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ABSTRACT: Formal hydrogen atom abstraction from the
nitrogen−hydrogen bonds in purine nucleosides produces
reactive intermediates that are important in nucleic acid oxida-
tion. Herein we describe an approach for the independent
generation of the purine radical resulting from hydrogen atom
abstraction from the N6-amine of 2′-deoxyadenosine (dA•). The
method involves sequential Norrish Type I photocleavage of
a ketone (7b) and β-fragmentation of the initially formed alkyl
radical (8b) to form dA• and acetone. The formation of dA• was followed by laser flash photolysis, which yields a transient with
λmax ≈ 340 nm and a broader weaker absorption centered at ∼560 nm. This transient grows in at ≥2 × 105 s−1; however,
computations and reactivity data suggest that β-fragmentation occurs much faster, implying the consumption of dA• as it is
formed. Continuous photolysis of 7b in the presence of ferrous ion or thiophenol produces good yields of dA, whereas less
reactive thiols afford lower yields presumably due to a polarity mismatch. This tandem photochemical, β-fragmentation method
promises to be useful for site-specific production of dA• in nucleic acid oligomers and/or polymers and also for the production
of aminyl radicals, in general.

■ INTRODUCTION

One-electron oxidation of purine nucleotides plays an impor-
tant role in nucleic acid oxidation.1 Chemists have primarily
focused on the corresponding radical cations, especially that of
2′-deoxyguanosine (dG) and to a lesser extent of 2′-deoxy-
adenosine (dA), and their electron transfer chemistry.2−6 Less
is known about the reactivity of the formal hydrogen atom
abstraction products (e.g., dG·, dA•) formed upon deprotona-
tion of the radical cations (e.g., 1, Scheme 1), although it seems
clear that they do not react with O2.

7 Although direct formation
of neutral purine radicals by hydrogen atom abstraction by
hydroxyl radicals during γ-radiolysis is generally agreed to be
unfavorable, a sequential addition−elimination process (such as
through 2) can produce these species.8,9 The neutral purine
radicals are also decomposition products of chloramines
(e.g., 3) that are formed upon reaction with hypochlorite
produced by myeloperoxidase as part of the inflammatory
response.10 Although independent generation of radical
intermediates has been very useful for improving our under-
standing of nucleic acid oxidation, progress in elucidating the
chemistry of purine oxidation has lagged that of other DNA
and RNA components.11 To learn more about the reactivity
of the 2′-deoxyadenosin-N6-yl radical (dA•), we developed a
photochemical method to produce this reactive species in
aqueous solvent.
Purine radicals are considerably more stable than the

respective one-electron oxidized pyrimidines, and the reduction

potential of dG· is ∼3 kcal/mol lower than that of dA•.12
Although the pKa of 1 is a subject of debate, computations and
spectroscopic experiments indicate that it is less than 4.2 and
possibly as low as −1, indicating that the nucleoside of the
radical cation exists entirely as dA• at neutral pH.13−16 The
protonation state within duplex DNA is more complicated due
to delocalization of the “hole” associated with the radical cation
as a result of base stacking.5,17,18 Furthermore, deprotonation
from the base-paired thymidine, which avoids dA• formation,
appears to be kinetically favored when 1 is produced in duplex
DNA.19,20 Generation of dA• from 1 may quench hole
migration in DNA, yet this radical has also been proposed to
oxidize dG in dinucleotides and DNA.9,13 The reactivity of dA•
is underexplored. The rate constant for its reaction with molecular
oxygen has been reported to be as little as 5 × 102 M−1 s−1.7

However, measurements of its reactivity are complicated by its
rapid self-reaction (k ∼ 2 × 108 M−1 s−1) as well as reaction with
other species present under typical pulse radiolysis conditions.21

Disproportionation between two radicals may yield 8-oxo-2′-
deoxyadenosine (4) and dA. However, even if monomeric dA•
reacts via disproportionation, it is unlikely that such a process
would occur in DNA. The majority of studies on dA• have used
pulse radiolysis to generate the radical, which facilitated
spectroscopic detection of the radical at λmax = 340 nm, and a
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weaker broader absorption toward 600 nm.13,16 More recently,
Wagner independently generated dA• from phenylhydra-
zone precursors (e.g., 5) via UV-photolysis, enabling a more
thorough analysis of the radical’s reactivity in solution.22 We
wish to report our own efforts in characterizing the reactivity of
independently generated dA•. These studies are a necessary
and important prelude to examining the corresponding radical’s
reactivity within biopolymers. The method employed here
should also be useful for generating aminyl radicals, in general.

■ RESULTS AND DISCUSSION
Independent generation of nucleoside radicals and the
analogous nucleotide radicals in oligonucleotides has greatly
improved our understanding of nucleic acid oxidation. Several
nucleoside carbon centered radicals have been independently
generated photochemically.11 However, examples of studies on
the heteroatom radicals produced from purine oxidation are far
more limited. The 2′-deoxyguanosine radical (dG·) is reported
to have been produced via the N-hydroxypyrid-2(1H)-one (6)
and respective thione.23,24 As mentioned above, Wagner
produced dA• from phenylhydrazone 5, which concomitantly
generates an iminyl radical in a solvent cage.22 The formation of
the radical pair consumes some dA•, and less than 10% of the
precursor is converted after 1 h of photolysis.

We sought an alternative method to photochemically gen-
erate dA• in high yield that would potentially be compatible
with studying nucleobase radical reactivity within nucleic acids.
Photochemical methods for nitrogen radical generation are less
common than those for producing carbon radicals. Further-
more, our desire to carry out reactivity studies in water and
the redox properties of nucleic acids place constraints on the
methods that can be employed. For instance, N-hydroxypyr-
idine-2-thione oxycarbonyl compounds, commonly referred to
as PTOCs, are difficult to work with in water and would be
unstable to the alkaline conditions commonly used for depro-
tecting oligonucleotides prepared by solid phase synthesis.25

Photoinduced electron transfer processes were not pursued
because of the possible secondary reactions with nucleobases in
oligonucleotides. The coordination compounds frequently used
are strong reducing agents in the excited state, but the ground
states of the oxidized complexes are very strong oxidants that
will react with nucleic acids.26,27 Furthermore, these reactions
are often carried out at higher concentrations of reactants than
are typically used in nucleic acid experiments.

Attempted Photochemical Generation of dA• and
Isobutylene via Sequential Norrish Type I Photocleavage,
β-Fragmentation. Norrish Type I photochemical cleavage of
ketones has been used successfully to generate a number
of DNA and RNA carbon radicals in high yield.11,28−34 We
envisioned combining the Norrish Type I photocleavage of a
ketone with β-fragmentation to generate dA• (Scheme 2).
Amino ketone 7a was an attractive potential precursor due to
its anticipated robust stability and the reliability of the Norrish
Type I photocleavage of benzyl ketones. The feasibility of
β-fragmentation from 8a to yield dA• and isobutylene was
uncertain, as there were conflicting reports in the literature.
Contrary to research described by Tsanaktsidis, Newcomb
reported that the rate constant for generating a dialkylaminyl
radical via ethylene elimination was ∼4 × 104 s−1 at 27 °C.35,36

However, subsequent experimental and computational experi-
ments argued against aminyl radical formation via alkyl radical
β-fragmentation.37,38 If the β-fragmentation rate constant
reported by Newcomb was correct the sequential process

Scheme 1. Formation of dA•
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(Scheme 2) would provide a source of dA• under anaerobic
conditions (due to trapping of the alkyl radical by O2).
Despite the uncertainty of success of the β-fragmentation, 7a

was pursued for the aforementioned reasons. Ketone 7a was
readily prepared using the method for synthesizing N6-purine
derivatives developed by Lakshman (12, Scheme 3).39 The
requisite amine (11) was synthesized starting from isobutyr-
onitrile using a previously reported approach.40 The nitrile
was reduced following initial formation of the β-substituted
ketone (9), which also reduced the ketone. After protecting the
amine (10) the ketone was restored prior to removing the amine
protecting group in 11. Displacement of the O-benzotriazole
group in 12 was carried out at room temperature with
∼2.4 equiv of 11 to provide the protected form (13) of 7a.
Photolysis of 7a by broad-band irradiation (λmax = 350 nm)

did not yield detectable amounts of dA under either aerobic or
anaerobic conditions. Low yields of 14 and 15 were identified
by LC/MS following photolysis under aerobic conditions

(Scheme 4). These products may result from O2 interception
of intermediates produced upon irradiation. Similarly, 16 was
detected by LC/MS following anaerobic photolysis in the
presence of β-mercaptoethanol (BME, 10 mM). As expected
based upon the independent studies by Tsanaktsidis and
Van Speybroeck, these results suggested that β-fragmentation
from 8a is too slow to generate dA•.

Photochemical Generation of dA• via Sequential
Norrish Type I Photocleavage, β-Fragmentation of an
Alkoxyamine. Replacing the methylene group in 8a with
oxygen (8b, Scheme 2) increases the thermodynamic driving
force for β-fragmentation to dA• by producing a stronger
carbon−oxygen double bond and requiring cleavage of a
weaker nitrogen−oxygen bond.41 Contrary to the above, ample
experimental precedent exists for this process. For instance,
Begley estimated that the rate constant for a similar β-frag-
mentation to form a hydroxamate radical is >2 × 108 s−1.42

Scheme 2. Tandem Norrish Type I, β-Fragmenation Generation of dA•

Scheme 3. Synthesis of Photochemical Precursor 7aa

aKey: (a) LiHMDS, ethyl phenylacetate, THF; (b) LiAIH4, THF; (c) Boc2O, DCM; (d) PCC, DCM; (e) TFA, DCM; (f) 12, THF; (g) Et3N·3HF,
THF.

Scheme 4. Trapping of Norrish Type I Cleavage Intermediates from 7a
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In addition, related approaches have been used for generating
nitrogen radicals under radical chain conditions.43,44

The approach employed for synthesizing 7a was unsuccessful
for preparing 7b because the activated benzotriazole (12) was
not displaced by the corresponding alkoxyamine. Consequently,
N-hydroxylamine (18) was prepared from the bromide (17)
and its conjugate base was reacted with α-bromoketone (21,
Scheme 5).45 The tert-butyl bromoketone (21) was prepared
from β-ketoester 19 via decarboxylation (20) and bromination.46

N-Hydroxylamine 18 was also used to prepare potential
photolysis products 22 and 23. Purification of 18 and 22
required washing with EDTA to remove unknown metals that
bound the product and produced an intensely colored product.

Ketone 7b exists as a mixture of tautomers (Figure 1A).
The iminyl tautomer (7b-im) is slightly favored in CDCl3
(Figure 1B), but dominates in CD3CN (Figure 1C) and protic
solvents (not shown). The protons in the aminyl tautomer
appear downfield in the spectrum relative to the corresponding
protons in 7b-im, as expected based upon the loss in
aromaticity in the latter, and consistent with trends reported
in the literature.47 The relevance of the tautomeric equilibrium
to the photochemistry of 7b is discussed below.
Laser flash photolysis of 7b with the 308 nm emission of a

nanosecond-pulsed XeCl excimer laser was carried out to
obtain direct evidence for the transient formation of the aminyl
radical dA•. Disappointingly, photolysis in several solvents
(e.g., acetonitrile, MeOH, aqueous buffer) did not afford any
detectable transients in our system (∼12 mJ/pulse). We
suspected that our failure to detect dA• was due to a low
quantum yield for 7b disappearance, which was measured using
a structurally related ketone, 2-hydroxy-2-methylpropio-
phenone, as an actinometer (eqs 1, 2). We determined
Φ = 0.0015 for the disappearance of 7b, which led us to
explore photosensitization conditions.

=
Φ
n

t
Light flux actinometer conversion

actinometer photolysis (1)

Φ =
− ×

n

t1 (Light flux)T7b
7b conversion

%
100 photolysis (2)

Addition of low triplet energy sensitizers (e.g., benzophenone)
also did not yield detectable transients. However, photolysis in
the presence of acetone (200 mM in acetonitrile) yielded a
prominent peak centered around 340 nm and a broader, weaker
peak that stretches from 500 to 600 nm (Figure 2A). These data
are consistent with previously reported spectra of dA•, which
also feature a broad absorbance centered around 590 nm.13,21

Since the alkoxyamine 7b is in equilibrium with the oxime ether
(7b-im), we calculated the UV−vis spectra of both the expected
aminyl radical dA• and that of its iminyl tautomer (dA•-im)
(Figure 2B). The calculations, using a N9-methyladenine
analogue of dA• and dA•-im, indicate that the iminyl tautomer
(24-im) is 13.0 kcal/mol higher in energy in the gas phase than
the aminyl tautomer (24) (Figure 3).48 These calculations also
indicate that the observed transient is unlikely to correspond to
the iminyl radical, which lacks a long wave absorption; if the
iminyl radical is formed it must rapidly isomerize to dA•.
The accumulation of signal at or around 340 nm was

attributed to β-fragmentation of the intermediate alkyl radical
8b to produce dA•. Intermediate 8b is not expected to absorb

Scheme 5. Synthesis of Photochemical Precursor 7ba

aKey: (a) NH2OH−HCl, Et3N, THF; (b) 21, NaH, THF; (c) Et3N·3HF, THF; (d) HOAc−HCl, Δ; (e) Br2, HOAc, Δ.

Figure 1. Solvent dependent tautomerization of 7b. (A) Amine (7b)
and imine (7b-im) tautomers. (B) 1H NMR in CDCl3. (C)

1H NMR
in CD3CN.
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strongly above 300 nm, and its formation is presumably too fast
to detect on this time scale. The rate constant for formation
of dA• was fit to first-order growth kinetics, yielding a rate
constant of (2 ± 2) × 105 s−1 (Figure 2A), more than 104- and
107-fold slower than that computed from either 24 or 24-im,
respectively (Figure 3). The rate constant derived from the
growth rate of dA• is likely underestimated due to the relatively
fast concurrent consumption that suppresses the transient
signal. Indeed, if the rate constant of the β-fragmentation was
only ∼105 s−1, reaction with O2 would be competitive (k[O2] ≈
106 s−1), which does not appear to be the case (vide inf ra).49

Once the absorption at 340 nm reaches a maximum intensity
around 80 μs, the transient slowly decays with a half-life of
ca. 200 μs (Figure 4). This decay could not be fit to a second-
order function, indicating that multiple decay paths are available
to the radical under these conditions. Attempts to direct this
along the path of reduction of dA• by H atom transfer from

thiophenol (vide inf ra) were unsuccessful. Unfortunately, the
phenylthiyl radical absorbs in this region, which may be pro-
duced in this experiment by the desired H atom transfer,
H atom donation to the acetone triplet, and photolysis of
residual diphenyldisulfide in the thiophenol.
In an attempt to slow the decay of the aminyl radical (dA•)

and possibly obtain cleaner decay kinetics we carried out

Figure 2. (A) Transient absorption spectrum obtained 40 μs after photolysis of a solution of 7b (0.2 mM) in acetonitrile containing acetone
(200 mM). Inset: growth of absorption at 340 nm. (B) Calculated absorption spectra for dA• and its iminyl tautomer (dA•-im) (TD-B3LYP/6-
311++G(d,p)).

Figure 3. Calculated transition state structures for the fragmentation reactions of 24 and 24-im (energies given in kcal/mol).

Figure 4. Transient absorption traces of a solution of 7b (0.2 mM) in
acetonitrile and different mixtures with buffer (phosphate 10 mM,
pH 7.4) in the presence of acetone (200 mM) at 340 nm.
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photolyses of 7b in acetonitrile-buffer mixtures. Unfortunately,
this led to a significant reduction in signal intensity (Figure 4).
This is consistent with the shorter lifetime of the acetone triplet
state in aqueous solution as compared to acetonitrile, rendering
photosensitization less efficient and precluding generation of
radical 8b.50 This hypothesis is also consistent with photo-
chemical conversion of 7b during continuous irradiation in
various solvent conditions (Table 1). We found that 7b is

converted approximately 3 times more efficiently upon broad-
band UV-irradiation (λmax = 350 nm) in acetonitrile than in
phosphate buffer. Acetone enhances the photoconversion
efficiency in both solvents, notably more than 6-fold in
acetonitrile, the conditions under which laser flash photolysis
experiments were most successful.
Trapping Studies of dA•. The majority of product studies

involving the photolysis of 7b were carried out in phosphate
buffer to mimic the conditions under which dA• would be
produced in DNA. A more limited number of experiments
were carried out in acetonitrile to correlate product studies with
the above LFP experiments. Inferential support for the inter-
mediacy of dA• was gleaned from the detection of the oxidized
spin trapping product 25 by LC/MS, but formation of dA
served as the strongest evidence for formation of the nucleoside
radical.51 Modest yields of dA were formed following photolysis
of 7b in aqueous buffer under aerobic or anaerobic conditions
in the absence of an exogenous reducing agent (Table 2).

The yield almost doubled under anaerobic conditions in the
presence of Fe(NH4)2(SO4)2 (10 mM) and increased further
when the concentration of 7b was decreased to 25 μM from
100 μM. Photolysis of 7b (0.1 mM) in acetonitrile in the
absence of exogenous reductant generated dA in 54 ± 1%

(3 replicates) and an identical mass balance. The decreased dA
yield and mass balance in the absence of reductant could be due
to a reaction between dA• and 7b. The increased yield of dA
and mass balance when the concentration of 7b is decreased
is consistent with this proposal. Under aerobic conditions,
2′-deoxyinosine (dI) was also formed in yields (11.6 ± 0.7%)
comparable to those reported by Wagner upon irradiation
of 5.22 A comparable transformation has also been detected in
the reactivity of the N4-amino radical of 2′-deoxycytidine.52
However, computational studies do not provide a kinetically
favorable pathway for this process.53 It is similarly unclear how
dI is produced from dA•. The mass balance determined by the
amounts of 7b, dA, and dI varied from 73% to 86% in the
presence of a ferrous ion. Minor amounts of tert-butyl amide 26
and 27 were also detected under anaerobic conditions by
LC/MS and may be attributed to radical recombination
following Norrish Type I photocleavage.

The lack of an O2 effect on the yield of dA from 7b is
consistent with the slow reaction of dA• with this species.7

However, this also suggests that O2 does not compete with
β-fragmentation in 8b. The absence of detectable levels of 22,
a likely product resulting from O2 trapping of 8b in aqueous
solvent, is also consistent with rapid loss of acetone. Similarly,
β-mercaptoethanol (BME, as high as 0.5 M) does not trap 8b
to produce 23 under anaerobic conditions. These experiments
enable us to propose that β-fragmentation is significantly
greater than 106 s−1, and are consistent with the Begley’s results
for hydroxamate radical formation and the computational
studies described above.42 Moreover, there is no evidence for
BME trapping dA•. Increasing the BME concentration from
zero to 0.1 to 0.5 M has no effect on the yield of dA, and a
slight decrease in the mass balance (Table 1). In contrast,
cysteine (Cys) and glutathione (GSH) yield modestly higher
dA yields and increased mass balances. The greatest yield and
corresponding mass balance is observed when the even more
reactive thiophenol (PhSH) is employed. PhSH (10 mM) was
even more effective when 7b (0.1 mM) was photolyzed in
acetonitrile, where the yield of dA was 90 ± 5% and the mass
balance was 94 ± 5% (3 replicates). We suggest that the
correlation between increased mass balances and dA yields
are a consequence of multiple roles played by the thiol(s) in the
reaction, including preventing reactions between dA• and
precursor 7b, as well as other intermediates (e.g., tert-butyl
radical) produced upon photolysis.
The lower yield of dA in reactions in the presence of thiols

other than PhSH cannot be rationalized simply by consid-
eration of the corresponding bond dissociation energies. The
thiol bond strength in BME could be as low as 88 kcal/mol, and

Table 1. Photochemical Conversion Efficiency during
Continuous UV-Irradiation

solvent acetonea
hν time
(min) Conv (%)b

av conv rate
(% min−1)

aq bufferc − 60 30 ± 1 0.5
aq bufferc + 30 51.4 ± 0.2 1.7
CH3CN − 30 45.2 ± 0.2 1.5
CH3CN + 1 10 ± 1 10
a[Acetone] = 0.2 M. bAverage ± std dev of 3 experiments. cPhosphate
(10 mM, pH 7.2).

Table 2. Effect of Reaction Conditions on 2′-
Deoxyadenosine Yield from the Photolysis (4 h) of 7b in
Aqueous Buffer

[7b] (μM) O2 reductant (mM) % yield dAa % mass balance

100 − Fe2+ (10) 64 ± 1 76.9 ± 0.2
50 − Fe2+ (10) 69 ± 6 80 ± 5
25 − Fe2+ (10) 74 ± 2 86 ± 2
100 + Fe2+ (10) 62 ± 1 73 ± 1
100 − − 34 ± 4 50 ± 3
100 + − 27 ± 2 59 ± 2
100 − BME (100) 24 ± 2 51 ± 2
100 − BME (500) 26 ± 2 51 ± 2
100 − PhSH (10) 70 ± 2 84 ± 2
100 − Cys (10) 32 ± 1 63 ± 1
100 − GSH (10) 48 ± 3 73 ± 2

aAverage ± std dev of 3 experiments.
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the N6-H BDE is greater than 97 kcal/mol in 9-methylade-
nine.54−56 Hence, reduction of dA• by BME is thermodynami-
cally favorable. The slightly more favorable reactivity of dA• with
Cys and GSH could be due to a variety of factors, including
polarity of the thiol bonds. We suggest that the reactions
are kinetically controlled and are a consequence of a polarity
mismatch between the electrophilic dA• radical and the
polarity of the H donor. Nucleophilic aminyl radicals react
readily with alkyl thiols or PhSH.57 The rate constants for their
reaction with thiols are comparable to those of their alkyl
radical counterparts despite less favorable thermodynamics.
However, the aminyl radical in dA• is conjugated to the
electron-withdrawing purine ring, which increases its elec-
trophilic character. The reactivity of dA• is more similar to an
amidyl radical than an alkylamine radical. Amidyl radicals react
more rapidly with electron-rich donors, such as Bu3SnH
than even PhSH.58 Hence, the kinetic recalcitrance of dA• to
react with thiols other than PhSH may be due to polarity
mismatching between the electrophilic radical and the relatively
electronegative hydrogen atom donor (compared to other
donors such as Bu3SnH).

57,59 Unfortunately, testing this hypo-
thesis by examining the reaction of dA• with Bu3SnH is
not possible due to the incompatible nature of the reactants’
solubilities.

■ CONCLUSIONS

Tandem Norrish Type I, β-fragmentation effectively produces
the nucleobase radical resulting from formal H donor abstrac-
tion from the N6-amino position of dA (dA•). dA• is directly
observed via laser flash photolysis under photosensitization
conditions. Photosensitization by acetone improves the efficiency
of Norrish Type I photocleavage of 7b but is not necessary for
producing dA•. β-Fragmentation of the intermediate radical
formed via the photocleavage reaction (8b) is very rapid, and
there is no evidence for trapping it even in the presence of O2. In
the presence of an appropriate reductant, high yields of dA are
generated upon direct irradiation. Thiols such as β-mercaptoe-
thanol are ineffective reductants of dA•, whereas PhSH and a
ferrous ion successfully trap the radical. Inefficient trapping of
electrophilic aminyl radical dA• by thiols is attributed to polarity
mismatch between the reactants. Product studies carried out in
the presence of an appropriate reducing agent reveal that the
nonsensitized photocleavage, β-fragmentation process produces
dA• with high fidelity. This method should be applicable to
independent generation of neutral purine radicals derived
from dG and generally useful for photochemical generation
of nitrogen-centered radicals. Finally, precursor 7b should be
compatible with solid-phase oligonucleotide synthesis methods,
which will facilitate determining the reactivity of dA• in DNA, of
which little is known.

■ EXPERIMENTAL PROCEDURES
General Methods. Triethylamine, DMF, and DCM were distilled

from CaH2 under Ar or under an appropriate vacuum. THF was
distilled from Na under Ar. All other reagents were purchased from
commercial sources and were used without further purification unless
noted otherwise. All reactions were carried out under a positive
pressure of argon atmosphere and monitored by TLC on Silica Gel
G-25 UV254 (0.25 mm) unless stated otherwise. Spots were detected
under UV light and/or by an ethanolic solution of p-anisaldehyde, an
aqueous solution of ammonium molybdate, ceric ammonium sulfate,
or KMnO4. Column flash chromatography was performed with
Silicycle grade 70−230 mesh, 60−200 μm, 60 Å silica. The ratio

between silica gel and crude product ranged from 100:1 to 20:1
(w/w).

Preparation of 9. HMDS (3.2 mL, 15.0 mmol) was added to a
solution of n-butyl lithium (14.5 mmol, 11 mL) at −78 °C in THF
(7 mL), and the mixture was stirred at this temperature for 1 h.
Isobutyronitrile (966 mg, 14.0 mmol) in THF (5 mL) was slowly
added to the solution. The solution was stirred for 1 h at which time
ethyl phenylacetate (2.228 g, 14.0 mmol) in THF (10 mL) was added.
The mixture was allowed to warm up to room temperature and stirred
overnight. The reaction was quenched with MeOH at room
temperature, concentrated under vacuum, and purified by flash
chromatography. Elution with 20% ethyl acetate in hexane gave 9 as
a colorless oil (597 mg, 22%). 1H NMR (300 MHz, CDCl3) δ 7.45−
7.18 (m, 5H), 4.10 (s, 2H), 1.52 (s, 6H). 13C NMR (75 MHz, CDCl3)
δ 201.7, 132.8, 129.7, 128.7, 127.4, 121.9, 45.2, 43.9, 23.9. IR (KBr
plate) 2998, 2902, 2856, 2344, 1721, 792, 713 cm−1. HRMS (FAB-
double focusing magnetic sector) C12H14NO

+ (M + H)+ calcd
188.1075, found 188.1072.

Preparation of 10. A solution of 9 (168 mg, 0.9 mmol) in THF
(1 mL) was added dropwise to a suspension of LiAlH4 (36 mg,
0.95 mmol) in THF (1 mL) over 2 min at 0 °C. The ice bath was
removed, and the reaction was stirred at room temperature for 4 h.
The reaction mixture was poured into THF/H2O (1:1, 1 mL) at 0 °C,
stirred at 80 °C for 10 min, and then filtered through Celite. The
filtrate was extracted with DCM (3 × 10 mL), and the organic layers
were combined, dried over Na2SO4, and concentrated under vacuum
to give 4-amino-3,3-dimethyl-1-phenylbutan-2-ol. 4-Amino-3,3-
dimethyl-1-phenylbutan-2-ol was used without further purification.
A solution of di-tert-butyl dicarbonate (207 mg, 0.95 mmol) in DCM
(2 mL) was added to a solution of 4-amino-3,3-dimethyl-1-
phenylbutan-2-ol in DCM (2 mL) at 0 °C and stirred at room
temperature overnight. The reaction mixture was poured into water
and extracted with DCM (3 × 10 mL), dried over Na2SO4, and
concentrated under vacuum. The residue was chromatographed on
silica gel and eluted with 25% ethyl acetate in hexane to give 10 as a
colorless oil (188.7 mg, 72% over two steps). 1H NMR (400 MHz,
CDCl3) δ 7.27 (m, 5H), 5.26 (t, J = 6.2 Hz, 1H), 3.53 (d, J = 9.2 Hz,
1H), 3.39 (dd, J = 14.1, 7.2 Hz, 1H), 3.26 (s, 1H), 2.81 (dd, J = 21.6,
9.1 Hz, 2H), 2.56 (dd, J = 13.8, 10.5 Hz, 1H), 1.44 (s, 9H), 0.97 (d, J =
7.5 Hz, 6H).13C NMR (75 MHz, CDCl3) δ 146.3, 139.6, 129.1, 122.8,
119.4, 87.9, 84.5, 72.1, 62.9, 40.6, 25.9, 25.8, 18.4, 18.0. IR (KBr plate)
3457, 3398, 2970, 2934, 2859, 1719, 1685, 792, 743, 729 cm−1. HRMS
(FAB-double focusing magnetic sector) C17H28NO3

+ (M + H)+ calcd
294.2069, found 294.2065.

Preparation of t-Boc-Protected-11. A solution of 10 (153 mg, 0.52
mmol) in DCM (2 mL) was added to a solution of pyridine (60 mg,
0.75 mmol), PCC (162 mg, 0.75 mmol), and Celite (1.3 g) in DCM
(2.5 mL). The reaction mixture was refluxed for 6.5 h. After quenching
excess PCC with isopropanol (5 mL), diethyl ether (20 mL) was
added to the solution. The reaction mixture was filtered through Celite
and concentrated under vacuum. The residue was chromatographed
on silica gel and eluted with 25% ethyl acetate in hexane to give t-Boc-
protected-11 as a light yellow oil (137.6 mg, 90%). 1H NMR
(400 MHz, CDCl3) δ 7.34−7.27 (m, 2H), 7.27−7.20 (m, 1H), 7.15
(dd, J = 7.7, 0.9 Hz, 2H), 4.95 (s, 1H), 3.78 (s, 2H), 3.25 (d, J =
6.6 Hz, 2H), 1.41 (s, 9H), 1.22 (s, 6H). 13C NMR (75 MHz, CDCl3):
δ 212.7, 156.3, 134.4, 129.7, 128.5, 126.9, 79.1, 49.4, 48.0, 43.7,
28.4, 22.5. IR (KBr plate) 3387, 2975, 2935, 2849, 1760, 1697,
749, 735 cm−1. HRMS (FAB-double focusing magnetic sector)
C17H26NO3

+ (M + H)+ calcd 292.1913, found 292.1905.
Preparation of 11. t-Boc-protected-11 (137.6 mg, 0.47 mmol) was

treated with DCM−TFA (1:1, 2 mL) for 1 h at 25 °C. The reaction
mixture was then poured in sat. NaHCO3 solution, extracted with
DCM (3 × 10 mL), dried over Na2SO4, and concentrated under
vacuum. The residue was chromatographed on silica gel and eluted
with 40% ethyl acetate in hexane to give 11 as a colorless oil (91 mg,
>99%). 1H NMR (300 MHz, CDCl3) δ 7.25 (m, 5H), 3.80 (s, 2H),
2.81 (s, 2H), 1.47 (s, 2H), 1.19 (s, 6H). 13C NMR (75 MHz, CDCl3)
δ 212.5, 134.6, 129.6, 128.4, 126.7, 53.5, 50.8, 49.9, 44.1, 22.4.
IR (KBr plate) 3391 (broad), 2963, 2925, 2854, 1700, 1043, 725, 696,
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667 cm−1. HRMS (FAB-double focusing magnetic sector) C12H18NO
+

(M + H)+ calcd 192.1388, found 192.1391.
Preparation of 13. Compound 1239 (59.8 mg, 0.1 mmol) and 11

(46 mg, 0.24 mmol) were stirred in THF (1 mL) at room temperature
overnight. The reaction was concentrated under vacuum and purified
by flash chromatography on a silica column. Elution with 3% MeOH
in DCM gave 13 as a white solid (53.9 mg, 83%). Mp 78−79 °C; 1H
NMR (400 MHz, CDCl3) δ 8.33 (s, 1H), 8.04 (s, 1H), 7.34−7.26 (m,
2H), 7.24 (dd, J = 5.1, 3.7 Hz, 1H), 7.18−7.12 (m, 2H), 6.42 (t, J =
6.5 Hz, 1H), 4.65−4.57 (m, 1H), 4.00 (dd, J = 7.5, 3.3 Hz, 1H), 3.90−
3.67 (m, 6H), 2.69−2.54 (m, 1H), 2.41 (ddd, J = 13.0, 6.1, 3.8 Hz,
1H), 1.32 (s, 6H), 0.91 (s, 9H), 0.91 (s, 9H), 0.09 (s, 6H), 0.08
(s, 3H), 0.08 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 212.2, 155.1,
152.8, 150.6, 138.2, 134.3, 129.6, 128.4, 126.8, 87.8, 84.2, 71.9, 62.8,
49.6, 43.7, 41.2, 26.0, 25.8, 22.6, 18.4, 18.0, −4.7, −4.8, −5.4, −5.5. IR
(KBr plate) 2953, 2928, 2855, 1708, 1613, 1471, 1252, 835, 777,
724 cm−1; HRMS (ESI-TOF) C34H56N5O4Si2

+ (M + H)+ calcd
654.3871, found 654.3871.
Preparation of 7a. Et3N·3HF (161 mg, 1.0 mmol) was slowly

added to 13 (65 mg, 0.1 mmol) in THF (1 mL). The reaction was
stirred at 25 °C overnight. The reaction was concentrated under
vacuum and purified by flash chromatography on a silica column.
Elution with 5% MeOH in DCM gave 7a as a white solid (37.0 mg,
87%). Mp 104−106 °C; 1H NMR (400 MHz, MeOH-d4) δ 8.29
(s, 1H), 8.23 (s, 1H), 7.34−7.03 (m, 5H), 6.43 (dd, J = 7.8, 6.0 Hz,
1H), 4.65−4.56 (m, 1H), 4.09 (dd, J = 5.5, 2.9 Hz, 1H), 3.97 (s, 2H),
3.86 (dd, J = 12.3, 2.9 Hz, 2H), 3.75 (dd, J = 12.3, 3.3 Hz, 1H), 3.43−
3.10 (m, 2H), 2.81 (ddd, J = 13.6, 8.0, 5.8 Hz, 1H), 2.41 (ddd,
J = 13.4, 6.0, 2.6 Hz, 1H), 1.32 (s, 6H). 13C NMR (101 MHz,
MeOH-d4) δ 211.1, 153.6, 150.5, 138.2, 133.3, 129.5, 127.9, 126.9,
126.3, 124.6, 87.0, 84.3, 70.2, 60.8, 48.0, 41.9, 38.7, 27.8, 20.0. IR
(KBr plate) 3279 (broad), 2928, 1610, 1580, 1473, 1228, 1111, 1071,
836, 774, 728 cm−1. HRMS (ESI-TOF) C22H28N5O4

+ (M + H)+ calcd
426.2141, found 426.2136.
Preparation of 20. Acetic acid−conc. HCl (1:1, 30 mL) was added

to 1946 (2.0 g, 10 mmol). The reaction was refluxed at 110 °C for 8 h.
The cooled reaction was quenched by saturated NaHCO3 solution and
extracted with DCM (30 mL × 3). The organic phase was dried over
Na2SO4. The organic phase was concentrated under vacuum to give 20
as an orange oil (1.75 g, >99%). 1H NMR (300 MHz, CDCl3) δ 3.12
(hept, J = 6.7 Hz, 1H), 1.14 (s, 9H), 1.03 (d, J = 6.7 Hz, 6H).
13C NMR (75 MHz, CDCl3) δ 220.1, 44.6, 33.8, 26.0, 20.1. IR (KBr
plate) 2973, 2936, 2874, 1732 cm−1.
Preparation of 21. Br2 (176 mg, 1.1 mmol) was slowly added to 20

(128 mg, 1 mmol) in HOAc (2 mL). The reaction was heated at 70 °C
for 5 h, poured into water, and extracted with EtOAc (5 mL × 3). The
organic phase was passed through a silica plug and then concentrated
under vacuum to yield 21 as a yellow oil (200 mg, 97%). 1H NMR
(400 MHz, CDCl3) δ 1.91 (s, 6H), 1.36 (s, 9H). 13C NMR (75 MHz,
CDCl3) δ 209.2, 62.3, 45.5, 31.9, 29.3. IR (KBr plate) 2981, 2876,
1733, 1699, 1263, 1194, 1145 cm−1.
Preparation of 18. TEA (1.01 g, 10 mmol) was added to

hydroxylamine hydrochloride (345 mg, 5 mmol) in THF (10 mL).
After stirring at room temperature for 30 min, 17 (270 mg, 0.5 mmol)
was added, and the reaction was refluxed at 65 °C overnight. The
reaction was concentrated under vacuum and purified by flash
chromatography on a silica column. Elution with 5% MeOH and 1%
Et3N in DCM gave 18 as a light purple foam. The sample was
dissolved in MeOH, and Na2−EDTA was added to the solution
followed by stirring at 50 °C until the purple color faded. The mixture
was cooled to room temperature and filtered to remove Na2−EDTA.
The organic phase was then concentrated under vacuum give a white
foam (143 mg, 58%). 1H NMR (300 MHz, MeOH-d4) δ 8.20 (s, 1H),
8.05 (s, 1H), 6.37 (t, J = 6.4 Hz, 1H), 4.69 (dt, J = 5.6, 4.0 Hz, 1H),
3.97 (dd, J = 7.8, 3.6 Hz, 1H), 3.86 (dd, J = 11.2, 4.5 Hz, 1H), 3.76
(dd, J = 11.2, 3.6 Hz, 1H), 2.75 (dt, J = 12.5, 6.1 Hz, 1H), 2.43 (ddd,
J = 13.1, 6.2, 4.2 Hz, 1H), 0.93 (s, 9H), 0.87 (s, 9H), 0.17−0.00
(m, 12H). 13C NMR (75 MHz, MeOH-d4) δ 149.7, 147.2, 145.9,
140.3, 139.5, 119.8, 89.2, 85.7, 73.4, 64.0, 41.6, 26.6, 26.5, 19.3, 19.0,
9.7, −4.2, −4.3, −5.1. IR (KBr plate) 3408 (broad), 2954, 2929, 2896,

2857, 1691, 1680, 1254, 1110, 837, 778 cm−1. HRMS (ESI-TOF)
C22H42N5O4Si2

+ (M + H)+ calcd 496.2775, found 496.2768.
Preparation of Bis-silylated 7b. NaH (60% in mineral oil, 28 mg,

0.7 mmol) was slowly added to 18 (335 mg, 0.7 mmol) in DMF
(7 mL). The reaction was stirred at 0 °C for 1 h, at which time 21
(290 mg, 1.4 mmol) was added at 0 °C. The reaction was stirred at
room temperature for 4 h, concentrated under vacuum, and purified by
flash chromatography on a silica column. Elution with 50% EtOAc in
hexanes gave bis-silylated 7b as a yellow foam (320 mg, 74%). 1H
NMR (400 MHz, MeOH-d4) δ 7.94 (s, 1H), 7.62 (s, 1H), 6.28 (t, J =
6.4 Hz, 1H), 4.69 (dd, J = 9.2, 3.9 Hz, 1H), 3.95 (dd, J = 7.7, 3.7 Hz,
1H), 3.84 (dd, J = 11.2, 4.5 Hz, 1H), 3.76 (dd, J = 11.2, 3.6 Hz, 1H),
2.73 (dt, J = 12.6, 6.1 Hz, 1H), 2.40 (ddd, J = 13.2, 6.3, 4.3 Hz, 1H),
1.48 (s, 6H), 1.25 (s, 9H), 0.93 (s, 9H), 0.88 (s, 9H), 0.14 (s, 6H),
0.07 (s, 3H), 0.04 (s, 3H). 13C NMR (101 MHz, MeOD) δ 218.4,
144.1, 140.5, 136.5, 118.8, 87.9, 87.2, 84.2, 71.9, 62.4, 43.8, 40.2, 27.9,
25.1, 24.91, 23.8, 17.9, 17.5, −5.9, −6.0, −6.8. IR (KBr plate) 2927,
1672, 1609, 1474, 1254, 1112, 832, 782, 662 cm−1. HRMS (ESI-TOF)
C30H56N5O5Si2

+ (M + H)+ calcd 622.3820, found 622.3820.
Preparation of 7b. Et3N·3HF (0.83 g, 5.2 mmol) was slowly added

to bis-silylated 7b (320 mg, 0.52 mmol), and the reaction was stirred at
25 °C overnight. The reaction was concentrated under vacuum and
purified by flash chromatography on a silica column. Elution with 5%
MeOH in DCM gave 7b as a yellow foam (163 mg, 59%). 1H NMR
(400 MHz, MeOH-d4) δ 8.01 (s, 1H), 7.64 (s, 1H), 6.45−6.17 (m,
1H), 4.60−4.40 (m, 1H), 4.02 (dd, J = 6.1, 3.2 Hz, 1H), 3.80 (dd, J =
12.2, 3.2 Hz, 1H), 3.75−3.67 (m, 1H), 2.77−2.62 (m, 1H), 2.39 (ddd,
J = 13.4, 6.0, 2.9 Hz, 1H), 1.48 (s, 6H), 1.24 (s, 9H). 13C NMR
(101 MHz, MeOH-d4) δ 218.4, 144.2, 140.5, 140.3, 137.1, 119.2, 88.3,
87.3, 85.3, 71.4, 62.1, 43.8, 40.6, 27.9, 23.8. IR (KBr plate) 3278
(broad), 2932, 1669, 1610, 1471, 1254, 1110, 837, 778, 665 cm−1.
HRMS (ESI-TOF) C18H28N5O5

+ (M + H)+ calcd 394.2090, found
394.2085.

Preparation of 22.60 Et3N·3HF (323 mg, 2.0 mmol) was slowly
added to 18 (99 mg, 0.2 mmol) in THF (2 mL). The reaction was
stirred at 25 °C overnight, concentrated under vacuum, and purified by
flash chromatography on a silica column. Elution with 10% MeOH in
DCM gave 22 as a light purple foam. The sample was dissolved in
MeOH, Na2−EDTA was added to the solution, and the reaction was
stirred at 50 °C until the purple color faded. The mixture was cooled
to room temperature and filtered to remove Na2−EDTA. The organic
phase was then concentrated under vacuum give a white foam
(37.5 mg, 70%). 1H NMR (400 MHz, MeOH-d4) δ 8.36 (s, 1H), 8.20
(s, 1H), 6.44 (dd, J = 7.9, 6.0 Hz, 1H), 4.58 (dt, J = 5.6, 2.7 Hz, 1H),
4.07 (dd, J = 5.8, 3.1 Hz, 1H), 3.84 (dd, J = 12.3, 3.0 Hz, 1H), 3.74
(dd, J = 12.3, 3.4 Hz, 1H), 2.80 (ddd, J = 13.6, 7.9, 5.8 Hz, 1H), 2.42
(ddd, J = 13.4, 6.0, 2.8 Hz, 1H). The spectral data match the literature.

Preparation of Bis-silylated 23. NaH (60% in mineral oil, 20 mg,
0.5 mmol) was slowly added to 18 (241 mg, 0.5 mmol) in THF
(3 mL). The reaction was stirred at 0 °C for 30 min, at which time
2-bromopropane (68 mg, 0.55 mmol) was added at 0 °C. The reaction
was stirred at room temperature for 2 h. The reaction was
concentrated under vacuum and purified by flash chromatography
on a silica column. Elution with 50% EtOAc in hexane gave bis-
silylated 23 as a red oil (70 mg, 26%). 1H NMR (400 MHz,
MeOH-d4) δ 8.03 (s, 1H), 7.69 (s, 1H), 6.31 (s, 1H), 5.50 (d, J = 10.6
Hz, 1H), 4.76−4.59 (m, 1H), 4.27 (hept, J = 6.3 Hz, 1H), 3.95 (dd, J =
8.0, 3.7 Hz, 1H), 3.85 (dd, J = 11.2, 4.6 Hz, 1H), 3.76 (dd, J = 11.2,
3.7 Hz, 1H), 2.80−2.67 (m, 1H), 2.40 (ddd, J = 13.1, 6.2, 4.2 Hz, 1H),
1.29 (d, J = 6.2 Hz, 6H), 0.93 (s, 9H), 0.89 (s, 9H), 0.14 (s, 6H), 0.07
(s, 3H), 0.05 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 156.1, 152.9,
149.8, 142.4, 140.7, 140.1, 139.6, 136.0, 120.1, 118.8, 87.9, 84.4, 83.9,
78.0, 75.1, 71.8, 62.8, 41.5, 41.2, 26.0, 25.8, 21.8, 20.6, 18.4, 18.0, −4.6,
−4.8, −5.4, −5.5. IR (KBr plate) 2975, 2920, 1670, 1581, 1412, 1223,
889, 748, 659 cm−1. HRMS (ESI-TOF) C25H48N5O4Si2

+ (M + H)+

calcd 538.3245, found 538.3240.
Preparation of 23. Et3N•3HF (122 mg, 0.76 mmol) was slowly

added to bis-silylated 23 (40.5 mg, 0.076 mmol) in THF (1 mL).
The reaction was stirred at 25 °C overnight. The reaction was concen-
trated under vacuum and purified by flash chromatography on a silica
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column. Elution with 5% MeOH in DCM gave 23 as a yellow foam
(19 mg, 80%). 1H NMR (400 MHz, MeOH-d4) δ 8.06 (s, 1H), 7.64
(s, 1H), 6.34 (s, 1H), 4.61−4.41 (m, 1H), 4.27 (hept, J = 6.1 Hz, 1H),
4.04 (d, J = 2.8 Hz, 1H), 3.81 (dd, J = 12.2, 3.1 Hz, 1H), 3.72 (dd, J =
12.2, 3.6 Hz, 1H), 2.72 (s, 1H), 2.39 (ddd, J = 13.4, 6.0, 2.8 Hz, 1H),
1.29 (d, J = 6.2 Hz, 6H). 13C NMR (101 MHz, MeOH-d4) δ 153.6,
145.5, 142.6, 138.6, 121.1, 89.73, 86.8, 76.1, 73.6, 63.6, 41.9, 21.9. IR
(KBr plate) 3274 (broad), 2973, 2924, 1659, 1589, 1416, 1393, 1327,
1217, 1095, 1058, 967, 942, 893, 753, 653 cm−1. HRMS (ESI-TOF)
C13H20N5O4

+ (M + H)+ calcd 310.1515, found 310.1513.
Photolysis of Precursors and Subsequent HPLC Analysis.

Photolyses were carried out in Pyrex tubes using a Rayonet
photochemical reactor (Southern New England Ultraviolet) equipped
with a merry-go-round apparatus and 16 lamps having a maximum
output at 350 nm. Reaction mixtures (50 μL each) containing
precursor (100 μM), thymidine (100 μM), and Fe(NH4)2(SO4)2
(10 mM) in buffer (10 mM phosphate, pH 7.2) were photolyzed at
room temperature under aerobic or anaerobic conditions. Samples for
anaerobic reactions were degassed by three freeze−pump−thaw cycles
at 2 mTorr and flame-sealed under vacuum. The reaction mixtures
(including unphotolyzed controls) were analyzed by reversed-phase
HPLC while being monitored at 260 nm. HPLC was performed on an
Phenomenex Luna C-18 column (250 mm × 4.6 mm) using water and
acetonitrile as eluents (1 mL·min−1) from t = 0 to 1 min holding 3%
ACN, from t = 1 to 10 min, from 3% to 28% ACN linearly, and then
from 28% to 97% ACN linearly over 5 min. Peaks corresponding to
deoxyinosine, thymidine, deoxyadenosine, 22, 23, and 7b eluted at
5.4, 7.5, 9.8, 6.2, 12.3, and 15.4 min, respectively. The peaks were
integrated and quantified against the internal standard thymidine.
Determination of the Quantum Yield for Photoconversion

of 7b in Acetonitrile under Continuous Photolysis. The light
flux of the photoreactor was determined by using 2-hydroxy-2-
methylpropiophenone actinometry in acetonitrile. 2-Hydroxy-2-
methylpropiophenone has a 0.38 quantum yield for Norrish type I
cleavage.61 Solutions containing the actinometer (50 μL, 320 mM)
were degassed using three freeze−pump−thaw cycles and sealed under
high vacuum prior to photolysis. The extent of reaction of the
actinometer was measured by GC after 30 min of photolysis using
dodecane as an internal standard. The conversion of the actinometer
was 30.0 ± 0.7%. The optical density at 350 nm (OD350) changed
from 3.2 to 2.4. Therefore, the change of transmittance was negligible
during photolysis. Using eq 1, light flux was calculated to be (4.2 ±
0.1) × 10−7 Einstein·min−1. Solutions containing 7b (50 μL, 100 μM)
had an OD350 at 0.016. The samples were degassed and photolyzed for
60 min using the calibrated photoreactor. The extent of reaction of 7b
was determined by HPLC using thymidine as an internal standard.
The conversion of 7b was 30 ± 1%. The quantum yield for conversion
of precursor 7b was calculated using eq 2 and determined to be
(1.5 ± 0.1) × 10−3.
Nanosecond Transient Absorption. Experiments were per-

formed on an LFP-112 spectrometer (Luzchem, Canada) employing
an EX10 (GAM Laser, USA) XeCl Excimer laser (308 nm, ca.
12 mJ/pulse, ca. 12 ns pulse width) for excitation. The transient
absorption spectra were recorded in acetonitrile or buffer mixtures
(phosphate 10 mM, pH 7.4) in a quartz cuvette (1 × 1 cm2) equipped
with a septum under a nitrogen atmosphere (bubbled for 10 min
before measurement).
Quantum Chemical Calculations. Calculations of thermody-

namic and kinetic data were carried out using the CBS-QB3 complete
basis set method as it is implemented in the Gaussian 09 software.62,63

UV absorption were modeled using TD-B3LYP with the basis set
6-311++G(d,p) based on geometries optimized with the same
methodology.
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