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Abstract

Bond cleavage reactions initiated by long-wavelength light are needed to extend the scope of the
caged-uncaged paradigm into complex physiological settings. Axially unsymmetrical silicon
phthalocyanines (SiPcs) undergo efficient release of phenol ligands in a reaction contingent on
three factors - near-IR light (690 nm), hypoxia, and a thiol reductant. These studies detail efforts to
define the mechanistic basis for this unique conditionally-dependent bond cleavage reaction.
Spectroscopic studies provide evidence for the formation of a key phthalocyanine radical anion
intermediate formed from the triplet state in a reductant-dependent manner. Computational
chemistry studies indicate that phenol ligand solvolysis proceeds through a heptacoordinate silicon
transition state and that this solvolytic process is favored following SiPc radical anion formation.
These results provide insight regarding the central role that radical anion intermediates formed
through photoinduced electron transfer with biological reductants can play in long-wavelength
uncaging reactions.
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Introduction

Photochemical reactions that release, or “uncage”, payload molecules have applications in
diverse fields.! Near-IR light has favorable properties for biological use, including
meaningful tissue transmittance and low toxicity. However, the identification of chemical
reactions initiated by these wavelengths is a significant chemical challenge.? Recent
progress has provided some of the first biologically useful options in this area. The
underlying mechanism that leads to bond cleavage varies widely. Several methods rely on
the local generation of singlet oxygen (10,), which then mediates bond cleavage.3-6
Photocleavage of various metal-heteroatom bonds has been explored extensively, with
significant progress achieved using various ruthenium and cobalamin complexes.’-8 Finally,
there has been exciting recent progress using certain common organic chromophores (e.g.
BODIPY).9-11

Conventional photodynamic therapy (PDT) methods exhibit diminished utility in hypoxic
conditions. Consequently, uncaging reactions useful for drug delivery that are initiated
selectively by long-wavelength light and hypoxia would have certain benefits.12 Recently,
we developed a near-IR uncaging reaction involving axially unsymmetrical, water soluble
silicon phthalocyanines (SiPcs) that occurs in physiologically relevant hypoxic conditions.13
SiPcs have been studied extensively for their efficient 10,-generating properties, and have
progressed to clinical trials as photodynamic therapy agents.14-16 |n addition to their
photosensitizing properties, SiPcs have also been reported to undergo other photochemical
reactions with potential utility for uncaging applications. Studies by Burda and coworkers
have shown that SiPcs with axial alkyl ligands (bond dissociation energy (BDE) ~ 40 kcal/
mol) undergo efficient cleavage with 690 nm irradiation.1” Our work demonstrated that the
Si-OAr bond (BDE = 80 kcal/mol) of axially unsymmetrical SiPcs can be cleaved with near-
IR light in an aqueous environment, while exhibiting excellent dark stability.13 This bond
cleavage process is dramatically accelerated by the presence of a thiol reductant (present in
mM concentrations in an intracellular environment) and low O, conditions.13 We
demonstrated that the biological activity of these molecules depends on O,-tension (Figure
1). Specifically, under normoxic conditions, SiPcs effectively generate reactive oxygen
species (ROS) with ROS-dependent inhibition of cell growth. By contrast, under low O,
conditions, these compounds undergo axial-ligand exchange, leading to drug-dependent
effects on cell growth.13

With a specific interest in defining the conditional basis of the uncaging process, here we
report a mechanistic analysis of the axial Si-OAr bond cleavage reaction. Using compound 1
(Figure 1A) as a model substrate, we have carried out a series of spectroscopic and
computational analyses. These studies provide strong evidence for the general reaction
model shown in Figure 1B. In this pathway, a radical anion intermediate formed through
photoinduced electron transfer (PET) from the SiPc triplet state undergoes solvolytic ligand
exchange. Laser flash photolysis enables characterization of the SiPc triplet and its
reductant-dependent conversion to the SiPc radical anion. Spectroscopic characterization of
the radical anion suggests its role as the key intermediate in the bond cleavage process.
Computational chemistry studies indicate that the ligand exchange reaction involves a
heptacoordinate silicon transition state and that this solvolytic process is favored following
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SiPc radical anion formation. Insight into these mechanistic features will enable the design
of SiPc caging groups with improved properties.

Our first goal in these studies was to interrogate the initial intermediates formed following
irradiation. In our prior study, we hypothesized that radical anion formation (which was
estimated to have a half-life of 45 sec)!3 proceeds from the SiPc triplet state. To examine
this issue further, we employ laser flash photolysis spectroscopy. Shown in Figure 2A is the
T4-T, absorption spectrum of SiPcUmb (1, Figure 1A) in argon-saturated pH 7.4 PBS at 510
nm. The lifetime of T; was found to be 120 ps. These data indicate that the triplet state is
formed with an estimated quantum yield of 0.036 (x 0.003) (Figure S1 and S2). This value is
somewhat lower than that observed with other SiPcs.18 This lower value may reflect excited
state quenching by the pendent umbelliferone ligand (see Figures S3 and S4 for further
discussion).

We then examined the glutathione (GSH)-mediated formation of the radical anion from this
triplet intermediate. We previously demonstrated that radical anion formation is quenched in
the presence of oxygen and that no fluorescence quenching occurs with high concentrations
of GSH (16 mM).13 While these observations are consistent with the intermediacy of a
triplet state, electron transfer processes are known to happen on both the SiPc excited singlet
state and the SiPc excited triplet state.1%20 The long-lived SiPc triplet observed above was
quenched by GSH (< 5 mM) with a bimolecular rate constant of 3.23 + 0.22 x 105 M~1s1
(Figure 2B). Additionally, the transient absorption spectrum of 1 with GSH in deoxygenated
PBS show a transient species that absorbs at 580 nm that persists after the triplet-state has
decayed (inset of Figure 2C). We assign this long-lived species as the radical anion of 1,
consistent with transient and steady-state absorption spectra of other SiPc radical anions.
21-23 These results provide strong evidence that a radical anion intermediate is generated in
an aqueous environment through a PET-mediated process.

Having demonstrated that the radical anion can be efficiently generated in a reductant-
dependent manner, we sought to further characterize the axial-ligand exchange reaction.
During initial photorelease studies, we observed spectroscopic changes that were dependent
on irradiation with near-IR light, the inclusion of a reductant (GSH), and the exclusion of
oxygen. Specifically, a solution of 1 in deoxygenated PBS containing 5 mM GSH was
estimated to have a photodegradation quantum yield (®pp) of 0.0027, roughly 900-fold
greater than in PBS alone without deoxygenation.13 We also found that the reaction
proceeds to high chemical conversion for uncaging (71%), although tracking the identity of
SiPc products and the oxidized thiol product has proven challenging. Here, we investigate
this reaction further with intermittent irradiation experiments (Figure 3). Brief irradiation (1
min, 25 mW/cm2, 690 nm) of a deoxygenated solution of SiPc 1 (25 uM) and 5 mM
glutathione leads to loss of the parent SiPc Q-band at 690 nm (Figure 3B). Also upon
irradiation, a sharp increase in absorbance at 585 nm, diagnostic for the SiPc radical anion,
is observed (Figure 3B).20: 24 Dark incubation after irradiation leads to partial recovery of
the parent 690-nm signal and disappearance the SiPc*~ 585-nm peak. The fluorescence
reporter 4-methyl umbelliferone is not fluorescent when attached to the SiPc core but
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becomes so upon release. Monitoring 4-methyl umbelliferone fluorescence under identical
conditions leads to light-dependent increases upon irradiation (Figure 3C).

An alternative pathway to Si-O bond cleavage might entail energy transfer from the excited
Pc macrocycle, in either the singlet or triplet state, to the Si-O bond and bond cleavage.?> As
the radical anion hydrolysis pathway is a putatively a light independent process, we sought
to generate this species through ground state chemistry and then assess the axial ligand
exchange reaction. To generate the radical anion intermediate independently, we examined
the impact of stronger reductants without irradiation in the presence and absence of O,.
Following a small screen of reductants, ligand exchange of 1 can be initiated with tris(2-
carboxyethyl)phosphine (TCEP) (1 mM), a stronger reductant than GSH (oxidation potential
for TCEP = -0.29 V vs. -0.16 V for GSH),26 without irradiation (Figure 4). Ligand release
under these conditions was highly oxygen dependent, as seen in the photochemical reaction.
This observation is in line with our previous studies, in which we demonstrated that O, is an
efficient quencher of the SiPc radical anion.13 Collectively, these studies support the notion
that axial ligand cleavage follows SiPc radical anion formation through a purely solvolytic
ground state pathway. Additionally, this data suggests that likely both the triplet state and the
radical anion play a key role in establishing the O,-sensitive nature of the photochemical
ligand exchange reaction.

The studies above provide significant insight regarding key intermediates, particularly the
radical anion species, in route to axial ligand exchange. A still outstanding question in our
mind was the basis of the enhanced reactivity of the radical anion to solvolytic displacement.
To address this issue, we turned to computational analysis. In these studies, quantum
chemistry calculations at the B3LYP-PCM/6-31G(d) level of theory were performed (see
Methods); note that the Polarized Continuum Model (PCM) aims to account for solvent
effects, in this case water. The model neutral SiPc(OMe)(OPh) and radical anion SiPc*~
(OMe)(OPh) systems have been investigated, where OMe and OPh represent analogs of the
actual 1,3-bis(trimethylaminium)-2-propanol (with 21~ counterions) and 4-
methylumbelliferone ligands used in the experiments, respectively. We first contrasted the
properties of the aforementioned neutral and radical anion molecules by determining their
propensities for OMe and OPh ligand exchange. We hypothesize that these processes occur
via hydrolytic reactions. Although the Si-OH products have not been isolated in our studies,
such species are known to be insoluble and prone to aggregation.2’-28 Direct Si-O bond
homolysis, observed with the Si-C bond of SiPcs?® is not feasible due to the significantly
higher bond strength of the Si-O bond (~80 kcal vs ~40 kcal for Si-C bond).2° More
specifically, we determined the energy barriers that must be overcome to replace OPh and
OMe with OH, i.e., energetics for the competing reactions of neutral SiPc(OMe)(OPh)--H,0O
to form the products Si(OH)(OPh)--HOMe vs. Si(OMe)(OH)--HOPh, and analogously for
the radical anion species. The computed energy profiles for the four reactions are shown in
Figure 5A, where transition states (having exactly one imaginary frequency) were mapped to
their corresponding reactants/products via intrinsic reaction coordinate (IRC) computations
(see Methods). For the neutral SiPc(OMe)(OPh) system, we found that uncaging of OMe
entails overcoming a significantly higher barrier (53.8 kcal/mol, solid red line) than that
required to uncage OPh (35.2 kcal/mol, solid blue line). However, for the radical anion
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SiPc*™ (OMe)(OPh) species, the OMe and OPh replacement barriers are reduced to 48.5
kcal/mol (dashed red line) and 29.0 kcal/mol (dashed blue line), respectively.

Figure 5 shows computed structures of reactants, transition states, and products describing
the radical anion OMe (Figure 2B) and OPh (Figure 2C) uncaging processes. Of note, the
corresponding structures for neutral uncaging reactions are very similar (see Supporting
Information). It is clear that OMe uncaging barriers are by far the highest, and thus unlikely
to occur for either neutral or radical anion states. In contrast, OPh replacement energy
barriers are significantly smaller, with that for the radical anion (29.0 kcal/mol) lying 6.2
kcal/mol lower than for the neutral species (35.2 kcal/mol). This energy difference implies
that OPh uncaging occurs some 35,000 times faster for the radical anion state vs. neutral (via
Arrhenius rate equation using T=298 K and equivalent collision coefficients). In addition,
the barrier for the reverse reaction, OPh replacing OH, for the radical anion is 8.1 kcal/mol
higher than the forward, ensuring that the OPh uncaging reaction is essentially irreversible.
Thus, the behavior of the SiPc can be rationalized as follows: (i) OMe (representing 1,3-
bis(trimethylaminium)-2-propanol (with 21~ counterions)) ligand exchange energy barriers
are far too high to occur for either neutral or radical anion species, (ii) the barrier height for
OPh (representing 4-methylumbelliferone) ligand exchange is slightly too high to occur
spontaneously in the neutral state, (iii) upon formation of the radical anion, either by
irradiation in the presence of glutathione or by the addition of a stronger reductant like
TCEP, the OPh release barrier is lowered enough so that it happens at a noticeable rate, and
(iv) the OPh uncaging process is irreversible since the product complex is computed to be
more stable than the reactant by some 8 kcal/mol. Of note, the heptacoordinate silicon
transition state indicated by these studies have been suggested elsewhere in nucleophilic
substitutions on hexacoordinate silicon atoms.30-33

In an effort to understand why the OPh uncaging barrier is lowered upon reduction, we
investigated the properties of neutral and radical anion SiPc(OMe)(OPh). The optimized
structure of the radical anion is illustrated in Figure 6. The neutral system is very similar, the
only real difference being the angle of the methyl group (See Supporting Information). Also
shown are the Si—O bond lengths (which are reasonably similar, lying between 1.73 and 1.79
A) and Mulliken charges, where it is clearly noted that these properties remain relatively
unchanged when going from neutral to the reduced state. Of interest is that the substantial
silicon positive charge (+1.1 ¢") is almost exactly opposite the sum of the oxygen negative
charges (0.5 ¢ and —-0.6 ¢ for O(Me) and O(Ph), respectively) for both neutral and radical
anion systems, indicating that the captured electron is situated entirely on the phthalocyanine
ligand. This is visually confirmed via illustration of the highest occupied molecular orbital
(alpha spin), i.e., the radical orbital, shown in Figure 6. As such, although the nature of the
Si—0 bonds appear relatively unchanged upon reduction, it is likely that the resultant
increased electrostatic repulsions between the negatively charged phthalocyanine ligand and
oxygen atoms give rise to lower energy barriers for OMe and OPh removal, with that for the
latter being low enough to be spontaneous and irreversible at room temperature.
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Conclusions

Methods.

Reagents.

SiPics represent a promising scaffold for light-mediated treatment and drug delivery. An
unusual feature of the axial ligand exchange reaction is the requirement of 3 conditions;
near-1R light, the presence of a reductant and low oxygen tension. These provide significant
insight regarding the likely pathway to ligand exchange, which involves a critical SiPc
radical anion intermediate. Spectroscopic studies demonstrate that the SiPc excited triplet
state is the immediate precursor for SiPc radical anion formation. We have confirmed the
clear role of the thiol reductant in initiating light-mediated ligand uncaging. Finally, the
demonstration of ligand release from the ground state Pc radical anion, generated without
irradiation, lends support to its role as the critical intermediate in the ligand exchange
process. Computational studies indicate that nucleophilic attack of water on the SiPc Si
center is more favorable for the SiPc radical anion than for the parent compound. These
studies delineate the requirements for the conditional release of a phenol payload from the
SiPc macrocycle and inform efforts to design new SiPc and other long-wavelength uncaging
systems. Additionally, the potential for uncaging reactions involving a central role for a
radical anion intermediate, generated through the combined action of long-wavelength light
and biologically-abundant reductants, has been validated through these efforts and may be
now reasonable to consider with other molecular scaffolds.

All commercially obtained reagents were used as received. Tris(2-carboxyethyl)phosphine
(TCEP), glutathione (GSH), and pH 7.4, 50 mM phosphate buffered saline (PBS) were
obtained from Sigma-Aldrich. Compound 1 was synthesized as reported previously.13

Flash Photolysis.

Nanosecond transient absorption studies were carried out using the technique of laser flash
photolysis. Pulsed excitation at 355 nm (ca. 50 mJ/pulse) was provided by the third
harmonic of a Q-switched Nd-YAG laser. Solutions of SiPcUmb(1) (2 uM in pH 7.4, 50 mM
PBS) were prepared in quartz cuvette. The system has been previously described.34 All
solutions were argon purged unless otherwise indicated.

Triplet Quantum Yield.

The triplet quantum yield of 1 was determined by comparative actinometry using a
benzophenone standard.3® A value of 0.036 + 0.003 was obtained as follows. Solutions of 1
(in PBS) and benzophenone (in acetonitrile) were prepared with matched 355-nm optical
densities (OD355 = 0.300) and subjected to laser excitation. The triplet quantum yield

(®3F¢") of 1 was determined using eq (1)

SiPcl BP
. AA Aeg
SiPcl 520 520 , BP
oy = @

T BP SiPcl PT
AAsy) Agsyg
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is taken as the slope of the plot of the T1-T,, absorption change for 1 vs. BP

(0.115 + 0.005) (Figure S1). The Ty-Ty extinction coefficient (AcSr, = 6500 + 400M ™ lem™?),
along with an intersystem crossing yield (¢¥P) of 1.0 were used for the benzophenone

standard. 36

The triplet-triplet extinction coefficient for 1 in aqueous phosphate buffer was determined
from a plot of the magnitude of triplet-triplet absorption vs. ground-state bleach (Figure S2).

A value of 20800 + 1000 M~tcm™* was obtained for Ae3x<" from the slope of the plot

(-0.224 £ 0.011), along with the known ground-state extinction coefficient at 690 nm
(93000 M~1cm1).13

Intermittent Irradiation.

Irradiations were performed with a 690-nm LED illuminator, mounted on a heatsink with
lens (set is sold together as L690-66-60-550, Marubeni, Inc.) and powered by an EPS-600
Mini-Power Supply (C.B.S. Scientific Company, Inc.). Samples were irradiated with 25 mW
cm~2 of 690-nm light and light intensity measurements were performed with a Thorlabs
PM200 optical power and energy meter fitted with a S120VC standard Si photodiode power
sensor (200-1100 nm, 50 mW). Samples were irradiated in quartz cuvettes with septum
screw caps. Samples were deoxygenated by bubbling Ar (balloon) through the septum cap of
the sealed cuvette. Cuvettes were equipped with stir bars and stirred for the duration of the
experiment. Fluorescence traces were recorded on a PTI QuantaMaster steady-state
spectrofluorometer operated by FelixGX 4.0.3 software with 2 nm excitation and emission
slit widths and 0.1 s integration rate. Samples were excited at 360 nm and emission recorded
at 445 nm to evaluate 4-methylumbelliferone fluorescence. Absorbance traces were taken on
a Shimadzu UV-2550 spectrophotometer operated by UVProbe 2.32 software.

Quantum chemistry.

The computations in this study were executed using the GAMESS37-38 package and
molecular structures and orbitals were illustrated using MacMolPIt.3% We have used the
density functional theory (DFT)4 method with the B3LYP41-42 hybrid density functional
(containing VWNS5 functional).*3 Restricted Hartree-Fock (RHF)*4 references were used for
closed-shell (neutral) molecules while restricted open-shell Hartree-Fock (ROHF)#
references were used for radical anion (negatively charged) systems. The double-zeta
6-31G(d) basis sets were used throughout#6-48 and water solvent effects were treated using
the Polarizable Continuum Model (PCM)?#9-52 (with a high density of tesserae: NTSALL =
960 in $PCM) where in some cases an explicit quantum mechanical water molecule was
included within the PCM model. Geometries were optimized to tight convergence criteria
(maximum Cartesian gradient < 107> Hartree/Bohr) using analytic gradients and Hessians
were computed seminumerically (double differences) using analytic gradients for all
stationary points located. Minimum energy paths connecting transition states and
corresponding reactant/product minima were determined using the second-order intrinsic
reaction coordinate (IRC) method of Gonzalez and Schlegel.53 Atomic charges were
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determined using Mulliken’s population analysis.>* Structures and electronic energies of all
stationary points described are given in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. O, Tension-Dependent Mechanism of Action
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Fig 1.

O, Tension-dependent mechanism of action (A) and general bond cleavage pathway
analyzed in these studies (B).
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Fig 2.
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(A) Transient absorption spectra obtained after 355-nm pulsed excitation of SiPcUmb (1) in
argon-saturated PBS (0, 45, 109 and 526 s in order of decreasing AA). Insets depict decay
kinetics at 520 and 690 nm (with superimposed single-exponential fit). (B) Bimolecular
quenching plot for quenching of the T, state of SiPc-Umb by GSH (in argon-saturated PBS).
(C) Transient absorption spectra obtained after 355-nm pulsed excitation of SiPc-Umb in
argon-saturated PBS containing 10.1 mM GSH. Times shown are 0, 2, 11.4, 22.4 and 109 s
after the laser pulse (in order of decreasing AA). Insets depict decay kinetics at 580 and 690
nm (with superimposed single-exponential fit).
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Fig 3.

In?ermittent irradiation of compound 1. (A) General scheme of uncaging reaction. (B)
Absorbance at 690 nm (red) and at 585 nm (black) and (C) Umbelliferone fluorescence at
445 nm of deoxygenated 25 uM solutions of 1 (pH 7.4 PBS with 5 mM GSH) for 4 cycles of
intermittent irradiation (1 min, 25 mW cm™2, 690 nm irradiation; 9 min dark).
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Fig 4.

Fluorescence intensity at 445 nm of 25 pM solutions of 1 (PBS (50 mM, pH 7.5)) with 1
mM TCEP with no deoxygenation (black) and deoxygenation (red) at 0 and 1 h of stirring in
the dark.
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>

Energies relative to reactants (kcal/mol)

Energy profiles for hydrolysis reactions
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Reaction coordinate
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SiPc"(OMé)(OF’h)—-HOH SiPc™(OMe)(PhO-H-OH) SiPc"(OMe)(OH)—-HOPh
C. g

X

SiPc—*(OPh)(OMe)--HOH SiPc~(OPh)(MeO-H-OH) SiPc™(OPh)(OH)--HOMe

(A) Energetics of the possible hydrolysis reactions of neutral and anionic SiPc(OPh)(OMe)
systems leading to displacements of HOPh and HOMe. Transition state barriers are
decreased when going from neutral (solid lines) to radical anion (dashed lines) where HOPh
release for the latter is most favored and likely spontaneous. Note that the reverse reaction
(HOPh displacing H»0) is highly improbable due to the notably larger barrier of 37.1 kcal/
mol. (B & C) Structures of reactants, transition states, and products for hydrolysis reactions
of anionic SiPc(OPh)(OMe) leading to (B) HOPh and (C) HOMe displacements; structures
for neutral reactions are very similar (see Supporting Information).
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Mulliken charges
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Fig 6.

III?Jstrations of the structure of the anionic SiPc(OMe)(OPh) system and the radical
molecular orbital (alpha spin HOMO); the geometry of the neutral system is very similar
(see Supporting Information). Also shown are Mulliken charges of the silicon and oxygen
atoms (blue text) and Si—O bond lengths (red text) for both neutral and anionic states.
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