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Reactive species involved in the regioselective
photooxidation of heptamethine cyaninest

Roger R. Nani,? James A. Kelley,? Joseph Ivanic*® and Martin J. Schnermann*?

Heptamethine cyanines are important near-IR fluorophores used in many fluorescence applications.
Despite this utility, these molecules are susceptible to light-promoted reactions (photobleaching)
involving photochemically generated reactive oxygen species (ROS). Here, we have sought to define
key chemical aspects of this nearly inescapable process. Near-IR photolysis of a model heptamethine
cyanine leads to the regioselective oxidative cleavage of the characteristic polyene. We report the
first quantitative analysis of the major reaction pathway following either photolysis or exposure to
candidate ROS. These studies clearly indicate that only singlet oxygen (*O,), and not other feasible
ROS,
investigate the regioselectivity of the oxidative cleavage process, and the theoretical ratio is

recapitulates the direct photolysis pathway. Computational studies were employed to
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comparable to observed experimental values. These results provide a more complete picture of

DOI: 10.1039/c55c02396¢ heptamethine cyanine photooxidation, and provide insight for the design of improved compounds for
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Introduction

The light-induced degradation (photobleaching) of fluores-
cent small molecules is a pervasive issue that often interferes
with modern fluorescence techniques. These reactions
generally involve photooxidation pathways in which the
photo-excited molecule interacts with nearly ubiquitous O,
to form reactive oxygen species (ROS).! Reactions between
the self-generated ROS and the fluorophore lead to the loss
of the desired optical signal.> While the general pathway is
well accepted,® the precise reactions, and particularly
the identity of the products, involved in these oxidative
events are often only poorly understood.*® A detailed
understanding of these wubiquitous processes would
provide a framework from which to develop improved fluo-
rescent scaffolds and to create new fluorophore-dependent
applications.®

Cyanines are important fluorophores that find extensive use
across a range of modern biological procedures. Particularly
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useful are the heptamethine cyanines, which contain a 7-carbon
linker connecting two indolenine heterocycles. The absorption
and emission maxima of these molecules are generally around
800 nm, occupying the center of the near-IR window where
tissue penetration is maximized and autofluorescence is mini-
mized.” One example, indocyanine green, is an FDA approved
diagnostic agent used in numerous clinical contexts and new
variants continue to be developed for advanced optical
applications.>™**

The photodegradation of cyanines is a frequent issue that
can impede fluorescence readout. Not only deleterious, this
chemistry has been used deliberately for productive applica-
tions. We recently demonstrated that the photooxidation of
C4’-dialkylamine heptamethine cyanines could be used as the
central element of a biologically compatible near-IR uncaging
approach.’” Other investigators have employed the ROS-
mediated oxidation of cyanines for sensing methods.**** Prior
studies examining cyanine photodegradation have shown
that photolysis leads to oxidative cleavage of the polyene
linker to provide carbonyl products (eqn (1)).**° These
studies, while providing a key initial description of this
process, have either not addressed or provided conflicting
information regarding the observed products and the nature
of the oxidant(s). Other uncertain aspects of cyanine reactivity
include the effect of key ROS and the basis of the high
regioselectivity observed in the oxidative cleavage reaction.
Clear answers to these fundamental questions would enable
efforts that seek to expand the utility of heptamethine
cyanines.

This journal is © The Royal Society of Chemistry 2015
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To address these questions, we have employed a combina-
tion of experimental and theoretical approaches. Our experi-
mental efforts have centered on mass spectral studies and the
first quantitative accounting of cyanine oxidation products,
using both direct irradiation and exogenous reactive oxygen
species. Photolysis at the cyanine absorption maximum induces
C-C cleavage at two of the four feasible reaction sites in the
cyanine polyene. We show that only singlet oxygen ('0,),
generated either chemically or through photosensitization, and
not other common ROS, provides the photolysis products in
similar yield. We have also carried out the first quantum
mechanical computational analysis of the major oxidative
cleavage reaction pathway. Our computational studies have
provided a clear justification for both the origin of the regio-
selectivity (i.e. the relative stability of possible intermediate
dioxetanes) and the relative ratio of the observed products for
the major '0,-dependent pathway. In total, we have defined key
aspects of this photodegradation process, which is encountered
in nearly any application of these broadly employed molecules.

Results and discussion
Photooxidation: experimental results

We sought to address the regioselectivity of the photooxidative
C-C cleavage, which, in the case of symmetrical heptamethine
cyanines, could lead to four regioisomeric product mixtures.
Prior reports on several different heptamethine cyanine
substrates provided conflicting data with three studies sug-
gesting that oxidative cleavage occurs at a single terminal
position in the cyanine polyene,'>***' another cleavage occurs at
only a central position in the cyanine polyene,*” and two recent
studies, including our own, observing cleavage at two sites.*>**
Certainly some of this apparent ambiguity is derived from the
slightly different substrates and conditions used between the
different studies. Moreover, these studies often employed only
mass spectral data to assign the photooxidative products, and in
no instances were reaction yields determined.

We have chosen 1, which represents the simplest heptame-
thine indocyanine, as a model system for our efforts.* To
accurately measure yields of reactions run at low micromolar
concentrations, we employed triplicate HPLC analysis cali-
brated using standard curves generated from independently
prepared standards of previously known 2 and 6 (see ESIY).
Exposing a solution of 1 (50% MeCN/H,0, 20 pM) to modest
fluence (20 mW cm ™ ?) of 740 nm light for 2 hours produces 2
and 6 in 57% and 12% yields, respectively (Fig. 1A). We have
also carried out HRMS studies and detected 1 and 7, validating
that oxidative cleavage occurred between C2/C1’ and C2//C3/, as
well as [1 + O,] ions. Careful analysis of the HRMS spectra found
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no evidence for the compounds derived from cleavage between
C1'/C2' (4 and 5), and C3'/C4’ (8 and 9), or hydrolysis products
thereof, supporting the notion that this reaction proceeds with
high regioselectivity. We have also shown that 2 and 6 accu-
mulate concurrently with the loss of the signal for 1 and that the
ratio of the two intermediates (~5 : 1) is essentially constant
throughout the reaction (Fig. S11). Control experiments have
determined that these photoproducts are stable for the duration
of the photolysis experiment. While we account for a majority
(~70%) of the material through this method, there is a fraction
of 1 that is not attributed to identifiable species. Despite
attempts to purify and characterize other products using HPLC,
we have not been able to account for the balance of the reaction
mixture.

We have carried out further studies on [1 + O,] ions to
determine if these species represent dioxetane intermediates.
As expected, the formation of these ions was observed only upon
near-IR irradiation. MS/MS analysis following direct flow
injection was performed to investigate accessible fragmentation
pathways (Fig. 1B).* Collision-induced dissociation (CID) of the
[1+ O,] ions generated a product ion spectrum containing high-
resolution masses that correspond to carbonyls 2 (M + H]"), 3
(M]Y), 6 (M — H]", [M + H]") and 7 ((M]"), among others. These
results provide additional evidence to support the intermediacy
of dioxetanes 10 and 11, as these represent the most reasonable
structures of a [1 + O,] mass that could fragment directly to the
observed carbonyl products.

To investigate the oxidant in this reaction, we have examined
the reactivity of 1 with independently generated ROS. Our
efforts commenced with 'O,, which was generated by two
mechanistically distinct methods. The photosensitizer, tetra-
phenylporphyrin zinc (ZnTPP), is well established to cleanly
form 'O, in high quantum yield (¢ = 0.7) upon irradiation with
420 nm light.>***” This method afforded a similar product
distribution of oxindole 2 (61-64%) and aldehyde 6 (13-15%) to
that produced by direct cyanine excitation (entries 2 and 3,
respectively, Table 1). Photolysis using only 420 nm light in the
absence of a photosensitizer did induce photooxidation to form
2 and 6, albeit with dramatically slower kinetics (~15 fold) to
that observed in the presence of catalytic ZnTPP (Fig. S2t). This
result is consistent with a small (~2% relative to the Apax)
absorption of 1 at 420 nm. To complement the photosensitizer-
dependent photooxidation, we examined the impact of 'O,
generated via the thermal decomposition of endoperoxide 12.>
We found that exposure of 1 to 200 equivalents of 12 at 34 °C in
50% MeCN : H,O produced a high yield of oxindole 2 (71%) and
aldehyde 6 (10%), collectively. Thus, 2 and 6 are formed in
similar yields through direct near-IR photolysis and from
independently generated 'O,, which was formed either ther-
mally or photochemically. This observation provides significant
support to the notion that '0,-mediated dioxetane formation is
the major pathway involved in cyanine photooxidation.> Pho-
tosensitized formation of 'O, is consistent with the small
number of prior experimental measurements of heptamethine
cyanine triplet state emission values (including one measure-
ment on 1), which exceed the requisite 22.6 kcal mol " needed
for 'O, energy transfer.>*!
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B. MS/MS Analysis of Dioxetane Intermediates
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Fig. 1 (A) Photoproducts observed by HRMS upon 740 nm light irradiation of 1 and (B) MS/MS [1+O,] adducts.
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It has been suggested that cyanine photodegradation may O," .'”*®?%%*73% To investigate this possibility, the reactivity of 1

involve superoxide (O, "), generated through electron transfer ~with these ROS was examined. In

the case of OH' (entry 1,

from the triplet state and, potentially, hydrogen peroxide (H,0,) Table 2), 1 was consumed, but formed only trace quantities of 6
or hydroxyl radical (OH"), formed as downstream products of (1-3%) and barely detectable quantities of 2 (<0.5%). We have

Table 1 Yields of 2 and 6 upon reaction of 1 with photolysis or independently generated *O,

Me M Me Me Me
O - Me e..) conditions mMe . -Me
NN\ e N
_— N N“To N 0
Me Me Me Me
1 2 6
Entry Conditions” Remaining 17 2? 6’
1 Dark 99.5% (:|:1.6) <0.5% <0.5%
740 nm hv 1.6% (40.3) 56.6% (42.8) 11.5% (40.4)
3 Zn(TPP) 5 mol% 420 nm Ay <0.5% 62.8% (£1.7) 14.4% (+0.7)
COO-Na*
4 O@ 12 5.5% (£0.6) 71.7% (40.3) 10.3% (40.1)

Me
200 equiv., 34 °C

“ Runat 22 °Cin1: 1 MeCN : H,O unless noted otherwise. ” Determined by HPLC and reported in percent yield. Values are average of experimental

triplicate. Error expressed as standard deviation in parentheses.
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been unable to identify any of the numerous species that appear
to be formed (see ESIf for representative HPLC traces), sug-
gesting that complex radical-mediated pathways are involved.
In contrast, O," and H,O, largely do not react with 1 under
neutral aqueous conditions, even at concentrations that exceed
those attainable by photolysis.*® Critically, control experiments
showed that compounds 2 and 6 were unaffected by these or the
other ROS generating conditions shown in Table 2. These
control experiments ensure that the observed product ratio is
indicative of reactions involving 1, and not of further oxidation
of 2 and 6. In total, these results indicate that HO", H,0,, and
0,"" are not likely the major components of direct cyanine
photooxidation, with all three providing product mixtures that
are clearly distinct from that obtained upon direct near-IR
photolysis. The critical observation is that, while other ROS can
generate modest yields of oxindole 2, only 'O,, formed either
chemically or photochemically, is capable of generating 6 in
conversion comparable to that generated by direct photolysis.

Recent studies have imaged oxidative flux by using oxidation
of certain cyanines with biological ROS, specifically hypochlo-
rite (NaOCl), peroxynitrite (ONOO™), OH', and O, ".*****” The
yields of products obtained from such ROS could provide
insights useful in future efforts to develop these methods.
Reaction of 1 with NaOCI generated meaningful quantities of
oxindole 2, and no measureable 6 (entry 6, Table 2). While
exposure of 1 to 150 pM NaONO, under basic conditions
produced over 30% yield of 2 (entry 7, Table 2), only trace
amounts of 6 were observed.*® As with entry 1, we were unable to
identify any other oxidation products formed in entries 6 and 7.
Taken together with observations of Nagano and coworkers,"
these results provide additional evidence indicating that the
reactivity of heptamethine cyanines is highly dependent on the
ROS species.

Regioselectivity: quantum mechanical computational study

While the studies above clarified that the major photooxidation
pathway of heptamethine cyanines involved singlet oxygen, the
basis for the high regioselectivity of this process — with cleavage
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occurring at only two of four possible sites - was unclear. To
address this, we pursued a computational approach. Although
the distinctive optical properties of heptamethine cyanines have
been examined computationally in several prior reports,**~** our
efforts are the first to examine the reactivity of cyanines.

As a first step, we computed the total reaction energies
(electronic) for the four possible cleavage pathways using the
B3LYP and MP2 methods with the 6-31G(d) basis set (see
Methods section for full details). We point out that we cannot
explicitly compute MP2 and B3LYP 'A, O, energies since this
electronic state is not a single-reference dominated wave-
function. As such, we have determined 'A, O, energies by
adjustments (adding experimental electronic energy splitting)
to readily computed *=,” O, energies (see Methods). A conse-
quence of this limitation is that we are unable to compute Gibbs
free energy changes for these reactions. The 7 system of 1 is
completely flat (C,, point group) at the B3LYP level of theory but
very slightly twisted (C, point group) when using the MP2
method. We have considered both cis and ¢rans isomers (about
the end C-C bond, where relevant) to identify the lowest energy
product aldehydes. Fig. 2 clearly shows that all four reactions
are significantly exothermic (AE, < —50 kcal mol " relative to
reactants 1 + 'A, O,), with cleavage at the C2/C1’ and C2'/C3’
sites leading to the most favorable products, having B3LYP-
predicted energies of —89 kcal mol™' and —66 kcal mol !,
respectively. We also point out that the MP2 and B3LYP results
are in excellent agreement. While the two experimentally
observed cleavage pathways are also the most favored in abso-
lute terms, the observation that all pathways are highly
exothermic suggested that this explanation is incomplete.

The experimental results provided additional evidence to
suggest that O, addition and subsequent cleavage proceeds via
dioxetane intermediates.** Accordingly, we investigated whether
the energetics of dioxetane formation is responsible for the
observed regioselectivity. In order to locate the absolute lowest-
energy structures for each of the four possible intermediates, we
performed geometry optimizations starting from a very large
number of initial structures that comprehensively spanned the

Table 2 Reaction of 1 with various ROS and respective yields of 2 and 6

Me

M Me Me
O «Me e.,) O conditions Q_&Me . «Me
N, NN Z —_— X

- ) N N0 N "o
Me hllle Me Me
1 6

Entry Conditions” Remaining 17 2" 6’

1 (HO") FeCl, 200 uM H,0, 500 uM NaHPO, pH = 6 3.4% (+1.2) <2.7% (£0.3) <0.5%

2 (H,0,) H,0, 100 uM PBS pH = 7.4 99.5% (+0.5) <0.5% <0.5%

3 (H,0,) H,0, 1 mM PBS pH = 7.4 99.0% (40.5) <0.5% <0.5%
4(0,7) KO, 100 pM 99.2% (£1.1) <0.5% <0.5%
5(0,7) KO, 1 mM 84.1% (40.2) 10.6% (+£0.1) <0.6% (£0.1)
6 (ClO") NaOCI 100 uM PBS pH = 7.4 <0.5% 19.5% (40.7) <0.5%

7 (ONOO") NaONO, 150 uM PBS pH = 9 <0.5% 32.8% (+1.0) <0.8% (40.1)

% Run at 22 °C in 1 : 1 MeCN : H,O unless noted otherwise. ” Determined by HPLC and reported in percent yield. Values are average of experimental

triplicate. Error expressed as standard deviation in parentheses.
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Fig. 2 Computed reaction energies (electronic) for the four possible
cleavage pathways of 1 + 1Ag 0O, - R=0+[R' =0OJ*. Blue, green, red,
and indigo indicate cleavage at C2/CY, C1'/C2’, C2'/C%, and C3'/C4
sites, respectively.

potential energy surfaces. For each type of dioxetane interme-
diate, the only structural restrictions applied were to conserve
(i) the initial ¢rans conformation of the two carbon atoms that
bind O, and (ii) the ¢trans backbones of the carbon chains (to
rings) starting from the carbon atoms immediately attached to
the C(OO)C dioxetane unit. Our reasoning being that O, addi-
tion is expected to occur with high stereoselectivity. This
prediction follows from seminal studies by Turro and coworkers
on reactions of related ene-carbamates with '0,.** A full
description, with informative illustrations, of the structural
degrees of freedom that have been considered is provided in the
ESI.7 Geometry searches were performed independently at the
MP2/6-31G(d) and B3LYP/6-31G(d) levels of theory and all
discovered minima were confirmed by computations of vibra-
tional frequencies. The numbers of minima located for each
class of intermediate and method is summarized in Table 3. We
find that the MP2 method predicts more minima for each
intermediate class than B3LYP (no less than 21 for addition over
C3'/C4) and includes more dioxetane “twist” conformations
and N-methyl proton orientations (typically staggered). The
B3LYP/6-31G(d) method identified four minima for each inter-
mediate except the second (addition over C1'/C2’), for which five
were discovered and in each case only one N-methyl orientation
was preferred (typically eclipsed).

Fig. 3 illustrates the lowest energy (electronic) B3LYP/6-
31G(d) structures for each of the four possible intermediates.
The lowest energy MP2 structures (provided in ESIf) are
commensurate except for 13 (addition over C1/C2’), which
differs by a 180° rotation about the C2-C1’ bond.

All 17 dioxetane intermediate minima located using the
B3LYP/6-31G(d) method were also optimized using the larger
cc-pVTZ basis set where lowest energy structures for each of 10,
11, 13 and 14 were commensurate to those shown in Fig. 3A.

6560 | Chem. Sci., 2015, 6, 6556-6563
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Table 3 Number of minima located for each possible dioxetane
intermediate®?¢

10: 13: 11: 14:
Method (c2/c1)) (cr'/c2) (c2'/c3) (c3'/ca))
MP2 12 (6) 6 (6) 18 (9) 21 (12)
B3LYP 4(4) 5 (5)° 4(4) 4(4)

“ 6-31G(d) basis set used for minima searches. ? See Fig. 1A for carbon
numbering scheme, whereby CX/CY indicates O-O addition locale.
° Numbers in parentheses do not consider N-methyl orientation. ¢ At
the B3LYP/CCT level of theory one minimum optimizes to another
leaving only four.

However, one of the intermediate 13 species optimized to
another, leaving only four. Fig. 3B shows the stabilities (elec-
tronic) of the dioxetane intermediates relative to the reactants 1
+ 'Ag '0,. We find that the MP2/6-31G(d) and B3LYP/6-31G(d)
results are comparable, predicting similar exothermic stabili-
ties for each intermediate in the order 10 < 11 < 14 < 13,
although MP2 predicts a more stable (by 3.5 kcal mol™") inter-
mediate 10. When advancing to the B3LYP/cc-pVTZ level of
theory, the energetic order of the intermediates is preserved,
however, now only intermediates 10 and 11 are computed to be
exothermic by 2.8 keal mol™* and 0.7 kcal mol ', respectively.
Therefore, the computational results indicate that 'O, addition
and subsequent cleavage is energetically favored only via diox-
etane intermediates 10 and 11. Not only does this prediction
match which cleavage pathways are observed experimentally
(C2/C1’ and C2'/C3’), it also correctly indicates that cleavage at
(C2/C1’) should be the major reaction pathway.

We have also calculated Gibbs free energies (G,9g) at the MP2/
6-31G(d) and B3LYP/6-31G(d) levels of theory for all discovered
minima (B3LYP/6-31G(d) G,z corrections were used to estimate
B3LYP/cc-pVTZ G,os energies). For the two methods MP2/6-
31G(d) and B3LYP/cc-pVTZ it can be the case that the lowest G,o4
structure for an intermediate can vary from the corresponding
lowest electronic energy structure and these differences are
shown in Fig. S12 and S13.1 Fig. 3C shows computed relative free
energies (G,og) of the dioxetane intermediates where 10 remains
the most stable. We find that when going from the MP2/6-31G(d)
to B3LYP/6-31G(d) to B3LYP/cc-pVTZ levels of theory that inter-
mediates 11, 13, and 14 are successively stabilized. Our most
reliable prediction, B3LYP/cc-pVTZ, indicates that 11 is most
competitive with 10, lying only 1.5 kcal mol " higher. At room
temperature (298 K), this energy difference amounts to a Boltz-
mann ratio of ~13 : 1 that should transfer to the corresponding
cleavage products 2 + 3 and 6 + 7. This theoretical prediction is
remarkably similar to the experimentally determined ratio of
~5 : 1, especially when taking into account that solvent effects
have not been considered and energy margins are of the order of
a kcal mol . In fact, the experimentally observed ratio translates
to an energy difference (at 298 K) of 0.95 kcal mol™* which is
really not very different from 1.5 kcal mol™' when one
acknowledges that quantum chemical accuracy of 1 kcal mol ™"
is typically reached only with benchmark methods that are
currently impossible for this sized system.

This journal is © The Royal Society of Chemistry 2015
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Conclusions

The photooxidation of heptamethine cyanines accompanies
nearly any use of these broadly employed molecules. These
studies, which centered on quantitative accounting of the major
products and detailed computational studies, have provided key
insights into this process. Cyanine photolysis leads to the
regioselective cleavage of the cyanine polyene at two of the four
possible positions. Only exogenously generated '0,, and not
other common ROS, is capable of replicating this reaction
pathway. We account for ~70% of the molar balance of the
starting cyanine, suggesting that at least this fraction goes
through an energy transfer/0, pathway, while leaving open the
possibility that the remainder reacts through other pathways
(perhaps initiated by electron transfer from the triplet state).

Our computational analysis suggests that regioselective
cleavage at only two positions of the polyene, C2/C1’ and C2'/C3’,
can be interpreted as being a consequence of the overall ener-
getics of the dioxetane intermediates. At the highest level exam-
ined, our calculations indicate that O, addition is exothermic
only at the observed sites (C2/C1’ and C2'/C3'). By contrast, 'O,
additions at the remaining two sites, C1'/C2" and C3'/C4’, are less
favorable and may actually be endothermic. Work in progress is
currently exploring the reaction coordinate for singlet oxygen
addition to form the dioxetane intermediates, itself a complex
process in spite of numerous prior investigations.**™*

The framework developed here should be of significant
utility to efforts that seek to improve the photostability of
cyanine fluorophores. Moreover, these studies provide a

This journal is © The Royal Society of Chemistry 2015

mechanistic foundation for our ongoing program harnessing
the cyanine photooxidation reaction as the key step in a near-IR
uncaging method. The systematic modification of the hepta-
methine cyanine scaffold is currently being pursued to access
improved compounds for such applications.

Methods

Experimental

High-resolution LC/MS and MS/MS analyses were conducted on
a Thermo-Fisher LTQ-Orbitrap-XL hybrid mass spectrometer
system with an Ion MAX API electrospray ion source in positive
ion mode. Flow injection analysis followed by collision-induced
dissociation was utilized for MS/MS experiments. A quantitative
HPLC assay to determine yields of 1, 2, and 6 was employed
using an Agilent 1260 Infinity instrument. Samples were irra-
diated in HPLC vials using LED light sources obtained from
Marubeni America Corporation or subjected to the reaction
conditions in Tables 1 and 2.

Quantum chemistry

The calculations in this study were executed using the
GAMESS® package. We have used the second-order Moller-
Plesset perturbation theory (MP2)***> and density functional
theory (DFT)** methods where, for the latter, the B3LYP****
hybrid density functional (containing VWN5 functional) was
utilized with a fine grid of 120 radial and 590 angular Lebedev
points. Open-shell MP2-style calculations for the triplet oxygen
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species used the Z-averaged perturbation theory (ZAPT)**® fla-
vor. The double-zeta 6-31G(d)* and triple-zeta cc-pVTZ®®
(spherical functions) basis sets were employed. Geometries
were optimized to tight convergence (maximum Cartesian
gradient < 1 x 10~°) using analytic gradients and Hessians were
computed seminumerically (double differences) using analytic
gradients for all stationary points located. We note that Fig. S31
shows data evaluating the B3LYP and MP2 (including a variety of
open-shell types) methods against benchmark and experiment
for the hypothetical model reaction: 0, + H,C=CH, — 2H,C=
O; all relevant references are provided therein. Based upon these
results the ZAPT energy of the *Z,~ O, molecule was used to
determine reaction energies at the MP2 level of theory. Absolute
energies of the 'A, O, molecule were determined by adding the
experimental °S,~ — A, energy difference (22.639 kcal mol )"
to computed energies of the *Z,~ O, system.
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