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Abstract: Short-lived intermediates arising from the donor-acceptor interaction
of non-steroidal anti-inflammatory drug (NSAID) — (S)-naproxen (NPX) and its
(R)-enantiomer with the tryptophan amino acid residue (Trp) have been studied
by spin chemistry and photochemistry methods. The donor-acceptor interac-
tion has caried out in a model linked system — dyad under the UV-irradiation.
Interest in the NPX-Trp dyad diastereomers is connected with the possibility of
using them as models of ligand-enzyme binding as long as amino acid residues
are located at the enzyme’s active centers. It is these residues that interact with
NSAID during the binding. It is widely thought that charge transfer processes are
involved in the process of drug-enzyme binding. Withing this framework the role
of charge transfer in NPX-Trp excited state quenching have been investigated.
The analysis of the chemically induced dynamic nuclear polarization (CIDNP),
as well as fluorescence kinetics and quantum yield in different polarity media
has shown that the main channel of NPX fluorescence quenching is the intramo-
lecular electron transfer between NPX and Trp fragments. Electron transfer rate
constants and fluorescence quantum yields of diastereomers have demonstrated
stereodifferentiation.
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electron transfer.
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1 Introduction

Naproxen (NPX), particularly its stereoselectivity [differencies in (R)- and (S)-
isomers reactivity], is currently in scientific focus [1-5]. Interest in difference of
(R)- and (S)-NPX optical isomers activity is due to their different therapeutic prop-
erties. Thus, its anti-inflammatory effect consists of cyclooxygenase (COX-1 and
COX-2) enzyme inhibition, this effect is demonstrated by (S)-enantiomer only [1].
At the same time, it has been shown recently that both optical isomers inhibit
the oxidation of cannabinoids [3] and prevent some types of cancer [6]. Inten-
sive physicochemical and biochemical studies are carried simultaneously due to
the finding of new therapeutic activities for both isomers of NPX and other well-
known chiral non-steroidal anti-inflammatory drugs (NSAIDs) [2-4, 7].

Today the chemical nature of the differences in the enantiomers reactiv-
ity, including many examples in biological systems (therapeutic activity) is not
established completely. The reason for the existence of such differences is that
the enantiomers of drugs in living systems typically interact with other chiral
compounds.

In recent times so-called linked systems (dyads) are increasingly used for the
modeling of biomolecules interactions [8-10]. NPX and other NSAIDs enantiom-
ers, as parts of linked systems — dyads, are the most extensively studied by using
their photoinduced transformations [11-19]. It is believed that the photoinduced
electron transfer and exciplex formation (partial charge transfer) can simulate
the binding of NSAIDs with the COX’s active sites [19]. In particular, it has been
shown the significant differences in some photophysical properties of the dyads
diastereomers, containing (R)- and (S)-NPX and (S)-N-methylpyrrolidine (NPX-
Pyr), connected by various bridges, in different polarity media: the rate constants
of the exciplex formation (state with partial charge transfer), exciplex fluores-
cence quantum yield [19]. Furthermore, it has been demonstrated some corre-
lation between the exciplex fluorescence quantum yields and the efficiency of
chemically induced dynamic nuclear polarization (CIDNP) detected in the act of
a back electron transfer in NPX-Pyr dyads during their UV-irradiation. Thus, at
present the stereoselectivity of charge transfer process in dyads comprising of (R)-
and (S)-NPX can be considered as established. Therefore, obtained data indicate
at the greater activity of the (R)-enantiomer in electron transfer process, while the
(S)-enantiomer is more inclined to a reversible binding (formation of exciplex).

Considering that NPX in the active sites of COX-1 and COX-2 enzymes is bound
with chiral amino acids residiues, the study of charge transfer processes in dyads,
including amino acids, sparks greater potential interest. Indeed, such research
of (R,S)- and (S,S)-naproxen-tryptophan (NPX-Trp) dyads by using photochem-
istry methods (flash-photolysis, fluorescence spectroscopy) has been performed
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Chart 1: Chemical structure of dyad naproxen-tryptophan (NPX-Trp).

in the works of prof. M. Miranda et al. [14]. The results of these studies have been
the registration of singlet energy transfer from tryptophan to naproxen mojety
(Forster mechanism) and the assumption of exciplex formation under the UV-
irradiation of NPX-Trp dyad diastereomers. Meanwhile, not only partial (exciplex
formation) but full charge transfer (biradical-zwitterion formation) in this dyad is
quite possible, according to Rehm-Weller criterion [16, 20].

This study is devoted to the prooftaking of the realization of partial and full
charge transfer processes in the quenching of photoinduced excitation in (R,S)-
and (S,S)- dyads, comprising of (R)-/(S)-NPX and (S)-tryptophan (Trp) (Chart 1).

Chemically induced dynamic nuclear polarization method (CIDNP) in high
magnetic fields along with time-resolved fluorescence spectroscopy are used for
the investigation of charge transfer processes in NPX-Trp diastereomers. It can be
expected that the joined analysis of CIDNP and fluorescence data (in different
polarity media) will allow to estimate the role of all short-lived intermediates in
the process of photoexcitation quenching in (R,S)- and (S,S)-NPX-Trp dyads.

2 Experimental details

2.1 Synthesis of the substrates

The mixture of 2 mmol of (S)- or (R)-NPX in CH,CI, (4 mL) and 2 mmol of oxalyl
chloride was maintained under stirring for 4 h. Then solvents were evaporated,
also added 2 mmol methyl ether amino acid in dry toluene (8 mL) and Et,N
(0.5 mL) and the mixture was stirred for 22 h. The precipitate was filtered and
washed with water. The crude product was recrystallized from toluene to afford
(S,9)- or (R,S)-NPX-Trp (0.71 g, 71%), m.p. 156-158 °C. 'H NMR (CDCL,) 8: 7.77 (br.s
1H), 7.75-7.70 (m, 3H), 741-7.39 (dd, J1=8.4 Hz, J2=1.8 Hz, 1H), 718-7.12 (m, 2H),
5.89 (m, 1H), 4.06-3.88 (m, 2H), 3.92 (s, 3H), 3.77 (q, 1H, J=7.2 Hz), 3.70 (s, 3H),
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1.62(d, 3H, J=72 Hz). *C NMR (CDC13) 3: 174.0, 172.2, 157.7, 135.9, 135.8, 133.7, 129.3,
128.9, 12743, 12742, 126.4, 126.1, 122.5, 122.1, 119.6, 119.0, 118.4, 111.1, 109.7, 105.6,
55.3, 527, 52.2, 46.9, 27.2, 18.1. Anal. Calcd for C,H,N,0,: C 72.54; H 6.09; N 6.51.
Found: C 72.64; H 6.03; N 6.51.

2.2 Preparation of solutions

Stock solutions were prepared in two solvents: acetonitrile (Cryochrom, £ =36.8)
[21] or benzene (Soyuzchemprom, £=2.28) [22] for optic measurements and
deuteroacetonitrile (D 99.9%) and deuterobenzene (D 99.8%), both by Aldrich,
for CIDNP measurements. Solvent permittivity values are shown for 293 K. The
solvent permittivities for the mixtures were taken from the literature [23]. There is
no room for doubt that the linear correlation between solvent polarity and its die-
lectric coefficient, and so we use both term hereafter. Concentrations of dyads in
stock solutions for optic measurements were kept about 1.0 x 10 M or 5.0 x 10> M
for CIDNP experiments to exclude all potential bimolecular reactions.

2.3 CIDNP measurements

'H pseudo steady state (PSS) [24] and time-resolved (TR) CIDNP experiments
were performed on DPX-200 NMR spectrometer (Bruker, 200 MHz 'H operating
frequency, 1(90) = 3.0 us with using preamplyfier). In all experiments the first step
was the non-selective presaturation procedure. After that in TR-experiments the
next sequence folows: the laser pulse (~ 15 ns), variable time delay (O us in our
case), radio-frequency (RF) registration pulse (2-4 us). In PSS-experiments: time
delay 2.56 s (needs to be less than the characteristic relaxation time of nuclei),
180° — RF pulse, 32 laser pulses (total duration 2.56 s), RF-registration pulse.

The samples in standard 5 mm Pyrex NMR tubes were irradiated directly in
the probe of the NMR spectrometer. EMG 101 MSC excimer laser was used as a
light source (Lambda Physik, 308 nm, 100 m] at output window, 20 m] per pulse
in sample volume, with pulse duration 15 ns). The samples were deoxygenized by
bubbling argon for 15 min just before irradiation.

2.4 Fluorescence measurements

All spectroscopic measurements were performed using a quartz cuvette of 1 cm
optical length. Spectra and kinetic curves of luminescence were recorded with an
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Edinburgh Instruments FLSP-920 spectrofluorometer with either a Xenon lamp
or a laser diode EPLED-320 (A, =320 nm, pulse duration 0.6 ns) as excitation
sources. The kinetic traces were fitted by exponential decay functions using a
reconvolution procedure.

Luminescence quantum yields were measured relative to that of NPX, using
the value for the fluorescence quantum yield of naproxen in acetonitrile (0.47,
[25]), as it has been previously shown that quantum yield of naproxen fluores-
cence is basically solvent-independent. All samples were bubbled with argon
for 30 min to remove dissolved oxygen just before the experiments. After every
experimental series a control fluorescence spectrum was recorded for checking
the absence of oxygen in samples. All experiments were performed at room tem-
perature 296 K.

2.5 Optic measurements

The absorbance at the excitation wavelength was kept ca. 0.1. UV/Visible
absorption spectra were recorded using an Agilent 8453 spectrophotometer
(Agilent Technologies). Extinction coefficients have been obtained for the estima-
tion of NPX vs. Trp mojeties absorption fractions at the different experimental
conditions: in fluorescence experiments e, . = =1150%20 M cm”, in CIDNP -

€, _osnm=850+10 M cm™ for both diastereoisomers.

3 Results and discussion

To confirm the hypothesis about the possibility of electron transfer between the
(R)- and (S)-NPX and acetyl (S)- tryptophan, we have used the 'H-CIDNP effects,
arising under the UV-irradiation of the NPX-Trp dyad in the solutions with differ-
ent dielectric constants (Figure 1).

Joined analysis of spectra pictured in Figure 1 let us identify the following
polarized protons: the aromatic protons at the position 4" (or 8’) and 5 of NPX
fragment show negative polarization as well as the protons of methylene group
of the tryptophan residue. At the same time, protons at the position 2, 4(7), 6 of
indole ring show positive polarization. The signals, situated in the area of the
resonance of methyl group and belonged to a chiral center, also demonstrate
chemical polarization but the contribution of these CIDNP effects is very different
for TR- and PSS-spectra.

The additional signals of methyl proton have been also found in small quanti-
ties in the stationary NMR spectrum, detected after the UV-irradiation of NPX-Trp
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Fig. 1: 'H NMR of 5 mM (R,S)-NPX-Trp in 40% deuteroacetonitrile- 60% deuterobenzene mixture
(top), PSS- (dark spectrum is substracted, middle) and TR-CIDNP (bottom) spectra.

dyads (Figure 2). Obviously, these signals are referred to the parallel radical
process of minor NPX-Trp dyads photodegradation. Mark that the same polarized
signals have been observed in NPX photolysis, that is known to undergo a partial
photodegradation via decarboxylation [26]. The preferential presence of signals
belonged to the methyl group in TR-spectrum points at they form in the minor
cage process.

Since it was previously suggested that one of the ways of the dyad’s excited
state quenching was electron transfer, one should expect that the main process
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Fig. 2: Fragment of the *H NMR spectrum of (S,S)-NPX-Trp after photolysis in 40% deuteroace-
tonitrile- 60% deuterobenzene mixture. Doublet situated at 1.77 ppm belong to methyl protons
of one of the photodegradation products.

Fig. 3: Biradical-zwitterion (BZ) NPX-Trp.

is the formation of the corresponding biradical-zwitterion (BZ), where a negative
charge is concentrated at NPX fragment and positive at Trp (Figure 3) [14].

According to the Scheme 1, BZ is obtained as a result of the quenching of the
NPX chromophore singlet excited state by Trp. Note, that the same BZ would be
formed if NPX, in its ground state, was the quencher of Trp singlet excited state;
but at these experimental conditions the light is predominantly absorbed by NPX
itself (97%).

It should be also emphasized that the basic contribution is the intramo-
lecular ET, since the rate constant of the dyad’s singlet excited state quenching
(6-8-108 s) is for an order higher than the possible rate of bimolecular process
(W=2-10°-5-102=10" M'-s™). But the considerable rise of CIDNP intensity of the
NPX and Trp main lines in PSS-spectrum versus TR-analog points at the con-
tribution of bimolecular ET - the quenching of the dyad in the excited singlet
state by its ground state. Note that the CIDNP effects are identical in both ET
processes.
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Scheme 1: Photoinduced processes in NPX-Trp dyad.

With that, CIDNP in the dyads, containing NPX, studied earlier were described
by S-T, approximation, although the appearance of electron exchange interaction
had been demonstrated for one of the dyads [18]. Hovewer, the presence of the
CIDNP effects with different signs in the NPX-Trp dyads directly indicates at the
S-T,-mechanism manifestation. It can be suggested that in this case the energy of
electron exchange interaction influence CIDNP intensity only because spin evo-
lution progresses out of the S-T -crossing area, majorly [18]. The similarity of TR-
and PSS-CIDNP effects confirms this suggestion.

CIDNP signs analysis has been carried out by using Kaptein rules for high
magnetic fields, modified by Closs, which takes into account the possibility of the
recombination of the radical pair triplet state of [27]. It is necessary since there is the
possibility of a recombination from both spin states of BZ. Taking into account that:
the g-factor of NPX is higher than those of Trp [28-30], HFI constants for the aromatic
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and indole protons are negative for methylene — positive [30-32]; it turns out that if
electron transfer occurs, it takes place between NPX* and Trp in its ground state.
At that, back ET would occur mainly from *BZ. By the way, the process of diffusion
quenching of naphthalene by triethylamine demonstrates the recombination con-
stant from the T spin state of ion-radical pairs higher than from the S [33].

Thus, the analysis of the CIDNP effects confirms the reversible electron trans-
fer in the NPX-Trp dyad. For additional verification of processes contribution to the
CIDNP, we have compared the CIDNP effectivity ratios of different protons in (R,S)-
NPX-Trp dyad with the ratios of corresponding HFI constants. The HFI constants
ratios of NPX aromatic protons at 8" position and CH,-group of Trp are: 0.495 mT
and 0.7-1.0 mT=1.0; 1.7. These average ratios in TR-spectra are 1.0; 1.66. Thus, the
ratio of NPX and B-CH,-protons corresponds to the spin density distribution in BZ.

However, the appearance of polarized signals in the region of the NPX methyl
protons resonance indicates at the existence of a one more reversible process —
the H atom transfer from the NPX’s chiral center. The absence of CIDNP effect
at the CH-group itself points at the small HFI constant of this proton in radical-
partner — the carbonyl group of Trp, presumably (see Scheme 2). According to
Kaptein rule the CIDNP can be created in neutral biradical B, (3-way) in singlet
spin state, which, in turn, obtained from the dyad’s singlet excited state. Biradi-
cal B, is obtained as a result of successive rearrangements — a free valence migra-
tion that is typical for paramagnetic particles from amino acids [34].

Apparently, the TR-spectrum (Figure 1) is the combination of CIDNP effects
formed in BZ and B, (see Scheme 2). At the same time, PSS-spectrum contains all
the lines that have to be polarized in the back ET stage and only the small fraction
of polarized methyl protons from the neutral biradical B,. It points at B, is really
biradical, which can not be obtained via the bimolecular quenching of ‘NPX-Trp.

Furthermore, the shape of the CIDNP dependence on the solvent polarity
points at the existence of two parallel processes of dyad’s phototransformation.
The obtained CIDNP dependence is shown in Figure 4.

In discussing these dependences it should be taken into account that CIDNP
in the linked systems is determined not only by HFI values and g-factors differ-
ences but the distance between radical centers, that plays decisive role [35-37].
The CIDNP dependence on solvent polarity reflects the alternation in BZ energy
level positions in the media with different dielectric constants. Wherein the BZ
lifetime can change as well as the recombination constants. In the system under
study the decrease of CIDNP effectivity in strong polarity media (CH,CN) is the
most probable the result of k, and k, values rapprochement [16, 19]. In the same
time, the CIDNP of methyl protons in the chiral center does not practically depend
on solvent polarity (Figure 4). This is an additional confirmation of this CIDNP
creation in neutral biradical (Scheme 2).
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Scheme 2: Phototransformation of NPX-Trp dyad and CIDNP analysis.
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Fig. 4: CIDNP effectivity dependence on solvent polarity of CH,-protons (Trp, ©) and aromatic
protons (NPX, e) for (R,S)-NPX-Trp (a) and (S,S)-NPX-Trp (b); CH,-protons (NPX, V) for (R,S)-NPX-
Trp in deuteroacetonitrile-deuterobenzene mixtures.

Consequently, the CIDNP analysis allows to highlight four processes, carried
out in the system under study under the UV-irradiation. They are an intramolecu-
lar electron transfer and its bimolecular analog, H atom transfer with a partial
degradation of a dyad. Both ET demonstrate identical CIDNP effects. All effects
are described by a pair, where a positive charge is located at the Trp-part and a
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negative — at NPX part. The partial degradation maintains through the C-C(O)
bond breaking, presumably.

Besides that the shapes of the CIDNP effectivity dependence for NPX and
Trp protons on dielectric constant differ greatly from those measured earlier
for their analogs: dyads “naproxen — N methyl pyrrolidine”, where the CIDNP
reflects a rapid dynamic equilibrium between BZ and exciplex [15, 16, 19]. In that
cases there are curves with a maximum in the area of weak polarity (e=6-12),
where, according to Rehm-Weller criterion [20], exciplex should appear. As it can
be seen from Figure 2, the CIDNP effectivity dependence on the solvent polarity
for dyad NPX-Trp are significantly less pronounced and has no maximum in the
abovementioned area for the both diastereomers.

Another attempt to find exciplex in the photolysis of the NPX-Trp diastereom-
ers has been fluorescence spectroscopy application. The fluorescence spectra of
dyads diastereomers, AcTrp and MeNPX are presented below (Figure 5).

Fluorescence spectra of dyads are similar to MeNPX with the maximum at
350 nm, however, they are far less intensive. Furthermore, fluorescence from Trp
mojety has not been registered (AcTrp fluorescence spectrum has maximum at
330 nm, fluorescence quantum yield 0.16 in acetonitrile). The absence of tryp-
tophan fluorescence, according to the reference data [14], is explained by the
singlet energy transfer from Trp* to the NPX by Forster mechanism.

It should be noted, that, unlike previously studied dyads comprising NPX,
for NPX-Trp dyads the formation of exciplex during UV-irradiation has not been
found (Figure 5).
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Fig.5: Fluorescence spectra (A, =300 nm) for MeNPX (1) and dyads (S,S)- (2) and (R,S)- (3)
NPX-Trp in benzene; (A, =280 nm) N-AcTrp (4) in acetonitrile. All concentrations ~10~* M.
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Fig. 6: Fluorescence decay of (S,5)-NPX-Trp (_ =300 nm) in acetonitrile.

Fluorescence quantum yields have been obtained at the different polarity
media by using usual technique [38]. Also, time-resolved experiments have been
carried out at the different polarity media. Typical kinetic curve for (S,S)-NPX-Trp
in acetonitrile is shown in Figure 6.

These kinetics are described by monoexpontial function. As a result, fluo-
rescence lifetimes have been obtained for both diastereomers. So, for dyads
(S,S)-NPX-Trp and (R,S)-NPX-Trp, there is more efficient fluorescence quenching
than for free naproxen (¢=0.47 [25]), indicating at the appearance of additional
quenching channels. However, this channel is not the exciplex formation, as it
has been supposed in the work [14]. Meanwhile, as well as the abovementioned
other dyads, NPX-Trp diastereomers demonstrate the difference in fluorescence
quantum vyield and lifetimes (Table 1).

The stereodifferentiation in this system has also been observed earlier in the
work [14], where exciplex has been considered as a source of it. Considering about
the mechanisms of NPX excitation quenching in the dyad NPX-Trp and the nature
of this process stereoselectivity, the following circumstances must be taken into
account. There are reference data about the observation of triplet excited state in
NPX-Trp dyads, obtained by the flash-photolysis: triplet quantum yield of NPX*-
Trp is much less then for *NPX*(¢, = 0.28) [14]. It has been explained by the effec-
tive quenching of 'NPX* by Trp. All experimental data, presented in the literature
and our own (a miserable fluorescence quantum yield of the NPX local excited
state, a small triplet quantum yield of the NPX-Trp dyad, the lack of Trp fluo-
rescence) lead to the conclusion that these results can not be explained only by
energy transfer from Trp to NPX.
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Tab. 1: Fluorescence lifetimes (t,), quantum yields (¢,) and electron transfer rate constants (k,,)
in the different polarity media (acetonitrile-benzene mixture).

€ (R,S)-NPX-Trp (S,S)-NPX-Trp

Ty NS @y kg1070s™ T NS 9y k107057
36.8 1.2£0.1  0.036£0.005 8.0+0.1 2.9+0.3 0.11£0.02 3.1+0.3
29.6 1.2+0.1  0.038%0.006 8.0+0.1 2.9+0.3 0.11£0.02 3.1+0.3
21.55 1.3+£0.1  0.051%0.008 7.31£0.1 3.0+£0.3  0.12%+0.02 2.9+0.3
16.1 1.4+0.1  0.053%£0.008 6.7£0.1 3.0£0.3  0.13£0.02 2.9+0.3
8.08 1.5£0.2  0.057%0.009 6.3+£0.2 3.0£0.3 0.13+0.02 2.9+0.3
2.28 1.5+0.2 0.067+£0.01 6.2+0.2 2.7£0.3  0.13+0.02 3.2+0.3

It is reasonable to assume that the quenching of the chromophores excited
states takes place through several channels. So, the quenching of NPX*-Trp
involves electron transfer, as indicates the CIDNP effects. On the other side, the
quenching of NPX-'Trp* can also occur via electron transfer to NPX-Trp in its
ground state. 'Trp* quenching by NPX also involves an energy transfer. We have
attempted to summarize all the photoinitiated processes, which may take place
between NPX and Trp, in the scheme (see Scheme 1).

According to this scheme the small magnitude of fluorescence quantum
yields of both chromophores (NPX and Trp), and triplet quantum yields can be
explained by assuming that the energy transfer follows by fast (in the same time
range) electron transfer that, on its turn, lead to the fluorescence quenching.
Indeed, the rate constants, listed in Table 1, are more than an order of magnitude
higher than those for dyads “naproxen -pyrrolidine” [17, 19].

Thus, the electron transfer in dyads containing naproxen and an amino acid
residue — tryptophan can be regarded as the established main process of chromo-
phores excitation quenching.
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