First publ.in: Angewandt€hemielnternationalEdition 45 (2006),18, pp.2975-2978

Intramolecular Sensitization

DOI: 10.1002/anie.200504091

Highly Efficient Photolabile Protecting Groups
with Intramolecular Energy Transfer**

Dominik Woll, Julia Smirnova, Wolfgang Pfleiderer,
and Ulrich E. Steiner*

DNA chips are widely used for genomic analysis.!'! Currently,
high-density DNA chips can be synthesized with up to several
hundred thousand different spots on an area of 1 cm2.? In
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principle, the complete human genome can be probed with
such a chip.”) The required high spot densities can be achieved
by photolithographic in situ DNA-chip synthesis. In this
method, the oligonucleotides are synthesized step by step
from protected nucleoside phosphitamides using photolithog-
raphy with masks™" or micromirror arrays® as suitable means
for achieving parallel spatial addressability. This technique
requires photolabile protecting groups!® of high light sensi-
tivity that release their substrate (in this case a nucleotide) in
nearly quantitative yield. For the protecting groups currently
in use for DNA-chip synthesis, the light sensitivity, suitably
characterized by the product ¢ ¢ of the absorption coefficient
and the photochemical quantum yield, reaches only moderate
values. The widely used [(a-methyl-2-nitropiperonyl)oxy]car-
bonyl (MeNPOC) group” has a reasonable absorption
coefficient at the wavelengths usually applied (in practice
preferentially the mercury line at A =366 nm, &yeom366nm
~2500 M 'cm™), but the photochemical deprotection yield
is quite small (3% in MeOH).®l In contrast, the 2-(2-
nitrophenyl)propoxycarbonyl (NPPOC) protecting group,”!
the reaction of which is represented in Scheme 1,1 shows a
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Scheme 1. Intramolecular sensitized photocleavage of a protecting
group of the NPPOC type.

much higher quantum yield (41% in MeOH), but has a
significantly lower absorptivity (eweom.assnm~230M 'cm™).
Thus, for both MeNPOC and NPPOC fairly long irradiation
times are required during which undesired photoreactions
may take place.

Sensitization is a suitable method to improve the light
sensitivity of weakly absorbing photolabile protecting
groups.""'? By using the triplet sensitizer thioxanthone to
sensitize the photocleavage of NPPOC it has been possible to
significantly improve the rate of photodeprotection in homo-
geneous solution as well as on a chip.'! In this case, most of
the light energy is absorbed by the sensitizer and can be
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transferred to the protecting group if an encounter with a
triplet-excited sensitizer molecule takes place during the
lifetime of the latter. Diffusion is the limiting factor for the
effectiveness of energy transfer under such intermolecular
sensitization conditions. Various examples of intramolecular
triplettriplet energy transfer have been described.!'’]

In this communication, we report the development of
novel photolabile protecting groups wherein a diffusion-
independent enhancement of light sensitivity is achieved by
covalently linking the protecting group to a sensitizer
chromophore.'¥ Recently the enhancement of photolysis of
a photolabile protecting group by a covalently linked antenna
molecule was also reported by the group of Corrie.!"

The syntheses of the compounds shown in Scheme 2 have
been described.®! Except for compound 7, the linkage of the
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Scheme 2. Overview of the discussed compounds. R=5"-O-thymidinyl.

o-nitrophenyl and thioxanthone chromophores at different
positions and with different linkers was achieved by C-C
coupling reactions (Sonogashira, Heck, Suzuki). For synthe-
sizing the protected thymidines (R =5"-O-thymidinyl) con-
nected to the protecting group by means of a carbonate
bridge, the free alcohols (R=H) were first treated with
phosgene or phosgene substitutes and then with thymidine.

Figure 1 shows the absorption spectra of the protected
thymidines. Except for compound 6, the absorptions are
essentially determined by the thioxanthone moiety. Signifi-
cant spectral changes in the substituted thioxanthones appear
in the second absorption band for the 2-vinyl- and the 2-
ethynyl-substituted derivatives. The NPPOC chromophore
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Figure 1. Absorption spectra of compounds 1-7 in methanol.

contributes only a fairly weak absorption; the thymidine
moiety does not absorb at all in the spectral range shown.
Compound 6 is the only one exhibiting a direct electronic
coupling between the two chromophores through the -
electron system. As a result of the thioxanthone moiety the
bichromophoric protecting groups 2-5 and 7 exhibit absorp-
tion coefficients at 366 nm 15 times higher, and compound 6
even about 35 times higher, than that of the NPPOC
protecting group 1. Thus, for unchanged photochemical
quantum yield, an approximately 15 or 35 times higher light
sensitivity would result. To test this expectation, the thymi-
dines capped with the new protecting groups were subject to
continuous irradiation for defined periods of time (condi-
tions: 0.05 and 0.15 mm in methanol, photon irradiance about
2x107® Einsteincm ?s™' as determined by azobenzene acti-
nometry!'). The products were separated by HPLC and
analyzed by UV/Vis spectrometry. The decay kinetics of the
starting compound is described by the rate law given in
Equation (1). Here [, represents the photon irradiance, F the

_10-40
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illuminated cross section, d the optical path length, V the
volume of the solution, A(7) the absorbance of the solution
after irradiation time ¢, ¢ the molar absorption coefficient of
the protected compound, c its concentration, and ¢ the
quantum yield of the photodeprotection reaction. The
quantum yield ¢ is determined by fitting the result c(f) of
the numerical integration of Equation (1) to the observed
time dependence (Figure 2a).

The data in Table 1 indicate that the quantum yields of the
bichromophoric protecting groups are somewhat lower than
that of the NPPOC protecting group. However, this reduction
of the quantum yield is overcompensated by the increased
absorption coefficient such that the resulting overall enhance-
ment of light sensitivity reaches a factor of up to 21 at 366 nm
and 25 at 405 nm. For compounds 4-7 the yields of depro-
tected substrate range from 66 to 92% (Table 1). A further
improvement of these values by systematic optimization of
the reaction conditions should be possible. The poor thymi-
dine yield of compounds 2 and 3 is a result of specific
photochemical side reactions. Whereas the major reaction of
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Figure 2. a) Decomposition kinetics of the protected thymidines 1-7
when continuously irradiated at A =366 nm. The photon irradiance I,
was on the order of 2x107% Einsteincm2s~". Data points were
calculated by integration of the HPLC peaks observed after the
corresponding irradiation times. Curves were fitted to the data points
according to Equation (1). b) Decay kinetics of the thioxanthone triplet
observed by transient absorption at 600 nm after ns laser flash
photolysis (excitation at 355 nm). No triplet signal could be observed
for compound 3.

compound 3 is a trans—cis isomerization, the main product
from compound 2 is a rearrangement product of identical
molar mass but with an as-yet unidentified structure.

Compounds 4 and 6 have already been tested for DNA-
chip synthesis. Under optimized conditions, the cycle times
could be reduced by a factor of 10 compared to the reaction
time with NPPOC-T (compound 1, R = 5'-O-thymidinyl). The
yield per synthesis cycle was about 90 %.

To prove that the increased light sensitivity is a result of an
intramolecular triplet energy transfer, nanosecond laser flash
spectroscopic experiments were performed. Transient absorp-
tion spectra as well as decay curves of the thioxanthone triplet
were recorded. Following the change of the transient absorp-
tion spectra in time, the triplet-triplet absorption decay as

Table 1: Spectroscopic and photochemical data for compounds 1-7.7

well as the formation of the aci-nitro form of the NPPOC
group, a known intermediate of the deprotection step of
NPPOC," could be detected.

In N,-saturated solution, the thioxanthone triplet lifetimes
for all bichromophoric compounds are much shorter than for
unmodified thioxanthone (see Figure2 and Table 1). The
combination of this finding and the similarity of the quantum
yields of sensitized and directly excited photoreaction of
NPPOC proves that triplet quenching arises mainly from
energy transfer. Not only the ground-state absorption spec-
trum of compound 6 (see Figure 1) but also its excited-state
absorption spectrum differs significantly from the corre-
sponding ones obtained for the other linked thioxanthones. In
6, the two chromophores are strongly coupled and therefore
cannot be regarded as independent. In this system, the
lifetime of the observed transient is presumably determined
by the intramolecular H-transfer step initiating the photo-
reaction. The photochemical quantum yield of 6 is compara-
ble to that of the other linked thioxanthone-NPPOC
conjugates connected by longer links with less direct coupling.

In aerated solution, molecular oxygen acts as triplet
quencher in a close-to-diffusion-controlled reaction and
reduces the triplet lifetime of all thioxanthone compounds
to a value in the 100-ns range. Since this process competes
with energy transfer it reduces the quantum yield of the
photocleavage. If intramolecular energy transfer is fast or, as
in compound 6, if the lifetime of the triplet is short because of
its fast reaction, the light sensitivity of the photoreaction
depends much less on the oxygen content in solution than
with a free triplet sensitizer. Therefore, the photokinetics of
compounds 4-6 are not very sensitive to the presence of
oxygen. This trend could also be demonstrated for the new
protecting groups under conditions of continuous illumina-
tion in aerated solution. The reduced sensitivity towards
oxygen is an important advantage for their application in the
industrial production of DNA chips because an oxygen-free
process would be technically more demanding.

Although the involvement of triplet—triplet energy trans-
fer has been clearly demonstrated for the new compounds, it
must be noted that sensitization of the photocleavage reaction
cannot be explained exclusively on the basis of this mecha-
nism. Such a conclusion follows from the observation of
considerable fluorescence quenching, particularly in the cases
with the shortest linkers, which is paralleled by a correspond-
ingly reduced amount of triplet formation, but which does not

-1

e[MTem™] ¢ ep[m'cm Thymidine yield 7 [us]
Cmpd. 366 nm 405 nm 366 nm 405 nm 366 nm 405 nm 366 nm 405 nm N,-sat. Air-sat.
1 250 <40 0.41 - 100 <40 0.90 - [b] [b]
2 3500 2700 0.42 0.38 1500 1000 0.21 0.33 1.05 0.18
3 3100 3400 0.08 0.05 250 170 0.27 0.38 [c] [c]
4 3800 2300 0.21 0.14 800 320 0.86 0.75 0.11 0.08
5 3900 2300 0.21 0.14 820 320 0.75 0.79 0.04 0.03
6 8200 2400 0.26 0.27 2100 650 0.66 0.89 0.13 0.12
7 4000 1800 0.09 0.09 360 160 0.92 0.82 3.6 0.22

[a] Molar decadic absorption coefficient ¢, photochemical quantum yield ¢, light sensitivity & ¢, deprotected thymidine yield, and triplet lifetime 7.
[b] For unsubstituted thioxanthone the triplet lifetime is 22.2 ps in N,-saturated MeOH and 0.18 pis in air-saturated MeOH. [c] No transient with a
lifetime in the nanosecond time range could be detected.

2977


http://www.angewandte.org

2978

go along with a decrease of the overall photochemical
quantum yield. Detailed investigations to clarify the under-
lying mechanism are in progress.

In summary, a series of novel, highly light-sensitive
photolabile protecting groups for light-controlled DNA syn-
thesis has been developed. In these compounds the NPPOC
protecting group is covalently linked to thioxanthone as an
intramolecular antenna. The photochemical kinetics of these
compounds under stationary irradiation conditions has been
quantitatively investigated, and photochemical quantum
yields as well as chemical yields of the photodeprotected
substrate were determined for thymidine as a model sub-
strate. The kinetics of triplet-triplet energy transfer between
the antenna molecule and the photolabile protecting group
has been investigated by laser flash spectroscopy. Besides
triplet-triplet energy transfer, a sensitization mechanism
involving the excited sensitizer singlet must be also involved,
particularly in the systems with short linkers. As a result of the
high light sensitivity of these new protecting groups, it should
be possible to reduce the production time for the photolitho-
graphic synthesis of high-density DNA chips.
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