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Materials, methods, and computational details

Chemicals

The chemicals 5-formyluracil, o,0'-bis(trimethylsilyl)thymine, 1,3-dibromopropane,
sodium hydride, iodomethane, trifluoroacetic acid and anhydrous N,N-
dimethylformamide were purchased from Sigma-Aldrich. 5-Formylcytosine was
purchased from Toronto Research Chemicals. Ethanol, methanol, acetonitrile,
dichloromethane and acetone of HPLC grade were purchased from Scharlau, whereas
water was purified using Milli-Q system (IQ 7000, Merck). Phosphate buffered saline
(PBS) tablets were purchased from Sigma Aldrich and used to prepare PBS solutions in
Milli-Q water at pH 7.4 at 25°C. All chemicals were used as received without further

purifications.

General Procedures
Synthesis. Synthesis of the model Thy-Thy and its photoproduct Thy<>Thy was
performed following the procedure reported in the literature (ref D and F or G),

experimental details and NMR spectra are given in the Supporting Information.

Steady-State Photolysis. All irradiations were carried out in a mixture of MeCN:H>O
(1:1, v:v) under oxygen-free conditions at room temperature using 3 mL quartz cuvettes
of 1 cm optical path. Monochromatic irradiations (at Aexe= 310 nm) were run using a
xenon lamp (150 W) equipped with a monochromator from Photon Technology
International (PTI). The course of the photoreaction was followed by HPLC. All
irradiated samples were prepared using the same concentration of Thy-Thy (3.5 mM),
while the concentration of ForC was fixed at ] mM and the concentration of ForU (0.38
mM) was adjusted in order to obtain the same absorbance at the irradiation wavelength

(Aexc = 310 nm) as that of ForC.

UV-Vis spectrophotometry. The absorption spectra were registered with a single beam

spectrophotometer (Cary 50) using a quartz cell of 1 cm optical path.

Phosphorescence Emission. The phosphorescence experiments were performed using
ethanol solutions of ForU and ForC, adjusting their absorbance at ca. 0.8 (value

determined for a 1 cm optical path) at the excitation wavelength of 280 nm. Solutions
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were then transferred to quartz tubes of 5 mm diameter. The emission was measured at

77 K, with a gate time of 50 ps, and a delay of 500 ps.

Laser Flash Photolysis. Laser flash photolysis experiments were performed exciting at
266 nm, using the 4™ harmonic of a pulsed Nd:YAG laser (L52137V LOTIS TII) with a
pulse duration of 6-8 ns. The full system consists in a pulsed laser, a Xenon lamp (Lo
255 Oriel), a monochromator (Oriel 77200), a photomultiplier (Oriel 70705) and an
oscilloscope (TDS-640A Tektronic). The output signal from the oscilloscope was
transferred to a personal computer. All experiments were performed in a quartz cell of 1
cm optical path length. Concentration of each compound was adjusted in order to have
an absorbance of ca. 0.4 at 266 nm. Experiments were carried out in MeCN:H>O (1:1,
v:v) under N> atmosphere, solution was renewed after 5 shots in order to avoid
degradation of the sample. A laser intensity ranging from 20 to 25 mJ per pulse was
used.

The rate constants kq for TETT reactions were obtained from the Stern—Volmer plots.
Briefly, stock solutions of 12 mM Thy-Thy were prepared, so it was only necessary to
add microliters to the sample to obtain appropriate quencher concentrations. The
bimolecular rate constants, kq were obtained from the plots by using the following
equation:

T/t = 1 + kqto [Thy-Thy]
in which 1o is the lifetime of ForU or ForC in the absence of Thy-Thy and 7 is the

lifetime after the addition of a given quencher concentration [Thy-Thy].

HPLC. All irradiation mixtures were analyzed by HPLC equipped with a diode array
detector (DAD), for all chromatograms the detection wavelength was 240 nm. Samples
were analyzed using a reverse phase Mediterranea Sea C18 (25 mm A~ 0.46 mm, 5 um)
column, and the chromatographic conditions were an isocratic mixture of H>O (at pH 3,
adjusted with trifluoroacetic acid): acetonitrile (20:80, v:v) at a flow rate of 1 mL/min.
The injection volume was of 10 puL. The photodegradation yields of Thy-Thy were

determined from calibration curve using pure samples.

'TH NMR analysis. NMR spectra were recorded on a 300 MHz instrument.
Monochromatically irradiated samples (Aexe= 310 nm) of Thy-Thy with ForU or ForC in



MeCN:H,O (1:1, v:v) under oxygen-free conditions were analyzed by 'H NMR
spectroscopy after 1 h irradiation. The samples were dried under reduced pressure and
redissolved in CD3CN:D>O (1:1, v:v). The signal of HDO was used as reference with a
chemical shift of ca. 4.79 ppm. The photodegradation yield of Thy-Thy was determined
by comparing the integral of the singlet signal of H6 protons in Thy-Thy at 6 7.75 ppm
and Thy<>Thy at 6 4.35 ppm, same analysis was run with protons of methyl group at
N3 (6 3.71 and 3.47 ppm, respectively) and at C5 (6 2.25 and 1.80 ppm, respectively).

Computational details. Geometry optimizations on a n-stacked ForC-Thy model system
(Figure S1) were conducted using the density functional theory (DFT) method for the
ground state (So) and its time-dependent extension (TD-DFT) for the excited states (S:
and Ti), making use of the dispersion-corrected hybrid DFT/@wB97-XD functional and
the Pople 6-31+G** basis set, as implemented in the Gaussian 09 program.' The
Tamm-Dancoff approximation was used for all TD-DFT computations.?> Note that all
the calculations have been performed in gas-phase. As a general comment, while the
performance of the ®B97-XD exchange-correlation functional has been benchmarked
against ab initio CASPT2 computations in our previous work,’ the role of dispersion is
crucial since we are dealing with stacked dimers for which geometries obtained by non-
dispersion corrected functionals are largely inaccurate. This can be seen as a
supplementary argument in favor of the use of the ®B97-XD functional that natively
includes dispersion corrections. Finally, no conformational study has been performed
since the dimer has been built in such a way to reproduce the orientation of the two

chromophores in a B-DNA disposition.
A
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Figure S1. ForC-Thy model employed in the theoretical calculations.

Energies were recomputed on top of the optimized geometries by means of the

multiconfigurational complete-active-space self-consistent field/complete-active-space
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second-order perturbation theory (CASSCF/CASPT2) method and the ANO-S-VDZP
as implemented in the OpenMolcas software.* The CASSCF wave functions were built
distributing 14 electrons into 13 molecular orbitals [hereafter, CAS(14,13)]. The orbitals
are displayed in Figure S2. The active space is composed by the three most important ©
and ©* orbitals localized over each molecule, i.e. six p-like molecular orbitals of ForC
and 6 of Thy, and the lone pair on the oxygen of the aldehyde group of ForC. This
extension of the widely used CAS(12,12) for DNA nucleobase dimers®™ plus the
mentioned lone pair, to allow n,n* transitions, is chemically intuitive and has been
proved as accurate in the ForU-Thy system.!” Twelve singlet states and twelve triplet

states were computed in the state-average (SA)-CASSCF procedures.
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Figure S2. CASSCEF orbitals corresponding to the CAS(14,13) active space.

The necessary electron dynamic correlation has been computed at the CASPT2 level
using the CAS(14,13) wave functions as a reference. The original zeroth-order
Hamiltonian has been used throughout (IPEA=0.0 au), whereas an imaginary level shift

of 0.2 au has been used to avoid the presence of weakly intruder states.



Synthetic details and characterization of Thy-Thy and Thy<>Thy
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Scheme S1. Synthesis of methylated thymine dimer (Thy-Thy)

Synthesis of 1,1'-(propane-1,3-diyl)bis(5-methylpyrimidine-2,4(1H,3H)-dione) (1). To a
dry deaerated two necks round bottom flask fitted with a reflux condenser was added
0,0'-bis(trimethylsilyl)thymine (1 g, 3.7 mmol) and 6 mL of anhydrous
dimethylformamide. Then, 1,3-dibromopropane (0.19 mL, 1.8 mmol) was added and
the solution was stirred at 170 °C overnight. The resulting mixture was cooled to 0 °C
and 3 mL of methanol were added to obtain a white precipitate, that was washed with a
mixture of chloroform:methanol (1:1, v:v) and dried under vacuum. Finally, the pure
product 1 was obtained as a white solid and used as reaction intermediate without
further purification. Yield: 0.420 g (77%). 'H NMR (300 MHz, DMSO-ds): § (ppm)
11.21 (s, 2H), 7.52 (s, 2H), 3.65 (t, ] = 6.9 Hz, 4H), 1.92-1.87 (m, 2H), 1.74 (s, 6H).

Synthesis of 1,1'-(propane-1,3-diyl)bis(3,5-dimethylpyrimidine-2,4(1H,3H)-dione) (Thy-
Thy). Compound 1 (0.395 g, 1.34 mmol), NaH (0.07 g, 2.94 mmol) and 9 mL of
anhydrous dimethylformamide were added to a dry two necks round bottom flask fitted
with a reflux condenser. This mixture was stirred at room temperature for Ih.

Subsequently, the solution was cooled in an ice bath and then methyl iodide (Mel, 0.462



mL, 7.42 mmol) was added portionwise. The resulting mixture was stirred at 85 °C
overnight. Finally, the crude reaction was concentrated under reduced pressure and
purified by column chromatography (CH2Cl.:MeOH, 99:1) to give the pure product
Thy-Thy. Yield: 0.264 g (61%). 'H NMR (300 MHz, CDCls): § (ppm) 7.05 (s, 2H),
3.78 (t, J = 6.9 Hz, 4H), 3.33 (s, 6H), 2.13-2.04 (m, 2H), 1.92 (s, 6H).!*C NMR (75
MHz, CDCl3) 6 ppm: 163.8 (2CO), 151.8 (2CO), 137.9 (2CH), 110.3 (2C), 46.8
(2CH>»), 28.7 (CH>), 28.1 (2CH3), 13.1 (2CH3).
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Scheme S2. Synthesis of cyclobutane dimer of Thy-Thy (Thy<>Thy)

Synthesis of 5,6a,6b,8-tetramethylhexahydro-1H-3a,5,8,9a-

tetraazacycloheptafdef] biphenylene-4,6,7,9(5H,8H)-tetraone (Thy<>Thy).

0.02 g (0.034 mmol) of compound 2 was dissolved in acetone (30 mL). This solution
was split up among three pyrex tubes which were irradiated with a medium pressure
mercury lamp (750 W). The solvent was evaporated to give the pure product 3. Yield
0.02 g (> 98 %). 'H NMR (300 MHz, CDCI3) & ppm: 4.44 (m, 1H), 4.39 (m, 1H), 3.75
(s, 2H), 3.11 (s, 6H), 2.68 (m, 2H), 2.29 (m, 1H), 1.61 (m, 1H), 1.56 (s, 6H). *C NMR
(75 MHz, CDCl3) 6 ppm: 169.0 (2CO), 151.5 (2CO), 60.0 (2CH), 49.1 (2CH>), 46.0
(20), 28.2 (2CH3), 23.9 (CH»), 21.3 (2CH3).



Supplementary Figures S3-S8
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Figure S3. Normalized UV-vis absorption spectra of 5-formyluracil (ForU, red) and 5-
formylcytosine (ForC, green) in MeCN:H>O (1:1, v:v).
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Figure S4. Phosphorescence emission spectra of S-formyluracil (ForU, red) and 5-
formylcytosine (ForC, green) in EtOH at 77 K (Aexc = 280 nm).
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Figure S5. Decays of ForC in deaerated MeCN:H>O (1:1,v:v) at 440 nm after the laser
pulse at 266 nm in the presence of different Thy-Thy concentrations (from 0 to 0.08
mM).
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Figure S6. 'H NMR (D0:CDsCN, v:v, 300 MHz) of pure Thy-Thy (blue line) and

Thy<>Thy (red line)
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Figure S7. "H NMR spectrum in D,O/CD3CN (1:1, v:v) of the 60 min irradiation at 310
nm of ForC:Thy-Thy (1 mM:3.5 mM, top) and ForU:Thy-Thy (0.38 mM:3.5 mM,
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Figure S8. HPLC chromatograms registered at 240 nm for monochromatic irradiation
(Aexe= 310 nm) from 0 to 60 min of Thy-Thy (3.5 mM) in HoO:MeCN (1:1, v:v) alone
(bottom) or in the presence of ForU (0.38 mM, up)
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ForC-Thy spin-orbit couplings

Spin-orbit-couplings (SOCs) between the most relevant singlet and triplet states of the
ForC-Thy system were computed by means of the restricted-active-space state
interaction method'"!? using the atomic mean field approximation,'*!* as described in
detail elsewhere.!>'® The SOC values were computed between twelve singlet and
twelve triplet states, and the results are summarized in Table S1.

Table S1. SOC values (in cm™) between the most relevant singlet and triplet states of
ForC-Thy. The nature f the states is shown in Figure 9 of the main text.

SEXC,y SEXC, 3(0,T*)Forc
So min
1(n,m*)Forc 6.6—18.9 5.6—-16.1 ~0.1
(7, T )Forc 0.1 0.1 2.1-5.0
Y70y ) Thy 0.1 0.1 0.5-14
l(n,n*)Forc min
1(n,m*)Forc 14.7-42.8* 0.2-0.7° 2.9-79
(7, t*)Forc 1.8-3.4 0.0 3.3-9.1
Y70y ) Thy 0.2-0.5 0.0-0.1 1.0-2.8
SEXC; min
1(n,m*)Forc 4.2-11.1 10.0-26.1 1.0-2.4
(7, t*)Forc 0.3-04 0.4-1.5 0.1-0.3
(0% ) Thy 1.6-4.2 44-114 2.5-6.3

@ At this (n,m*)rorc min geometry, the first triplet state can be labelled as 3(r,n*)rorc. The relatively high
SOC value with the !(n,p*)roc state is coherent with this fact.

b At this '(n,n*)rorc min geometry, the second triplet state can be labelled as 3(m,m*)ny. The low SOC
value with the '(n,p*)ro:c state is coherent with this fact.
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Cartesian coordinates of the ForC-Thy model

So min (DFT/0B97-XD)
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