the 6- than at the 7-position, which has
been explained by a larger difference of MO coefficients of the
HOMO and LUMO at the 6-positiohThe increase of electron

density of the coumarin-4-yl system causes the red shift of the n-heptanoic

S — S; ww* absorption band. Inspection of the data for the

CM—CcAMP esters in Table 3 indicates that the pronounced red 4_cyanobenzoic
shift of this absorption is accompanied by a strong increase of carbamic

ki illustrated by the linear correlation of ldgj with the
wavenumberymax, Of the maximum of the & S; absorption
shown in Figure 6.

The increase of electron density stabilizes the carbocation

CM™ that is a component of the primary intermediate of
photocleavage, the singlet ion paifCM* A~]. Thus, we
conclude that the stabilization of CMcauses an increase of
the rate constari;.

Tables 1 and 4 list rate constarits of 7-MCM—A and
DMACM—A esters with a wide variation of the acidic

methansulfonic acid is released, whereas smaller valués of

marin-4-yl)methyl esters. Table 5 list&pvalues of the acids
being released in the photolysis of DMACM and 7-MCM—
A. Glutamic acid is bound in DMACMOEGIu as carbamate.

relationship (LFER) of lod{,) with pKa.

Tables 1, 4, and 5.

TABLE 5: p K, Values of Acids Released in the Photolysis of
the 7-MCM —A and DMACM —A Esters in Tables 1 and 4

acid Ka acid Ka
4.89 methanesulfonic —1.54
4-methoxybenzoic  4.41 sulfurid 1.92
benzoic 3.99 diethyl phosphoric 0.A
3.34 monoethyl phosphoric 6.62
4.8  phosphorit 7.2°
guanosine 5-triphosphoric 6.5

aReference 6° Reference 27¢ Reference 28! Reference 2% Ref-

erence 30f Second step.

The straight line drawn in Figure 7 is the result of a linear fit
to all of the data and describes the experimental values rather
well. However, most of the 7-MCMA data are below the line,
whereas the DMACM-A data deviate from the line more in
the direction toward larger values. This difference is caused by
the different electron-donating abilities of the (coumarin-4-yl)-
component.k; reaches maximum values when the strong methyl substituents, which leads to log(kvalues for the
DMACM —cAMP esters in CRICN/HEPES buffer that are 0.4
result for weak acids, revealing that the acid strength is an units larger than the corresponding data for the 7-MGMMP
important factor affecting the rate of photocleavage of (cou- esters (see Figure 6). It appears that the strength of the
photoreleased acid influences the rate condtaimdependent

of the (coumarin-4-yl) substituent,

i.e., independent of the

stabilization of the carbocation. With decreasitg,and hence
Thus, the Karelevant for glutamate release is that of carbamic with decreasing basicity of the acid anion, a strong increase of
acid given in Table 5. Figure 7 shows the linear free energy log(ky) results. Thus, it is the stabilization of the acid anion
A, the second component of the singlet ion g&EM* A-],
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Figure 8. Correlation of logkedkz) with log(k;) for CM—A esters
with quantum yields of ion-pair formatiop, > 0.85.

that causes the augmentation of the rate congtaoy 1 order
of magnitude when thel, is lowered by three units.

The fate of the ion paif{CM™ A~] is recombination to the
ground-state ester CMA with rate constankc or reaction to
the alcohol CM-OH and acid HA by cage escape and
hydrolysis with overall rate constaks. Unfortunately, neither
of the two rate constants can be evaluated from our data.
However, the ratiokedk, = 1/f, — 1 is accessible via the
efficiency f; = @uClp1. The recombination reaction should
depend on the stabilization of both components™Cahd A",
similar to ion-pair formation but with opposite sign. It is
expected thak. decreases with increasing stability of both
CM* and A™ and thus with increasing rate constantlf cage

escape is the rate-determining step of the second reaction, ngj.

significant effect of ion stabilization ok, is expected, and a
clear inverse correlation ofedk> with ki should result. If
hydrolysis is rate-determining, then stabilization of €kshould
lead to smaller rate constarks However, because the variation
of the acid strength influencek; more strongly than the
electronic stabilization of CM(compare Figures 6 and 7), CM
and A~ stabilization will, in any case, more strongly afféed;
than k. Thus, in the latter case, we also expect an inverse
correlation ofkedk, With k;. The uncertainty of, increases
dramatically with decreasing value ¢fi. Therefore, we used
kredkz data for only those esters for whighh > 0.85. Figure 8
displays the still-large data set in a plot of lag{ky) versus
log(ka).

With the exception of 7-MCM-MS, a roughly linear cor-
relation between lodedko) and logk;) with negative slope is
found, indicating that the factors that accelerate the heterolytic
bond cleavage retard the ion-recombination reaction. This, in
turn, favors an increase in the efficientyof the competing
product formation.

Conclusions

The conclusion of our quantitative investigation of the primary
step of the photocleavage of (coumarin-4-yl)methyl esters is
rather simple but reasonable. A significant weakening of the
CM—A ester bond takes place upon excitation of the (coumarin-
4-yl)methyl ester to §if both components of the singlet ion
pair )[CM™* A~] are stabilized. Stabilization of the carbocation
CMt is achieved by use of substituents with strong electron-
donating abilities; stabilization of acid anions As achieved
by selection of anions with low basicities and lardgg palues.
This explains why both (coumarin-4-yl)methyl alcohols (leaving
group OH, pK, = —1.7) and alkyl ethers (leaving grou®R)

Schmidt et al.

reaction. Therefore, stabilization of the ion p4CM™* A~] has

a two-fold positive effect on the photocleavage of (coumarin-
4-yl)methyl esters: increasing (i) the rate of the initial reaction
step and (ii) the efficiency of product formation.
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