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Intra- and Intermolecular Fluorescence Quenching of
Alkylthio-Substituted Phthalimides by Photoinduced
Electron Transfer: Distance, Position and Conformational

Dependence

Murat Atar,” Banu Ongel,” Henrik Riedasch,” Tim Lippold,” Jérg Neudorfl,”!

Diego Sampedro,” and Axel G. Griesbeck*®!

The photophysical properties of fluorescent phthalimides with
thioether groups directly connected to the chromophore or
separated by alkyl spacers, respectively, were studied. Intermo-
lecular fluorescence quenching by electron transfer from
dimethylsulfide to the 4,5-dimethoxy phthalimide (DMPht)
model compound 6 is dynamic and fast. The fluorescence
properties of 6 and the remote Cs-spaced thioether derivative 5
are nearly identical. In compounds 1-4 with shorter spacer
lengths, fluorescence quenching is strong for C, and C;-spaced
2 and 3 and less pronounced for C;- and C,-spaced compounds
1 and 4, mapping the conformational landscape of these
molecules. The o-,m-,p-substituted N-(thiomethyl)benzyl DMPht

1. Introduction

The fluorescence behavior of chromophores with tunable nx*/
n*-excitation modes is fascinating because a slight change in
substitution pattern or solvent properties strongly influences
the initial photophysical processes, absorption wavelengths
and absorbance, intersystem crossing rates and efficiencies,
radiationless decay and emission from the lowest singlet and
triplet states” If these excited states are in a suitable
energetical order and distance, singlet-triplet intersystem cross-
ing can be extremely fast due to complied El-Sayed rules,*”
e.g. in the perfect example benzophenone™ and also in the
unsubstituted and N-arylated phthalimides.”’ Some of these
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7 are almost non-fluorescent which correlates very well with
the intermolecular thioanisole fluorescence quenching of 6. In
contrast, the 3- and 4-thiomethyl phthalimides 8 and 9 show
divergent fluorescence that is also rationalized by DFT calcu-
lation results. The fluorescence properties can be switched by
oxidation of the thioethers to sulfoxides with H,0, or 'O, (off—
on for 1,4,7 and on—off for 9). Further functionalized molecules
that were based on the model compounds are the sulfur-
containing amino acid methionine derivative 10, dipeptides
11a,b, and S-alkylated cysteine derivatives 12 to 14a-d with
strong side-chain-dependent fluorescence.

compounds show fluorescence quantum yields <0.001 and ISC
quantum yields >95%. The parent phthalimide was initially
described by Coyle as a three near-lying excited state system
(S, mm*, S, nt*, T, m*) with a lower lying T, na*®” A recent
study on the femto- and picosecond time-resolved spectro-
scopy of N-methylphthalimide revealed the existence of two
lowest singlet mtt* states, the higher state non-emissive with ¢
about 2000, the lowest singlet not detectable by absorption
spectroscopy but by fluorescence (®:~0.01) leading to large
apparent Stokes shifts >10.000 cm~".® We have in the last two
decades used the unsubstituted phthalimide as an excellent
one-electron acceptor in its excited triplet states T,/T,, e.g. for
photodecarboxylation reactions in intra- and intermolecular
processes.”' In order to switch from the parent non-
fluorescent phthalimide chromophore to a stronger fluoro-
phore, the introduction of one or two donor groups at the
positions C3 and/or C4 is advisable. Alkoxy and amino (or
amido) groups directly coupled to the chromophore are the
optimal groups for fluorescence increase and absorption red-
shift">" An especially successful approach was the 4,5-
dialkoxyphthalimide that shows strong fluorescence with
quantum yields near to 100%." Strongly fluorescent phthali-
mides that also constitute very strong reductants in the excited
singlet states have been developed as excellent sensors for
anions such as fluoride,"*"” or cyanide."® Recently, we have
developed phthalimide probes for singlet oxygen and hydro-
gen peroxide that operate by fluorescence ON effects and were
based on 4,5-dialkoxyphthalimides with internal fluorescence
quenching groups."™ This concept is based on the known
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Figure 1. 4,5-Dimethoxyphthalimide standard 6 and thioethers 1-5.
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Figure 2. UV/Vis absorption spectra of thioethers 1-5 in CH;CN (2x 107° M).

fluorescence quenching/sensor properties of thiols?*?" and

thioethers with respect to phthalimide chromophores.™ In this
paper, we describe an extensive study of the photophysical
properties of thioalkylated and thioarylated phthalimides and
the corresponding structural interpretations of their
fluorescence properties.

2. Results and Discussion
2.1. Intramolecular Fluorescence Quenching: Alkyl Thioethers

The fluorescence properties of a homologous series of 4,5-
dimethoxy phthalimides 1-5 with thiomethyl-terminated alkyl
chains at the imide nitrogen (Figure 1) were investigated by
static and time-resolved methods and compared with the
strongly fluorescent N-butyl compound 6 as the reference
standard. All phthalimides for this study were synthesized
either by thermal condensation of phthalic anhydride with the
corresponding amines or by substitution reactions of the N-
bromoalkylphthalimides with sodium methylthiolate (see the
Supporting Information), respectively, and purified by recrystal-
lization. In the absorption spectra, the long-wavelength max-
ima and the corresponding extinction coefficients are nearly
identical (342 + 2 nm) for all compounds (Figure 2, Table 1).

In contrast to these highly similar ground-state properties,
the excited state behavior of 1-5 strongly depends on the
position of the thioether group. The fluorescence of compound
1 with the shortest linker between phthalimide and the
thioether group showed a roughly halved fluorescence inten-
sity compared with the undistorted 5 or the unfunctionalized 6
(Figure 3). The C,- and Cs-spaced 2,3 showed fluorescence

ChemPhotoChem 2020, 4, 89-97 www.chemphotochem.org
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Table 1. Fluorescence properties of thiomethyl-functionalized 4,5-dime-
thoxy phthalimides 1-5 and the n-butyl derivative 6.

Js®  loge  Agn®  Stokes” @ 7: (%)

[nm] [nm] [em™] [ns]®
1 341 327 439 6546 032 29.3 (66); 1.2 (34)
2 340 3.26 443 6838 0.06 14.5 (4); 3.1 (96)
3 342 3.24 441 6564 0.04 30.6 (71); 0.7 (29)
3 3450 3000 447" 6614 0.04%  nd.
4 343 3.26 444 6631 0.31 19.0 (91); 6.9 (9)
5 342 3.34 444 6717 0.55 31.3 (100)
6 344 3.28 444 6547 0.61 31.9 (100)

[a] In acetonitrile, r.t, 2x 107> M solutions; [b] In acetonitrile, r.t., 107° M
solutions; [c] (E,y[cm™"])—(E.nlcm™']); [d] Determined vs. quinine sulfate;
[e] By TCSPC fluorescence spectroscopy; [f] In CH,Cl,, from Ref. [15]; n.d.
=not determined.

fluorescence intensity (a.u.)

Figure 3. Fluorescence spectra of thioethers 1-5 in CH;CN (107 M).

reduction to < 10% intensity, whereas the C,-spaced 4 showed
similar behavior as compound 1. Thus, electron transfer
quenching, the key process that apparently reduces the
fluorescence of these compounds, goes through a maximum at
medium donor-acceptor (Do-Acc) distances and gets marginal-
ized at short and long distances.

All fluorescence signals of the covalently linked phthali-
mide-thioethers 1-5 could be easily time-resolved by time
correlated single-photon counting (TCSPC). The respective
fluorescence decays were fitted by single or biexponential
decays convoluted with the instrumental response function
(IRF). Only compound 5 (and of course also the standard
molecule 6) could be cleanly fitted with a monoexponential
function leading to a fluorescence lifetime of 31.3 ns (Table 1).

This value for this donor-acceptor molecule 5 is nearly
identical to the lifetime of the reference molecule 6 with a CH,
group instead of the thioether sulfur atom (31.9 ns), i.e. a non-
guenching functionality. In addition, the fluorescence quantum
yields of 5 and 6 are also nearly identical with values of 0.55
and 0.61. From the biexponential fitting of the decay traces of
compounds 1-3, one short lifetime (1-3 ns) resulted that
dominated 2 and was a minor component of 1 and 3. The
longer lifetime component (15-30 ns) nearly disappears in 2
but dominates fluorescence in 1 and 3. Compound 4 has two
fluorescent components with comparable lifetimes (19 and
7 ns) with the longer-lived component dominating (91:9).
Because of the obviously very weak ground-state interactions

90 © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 4. The conformational landscape for substrates 1 and 2 with
orthogonal and gauche thioalkyl substituents.

Figure 5. Structure of compound 3 in the crystal (ORTEP plot, thermal
ellipsoids set at 50% probability).

(no differences in the absorption spectra), these results have to
be interpreted as a visualization of the slow (on the nano-
second timescale of fluorescence) equilibrium of the alkylthio
side chain, i.e. mapping the conformational landscape of these
compounds (Figure 4). In compound 1, only two equilibrating
conformers are possible with the orthogonal or gauche
orientation of the methylthio group with respect to the
chromophore mt-system. The fluorescence decay of 1 consists of
two components, one short-lived and one long-lived (the latter
similar to the non-quenchable 6) in nearly identical composi-
tion whereas the homologous 2 shows nearly exclusively the
short-lived component and thus intramolecular ET-quenching
geometries dominate here. The longer the hydrocarbon spacer
chain, the less prominent becomes the short-lived component
and the > 20 ns component prevails.

The Cs-spaced compound 3 could also be characterized by
crystal structure analysis and shows a preferred N(CC)C-
synclinal (gauche) conformation in the solid state (Figure 5).
This geometry appears the most favorable arrangement for
intramolecular electron transfer and fluorescence is nearly
completely quenched for this compound (®.=0.04 in
acetonitrile and methylene chloride).

Thus, it appears that gauche conformers, in general, tend to
rapid fluorescence quenching by electron transfer. In the C,-
spaced compound 4, two fluorescent species appear with
comparable contributions and lifetimes that accounts for
gauche geometries (like in compound 3) with the thiomethyl

ChemPhotoChem 2020, 4, 89-97 www.chemphotochem.org
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group in more remote positions. Eventually, the electron
donating thioether is completely separated from the acceptor
group on the conformational landscape in the Cs-spaced
compound 5 and restores the long-lived fluorescent species
with monoexponential decay. This rationalization of the
fluorescence decay data is valid only for the nanosecond time
regime that we are dealing with for the 4,5-dimethoxy
phthalimides 1-5.

In the case of the non-fluorescent phthalimides with similar
or even more remote thioether side-chains, the corresponding
triplets have microsecond lifetimes and are also efficiently
deactivated by electron transfer. Photoinduced electron trans-
fer and subsequent proton transfer leads to triplet biradicals
that combine to medium- and large-ring cycles, e.g. from the
phthalimides 3-H and 5-H, respectively (Figure 6).2?% This
happens neither with the fluorescent 4,5-dimethoxy phthali-
mide 3 nor with the fluorescent 5, and thus, electron transfer
quenching, e.g. from 3, is followed by rapid back electron

transfer.
HO, s
@) S— " R
R: i :[: J—/ M N :
N
R
R % o]
3-H (R=H) 93 % from 3-H
3 (R=OMe) 0% from 3, 4% fluorescence
S_—
Ho_ /S
[¢] h R
R: : :/: jd N
N
R
R % 0
5-H (R=H) 87 % from 5-H
5 (R=OMe) 0% from 5, 55% fluorescence

Figure 6. Photochemistry of the fluorescent/non-fluorescent 4,5-dimethoxy
phthalimides 3, 5 versus the unsubstituted analogues.

2.2. Intermolecular Fluorescence Quenching

In order to better understand the intramolecular effects, the
absolute rates of electron transfer from methyl alkyl sulfides to
DMPht are important values. The fluorescence quenching of
the model compound 3,4-dimethoxy N-methyl phthalimide
(DMMP) by dimethyl sulfide was recently investigated and
dynamic quenching with a Stern-Volmer constant K, of 59 M~
was determined in methylene chloride."™ In order to correlate
this with the compounds described in this publication, the N-
butyl derivative 6 was investigated and also fluorescence
lifetimes were determined for 6 and the N-methyl derivative in
acetonitrile. In acetonitrile, the undisturbed fluorescence of
phthalimide 6 decays monoexponential with 7:=32 ns and is
quenched by external dimethylsulfide (Figure 7). No additional
absorption or emission signals appear even at high quencher
concentrations and the fluorescence intensity decrease parallels
lifetime decrease (Figure 8), though with a slight diversion in
the high concentration region.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 8. Stern-Volmer concentration (Me,S) plots versus fluorescence inten-
sity and fluorescence lifetimes for 6 in CH,CN.

From the intensity analysis, we determined a Stern-Volmer
constant of 4.3 (=13x10*M™"s™' for dynamic quenching),
more than 10 times lower than the literature value for DNMP in
CH,Cl,. This is good accord with the lower positive Coulombic
energy term E¢ in the more polar acetonitrile (E.=0.06 eV)™!
and the supposable small but detectable steric shielding effect
of the N-butyl substituent.

In order to further investigate the nature of the quenching
event and the consistency of the quenching constants, we
investigated other thioethers, phosphanes, and amines as

Table 2. Fluorescence quenching properties of the 4,5-dimethoxy-phthali-
mide 6 by S,P,N quenchers.

Q[a] M] st [b] kq [c] EO(Q+ /Q) [d] AGOPETIE]
M M s [V] vs. SCE [eV]

(tBu),S 0.4 1.4%107 1.59 —0.19
Me,S 4.3 1.3x10° 1.37 —-0.41
PhSMe 1135 3.5x10° 1.44 —0.34
PPh, 109.8 3.4x10° 1.06 —-0.72
P(nBu), 64.1 2.0x10° 1.16 —0.62
NEt; 236.5 7.4x10° 0.83 —-0.95
N(iPr),Et 262.4 8.1x10° 0.68 -1.10

[al in CH5CN, r.t, 107° M solutions 6; [b] Ksv="F/F[Q]; [c] k,=Ksv/32 ns;

[d]s. SCE in CH,CN (Ref. [27]); [e] from AG=F[E°(Q*/Q)-E%6/6 )]-Eq,(6)—E.
with E°(6/67) = —1.59 V (vs. SCE, Ref. [19]), E,,(6)=3.31 eV (Ref. [15]) and
E.=0.06 eV (Ref. [25]).
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fluorescence quenchers (Table 2) and compared the effects on
fluorescence intensities and lifetimes. No additional lifetimes
were found throughout all analyses, indicating a single
quenching mechanism. Steric effects can be expected for the
(tBu),S vs. Me,S and actually, a tenfold reduction in quenching
rate was observed which also corresponds to the lower free
energy of electron transfer as calculated from the Rehm-Weller
approximation.”® Thioanisole is a much stronger quencher
which apparently does not correlate with the electrochemical
properties (oxidation potentials of the thioethers). Triphenyl-
phosphane and the corresponding tributyl compounds are
even better reductants and fast dynamic quenching is regis-
tered with these compounds. Eventually, triethylamine and
Hunig-base (N(iPr),Et) are expected to undergo electron trans-
fer to the excited singlet phthalimide 6 with roughly 1eV
exergonicity and thus, near diffusion-controlled fluorescence
quenching (7-8x 10° M~'s™") is detected.

The fluorescence intensity / concentration plots are linear
over a large concentration area; the fluorescence lifetime /
concentration correlation becomes non-linear for higher con-
centrations of dimethyl sulfide (which is not the case for most
other quenchers) indicating some static quenching fraction at
higher concentration. The Stern-Volmer constants have very
good correlation and were calculated from lower to moderate
guencher concentration areas.

2.3. Intramolecular Fluorescence Quenching: Sulfoxides

The oxidation potentials of dimethylsulfide and the corre-
sponding sulfoxide DMSO are only 250 mV separated® and
thus, electron transfer should still be energetically feasible and
detectable at least in the intramolecular cases studied herein.
The sulfide oxidation of all thioethers 1-5 was selectively
performed by photooxygenation in acetonitrile with rose
bengal (RB) as the singlet oxygen sensitizer. These reactions are
known to stop at the sulfoxide level and no further oxidation
to the corresponding sulfones does occur. We could prove this
by NMR analyses for all substrates 1-5 which were selectively
oxidized to the sulfoxides 1°° to 5%° The comparison
between fluorescence behavior of the sulfide vs. the corre-
sponding sulfoxides (Table 3) revealed that the relative

Table 3. Fluorescence properties of the sulfur-oxidized thiomethyl-func-
tionalized 4,5-dimethoxyphthalimides 1-5.

lem_J‘emSA)[b] [nm] (DF_)q>FSA)[c] T [ns][d]
sulfoxide
1—-15° 439451 0.32—0.32 22.0
2250 443—448 0.06—0.26 30.7
335° 441 —447 0.04—0.25 30.2
4-45° 444—450 0.31—0.53 31.6
5550 444450 0.55—0.63 326
6 444 0.61 31.8

[a] Oxidation with 'O, in CH;CN (RB, hv, ?0,), r.t,, 107> M solutions of 1-5; [b]
change in emission maxima with complete oxidation; [c] change in
fluorescence quantum yields with complete oxidation; [d] by TCSPC

fluorescence spectroscopy, all monoexponential decays.

ChemPhotoChem 2020, 4, 89-97 www.chemphotochem.org
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fluorescence intensity decrease that was measured for the
“short-spacer” compound 1 is completely preserved for the
corresponding sulfoxide, whereas as other compounds showed
an increase in fluorescence intensities. There is only one
fluorescent species for all sulfoxide-containing compounds and
one can, therefore, speculate, e.g. for the shortest linker
phthalimide 1°=°, that only the perpendicular conformer is
populated that we also identified to be the most prominent
electron transfer component for 1 (Figure 9).

The time course of the singlet oxygen reaction of thioether
3 is shown in Figure 10. During irradiation of a 107> M solution
of rose bengal (RB) in acetonitrile, there is a constant increase
in global fluorescence due to the formation of the oxidized
form 3°°, accompanied by a slow degradation of the dye
(emission decrease at 580 nm). The fluorescence quantum yield
increases from 4% to 25% with a slight shift in emission
maximum. Thioalkylated compounds such as 2 and 3, there-
fore, appear useful as probes for singlet oxygen, but only if
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Figure 9. Formation and preferred conformers of compounds 1°-° and 25°.
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Figure 10. Fluorescence spectra of 3 in CH;CN under 'O, sensitization.
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Figure 11. Three regioisomeric N-thiomethyl-benzylated phthalimides 7 o,m,
p and the directly chromophore-modified phthalimides 8 and 9.
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they exhibit strong internal fluorescence quenching in the non-
oxidized states.”

2.4, Intramolecular Fluorescence Quenching: More Complex
Substrates and Substrates from Amino Acids

The strong intermolecular fluorescence quenching of 6 by
thioanisole (Table 2) indicates that aromatic thioethers consti-
tute much more efficient electron donors than aliphatic
thioethers despite similar oxidation potentials. This effect
should also show up in intramolecular versions and thus, we
prepared and studied the excited behavior of the regioisomeric
thiomethylbenzyl phthalimides 70-7p. Actually, all three
regioisomeric compounds showed very similar behavior: low
fluorescence quantum yields and Stokes shifts around
6600 cm™~'. The only remarkable difference is that the longer-
lived transient (ty between 22 and 25ns) dominates the
emission from meta and para compounds whereas a short-lived
component (t;=1.5 ns) dominates for the ortho derivative 70
(Table 4). Similar effects as for 70 were observed for the 3-

Table 4. Fluorescence properties of the isomeric N-thiomethylbenzylated
4,5-dimethoxy phthalimides 70, m, p and the DMPI-substituted 8 and 9.

Japs®  loge A" Stokes o 7 (%)

[nm] [nm]  [em™¢ [ns]®
70 342 3.30 444 6717 0.07 27.5(32); 1.5 (68)
7m 343 3.29 444 6632 0.08 21.9(93); 0.5 (7)
7p 345 3.26 443 6412 0.09 24.7 (95); 0.4 (5)
8 367 3.60 451 5075 0.04 1.3 (100)
9 346 3.58 455 6923 0.56 15.1 (100)

9°% 350 343 - - - -

[a] In acetonitrile, r.t, 2x 107 M solutions; [b] in acetonitrile, r.t, 10° M
solutions; [c] (E,,lcm™'])—(E.,[cm™']); [d] determined vs. quinine sulfate; [e]
by TCSPC fluorescence spectroscopy.

thiomethyl phthalimide 8 that showed nearly no fluorescence.
This effect appears, however, not to be a consequence of PET
effects because also the corresponding sulfoxide 8°° is not
emissive. In contrast to 8, the 4-thiomethyl compound 9 shows
strong fluorescence that completely disappeared upon oxida-
tion to the sulfone 952 (the intermediary sulfoxide could not
be isolated).

The differences in fluorescence properties for the regioiso-
meric compounds 8 and 9 is remarkable and indicates an active
non-radiative deactivation channel for the singlet excited state
of 8 that is not operating for 9-in accord with the theoretical
investigation (vide infra). In continuation of our work on singlet
oxygen probes based on methionine derivatives,"” we also
looked at derivatives of 3 which actually constitutes the
decarboxylated 4,5-dimethoxyphthaloyl methionine (Figure 12).
In order to avoid photodecarboxylation, the methyl esters of
methionine (10) and the dipeptides Met-Gly and Met-Pro 11a
and 11b, respectively, were investigated. As additional com-
pounds with shorter linker chains, we also studied the S-methyl
cysteine derivative 12 and the S-unprotected 13.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 12. Three methionine-derived (10, 11a,b) and two cysteine-derived
(12, 13) 4,5-dimethoxyphthalimides in comparison with model compound 3.
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Table 6. Fluorescence properties of the N-thioethyl-4,5-dimethoxy-phthali-
mide 15a-15d (2 for comparison).

Japs®  log e A Stokes D 1 (%)

[nm] [nm] [cm™'¢ [ns]®
2 340 3.26 443 6838 0.06 14.5 (4); 3.1 (96)
14a 339 3.25 442 6874 0.47 23.7
14b 343 3.36 443 6581 0.12 14.5 (4); 3.1 (96)
14c 342 3.21 450 7017 0.39 16.9
14d 345 3.33 444 6463 0.12 27.6 (49); 3.2 (51)

[a] In acetonitrile, r.t., 2x 10> M solutions; [b] in acetonitrile, r.t, 107> M
solutions; [c] (Eu[cm™"])—(E.nlcm™']); [d] determined vs. quinine sulfate;
[e] by TCSPC fluorescence spectroscopy.

Table 5. Fluorescence properties of the 4,5-dimethoxy phthalimide me-
thionine (10,11) and cysteine derivatives 12, 13 (3 for comparison).

Aans®  log e Aen®  Stokes D 7 (%)

[nm] [nm]  [cm™']9 [ns]®
3 342 3.24 441 6564 0.04 30.6 (71); 0.7 (29)
10 344 3.39 440 6342 0.04 28.7 (87); 0.5 (13)
11a 345 3.26 450 6763 0.08 33.7 (70); 0.7 (30)
11b 343 3.39 445 6683 0.03 32.5 (70); 0.66 (30)
12 347 3.39 445 6347 0.17 25.2 (62); 0.7 (38)
13 347 3.45 443 6245 0.64 27.4 (100)

[a] In acetonitrile, r.t., 2x 10~°> M solutions; [b] in acetonitrile, r.t, 107° M
solutions; [c] (Eyp[cm ™) —(Eomlcm™']); [d] determined vs. quinine sulfate;
[e] by TCSPC fluorescence spectroscopy.

The data in Table 5 shows that, in accord with the data for
3, all C5-spaced compounds showed low fluorescence quantum
yields with biexponential decay, whereas the C,-spaced
cysteine derivative 12 has a 0.17 quantum yield of fluorescence
with a dominating contribution from a 25ns component.
Surprisingly, the 4,5-dimethoxyphthaloy! cysteine (methyl ester
13) decays monoexponential with a 27.4 ns component and
0.64 fluorescence quantum yield and thus is nearly identical to
the undisturbed model compound 6. In order to find a
rationale for this effect, we investigated the C2-spaced
thioethers 14a-14d (Figure 13) and compared the results with
the methylthio compound 2 (Table 6). From compound 144, a
crystal structure analysis was obtained (Figure 14), again

[0) — 0O
MeO. S MeO _/—SBn
N N
MeO MeO
o 14a o 14b

OtBu
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Figure 13. Four N-thioethyl-spaced phthalimides 14a-d.
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Figure 14. Structure of the highly fluorescent 14a in the crystal (ORTEP plot,
thermal ellipsoids 50 % probability).

(compare with compound 3 in Figure 5) revealing a preferred
gauche orientation at C1-C2.

In general, the thiomethyl compound 2 shows the strongest
quenching contribution and thus the lowest fluorescence
quantum vyield. In contrast to naive expectations, electron
donor, as well as acceptor substitution at the thioether sulfur,
did intensify the fluorescence channel. Weaker contributions
were detected from the benzyl group in 14b and the meth-
ylthiomethyl (MTM) group in 14d (doubling of ®;). The ester
and especially the propargyl substituted compounds 14c and
144, respectively, are strongly emissive and decay monoexpo-
nential with 17 and 24 ns, respectively. This is probably due to
electronic deactivation of the thioether group (similar for
compound 13). The series of cysteine analogs 14a-d thus
reveals that slight changes in the side-chain of fluorogenic
chromophores can lead to drastic changes in the deactivation
channels.

2.5. Emission of Chromophore-Modified 8 and 9: Theoretical
Calculations

As shown above, the absorption properties of the regioisomeric
thiomethyl-derivatives of the N-butyl phthalimide 8 and 9 are
very similar. In contrast, the emission properties are clearly
different (see Table 4). In order to clarify this issue, we
performed a series of theoretical calculations on the optical
properties of 8 and 9 in the framework of the density functional
theory (DFT). First, we explored the absorption spectra of 8 and
9 using two commonly used functionals (CAM-B3LYP and
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Table 7. Optical properties of phthalimides 8 and 9 in acetonitrile.

A’abs lem f labs }'em f
[nm] [nm] [nm] [nm]
CAM-B3LYP  CAM-B3LYP CAM-B3LYP  B3LYP B3LYP B3LYP
8 330 390 0.11 395 464 0.08
9 320 398 0.15 383 458 0.14

B e
Aok g

Figure 15. HOMO (left) and LUMO (right) orbitals for phthalimides 8 (top)
and 9 (bottom).

B3LYP) together with the standard basis set 6-31+ G(d,p) and
including the solvent effect (acetonitrile) through the Polar-
izable Continuum Model (PCM). The results are summarized in
Table 7.

In agreement with the experimental results, the computed
absorption properties of 8 and 9 are similar, with a n->x*
transition responsible for the band at longer wavelengths. The
orbitals involved in these transitions are also equivalent in both
compounds (Figure 15).

Also, both compounds relax on the excited state potential
energy surface to populate an equivalent minimum in S; (SI,
Figure S2). From there, emission could take place as exper-
imentally found. The difference between 8 and 9 appears with
an alternative deactivation channel that may be active for 8 but
not for 9. In the case of 8, the proximity between the S and O

50 ENErgy
kcal/mol
70

40 @50
° e 51
@ 30
insS; . 20
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32 3 28 26 24 2,2 2
Distance S-O, A

Figure 16. Relaxed scan along the singlet excited state potential energy
surface for 8.
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atoms opens up the possibility of a geometrical deformation
that allows those atoms to interact. This was explored by
means of a relaxed scan in which the S—O distance was
modified (Figure 16). In this case, the B3LYP functional was
used as better results for the excited state properties were
found (Table 7).

After the population of the S; minimum, two competitive
pathways arise for 8. On one hand, radiative deactivation
implies the emission as detected experimentally. On the other
hand, a relatively small geometrical deformation (SCH; out-of-
plane rotation and S—O distance decrease) allows reaching a
region of degeneracy between S; and S, at a low energetic
cost. Thus, the ground state could be easily recovered, causing
a reduction in the fluorescence quantum yield and the excited
state lifetime, in agreement with the experimental results.
Clearly, this non-radiative deactivation channel cannot operate
in the case of 9, and the emission remains the major
deactivation pathway.

3. Summary and Conclusions

The absorption and fluorescence properties of a series of 4,5-
dimethoxyphthalimides (DMPht) with thioether groups in the
side-chain of this fluorogenic chromophore was investigated.
Additionally, the two chromophore-modified regioisomeric
phthalimides 8, 9 with methylthio groups at C3 and C4 were
studied. The absorption properties of all DMPht derivatives
differed only marginally from the standard compound 6 with
no quencher functionality in its side-chain. Thus, there is no
ground-state interaction between the imide electron acceptor
and the thioether electron donor. This changes completely for
the excited singlet states and the fluorescence quantum yields
range from 0.64 (for 13) to 0.03 (for 11b). Chain dynamics and
electronic effects direct the fluorescence quenching process
that is most likely electron transfer driven as apparent from the
comparison with the results from intermolecular quenching
kinetics with aliphatic and aromatic thioethers and the
standard substrate 6.

The distance dependence of fluorescence for compounds
1-5 (with methylene spacer lengths 1 to 5) reflects the well-
known and extensively studied “n=3 rule” that was initially
reported by Hirayama for the highly efficient formation of
intramolecular exciplexes with trimethylene tethers.”>*® This
rule is valuable for the prediction of the most reactive substrate
for intramolecular photochemical processes® or for the
formation of intramolecular exciplexes.”>*® The structural
rationale of this empirical rule is the alkyl chain dynamics and
the two X-ray structures analyses that we have determined for
3 (n=3) and 14a (n=2) show, that the alkyl chain conforma-
tion has a gauche twist after the second tether carbon which
favors donor-acceptor interaction especially in the n=3
compound. Supposedly, a similar behavior exist in solution-
phase that makes charge transfer processes efficient. This effect
is independent on substituents in the linker chain (see Table 8,
right column). All representatives with n=3 show low
fluorescence quantum yields between 3% and 8%. The

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Table 8. Fluorescence properties of n=2 and n=3 phthalimides.

n=2 [n T (%) [ns] n=3 D 7 (%) [ns]

2 0.06 14.5 (4); 3.1 (96) 3 0.04 30.6 (71); 0.7 (29)

12 0.17 25.2 (62); 0.7 (38) 10 0.04 28.7 (87); 0.5 (13)

14a 0.47 23.7 (100) 11a 0.08 33.7 (70); 0.7 (30)

14b 0.12 14.5 (4); 11b 0.03 32.5 (70); 0.66 (30)
3.1 (96)

dominant contribution for the residual fluorescence is a long-
lived species (~30 ns) that possibly corresponds to the all-trans
conformer with large donor-acceptor distance. In contrast to
that, the n=2 compounds (Table 8, left column) showed
diverse substituent-dependent fluorescence behavior. Espe-
cially the propargylic thioether 14a did show high fluorescence
quantum yield (0.47) and a mono-exponential decay with 24 ns
lifetime and thus did not at all behave like an intramolecular
donor-acceptor pair. In line with these results was the behavior
of 14a under singlet oxygen conditions (vide supra): no
sulfoxide was formed even after prolonged reaction times and
solely the oxidative cleavage of the propargyl group was
observed.

Oxidation of other thioethers to the corresponding sulf-
oxides restores the strong fluorescence of undistorted DMPht
but still with a moderate quenching by the sulfoxide group for
several examples (2°-°, 3°°). Methionine derivatives (10-12)
are in general less fluorescent than the corresponding cysteine
derivatives (13-14), an unexpected behavior from the compar-
ison of the model compounds 3 and 2, respectively. The decay
dynamics of the regioisomeric 3-/4-methylthiophthalimides 8
and 9 strongly differs (quantum yields for fluorescence 0.04 vs.
0.56) which can be explained by an additional decay channel
only available for the geometrically more constrained com-
pound 8.

Experimental Section

Materials and Methods

All starting materials for substrate synthesis and solvents were
commercially available. The detailed syntheses of the fluorescent
4,5-dimethoxyphthalimides are described in the SI. "TH-NMR spectra
were recorded on a Bruker Avance Il 300 spectrometer operating at
300 MHz or on Bruker Avance lll 500 spectrometer instrument
operating at 500 MHz. Coupling patterns were designated as
follows: s, singlet; d, doublet; dq, doublet of quartets; t, triplet; q,
quartet; quin, quintet; m, multiplet. >*C-NMR spectra were recorded
either on a Bruker Avance Il 300 spectrometer instrument
operating at 75 MHz or on a Bruker Avance Il 600 spectrometer
instrument operating at 126 MHz. Melting points were measured
on a MP50 Melting Point System by Mettler Toledo. IR spectra were
obtained on a Si crystal Fourier-Transform spectrometer by Thermo
Scientific (Nicolet 380 FT-IR). High-resolution mass (ESI) were
obtained on a LC/MS Thermo Scientific LTQ Orbitrap XL instrument
with FTMS analyzer. The elemental analyses were performed with
an Elementar Vario EL.
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Absorption spectra were recorded on a Beckman Coulter UV-
DUB800. The samples were placed into quartz cells of 1 cm path
length. All concentrations were 10~ M. Emission and excitation
spectra were carried out using a Perkin-Elmer LS-50B luminescence
spectrometer. Samples were placed into quartz cells of 1 cm path
length. For the determination of relative fluorescence quantum
yields, quinine hemisulfate was used as reference with a standard
solution in 0.1 M sulfuric acid. The probe and standard solutions
were analyzed by UV-vis-absorption spectroscopy and the probe
solution adopted in concentration to identical absorption at
370 nm, afterwards fluorescence spectra were determined and
integrals were analyzed as described in the literature.”® Time-
resolved fluorescence measurements were performed with a Horiba
Science DeltaFlexTM TCSPC-spectrometer equipped with a Delta
DiodeTM DD-370 (excitation wavelength 370 nm). Data analyses
were performed with Horiba Science Decay Analysis Software v6.8.
All probes were investigated in quartz cuvettes (d=10 mm).

Computational Details

Structures were optimized in the ground state at the DFT level of
theory using the 6-31+G(d,p) basis set and the CAM-B3LYP"® and
B3LYP functionals.**>? Also, the solvent (methanol) effect was
considered by means of the polarizable continuum model (PCM).*”

Then, vertical transitions were computed at the TD-DFT level of
theory using the same functional and basis set. In addition, the
Franck-Condon geometries were optimized in S, at the same level
of theory to locate the emissive minima. From the minimum, a
scan of the S—O distance coordinate was performed to explore the
potential energy surface. All calculations were performed with the
Gaussian 16 software package.”"

Supporting Information

Syntheses of all fluorogenic compounds with spectroscopic
data and time-resolved fluorescence decay curves; X-ray data of
the phthalimides 3 and 14a; computational details.
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